
Despite rapid advances in the development of antiviral 
drugs for some viruses, such as HIV and hepatitis C virus 
(HCV), there remains an alarming paucity of antiviral 
drugs for many other clinically important viral patho-
gens. The continued emergence of new and previously 
known viral pathogens, as well as drug-resistant variants, 
highlights the urgent need for the development of novel 
and more effective vaccines and antivirals to combat 
viruses and mitigate human disease.

As obligate intracellular parasites, viruses require the 
host cell machinery and resources to replicate and prop-
agate. Mammalian cells have evolved elaborate defence 
mechanisms to detect and inhibit viral replication. In 
turn, this has led to the emergence of viruses that are 
adept at manipulating and subverting host immune 
responses, which leads to enhanced virus-induced patho-
genesis. These human-pathogenic viruses continue to be 
a leading cause of morbidity and mortality worldwide, 
as exemplified by the swine flu pandemic caused by the 
H1N1 subtype of influenza A virus in 2009 and the Ebola 
virus (EBOV) outbreak in West Africa in 2014. Therefore, 
an understanding of how viruses evade or antagonize the 
host antiviral response at the molecular level could guide 
the design of live attenuated vaccines and the develop-
ment of new antiviral drugs. Furthermore, detailed 
insights into the molecular mechanisms by which 
infected cells sense viral pathogens may enable us to use 
the immune system for antiviral therapeutics.

Immediately after viral infection, the innate immune 
response is initiated by germline-encoded mole-
cules termed pattern recognition receptors (PRRs).  

PRRs recognize conserved features of viruses and other 
microorganisms, known as pathogen-associated molec-
ular patterns (PAMPs), which include microbial nucleic 
acids, proteins and carbohydrates. Generally, these 
innate immune sensors can be categorized into two 
major classes depending on their subcellular location. 
PRRs that recognize extracellular PAMPs are typically 
found on the plasma membrane or endosomal mem-
branes, and include the Toll-like receptors (TLRs) and 
the C‑type lectin receptors (CLRs)1,2. In most cases, these 
membrane-bound PRRs are predominantly expressed 
in immune cells, such as macrophages and dendritic 
cells. By contrast, intracellular PRRs are found in the 
cytoplasm or nucleus of mammalian cells, and include 
the NOD‑like receptors (NLRs; also known as nucleotide- 
binding domain (NBD) and leucine-rich repeat (LRR)-
containing proteins), RIG‑I‑like receptors (RLRs), and a 
group of intracellular DNA sensors that includes cyclic 
GMP–AMP synthase (cGAS) and interferon-γ (IFNγ)-
inducible protein 16 (IFI16)3. These intracellular sensors 
are widely or ubiquitously expressed, which enables 
the detection of viral pathogens after invasion of the 
cytoplasm and/or nucleus in almost all cell types in a 
mammalian host.

Following the recognition of PAMPs, PRRs initi-
ate innate immune signalling through the hierarchical 
activation of a PRR family-specific adaptor protein 
(for example, mitochondrial antiviral signalling protein 
(MAVS), stimulator of IFN genes (STING) or MYD88), 
as well as a common set of well-studied serine/threo-
nine kinases and transcription factors. PRR-mediated 
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C‑type lectin receptors
(CLRs). A large family of 
receptors that binds to 
carbohydrates through one or 
more carbohydrate‑recognition 
domains. These receptors are 
expressed by many immune 
cells, including macrophages 
and dendritic cells, and are 
crucial for the detection of 
bacteria, viruses, helminth 
parasites, protozoa and fungi.
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Abstract | The co‑evolution of viruses with their hosts has led to the emergence of viral pathogens 
that are adept at evading or actively suppressing host immunity. Pattern recognition receptors 
(PRRs) are key components of antiviral immunity that detect conserved molecular features of viral 
pathogens and initiate signalling that results in the expression of antiviral genes. In this Review, we 
discuss the strategies that viruses use to escape immune surveillance by key intracellular sensors of 
viral RNA or DNA, with a focus on RIG‑I‑like receptors (RLRs), cyclic GMP–AMP synthase (cGAS) and 
interferon‑γ (IFNγ)‑inducible protein 16 (IFI16). Such viral strategies include the sequestration or 
modification of viral nucleic acids, interference with specific post‑translational modifications of 
PRRs or their adaptor proteins, the degradation or cleavage of PRRs or their adaptors, and the 
sequestration or relocalization of PRRs. An understanding of viral immune‑evasion mechanisms at 
the molecular level may guide the development of vaccines and antivirals.
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NOD‑like receptors
(NLRs). Nucleotide‑binding 
oligomerization domain 
(NOD)‑like receptors are 
intracellular sensors of 
microbial pathogen‑associated 
molecular patterns (PAMPs) or 
damage‑associated molecular 
patterns (DAMPs). They 
contain a conserved NOD 
motif and activate diverse 
signalling processes, such as 
autophagy, interferon 
responses and activation of the 
inflammasome.

RIG‑I‑like receptors
(RLRs). Cytoplasmic RNA 
helicases that function as viral 
RNA sensors (such as retinoic 
acid‑inducible gene I protein 
(RIG‑I) and melanoma differen‑
tiation‑associated protein 5 
(MDA5)) or innate regulatory 
molecules (such as LGP2). 
RLRs have a central 
DExD/H‑box helicase domain 
and a carboxy‑terminal 
domain, both of which are 
required for RNA binding; in 
addition, RIG‑I and MDA5 have 
a tandem caspase activation 
and recruitment domain 
(CARD) module for initiating 
innate immune signal 
transduction.

Cyclic GMP–AMP synthase
(cGAS). A cytosolic DNA sensor 
that, when activated, produces 
the second messenger cyclic 
GMP–AMP (cGAMP), which in 
turn activates stimulator of 
interferon genes (STING) to 
induce the production of 
interferons. cGAS is crucial for 
the detection of DNA viruses 
and also retroviruses, which 
produce DNA through reverse 
transcription of their RNA 
genomes. 

IFI16
(Interferon‑γ (IFNγ)‑inducible 
protein 16). A pyrin and 
HIN200 domain‑containing 
(PYHIN) protein family member 
that detects viral DNA inside 
the infected host cell and 
initiates signalling through the 
adaptor protein stimulator of 
IFN genes (STING) to induce 
the expression of IFN genes. 
IFI16 can be found both in the 
nucleus and the cytoplasm of 
mammalian cells.

signal transduction ultimately leads to the production of 
numerous host defence molecules, including type I and 
type III IFNs, and other pro-inflammatory cytokines  
and chemokines. Secreted IFNs are able to signal 
through their receptors in an autocrine and paracrine 
fashion to induce the expression of hundreds of IFN-
stimulated genes (ISGs)4. Proteins that are encoded by 
ISGs then target crucial steps in the viral life cycle and 
also regulate innate immune sensing and the produc-
tion of cytokines, thereby establishing an antiviral state. 
Cytokines and chemokines that are produced following 
the activation of PRR signals are also crucial for shaping 
an effective adaptive immune response.

Viruses have evolved effective mechanisms to avoid 
detection by innate immune sensors, or to inhibit the 
activation of PRRs and/or their downstream signalling 
cascades. In this Review, we discuss the cell-intrinsic 
mechanisms that are used to sense viral pathogens in 
infected host cells, with a focus on RLRs, cGAS and 
IFI16, which are key intracellular sensors of viral RNA or 
viral DNA. Furthermore, we describe the strategies used 
by viral pathogens to evade or subvert the innate immune 
response that is mediated by these sensors, with a focus 
on recently published work and clinically important 
viruses. These evasion strategies fall into four broad cate-
gories: the sequestration or modification of viral nucleic 
acids; interference with specific post-translational modi-
fications of PRRs or their adaptor proteins; the degrada-
tion or cleavage of PRRs or their adaptor proteins; and the 
sequestration or relocalization of PRRs. Finally, we detail 
how a comprehensive understanding of the manipulation 
of immune surveillance pathways by viruses may guide 
the design of antiviral therapeutics and vaccines, or help 
to improve the immunogenicity of viral vectors.

