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Abstract

Successful clearance of a microbial infection depends on the concerted action of both the innate
and adaptive arms of the immune system. Accurate recognition of an invading pathogen is the first
and most crucial step in eliciting effective antimicrobial defense mechanisms. In recent years,
remarkable progress has been made towards understanding the molecular details of how the innate
immune system recognizes microbial signatures, commonly called pathogen-associated molecular
patterns (PAMPSs). For viral pathogens, nucleic acids — both viral genomes and viral replication
products — represent a major class of PAMPs that trigger antiviral host responses via activation of
germline-encoded innate immune receptors. Here we summarize recent advances in intracellular
innate sensing mechanisms of viral RNA and DNA.

Introduction

Virtually all cells of a mammalian host organism have the capacity to detect the presence of
an invading pathogen by recognizing ‘non-self’ structural components through germline-
encoded innate immune sensors, called pattern recognition receptors (PRRs). Over the past
ten years, significant progress has been made in identifying the precise viral pathogen
signatures (or PAMPs) recognized by PRRs, such as specific modifications (e.g. a5’-
triphosphate moiety) of viral RNA (VRNA), or mislocalized cytoplasmic viral DNA (VDNA)
[1,2]. Mammalian cells have evolved a large repertoire of PRRs, which can be grouped with
respect to their subcellular localization. While Toll-like receptors (TLRs) and C-type lectin
receptors (CLRs) recognize virion components in endosomes and on cell membranes
(reviewed in [3]), the detection of incoming and actively replicating viruses is mediated by
PRRs that are localized inside the cell. Most intracellular PRRs recognize viral nucleic acids
and have the remarkable ability to distinguish ‘non-self” RNA or DNA from the large pool
of cellular RNAs and DNAs. At least three major classes of intracellular sensors of viral
infection have been identified: (1) RIG-I-like receptors (RLRs) which sense VRNA species
in the cytoplasm and play important roles in the detection of RNA viruses; (2) a structurally
unrelated group of vDNA receptors (e.g. cGAS and IFI16) localized in the host cytoplasm
and/or nucleus; and (3) members of the NOD-like receptor (NLR) family which, besides
their established roles in sensing bacterial infections, have also been implicated in detecting
viral pathogens. In addition, several other proteins have been implicated in vVRNA or vDNA
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sensing, although their physiological roles have yet to be fully established (as discussed
below).

Following ligand recognition, PRRs activate antiviral signaling cascades that converge on a
group of well-characterized kinases, namely TANK-binding kinase 1 (TBK1), mitogen-
activated protein kinases (MAPKS), and IxB kinase a (IKKa) and IKK. Through
phosphorylation events, these kinases subsequently activate the interferon (IFN)-regulatory
factors 3 and 7 (IRF3/7), AP-1, and NF-xB, respectively. These proteins transcriptionally
induce the gene expression of type-1 IFNs (mainly IFN-a subtypes and IFN-B), type-111 IFN
(IFN-A), and other pro-inflammatory cytokines such as members of the interleukin (IL)
protein family [1,2]. Furthermore, some PRRs activate inflammasomes, which are
caspase-1-activating multi-protein complexes that cleave pro-IL-1p and pro-IL-18 to
generate their mature forms [4]. Secreted IFNs bind to their respective surface receptors on
both infected and uninfected neighboring cells, inducing signal transduction that leads to the
expression of numerous IFN-stimulated genes (1ISGs) [5,6]. 1SGs encode for proteins that
exert distinct antiviral effector functions such as cleavage of vVRNA or induction of
apoptosis. In addition, some 1SGs encode for PRRs or for proteins involved in PRR signal
transduction, leading to positive feedback amplification of the antiviral response in infected
cells, and also sensitizing uninfected cells to fight off the viral attack. Induction of IFNs and
other pro-inflammatory cytokines not only limits the spread of the viral pathogen to
surrounding cells, but also facilitates viral clearance by recruiting and stimulating cells of
the adaptive immune system.