Recognition of viral nucleic acids
Intracellular sensing of viral RNA. Over the past few 
years, several cytoplasmic viral RNA sensors have 
been discovered (BOX 1) that detect the genomic RNA 
of invading virions, RNA replication intermediates or 
transcription products, and subsequently induce type I 
IFN responses. Furthermore, some NLR family members 
have been implicated in sensing viral nucleic acids, such 
as single-stranded RNA (ssRNA; BOXES 1,2), which trig-
ger the induction of IFN responses or the activation of the 
inflammasome. Among the different RNA sensors, DExD/
H‑box RNA helicases of the RLR family have been identi-
fied as essential sensors of RNA viruses. The three RLR 
members, retinoic acid-inducible gene-I protein (RIG-I), 
melanoma differentiation-associated protein 5 (MDA5; 
also known as IFIH1) and LGP2 (also known as DHX58), 
are expressed in most host cell types and have a central 
helicase domain and a carboxy-terminal domain, which 
are both required for RNA binding5,6. In addition, RIG-I 
and MDA5 have a tandem caspase activation and recruit-
ment domain (CARD) signalling module at the amino 
terminus, which enables them to initiate innate immune 
signalling following the recognition of viral RNA. By con-
trast, LGP2, which lacks a CARD signalling domain, neg-
atively regulates RIG-I signalling, while promoting the 
binding of RNA to MDA5 (reviewed in REF. 7). RIG-I and 

MDA5 detect distinct viral RNA PAMPs based on their 
unique features, which are not usually found in mature 
RNA species in host cells (BOX 2). Studies on viral infec-
tion in human and mouse cells and mice that lack RIG-I 
and/or MDA5 have demonstrated the importance of both 
sensors in the detection of viral RNA. RIG-I is crucial 
for the recognition of many negative-strand RNA viruses 
(for example, rhabdoviruses, influenza viruses and arena-
viruses), as well as the recognition of Japanese enceph-
alitis virus (JEV) and HCV, which have positive-strand 
RNA genomes3,8,9. By contrast, MDA5 senses the RNA of 
picornaviruses. Furthermore, recent studies have shown 
that many viruses, including paramyxoviruses, certain 
flaviviruses (for example, dengue virus (DENV) and West 
Nile virus (WNV)) and reoviruses, are sensed by both 
RIG-I and MDA5 (REF. 9), and it has been demonstrated 
that different RNA species produced during infection 
with these viruses are detected by RIG-I and MDA5 in a 
temporal-dependent manner (reviewed in REFS 3,10). In 
addition, there is accumulating evidence that RIG-I has a 
role in the detection of several DNA viruses (for example, 
Epstein–Barr virus (EBV), Kaposi sarcoma-associated 
herpesvirus (KSHV), herpes simplex virus 1 (HSV-1) and 
adenoviruses)3,11,12, in some cases by recognizing RNA 
species that are generated by RNA polymerase III (BOX 1).

The signal-transducing activity of RIG-I and MDA5 
is controlled by post-translational modifications and reg-
ulatory host enzymes (reviewed in REF. 13). In uninfected 
cells, RIG-I and MDA5 are constitutively phosphorylated 
at specific serine or threonine residues in their CARDs and 
C-terminal domains, which keeps them in a signalling- 
repressed state14–18 (FIG. 1). In addition, RIG-I is held in 
an auto-repressed conformation through an intramo-
lecular interaction between the helicase domain and the 
CARDs19, whereas MDA5 may exhibit an open confor-
mation in the absence of foreign RNA. Following the 
binding of RNA, RIG-I and MDA5 undergo a confor-
mational change20 that is dependent on their ATPase 
activity, which is stimulated by the binding of protein 
kinase R (PKR) activator (PACT)21. This conformational 
change releases the CARDs, which bind to several reg-
ulatory molecules. Both RIG-I and MDA5 recruit the 
phosphatase PP1 — PP1α or PP1γ isoform — which 
removes the inhibitory phosphory lation marks in their 
CARDs16. In the case of RIG-I, the E3 ubiquitin ligases 
tripartite motif protein 25 (TRIM25) and Riplet (also 
known as RNF135) are subsequently recruited and attach 
Lys63-linked ubiquitin polymers onto the CARDs and 
C-terminal domain, respectively22,23. Lys63-linked ubiq-
uitylation is crucial for the tetramerization of RIG-I and 
its interaction with the adaptor protein MAVS at the outer 
membrane of mitochondria and mitochondria-associated 
membranes (MAMs)22,24,25. Conversely, the removal of 
Lys63-linked ubiquitylation by the cellular deubiquityl‑
ating enzymes (DUBs) ubiquitin C-terminal hydrolase 3 
(USP3), USP21 and CYLD, represses RIG-I signalling 
(reviewed in REF. 13). Recently, it has been shown that 
14-3-3ε, a mitochondrial trafficking protein, interacts 
with RNA-bound RIG-I in complex with TRIM25, 
which results in the translocation of activated RIG-I 
to mitochondria for binding to MAVS26. Whether a 
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Mitochondrial antiviral 
signalling protein
(MAVS).A transmembrane 
adaptor protein that is found 
primarily on mitochondria, but 
also on peroxisomes. The 
activation of MAVS by RIG‑I‑like 
receptors (RLRs) leads to the 
formation of large MAVS 
aggregates that drive the 
activation of interferon 
regulatory factor 3 (IRF3) and 
the subsequent expression of 
interferon genes to establish an 
antiviral state.

Inflammasome
A large multiprotein complex 
that activates caspase 1, which 
leads to the release of mature 
forms of the pro‑inflammatory 
cytokines interleukin‑1β (IL‑1β) 
and IL‑18 and results in 
pro‑inflammatory cell death. 
Activation of the inflammasome 
can be triggered by patho‑
gen‑associated molecular 
patterns (PAMPs) or danger 
signals.

DExD/H‑box RNA helicases
A large family of proteins that 
uses the energy from ATP 
hydrolysis to unwind RNA 
molecules or dissociate  
RNA–protein complexes for the 
modulation of RNA structures. 
These proteins have important 
roles in RNA metabolism, 
transcriptional regulation and 
the innate immune sensing of 
foreign RNA.

Tripartite motif protein 25
(TRIM25). A member of a 
family of approximately 80 
proteins in humans that is 
characterized by the ‘tripartite 
motif’, which is comprised of a 
RING domain, one or two 
B‑boxes and a coiled‑coil 
domain. In addition to their 
roles in fundamental cellular 
processes, TRIM proteins 
directly block crucial steps in 
the viral life cycle, or they 
modulate pattern recognition 
receptor (PRR) signalling. 

Deubiquitylating enzymes
(DUBs). Proteases that cleave 
the peptide or isopeptide bond 
between ubiquitin and its target 
protein. The human genome 
encodes approximately 100 
DUB enzymes; in addition, 
viruses can encode DUBs to 
manipulate ubiquitin‑dependent 
processes in the infected host 
cell.

Lys63-polyubiquitin mark is necessary for the multimer-
ization and signalling of MDA5 is still a subject of debate, 
as the binding of MDA5 to long double-stranded RNA 
(dsRNA) is sufficient to induce the formation of MDA5 
filaments and binding to MAVS27. In addition to mito-
chondria and/or MAMs, MAVS is found at peroxisomes 
where it initiates downstream signalling that preferen-
tially induces the expression of type III IFN genes28. Once 
activated, MAVS multimerizes into prion-like filament 
structures29, which nucleate the assembly of a large ‘signa-
losome’ complex that is composed of the tumour necrosis 
factor (TNF) receptor-associated factor (TRAF) proteins, 
TBK1 or IκB kinase-ε (IKKε), and the IKKα–IKKβ–IKKγ 
ternary complex, which leads to the activation of IFN reg-
ulatory factor 3 (IRF3) and/or IRF7 and nuclear factor-κB 
(NF-κB). IRF3, IRF7 and NF-κB together with activator 
protein 1 (AP1) then induce the transcriptional activation 
of IFNs, other cytokines (for example, TNF, interleukin-6 

(IL-6) and IL-8), and numerous ISGs to create an anti-
viral milieu in infected and uninfected neighbouring host 
cells. Intriguingly, it has been recently reported that RIG-I 
and MDA5 can also block viral replication independent 
of the induction of cytokine gene expression by inhibiting  
the interaction of viral proteins with viral RNA30–32.

Intracellular sensing of viral DNA. It has long been rec-
ognized that the introduction of foreign DNA into the 
cytoplasm of mammalian cells induces an innate immune 
response. Over the past few years, several intracellular 
DNA sensor candidates have been identified (BOX 1 and 
reviewed in greater detail in REF. 33) as well as an essential 
adaptor protein, STING, through which most of these 
sensors operate34–36. Although the functional relevance of 
some of these DNA sensors still needs to be fully estab-
lished, cGAS and IFI16 have been identified as bona fide 
intracellular viral DNA receptors.

Box 1 | Other intracellular sensors of viral infection

Viral RNA sensors
PKR. Protein kinase R (PKR) is known to sense viral double-stranded RNA (dsRNA), inhibit cap-dependent translation by 
eukaryotic initiation factor 2α (eIF2α) and activate inflammasomes and autophagy (reviewed in REF. 132). Recently, PKR 
was shown to induce the formation of stress granules, which may function as platforms to facilitate the interaction of 
RIG-I-like receptors (RLRs) and viral RNA (reviewed in REF. 133).

OAS. Following the binding of viral dsRNA, oligoadenylate synthase (OAS) produces 2′–5′-linked oligoadenylate, 
activating RNase L, which degrades cellular and viral RNA to block virus replication (reviewed in REF. 134). RNA fragments 
that are generated by RNase L can also act as retinoic acid-inducible gene-I protein (RIG-I) ligands, which potentiate the 
production of interferon (IFN)135.

Non-RLR DExD/H helicases. Several DExD/H helicases besides RLRs have been proposed to function as viral RNA sensors; 
however, these proteins are also implicated in host RNA metabolism or have immunoregulatory roles. For example, DDX3 
(also known as DDX3X) was proposed to function as a viral RNA sensor, inducing the production of IFNβ through 
mitochondrial antiviral signalling protein (MAVS); however, DDX3 was also shown to regulate the activity of TBK1 and IκB 
kinase-ε (IKKε), and to promote PKR activator (PACT) mRNA translation (reviewed in REF. 3). DDX60 acts as a cofactor for 
the activation of RIG-I and is also involved in the degradation of viral RNA136.

Viral DNA sensors
DAI. DNA-dependent activator of IFN-regulatory factors (DAI) was the first cytosolic viral DNA sensor to be discovered, 
which responds to poly(deoxyadenylic-deoxythymidylic) (poly(dA:dT)) DNA. Following DNA detection, DAI induces the 
production of type I IFNs through IFN regulatory factor 3 (IRF3) and nuclear factor-κB (NF-κB). However, mice and some 
human cells that are deficient in DAI have an intact immune response to viral DNA, which suggests a redundant or cell 
type-specific role for DAI (reviewed in REF. 33).

RNA polymerase III. Besides its known role in the synthesis of small cellular RNAs, RNA polymerase III (Pol III) has been 
shown to convert AT-rich viral double-stranded DNA (dsDNA) into small RNA that has a 5′-triphosphate group that 
subsequently activates RIG-I (reviewed in REF. 33).

AIM2. Absent in melanoma 2 (AIM2), a member of the pyrin and HIN200 domain-containing protein (PYHIN) family, has 
also been implicated in viral DNA sensing. AIM2 triggers the caspase-1-dependent activation of the inflammasome, which 
leads to the production of interleukin-1β (IL-1β) and IL-18 (REF. 137). Host cells that are deficient in AIM2 have defective 
innate immune responses to infection with certain DNA viruses, such as vaccinia virus and mouse cytomegalovirus138.

Other DNA sensors. Several other putative DNA sensors have been described, which include DDX41, DHX9, DHX36, 
DNA-dependent protein kinase (DNA-PK) and MRE11 (reviewed in REF. 33). Further work is required to establish which 
proteins are bona fide sensors of DNA, or whether they have cell type-specific roles.

NLRs
NOD-like receptors (NLRs) detect diverse intracellular pathogen-associated molecular patterns (PAMPs) or danger 
signals that stem from microbial infection. Among the 22 NLRs that are encoded in the human genome, nucleotide-binding 
oligomerization domain-containing protein 2 (NOD2) and NOD-, LRR- and pyrin domain-containing 3 (NLRP3) have the 
most well-characterized roles with regard to viral infection and viral nucleic acid sensing139,140. NOD2 has been shown to 
induce the production of IFNs following transfection of single-stranded RNA (ssRNA) or infection with respiratory 
syncytial virus (RSV) and influenza A virus (IAV), whereas the activation of the NLRP3 inflammasome is triggered by 
infection with IAV and encephalomyocarditis virus (EMCV)141–144. However, it is unclear whether NLRP3 directly senses 
viral RNA.
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Pyrin and HIN200 
domain‑containing protein 
family
(PYHIN protein family). A family 
of proteins that have an 
amino‑terminal pyrin  
domain and one or two 
carboxy‑terminal HIN domains. 
This protein family includes  
the DNA sensors absent in 
melanoma 2 (AIM2) and 
interferon‑γ (IFNγ)‑inducible 
protein 16 (IFI16), both of 
which can activate the 
inflammasome pathway.

In the cytoplasm, cGAS binds to viral double-stranded 
DNA (dsDNA) that is derived from various sources, 
including DNA viruses and retroviruses, of which the 
latter generate DNA through the reverse transcription 
of their RNA genomes37–40 (BOX 2; FIG. 2). Following the 
binding of DNA, cGAS produces the cyclic dinucleotide 
cyclic GMP–AMP (cGAMP)41,42, which is characterized 
by an unusual 2′–5′ phosphodiester bond similar to 2′–5′ 
oligoadenylate, which is generated by oligoadenylate 
synthase (OAS)43. The second messenger cGAMP sub-
sequently binds to STING in the same host cell, which 
leads to its activation. In addition, cGAMP can spread 
from infected host cells to neighbouring cells through 
gap junctions, mediating the activation of STING in 
bystander cells to impede viral infection44. Following the 
binding of cGAMP, STING dimerizes and undergoes 
Lys63-linked ubiquitylation mediated by TRIM32 and 
TRIM56 (REFS 45,46); these two steps are crucial for the 
activation of STING. Once activated, STING then trans-
locates from the endoplasmic reticulum to the Golgi appa-
ratus and perinuclear structures where it interacts with 
TBK1 and is subsequently phosphorylated47, which trig-
gers the activation of IRF3 (REF. 48). Furthermore, STING  
promotes the activation of NF-κB.

Another key cytoplasmic sensor of viral dsDNA 
is IFI16, which is a member of the pyrin and HIN200 
domain‑containing protein family (PYHIN protein family)49. 

Following the binding of viral dsDNA (BOX 2; FIG. 2), IFI16 
assembles into filaments and binds to STING, thereby 
triggering the IRF3-dependent and NF-κB-dependent 
expression of IFN genes. Furthermore, IFI16 acti-
vates the inflammasome, which results in the genera-
tion of active caspase 1 and the production of IL-1β50. 
Intriguingly, evidence has emerged that in many 
cell types IFI16 also localizes to the nucleus, which  
indicates that IFI16 can distinguish between ‘self ’ and  
‘non-self ’ DNA in the nucleus, the site of replication 
of most DNA viruses — for example, herpesviruses, 
papillomaviruses and polyomaviruses. However, future 
studies are required to determine the molecular details 
of how IFI16 recognizes viral DNA in the nucleus, and 
how it signals to activate the STING–TBK1–IRF3 axis 
in the cytoplasm.

Evasion of RLR–MAVS-dependent immunity
All successful viral pathogens have effective strate-
gies to evade or inhibit the activation of intracellular 
PRRs. In this section, we discuss the molecular strat-
egies that are used by viruses to inhibit the activation 
of RLRs and MAVS. Many viruses also inhibit innate 
immune responses by targeting downstream mole-
cules that are shared between RLRs and other PRRs, 
such as TBK1, IRF3, IRF7 and NF-κB, or they block 
IFNα/β receptor signalling or the function of specific 

Box 2 | Viral PAMPs and their structural features

RLR ligands
Both retinoic acid-inducible gene-I protein (RIG-I) and melanoma differentiation-associated protein 5 (MDA5) can 
recognize the synthetic double-stranded RNA (dsRNA) analogue polyinosinic-polycytidylic acid (poly(I:C)), but RIG-I 
preferentially senses short dsRNA, whereas MDA5 responds to high molecular weight (HMW)-poly(I:C)3,8,10. Importantly,  
a 5′-triphosphate or 5′-diphosphate moiety on the RNA (5′-ppp-RNA or 5′-pp-RNA), which is not found in most mature 
cellular RNAs, is essential for recognition by RIG-I, but not MDA5 (REFS 145–147). In addition to the 5′-triphosphate or 
5′-diphosphate group, recognition by RIG-I requires adjacent base-paired structures, such as hairpin or panhandle 
conformations, as found in the genomes of many RNA viruses, including influenza A virus (IAV). Specific sequences, such 
as poly-U or poly-UC motifs that are found in hepatitis C virus (HCV) RNA, also contribute to efficient recognition by 
RIG-I148,149. Research on physiological pathogen-associated molecular patterns (PAMPs) during an authentic viral 
infection has shown that RIG-I recognizes genomic RNAs as well as the RNA of defective interfering particles of Sendai 
virus and IAV150,151. RIG-I also senses the 5′-ε-region of the hepatitis B virus (HBV) pre-genomic RNA30.