In this opinion article, we summarize recent findings on the molecular mechanisms of how
intracellular innate immune receptors detect VRNA and vDNA, and further outline
unresolved questions in this rapidly progressing field.

Cytosolic sensing of vRNA

Detection of VRNA by RLRs

Cytosolic VRNA is predominantly recognized by DExD/H-box RNA helicases of the RLR
family (Figure 1). This family consists of retinoic acid-inducible gene-1 (R1G-1), melanoma
differentiation-associated gene 5 (MDADS), and laboratory of genetics and physiology 2
(LGP2), all of which are able to directly bind RNA through their helicase and C-terminal
domains (CTD) [1,2]. In addition, both RIG-1 and MDAJS possess a pair of caspase
activation and recruitment domains (CARDSs), which mediate downstream signaling and
thereby cytokine induction. In contrast, LGP2 lacks the CARD signaling module. Following
VRNA binding, RIG-I switches from an auto-inhibited ‘closed’ conformation into its active
tetrameric form, in which the CARDs are exposed [7-9]. In contrast to RIG-I, MDA5 is
thought to adopt an extended conformation under normal conditions; upon VRNA binding,
MDADS then forms filaments along the viral dsSRNA strand [10e¢]. The exposed CARDs of
RIG-1 and MDAS5 associate with the CARD of the mitochondrial transmembrane adaptor
protein MAVS/IPS-1/VISA/Cardif, inducing prion-like filament structures that represent
signaling-active RLR-MAVS complexes [11,12]. MAVS serves as a scaffolding protein to
assemble a multi-protein complex consisting of several tumor necrosis factor receptor-
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associated factors (TRAFs), TBK1 and IKKs, which together mediate IRF3/7 and NF-xB
activation.

RLR activation is tightly regulated by several posttranscriptional modifications (PTMs) and
interacting proteins to avoid accidental ‘misfiring’ [2]. Both RIG-I1 and MDAGS require
activation via dephosphorylation of specific Ser/Thr residues in their CARDs by the
phosphatase PP1a or PP1y [13ee,14]. Dephosphorylation of the RIG-1 and MDA5 CARDs
allows for effective MAVS interaction and downstream signaling, likely mediated by charge-
dependent rearrangement of the tandem CARDs. Additional PTMs that are required
specifically for RIG-1 activation include Lys63-linked ubiquitination marks in its CARDs
and CTD mediated by the E3 ligases TRIM25 and RIPLET, respectively [15-17].
Mechanistically, Lys63-polyubiquitin chains induce RIG-I oligomerization and RIG-I-
MAVS binding [15,18,19]. Conversely, Ser/Thr phosphorylation (induced by protein kinase
C and casein kinase I1), Lys48-linked polyubiquitination, and removal of K63-linked
polyubiquitin by several deubiquitinating enzymes (CYLD, USP3 and USP21) inhibit RIG-I
activation (reviewed in detail in [2]). Furthermore, it was recently reported that the RNA-
binding activity of LGP2 is regulated by Pumilio proteins (PUM1/2) [20].

The functional relevance of RIG-1 and MDADS in cell-intrinsic antiviral responses was
demonstrated by infection studies in R/G-/and MDAS5 knockout cells and mice. RIG-1 was
shown to be critical for detecting many negative-sense RNA viruses (influenza virus,
vesicular stomatitis virus, arenaviruses), as well as hepatitis C virus (HCV) and Japanese
encephalitis virus, which are both positive-sense RNA viruses. In contrast, MDADS plays a
predominant role in Picornaviridae detection. Moreover, both RIG-1 and MDADS detect
Flavivirus family members (dengue virus and West Nile virus), reoviruses and
paramyxoviruses (measles virus [MV], Sendai virus [SeV], and respiratory syncytial virus)
(reviewed in [1,2]). The functional relevance of LGP2 in antiviral IFN responses remains
incompletely understood. A role for LGP2 in promoting ligand binding and signaling of
MDADS has been described [21,22,23¢]. On the other hand, RIG-I-dependent signaling
appears to be repressed by LGP2 [24,25], supporting an inhibitory role for LGP2
specifically in RIG-1 signaling.