Apart from HMW-poly(I:C), MDA5 has been shown to be stimulated by large web-like RNA aggregates that are 
produced during infection with encephalomyocarditis virus (EMCV); these aggregates contain both single-stranded RNA 
(ssRNA) and dsRNA regions152. In addition, ribose 2′-O-methylation of the 5′-cap structure is required to avoid the 
activation of MDA5 (REF. 153).

cGAS and IFI16 ligands
Cyclic GMP–AMP synthase (cGAS) senses the double-stranded DNA (dsDNA) of many DNA viruses by directly binding to 
the sugar–phosphate backbone, which indicates the sequence-independent sensing of viral DNA (reviewed in REF. 134). 
cGAS also detects HIV-1 and other retroviruses by sensing reverse transcribed viral DNA38,110,111. Intriguingly, HIV-1 
‘strong-stop’ DNA (sstDNA) activates cGAS in a sequence-dependent manner154. In contrast to cGAS, interferon-γ 
(IFNγ)-inducible protein 16 (IFI16) is predominantly located in the nucleus where it senses the DNA of herpes simplex 
virus 1 (HSV-1) and Kaposi sarcoma-associated herpesvirus (KSHV)121. Other studies have shown that IFI16 also binds to 
cytosolic viral DNA, such as HIV-1 single-stranded DNA (ssDNA) that has secondary structures (reviewed in REFS 49,155). 
cGAS and IFI16 may cooperate to sense viral DNA and initiate innate immune signalling156.

Viral PAMPs detected by NLRs
Nucleotide-binding oligomerization domain-containing protein 2 (NOD2) detects viral ssRNA, whereas NOD-, LRR- and 
pyrin domain-containing 3 (NLRP3) may sense several PAMPs, including viral RNA or DNA in combination with ATP, ion 
flux or reactive oxygen species141–143,157,158. NOD2 associates with the adaptor mitochondrial antiviral signalling protein 
(MAVS) for the production of type I IFNs, whereas activated NLRP3 inflammasomes signal through the adaptor  
protein apoptosis-associated speck-like protein containing a CARD (ASC) to trigger the activation of caspase 1 and  
the production of interleukin-1β (IL-1β) and IL-18.
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antiviral effector proteins. However, these strategies are 
beyond the scope of this Review and have been discussed 
extensively elsewhere51,52.

Sequestration or modification of viral RNA ligands. 
Most RNA viruses replicate in the cytoplasm where 
RLRs are also present and well positioned to detect for-
eign RNA. Several viruses have evolved ways to seques-
ter their genomes to escape surveillance by RLRs (FIG. 3). 
A major strategy that is used by viruses to prevent RLRs 
from accessing viral RNA is to induce the formation of 
specific replication compartments that are confined by 
cellular membranes, or to replicate on organelles, such 
as the endoplasmic reticulum, the Golgi apparatus and 
mitochondria. For example, DENV, a mosquito-borne 
flavivirus that causes dengue fever and the more severe 
dengue haemorrhagic fever, replicates in convoluted 
membranes of the endoplasmic reticulum, which effi-
ciently conceal dsRNA from the cytosol, thus prevent-
ing the activation of RLRs. By contrast, JEV, a related 
flavivirus, fails to conceal dsRNA and markedly induces 
the production of type I IFNs53. Unlike members of the 
Flaviviridae family and most other RNA viruses, influ-
enza A viruses (IAVs), which are responsible for seasonal 
outbreaks of flu, have atypical life cycles and replicate in 
the nucleus to avoid the sensing of viral RNA by RLRs  
in the cytoplasm. In fact, IAV contains eight RNA 
genome segments that would potently stimulate the 
activation of RIG-I if found in large quantities in  
the cytoplasm. In addition, IAV has developed a strat-
egy to avoid the recognition of viral RNA during the 
short transit of the virus through the cytoplasm after 
viral entry. It has been shown that in some strains of 
IAV the viral polymerase subunit PB2 prevents the 
RIG-I-mediated recognition of incoming genomic 
RNAs, which are encapsidated by nucleoproteins (NPs)31. 
PB2 in mammalian-adapted strains of IAV harbours 
a lysine residue at position 627 and has an increased 
affinity for NP, and this tight packing of the viral 
genome hinders the binding of RIG-I. Similarly, other 
viruses use viral or host-encoded proteins that ‘shield’ 
viral RNA from RLRs. For example, viral protein 35 
(VP35) from EBOV and Marburg virus, non-structural 
protein 1 (NS1) from IAV and the E3 protein from vac-
cinia virus bind to viral dsRNA to avoid detection by 
RIG-I54–59, whereas respiratory syncytial virus (RSV), a 
member of the Paramyxoviridae family that can cause 
severe infection of the respiratory tract especially in 
children, uses the host cellular RNA-binding protein 
La to prevent RIG-I from binding to viral leader RNA60. 
Finally, the C protein of human parainfluenza virus 
type 1 (HPIV1) has been shown to limit the accumula-
tion of cytoplasmic dsRNA to prevent the activation of 
MDA5 and the expression of type I IFN genes61.

As RLRs specifically recognize certain features of 
viral nucleic acids (BOX 2), several viruses modify their 
genomes to prevent detection or hinder the activation 
of RLRs. Members of the Bunyaviridae family, such as 
Hantaan virus, and Crimean–Congo haemorrhagic 
fever virus (CCHFV), and also Borna disease virus 
(BDV) in the Bornaviridae family, encode phosphatases 
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Figure 1 | RLR–MAVS-mediated signal transduction pathway. RIG‑I‑like receptors 
(RLRs) have been identified as important cytoplasmic viral RNA sensors that recognize 
the genomic RNA and/or RNA replication intermediates of numerous viruses. The  
two RLR members retinoic acid‑inducible gene‑I protein (RIG‑I) and melanoma 
differentiation‑associ ated protein 5 (MDA5) are kept inactive in uninfected cells through 
the phosphorylation of their caspase activation and recruitment domains (CARDs) and 
carboxy‑terminal domains (CTDs). In addition, RIG‑I adopts a ‘closed’ auto‑inhibited 
conformation. Following viral infection, RIG‑I recognizes cytoplasmic viral short 
double‑stranded RNA (dsRNA) that contains a 5′‑triphosphate or 5′‑diphosphate moiety, 
whereas MDA5 detects long dsRNA structures. Following the binding of RNA, RIG‑I and 
MDA5 are dephosphorylated by PP1α or PP1γ, which induces the formation of a 
signalling‑active CARD conformation. RIG‑I is further activated by the Lys63‑linked 
ubiquitylation of its CARDs that is mediated by tripartite motif protein 25 (TRIM25). 
Riplet, another E3 ubiquitin ligase, mediates the Lys63‑linked ubiquitylation of the CTD 
of RIG‑I, which is also crucial for the activation of RIG‑I. Lys63‑linked ubiquitylation 
induces the tetramerization of RIG‑I (the signalling‑active form of RIG‑I), which 
subsequently interacts with the adaptor mitochondrial antiviral signalling protein 
(MAVS) on mitochondria, mitochondria‑associated membranes (MAMs) or peroxisomes 
(not shown). The mitochondrial‑targeting chaperone protein 14‑3‑3ε is essential for the 
translocation of RIG‑I to mitochondrial MAVS. In the case of MDA5, binding to long 
dsRNA induces MDA5 filament formation, which subsequently enables MDA5 to bind 
to MAVS. MAVS activates TBK1 or IκB kinase‑ε (IKKε) as well as the IKKα–IKKβ–IKKγ 
complex, which activate interferon (IFN) regulatory factor 3 (IRF3) and IRF7, and nuclear 
factor‑κB (NF‑κB), respectively, through phosphorylation events. IRF3 and/or IRF7 and 
NF‑κB together with activator protein 1 (AP1; not illustrated) induce the gene expression 
of type I IFNs (mainly IFNα subtypes and IFNβ), type III IFNs (IFNλ subtypes), and many 
other pro‑inflammatory cytokines and chemokines, to establish an antiviral state. Solid 
arrows indicate direct signalling events. Dashed arrows indicate indirect signalling 
events. DENV, dengue virus; HBV, hepatitis B virus; HCV, hepatitis C virus; IAV, influenza A 
virus; JEV, Japanese encephalitis virus; K63‑Ub, Lys63‑linked ubiquitylation; P, phosphate; 
PACT, protein kinase R activator; Ub, ubiquitin; WNV, West Nile virus.
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to process the 5′-triphosphate group on their genomes to 
5′-monophosphate to escape surveillance by RIG-I62,63. 
Arenaviruses, such as Junin virus, which can cause 
haemorrhagic fever in humans, have a 5′-triphosphate 
group on their genomes, but with an atypical 5′ unpaired 
nucleotide overhang, which does not trigger the produc-
tion of type I IFNs64. Mechanistically, 5′-triphosphate 
dsRNA with a nucleo tide overhang binds to RIG-I 
without causing its activation, thereby acting as a decoy 
RNA65. Lassa virus has evolved another unique strategy 

in which the C-terminal half of its nucleoprotein (NP) 
adopts a 3D fold similar to the DEDD superfamily 
of exonucleases and has authentic 3′–5′ exonuclease 
activity. This activity enables the NP from Lassa virus 
to digest free dsRNA, which prevents the activation  
of RIG-I66,67.

Manipulation of the post-translational modification of 
RLRs and MAVS. In recent years, it has become clear 
that the RLR signalling pathway is intricately regulated 
by post-translational modifications — ubiquitylation 
and serine/threonine phosphorylation in particular — 
of RLRs and downstream signalling molecules. As the 
Lys63-linked ubiquitylation of RIG-I is a crucial step for 
its activation, it is not surprising that several viruses tar-
get this type of ubiquitylation to inhibit RIG-I signalling 
(FIG. 3). Some viruses directly target the cellular E3 ubiq-
uitin ligases that are responsible for the ubiquity lation  
of RIG-I. For example, the NS1 proteins of many strains of 
IAV interact directly with TRIM25 through its coiled-
coil domain; this inhibits the homo-oligomerization 
of TRIM25, which is crucial for its enzymatic activity 
to attach Lys63-linked polyubiquitin to Lys172 in the 
CARDs of RIG-I68. The NS1 proteins of some IAV strains 
can also bind to Riplet, which inhibits the Lys63-linked 
polyubiquitylation of RIG-I at its C-terminal domain69. 
Similarly, the NS3–NS4A protease complex of HCV 
cleaves Riplet to prevent the Lys63-ubiquitylation of 
RIG-I23. Other viruses — both RNA viruses and DNA 
viruses — directly remove the Lys63-linked ubiquityl-
ation of RIG-I through virus-encoded DUBs, such as 
ORF64 from KSHV, papain-like protease (PLP) from 
severe acute respiratory syndrome (SARS)-associated 
coronavirus (SARS-CoV), leader proteinase (Lpro) from 
foot-and-mouth disease virus (FMDV) and the ovar-
ian tumour (OTU)-type DUBs of arteriviruses and 
nairoviruses70–73. Furthermore, viruses can inhibit the 
Lys63-linked ubiquitylation of RIG-I independent of 
protein–protein interactions, by modulating the abun-
dance of cellular microRNAs or through RNA–protein 
interactions. For example, the 3C protein of enterovirus 
71 (EV71), a member of the Picornaviridae family that 
causes hand, foot and mouth disease, and occasionally 
severe central nervous system diseases, downregulates 
the host microRNA miR-526a to increase the expres-
sion of the cellular DUB enzyme CYLD, thus inhibiting 
the activation of RIG-I74. More recently, the subgenomic 
flavivirus RNA (sfRNA) of an epidemic strain of DENV 
that was isolated in Puerto Rico has been shown to bind 
to TRIM25 in a sequence-specific manner and prevent 
its deubiquitylation75, which has been shown to be crucial 
for sustained RIG-I signalling76.

The phosphorylation of serine or threonine residues 
keeps RIG-I and MDA5 inactive in the absence of an 
infection, whereas the recruitment of PP1α or PP1γ and 
the dephosphorylation of specific phosphorylation marks 
in RLRs are crucial for innate immune activation follow-
ing viral infection. Measles virus (MeV), a morbillivirus 
in the Paramyxoviridae family, uses its non-structural 
V protein to bind to and sequester PP1α and PP1γ 
from MDA5, a mechanism that relies on the presence 
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Figure 2 | Antiviral signalling mediated by cGAS and IFI16 through STING. In the 
cytoplasm of infected cells, cyclic GMP–AMP synthase (cGAS) recognizes 
double‑stranded DNA (dsDNA) from DNA viruses or dsDNA that is produced by 
retroviruses through the reverse transcription of their RNA genomes. Following the 
binding of DNA, cGAS synthesizes the second messenger cyclic GMP–AMP (cGAMP), 
which then binds to and activates stimulator of interferon (IFN) genes (STING) on the 
endoplasmic reticulum. STING is further activated by dimerization and Lys63‑linked 
ubiquitylation that is mediated by tripartite motif protein 32 (TRIM32) and TRIM56. 
Furthermore, STING is phosphorylated by TBK1. The sensor IFNγ‑inducible protein 16 
(IFI16) senses viral dsDNA in both the cytoplasm and the nucleus. Following the binding 
of viral DNA, IFI16 multimerizes and then signals through STING in the cytoplasm.  
The activation of STING induces the expression of type I IFN genes and other 
pro‑inflammatory cytokines through the TBK1–IFN regulatory factor 3 (IRF3) axis and 
nuclear factor‑κB (NF‑κB). Solid arrows indicate well‑established signalling events. 
Dashed arrows indicate signalling events that are indirect or that have not yet been  
fully elucidated. EBV, Epstein–Barr virus; HBV, hepatitis B virus; HCMV, human 
cytomegalovirus; HSV‑1, herpes simplex virus 1; K63‑Ub, Lys63‑linked ubiquitylation; 
KSHV, Kaposi sarcoma‑associated herpesvirus; P, phosphate; Ub, ubiquitin.
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Figure 3 | Viral immune evasion of RLR–MAVS signalling. Most successful viral pathogens are equipped with 
effective strategies to evade or inhibit the activation of intracellular pattern recognition receptors (PRRs), such as 
retinoic acid‑inducible gene‑I protein (RIG‑I) or melanoma differentiation‑associated protein 5 (MDA5), or the activation 
of their adaptor mitochondrial antiviral signalling protein (MAVS). To prevent the activation of RIG‑I, viral phosphatases 
can process the 5′‑triphosphate moiety in the viral RNA, or viral nucleases, such as the nucleoprotein (NP) of Lassa virus, can 
digest free double‑stranded RNA (dsRNA). Furthermore, viral proteins, such as viral protein 35 (VP35) from EBOV, 
non‑structural protein 1 (NS1) or PB2 from influenza A virus (IAV) and the E3 protein from vaccinia virus, or host proteins 
(such as La) bind to viral RNA to inhibit the recognition of pathogen‑associated molecular patterns (PAMPs) by RIG‑I. 
Several viruses manipulate specific post‑translational modifications of RIG‑I and/or MDA5, thereby blocking their 
signalling abilities. For example, viruses prevent the Lys63‑linked ubiquitylation of RIG‑I by encoding viral 
deubiquitylating enzymes (DUBs). NS1 from IAV and the NS3–NS4A protease complex from hepatitis C virus (HCV) 
antagonize the cellular E3 ubiquitin ligases, tripartite motif protein 25 (TRIM25) and/or Riplet, thereby also inhibiting 
RIG‑I ubiquitylation and thus its activation. Furthermore, subgenomic flavivirus RNA (sfRNA) from dengue virus (DENV) 
binds to TRIM25 to block sustained RIG‑I signalling. To suppress the activation of MDA5, the V proteins from measles 
virus (MeV) and Nipah virus (NiV) prevent the PP1α‑mediated or PP1γ-mediated dephosphorylation of MDA5, keeping it 
in its phosphorylated inactivate state, whereas the V protein of parainfluenza virus 5 (PIV5) blocks the ATPase activity of 
MDA5. Furthermore, VP35 from EBOV, NS1 from IAV and the 4a protein from Middle East respiratory syndrome 
coronavirus (MERS‑CoV) target protein kinase R activator (PACT) to antagonize RIG‑I. The NS3 protein from DENV 
targets the trafficking factor 14‑3‑3ε to prevent the translocation of RIG‑I to MAVS at the mitochondria. Numerous 
viruses encode proteases (Pro) to cleave RIG‑I, MDA5 and/or MAVS. PB1‑F2 from IAV translocates into the mitochondrial 
inner membrane space to accelerate mitochondrial fragmentation. Other viruses subvert cellular degradation pathways 
to inhibit RLR–MAVS‑dependent signalling. Specifically, the X protein from hepatitis B virus (HBV) and the 9b protein 
from severe acute respiratory syndrome (SARS)‑associated coronavirus (SARS‑CoV) promote the ubiquitylation and 
degradation of MAVS. BDV, Borna disease virus; CCHFV, Crimean–Congo haemorrhagic fever virus; CVB3, 
coxsackievirus B3; EV71, enterovirus 71; HAV, hepatitis A virus; K63‑Ub, Lys63‑linked ubiquitylation; P, phosphate;  
RSV, respiratory syncytial virus; Ub, ubiquitin.
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Autophagy
A lysosome‑dependent 
intracellular degradation 
process that typically enables 
the degradation and recycling 
of cellular components, such as 
damaged organelles and 
proteins. Autophagy can also 
eliminate microorganisms from 
an infected host cell, but in 
some cases is used by viruses 
for replication.