The nature of RNA ligands stimulating RIG-I activity has been well characterized. Short 5’-
triphosphorylated VRNAs (~10-20 nucleotides) with a dsRNA stretch near the 5" end were
shown to activate RIG-1 [26,27]. Recently, it was shown that a 5" -diphosphate moiety in the
VRNA can also stimulate RIG-I [28+]. In addition, poly(U/UC)-rich motifs, found in the
HCV genomic RNA, can be sensed by RIG-1 [29]. In contrast to those of RIG-1, MDA5
ligands are less well defined. They are thought to be aggregated or long dsRNA, as occuring
during the replication of positive-strand RNA viruses [30-32]. In addition, 2"-O-methylation
of RNAs has been shown to serve as a motif that allows MDAS to distinguish between ‘non-
self” and “self” RNA [33] (Figure 1).

While these studies provided important insights into the structures and motifs of VRNA
ligands for RIG-I, and to some extent also for MDADS, research on physiological PAMPs
stimulating RLR activation during an authentic viral infection has just begun. Recent studies
showed that /7 vivo RLR ligands can be either viral replication products or incoming viral
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genomes [34-36,37¢]. During 1AV and SeV infection, RIG-I recognizes genomic RNAS as
well as the RNA of defective interfering (DI) particles [34,35]. A novel RNA—protein
crosslinking technique combined with next-generation sequencing revealed that, during MV
infection, RIG-I associates with the 5’-triphosphorylated leader transcript and trailer RNAs.
In addition, DI RNAs of MV and internal regions within the MV genome are recognized by
RIG-I [37+]. Recently, RIG-I was shown to sense the 5’-& region of the pregenomic RNA of
hepatitis B virus (HBV) [38¢]. In MV-infected cells, MDAS binds to positive-strand AT-rich
VRNA, which probably originates from viral mRNA [37¢]. To date, the only physiological
PAMP described for LGP2 is the antisense RNA of the L region of encephalomyocarditis
virus (EMCV) [23¢]. More investigation is clearly required to identify the physiological
PAMPs of RLRs during other viral infections.

Non-RLR proteins involved in the detection of cytosolic vVRNA

While the role of RLRs in cytosolic VRNA sensing is well established, other cytoplasmic
proteins have been shown to bind vVRNA and to engage in antiviral signaling as well (Figure
1). Notably, many of these molecules regulate RLR signaling, and also have other functions
in RNA metabolism and gene transcription. DEAD-box protein 3 (DDX3) was first
proposed to function as VRNA receptor, activating MAVS-dependent signaling and IFN
induction [39]; however recent research indicates that DDX3 exerts a regulatory role in
innate signaling by augmenting the activation of TBK1 or IKKe via direct interaction [40].
Moreover, it has been recently reported that DDX3 functions as an antiviral effector protein
that restricts HBV transcription [41]. DDX60 was shown to bind both vVRNA and RLRs,
promoting RLR-VRNA interaction and thereby induction of antiviral cytokines [42]. Another
study indicated that DDX60 acts as an antiviral restriction factor for HCV; however, the
precise mechanism of how DDX60 functions remains elusive [43]. DEAH-box protein 9
(DHX9) and a triple complex of DDX1, DDX21 and DHX36 were reported to mediate
VRNA-mediated host responses specifically in myeloid dendritic cells (reviewed in [1]). It
has been proposed that DDX helicases, most of which are constitutively expressed (in
contrast to RLRs that are IFN-inducible genes), may play an important role in VRNA
sensing specifically early in infection, when RLR abundance is low. However, future studies
are necessary to assess the contribution of individual DDX helicases to VRNA sensing and to
identify their roles in other RNA-related processes.