of a specific PP1-binding motif in the C-terminal ‘tail’ 
region of the viral protein77. Nipah virus (NiV), a related 
virus that has been observed to cause encephalitis and 
respiratory illness during outbreaks in South Asia  
and Southeast Asia, is also able to target PP1α and PP1γ and 
it is likely that other paramyxoviruses may have evolved 
a similar PP1-antagonistic strategy. The V proteins of 
MeV and NiV are, in turn, dephosphorylated by PP1α 
or PP1γ, which suggests that these viral proteins may 
act as decoy substrates; alternatively, it is possible that 
the dephosphorylation of the V proteins by PP1α or 
PP1γ may promote other functions of the V proteins 
that could be beneficial for viral replication and/or virus- 
induced pathogenesis. In addition, MeV has evolved 
a V protein-independent mechanism to inhibit the 
dephosphorylation of both RIG-I and MDA5 by PP1α 
or PP1γ in dendritic cells. Specifically, MeV binds to the 
CLR protein dendritic-cell-specific ICAM3-grabbing 
non-integrin (DC-SIGN; also known as CD209), and 
triggers its activation. DC-SIGN signalling then activates 
the kinase RAF1, which negatively regulates the activity 
of PP1α and PP1γ and inhibits the dephosphorylation of 
both RIG-I and MDA5 (REF. 78).

Cleavage or degradation of RLRs and MAVS. One 
of the most effective ways to inhibit PRR signalling 
is to eliminate the sensor or a key component of its  
signalling pathway. As such, many viruses encode  
viral proteases that directly cleave RLRs (FIG. 3). The 3Cpro 
proteases of both poliovirus and EV71 cleave RIG-I, 
whereas the 2Apro protease of EV71 cleaves MDA5 
(REFS  79,80). As MAVS is crucial for both RIG-I-
mediated and MDA5-mediated signalling, it is not 
surprising that numerous viral proteases target and 
cleave MAVS, such as 3Cpro from hepatitis A virus 
(HAV), 2Apro from EV71, NS3–NS4A from HCV and 
GB virus B, 2Apro and 3Cpro from rhinovirus, and 3Cpro 
from coxsackievirus B3 (CVB3)80–85. By contrast, IAV 
uses a non-proteolytic mechanism to degrade MAVS. 
Specifically, PB1-F2 from IAV, a small accessory protein 
that contributes to viral pathogenicity, translocates into 
the mitochondrial inner membrane space to reduce the 
inner membrane potential, which accelerates the frag-
mentation of mitochondria and thereby inhibits MAVS 
signalling86. Furthermore, PB1-F2 binds to the trans-
membrane region of MAVS to block the induction of 
IFN production87.

Another strategy that is used by viruses to decrease 
the abundance of RLRs and MAVS is to subvert cellu-
lar degradation pathways. The X protein of hepatitis B 
virus (HBV), a DNA virus in the Hepadnaviridae fam-
ily that also produces RNA species during its life cycle, 
binds to MAVS and promotes its degradation through 
the ubiquitylation of Lys136; however, the identity of 
the cellular ubiquitylating enzyme that is involved is 
unknown88. Infection with poliovirus leads to MDA5 
being cleaved independent of the viral proteases 2Apro 
and 3Cpro. Instead, the cleavage of MDA5 occurs in a 
proteasome-dependent and caspase-dependent man-
ner89. Moreover, infection with MeV triggers selective 
autophagy to degrade mitochondria, a process termed 

mitophagy, which decreases the abundance of MAVS90. 
SARS-CoV, which causes severe acute respiratory syn-
drome, has evolved a strategy in which its 9b protein 
localizes to mitochondria and subverts the cellular E3 
ubiquitin ligase atrophin-1-interacting protein 4 (AIP4) 
to degrade MAVS91. Another study showed that the 
NS1 and NS2 proteins of RSV trigger the proteasome- 
dependent degradation of RIG-I and numerous other 
immune molecules, but not MAVS, by assembling a 
large degradative complex on mitochondria92. More 
recently, a novel mechanism has been proposed for 
DENV and WNV in which their capsid proteins bind to 
peroxisomal biogenesis factor 19 (PEX19), which leads 
to a decrease in the number of peroxisomes in the cell 
and thereby impedes the MAVS-dependent production 
of type III IFNs93. However, further studies to elucidate 
the mechanistic details are still required.

Sequestration or relocalization of RLRs. To keep 
MDA5 sequestered and in an inactive state, the V pro-
teins of several paramyxoviruses, including parainflu-
enza virus 5 (PIV5), directly bind to the helicase domain 
of MDA5 to block its ATPase activity6,94–96 (FIG. 3). VP35 
from EBOV, NS1 from IAV, and the 4a protein from 
Middle East respiratory syndrome (MERS) coronavirus 
(MERS-CoV) target PACT, which inhibits the activa-
tion of RIG-I (and possibly MDA5) and thus prevents 
the production of IFNs97–99. In addition, the membrane 
protein (M) from SARS-CoV, the Z protein from  
arenaviruses and the glycoprotein (G) from human 
metapneumovirus (hMPV) bind to RIG-I to sequester 
it from downstream signalling molecules100–103.

Following the recognition of RNA ligands in the 
cytosol, RIG-I and MDA5 need to translocate to 
signalling-competent organelles, such as mitochon-
dria, MAMs and peroxisomes, on which MAVS is 
localized. Recently, it was shown that the NS3 pro-
tein of DENV binds to the mitochondrial-targeting 
chaperone protein 14-3-3ε to prevent the trans-
location of RIG-I to mitochondria that contain 
MAVS104. Intriguingly, NS3 uses a highly conserved 
phospho mimetic 64RXEP67 motif, which resembles a 
canonical phosphorylated serine-containing or threonine- 
containing motif of cellular 14-3-3-binding proteins, 
to interact with 14-3-3ε and impair RIG-I signalling 
and immune activation. A recombinant DENV encod-
ing a mutant NS3 protein that is deficient in 14-3-3ε 
binding is impaired in RIG-I antagonism and elicited 
an augmented production of IFNβ, pro-inflamma-
tory cytokines and ISGs, compared with wild-type 
DENV. The mutant DENV also induced a stronger 
activation of T cells. Interestingly, in contrast to the 
related NS3–NS4A protease complex of HCV, which 
cleaves MAVS to block RIG-I signalling, NS2B–NS3 
of DENV antagonizes RIG-I-dependent signalling in 
a proteolysis-independent manner.

Another strategy used by viruses to sequester RLRs 
is to relocalize them to other subcellular sites, often 
virus-induced structures. The nucleoprotein (N) of RSV 
binds to MDA5 and relocalizes it (and also MAVS) to 
large viral inclusion bodies105, whereas the non-structural  
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protein in small segment (NSs) of severe fever with 
thrombocytopenia syndrome virus (SFTSV), a recently 
described phlebovirus in the Bunyaviridae family, 
relocalizes RIG-I and its upstream activator TRIM25 
into cytoplasmic endosome-like structures, the forma-
tion of which is induced by infection with SFTSV106. 
Furthermore, stress granules are cytoplasmic bodies 
that have been proposed to act as antiviral platforms for 
RLR signalling, and the 3Cpro of poliovirus and enceph-
alomyocarditis virus (EMCV) cleave the cellular pro-
tein RAS GTPase-activating protein-binding protein 1 
(G3BP1) to prevent the formation of RLR-containing 
stress granules107,108.

Finally, as NLR proteins also have a major role in virus 
sensing, several viruses have, in turn, evolved mecha-
nisms to counteract NLR-mediated signalling pathways 
(BOX 3).

Evasion of cGAS, IFI16 and STING signalling
As cGAS and IFI16 are expressed in most host cells,  
all DNA viruses have to contend with these intracellular 
DNA sensors and escape immune signalling during both 
acute and persistent infection. In addition, retroviruses, 
which produce viral DNA during their life cycles, and 
other RNA viruses, inhibit cGAS and/or STING; how-
ever, in many cases the contribution of cGAS and/or 
STING antagonism to viral pathogenesis remains to be 
fully established.

Sequestration of viral genomes. The virions of HIV-1 
carry a ssRNA genome, which is reverse-transcribed 
into DNA inside the infected host cell in preparation for 
chromosomal integration. As only a few copies of HIV-1 
DNA integrate, the remaining copies are potentially vul-
nerable to detection by cytosolic sensors. It has been 
shown that HIV-1 uses the host 3′-repair exonuclease 1 
(TREX1), the most abundant 3′–5′ DNase in cells, 

to bind to and degrade excess cytosolic HIV-1 DNA109 
(FIG. 4). The loss of TREX1 in host cells that are infected 
with HIV-1 led to an accumulation of HIV-1 reverse 
transcripts and triggered the production of IFN through 
STING, thereby preventing HIV-1 replication and 
spread. More recently, it has been reported that cGAS 
senses HIV-1 DNA and subsequently activates STING38, 
which suggests that the TREX1-mediated degrada-
tion of HIV-1 DNA enables the evasion of the sensor 
cGAS. Furthermore, two studies have shown that the 
capsid of HIV-1 (and also HIV-2) prevents the cGAS- 
dependent sensing of HIV complementary DNA 
(cDNA) by recruiting cellular proteins, such as cyclo-
philin A (CYPA)110,111; however, how CYPA prevents 
the activation of cGAS by HIV cDNA is unclear and 
remains to be determined.

Viral manipulation of STING post-translational modi-
fications. HBV causes chronic hepatitis and increases 
the risk of developing liver cirrhosis and hepatocellular 
carcinoma. A recent study has shown that the reverse 
transcriptase and ribonuclease H domains of the HBV 
polymerase bind to STING to block its Lys63-linked 
ubiquitylation, thereby inhibiting the production of 
IFNβ112 (FIG. 4). The PLPs from human coronavirus NL63 
(HCoV-NL63), SARS-CoV and porcine epidemic diar-
rhoea virus (PEDV), all of which are RNA viruses, have 
also been shown to associate with STING and block its 
dimerization and Lys63-linked ubiquitylation, thereby 
suppressing the activation of IRF3 (REFS 113–115).  
Therefore, SARS-CoV uses PLP to antagonize the 
Lys63-linked ubiquitylation of both RIG-I and STING 
(see above). Furthermore, it has been reported that the 
NS4B protein of HCV associates with STING, but  
the physiological relevance of this interaction remains 
to be fully elucidated116,117. A recent study has shown 
that the DNA tumour viruses human papillomavirus 18 
(HPV18) and human adenovirus 5 (hAd5) inhibit the 
cGAS–STING pathway using their viral oncoproteins E7 
and E1A, respectively118. E7 and E1A specifically bind to 
STING, but not to cGAS, although the authors did not 
study whether the dimerization and/or ubiquitylation of 
STING were affected by this interaction. Interestingly, 
the disruption of the cGAS–STING pathway was 
dependent on the LXCXE motif in the viral oncopro-
teins, which has previously been shown to be crucial for 
viral inhibition of the retinoblastoma tumour suppres-
sor pathway. This finding suggests that the antagonism 
of innate immune signalling and the inactivation of 
tumour suppressor function share common mechanistic 
features. As many human DNA viruses encode proteins 
with LXCXE motifs, this study proposed that these viral 
proteins may represent a broad class of STING antago-
nists. Apart from the viral antagonism of STING dimer-
ization and ubiquitylation, a recent study has shown that 
KSHV, the causative agent of Kaposi sarcoma and several 
lymphoproliferative diseases in humans, encodes viral 
interferon regulatory factor 1 (vIRF1), which interacts 
with STING, thereby preventing TBK1 binding and 
TBK1-mediated phosphorylation of STING and STING 
activation119. Notably, the authors screened more than 

Box 3 | Viral evasion of NLR-dependent immunity

Several viruses target the NOD-like receptor (NLR)-mediated activation of the 
inflammasome. Non-structural protein 1 (NS1) from influenza A virus (IAV) inhibits the 
production of interleukin-1β (IL-1β) and IL-18 during infection, although the molecular 
details remain elusive159. An IAV mutant with a partial deletion of the amino-terminal 
RNA-binding domain of NS1 induces the production of IL-1β and IL-18, which suggests 
that this domain is responsible for antagonizing the activation of caspase 1. 
Furthermore, PB1-F2 from IAV translocates into the mitochondrial inner membrane 
space to decrease mitochondrial membrane potential and to accelerate the 
fragmentation of mitochondria, thus blocking both the activation of the NOD-, LRR- 
and pyrin domain-containing 3 (NLRP3) inflammasome and retinoic acid-inducible 
gene-I protein (RIG-I)–mitochondrial antiviral signalling protein (MAVS) signalling86. 
The V protein of measles virus (MeV) interacts with NLRP3 and relocalizes it to the 
perinuclear region following activation of the inflammasome, thereby inhibiting the 
secretion of IL-1β160. The M13L protein of myxoma virus and the vPOP protein of Shope 
fibroma virus bind to and target the adaptor protein apoptosis-associated speck-like 
protein containing a CARD (ASC) to prevent the activation of caspase 1 (REFS 161,162). 
Finally, the F1L protein of vaccinia virus and the ORF63 protein of Kaposi sarcoma- 
associated herpesvirus (KSHV) interact with NLRP1 to inhibit the activation of the 
inflammasome163,164, although it is unclear whether NLRP1 is directly involved in nucleic 
acid sensing. Interestingly, the ORF63 protein of KSHV is a viral homologue of NLRP1 
and is able to interact with NLRP1, NLRP3 and nucleotide-binding oligomerization 
domain-containing protein 2 (NOD2), which suggests a broad antagonism of cellular NLRs.
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80 KSHV-encoded proteins for their ability to suppress 
cGAS–STING signalling and identified five other viral 
proteins that could inhibit this pathway. This indicates 
that KSHV and possibly other DNA viruses may encode 
numerous strategies to escape antiviral responses that 
are initiated by cGAS. In addition, the DUB ORF64 
from murine gammaherpesvirus 68 (MHV68) was 
recently shown to antagonize viral DNA sensing in a 
STING-dependent manner120.

Cleavage or degradation of DNA sensors and STING. 
As with most DNA viruses, HSV-1, which causes cold 
sores and can lead to encephalitis and keratitis, repli-
cates in the nucleus and thus must counteract immune 
sensing in this cellular compartment. In agreement 
with this, infection with HSV-1 has been reported 
to trigger the proteasomal degradation of IFI16 in 
the nucleus (FIG. 4). A study has shown that HSV-1 
mutants that lack the viral E3 ubiquitin ligase infected 
cell protein 0 (ICP0) or encode a catalytically inactive 
mutant of ICP0 failed to degrade IFI16, which suggests 
that ICP0 directly targets IFI16 for degradation121. In 
support of this, ICP0 binds to IFI16 and recruits it to 
ICP0-containing foci in the nucleus prior to degrada-
tion121. However, the expression of ICP0 alone does not 
cause the degradation of IFI16 (REFS 122,123), and an 
ICP0-deficient HSV-1 mutant that was complemented 
with the human cytomegalovirus (HCMV) transacti-
vating protein IE1 to promote viral gene expression was 
able to degrade IFI16 (REF. 122). These results indicate 
that ICP0 either directly targets IFI16 for degradation, 
or promotes the expression of another viral product 
that does so. With regard to STING, the protease com-
plex NS2B–NS3 of DENV binds to and cleaves human 
STING to inactivate its function and to reduce the 
induction of IFNs124,125. By contrast, NS2B–NS3 fails 
to cleave mouse STING, which does not harbour the 
cleavage site found in human STING; this suggests that 
STING is a species-specific restriction factor of DENV 
replication. These findings, together with previous work 
that showed that the NS3–NS4A protease complex of 
the related HCV cleaves MAVS, highlight the conver-
gence of DENV and HCV proteases on adaptors of DNA 
and RNA sensors  (FIG. 4).

Sequestration or relocalization of DNA sensors. Recently, 
the tegument protein ORF52 of KSHV was shown to 
antagonize cGAS signalling126. ORF52 binds to both 
DNA and cGAS, thereby blocking the enzymatic activ-
ity of cGAS and decreasing the production of the second 
messenger cGAMP. Furthermore, the authors found that 
ORF52 homologues from other gammaherpesviruses, 
such as EBV and MHV68, also antagonized the activity 
of cGAS, which supports a conserved immune evasion 
function for ORF52. Together with vIRF1 from KSHV, 
which binds to and antagonizes STING, these findings 
demonstrate that gammaherpesviruses target both 
the sensor and adaptor proteins for efficient immune 
evasion. HCMV is a major cause of birth defects and 
is responsible for complications in patients who are 
immuno suppressed. HCMV targets IFI16 through a 
different mechanism than HSV-1 (FIG. 4). Although 
IFI16 is able to recognize HCMV DNA, the tegument 
protein pUL83 binds to the pyrin domain of IFI16, 
which prevents the oligomerization of IFI16 and subse-
quent immune signalling127. pUL83 uses its N terminus 
to bind to IFI16 and its C terminus to dissipate IFI16 
oligomerization, which implies a concerted mechanism. 
Furthermore, the phosphorylation of Ser364 of pUL83 
decreased its ability to antagonize IFI16, which suggests 
that host kinases can modulate the immunosuppressive 
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Figure 4 | Viral immune evasion of cGAS, IFI16 and STING. DNA viruses have 
developed molecular strategies to evade or inhibit intracellular DNA sensors and escape 
immune signalling during both acute and persistent infection. To prevent the activation 
of cyclic GMP–AMP synthase (cGAS), HIV‑1 uses the cellular 3′‑repair exonuclease 1 
(TREX1) to degrade excess reverse transcribed viral DNA. In addition, the HIV‑1 capsid 
recruits host‑encoded factors, such as cyclophilin A (CYPA), which prevent the sensing 
of reverse transcribed DNA by cGAS. Furthermore, the tegument protein ORF52 of 
Kaposi sarcoma‑associated herpesvirus (KSHV) binds to both viral DNA and cGAS to 
inhibit the activity of cGAS. To antagonize the activation of stimulator of interferon (IFN) 
genes (STING), the polymerase (Pol) of hepatitis B virus (HBV) and the papain‑like 
proteases (PLPs) of human coronavirus NL63 (HCoV‑NL63), severe acute respiratory 
syndrome (SARS)‑associated coronavirus (SARS‑CoV) and porcine epidemic diarrhoea 
virus (PEDV), prevent or remove the Lys63‑linked ubiquitylation of STING. The viral IFN 
regulatory factor 1 (vIRF1) protein of KSHV blocks the TBK1‑mediated phosphorylation 
of STING and thereby its signalling ability. The E7 protein of human papillomavirus 18 
(HPV18) and the E1A protein of human adenovirus 5 (hAd5) bind to STING and inhibit 
its activation, whereas the NS2B–NS3 protease of dengue virus (DENV) cleaves STING 
to inactivate it. To inhibit IFNγ‑inducible protein 16 (IFI16), infected cell protein 0 
(ICP0) of herpes simplex virus 1 (HSV‑1) targets IFI16 in the nucleus for proteasomal 
degradation, whereas the tegument protein pUL83 of human cytomegalovirus (HCMV) 
binds to IFI16 to prevent its oligomerization and thus its activation. The pUL97 protein 
of HCMV phosphorylates IFI16 during viral replication and relocalizes it from the 
nucleus to multivesicular bodies (MVBs). K63‑Ub, Lys63‑linked ubiquitylation; 
P, phosphate; Ub, ubiquitin.
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activity of this viral protein. Notably, the potent ability 
of pUL83 to sequester IFI16 is probably owing to the fact 
that it is the most abundant virion component of HCMV, 
with more than 2,000 copies per mature virion128. More 
recently, a second complementary mechanism of IFI16 
antagonism by HCMV has been proposed129. During 
HCMV replication, IFI16 translocates from the nucleus 
to the cytoplasm and mislocalizes to multivesicular bod-
ies (MVBs), which prevents the detection of HCMV 
DNA in the nucleus. The authors found that the viral 
kinase pUL97 binds to and phosphorylates IFI16 and 
is required for IFI16 nuclear egress, which is consistent 
with the described role of pUL97 in the HCMV nuclear 
egress complex (FIG. 4). However, similar to the degrada-
tion of IFI16 by ICP0 from HSV-1, the introduction of 
pUL97 alone into cells did not trigger the translocation 
of IFI16, which suggests that other HCMV components 
are required. Interestingly, after translocating into MVBs, 
IFI16 seems to be incorporated into newly assembled 
HCMV virions, but the functional significance of this 
phenomenon has yet to be determined.

Conclusion and outlook
The past decade has seen rapid advances in our under-
standing of intracellular viral RNA and DNA sensors 
and how their activities are regulated. Fundamental 
principles that govern these sensors are emerging, such 
as the crucial roles of phosphorylation and the differ-
ent forms of ubiquitylation in controlling the activation 
of PRRs, and some of the molecular features that dis-
tinguish ‘non-self ’ PAMPs from host-derived nucleic 
acids. However, several gaps remain in our under-
standing of intracellular innate immune sensing. For 
example, RNA viruses and DNA viruses, such as DENV 
and HBV, antagonize both intracellular viral RNA and 
DNA receptors, indicating crosstalk between these two 
major sensing pathways, which remains poorly defined. 
Another conundrum concerns the spatial organization 
of individual intracellular sensors, and how they act in 
concert during an infection to elicit an effective host 
response. Furthermore, a better understanding of the 
physiological PAMPs that are recognized by intracellular 
pathogen receptors in an infected host cell would greatly 
aid in the design of immunostimulatory adjuvants or in 
prophylactic treatment.

In addition to the induction of IFNs and the activa-
tion of the inflammasome, the innate immune sensing of 
viral PAMPs can trigger autophagy130, and there is accu-
mulating evidence that molecules that are involved in 
IFN-mediated innate immunity, such as cGAS, also have 
crucial roles in the regulation of this intracellular degra-
dative process. It is essential to further our knowledge 

of how autophagy regulates immune and inflammatory 
responses so that this catabolic process can be harnessed 
for the development of antiviral therapeutics. Another 
exciting development in the field concerns the associa-
tion of intracellular nucleic acid sensors with autoimmune 
diseases, such as Aicardi–Goutieres syndrome, Singleton–
Merten syndrome and systemic lupus erythematosus. As 
PRRs are able to mediate potent immune and inflam-
matory responses, dysregulation of their activity can 
trigger autoimmunity. This typically occurs in two ways: 
gain-of-function mutations that lead to the constitutive 
activation of innate immune sensors, or mutations in cel-
lular nucleases that are responsible for eliminating nucleic 
acids that may stimulate intracellular PRRs131. Elucidating 
the mutations and mechanisms that are responsible  
for the aberrant activation of PRRs may inform therapeutic 
interventions for autoimmune diseases.

Numerous viral immune evasion mechanisms that 
specifically target intracellular PRRs have been uncov-
ered, which highlight the importance of bypassing innate 
immune defence for viral replication and the common 
themes among strategies used by viruses. A key chal-
lenge is to translate this knowledge into useful applica-
tions for the development of new vaccines and antivirals. 
The ablation of specific viral PRR-antagonistic mecha-
nisms while preserving other viral functions may give 
rise to live attenuated viruses, which are potential vac-
cine candidates. In particular, the elimination of several 
mechanisms of immune evasion from a viral pathogen 
may potently induce antiviral responses for long-lasting 
immunity, and also improve its safety profile. Similarly, 
the molecular mechanisms of viral immune escape 
may provide novel insights that may help to boost the 
immuno genicity of viral vectors for more effective vacci-
nation. In addition, small-molecule inhibitors that target 
the interactions between viral proteins and crucial host 
immune molecules may act as potent antivirals and may 
increase the immune response of a patient. In certain 
cases in which an immune response is undesirable, such 
as gene therapy, it may be beneficial to use viral vectors 
with defined immune evasion mechanisms to prevent the 
early shutdown of transgene expression. In addition, new 
insights into the mechanisms by which overactive PRR 
signalling triggers inflammatory and/or autoimmune 
diseases could be useful for improving the immuno-
genicity of vaccines or reducing unwanted inflamma-
tion. Finally, the continuing emergence of viral variants 
that have increased virulence suggests that viruses can 
acquire novel strain-specific mechanisms of immune 
escape. Elucidating these strategies would shed light 
on viral evolution and provide molecular signatures for  
epidemiological monitoring.
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