Protein kinase R (PKR) and 2”,5"-oligoadenylate synthetase (OAS), two of the most well-
studied dsRNA-binding proteins, play also critical roles in host responses to VRNA [44,45].
PKR exerts numerous antiviral functions, including inhibition of cap-dependent translation
via phosphorylation of elF2a,, induction of autophagy, and activation of the NLRP3-
dependent inflammasome [44]. Recent studies indicate that PKR acts in concert with RLRs
to trigger IFN-mediated antiviral innate immunity. Upon viral infection, PKR induces and
localizes to distinct cytoplasmic bodies called stress granules (SG), which are thought to
serve as platforms for the interaction of RLRs (and also other antiviral proteins) with vVRNAs
[46,47]. A recent study implicated DHX36 in dsRNA-dependent PKR activation and PKR-
mediated SG formation, facilitating RLR-dependent vRNA detection and antiviral signaling
[48]. While these studies indicated that PKR may act as an upstream regulator of RLR-
mediated innate sensing and signaling, the relevance of SG as a critical subcellular
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compartment for IFN-mediated antiviral defenses remains to be fully established. OAS
produces, upon its binding to cytoplasmic dsRNA, 2’'-5’-linked oligoadenylate (2°-5
oligoA), a second messenger that is subsequently recognized by RNase L [49]. Following
activation, RNase L degrades both cellular RNA and vVRNA, ultimately limiting virus
replication. Interestingly, RNA fragments generated by RNase L have been reported to serve
as endogenous ligands for RIG-1, amplifying the IFN response [50,51].

Several members of the NLR superfamily have also been implicated in vVRNA-induced
innate immune responses [52]. It should be pointed out that for many of these molecules, it
remains to be determined if they can directly sense VRNA. The current view is that most of
these molecules are activated indirectly through mechanisms triggered by vRNA or other
‘danger signals’ of viral infection. Specifically, NLRP3 is thought to be indirectly activated
in response to RNA virus infection via receptor-interacting proteins 1 and 3 (RIP1/3),
leading to activation of the inflammasome [53]. NOD2 (nucleotide-binding oligomerization
domain 2), known for its role in conferring responsiveness to intracellular bacterial
peptidoglycan, is also activated during RNA virus infection, inducing signaling via MAVS
[54]; however, the precise details of what triggers NOD?2 activation in this context are
unknown. Similarly, NLRX1 is activated during RNA virus infection, inducing MAVS
activation; however, in contrast to NOD2 and NLRP3, NLRX1 appears to have direct
VRNA-binding capacity [52,55]. While these studies strengthened the existence of RLR-
independent VRNA sensing mechanisms, more detailed investigation is needed to define the
relevance of these molecules in ‘non-self” RNA recognition and antiviral innate immunity.

Intracellular sensing of vDNA

It has long been recognized that the presence of foreign DNA in the host cytoplasm — either
arising from infection with DNA viruses or intracellular bacteria, or artificially introduced
by transfection — can trigger innate immune activation. In addition, recent studies have
indicated that host cells can also sense VDNA in the nucleus. Remarkable progress has been
made in the past few years that has led to the identification of multiple intracellular vDNA
receptors and a critical endoplasmic reticulum (ER)-resident adaptor protein called STING
(also called MITA, MPYS, or ERIS) that bridges most vDNA receptors to downstream
signaling events (Figure 2) [56].

Detailed functional studies in ST/ING-deficient cells demonstrated that STING is essential
for IFN-a/B-mediated responses to various DNA stimuli including viral, bacterial, parasitic
and synthetic dsDNA. Furthermore, studies in S7T/NG-knockout mice demonstrated that
STING is critical for /n vivo protection against herpes simplex virus-1 (HSV-1) [57].
Following activation, STING dimerizes and translocates from the ER to the Golgi network
and perinuclear structures where it engages in TBK1 binding. STING then facilitates the
recruitment of IRF3 to TBK1 and subsequent IRF3 phosphorylation. Moreover, STING has
been reported to promote NF-xB activation via TBK1 [58]. In addition to its role in vDNA-
dependent immune signaling, there is increasing evidence suggesting a role for STING in
IFN-mediated antiviral responses to RNA viruses (reviewed in [59]); the precise mechanism
by which STING mediates this response, however, is not well understood.
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The first cytosolic vDNA receptor mediating antiviral immunity described was the IFN-
inducible DAI (DNA-dependent activator of IRFs) [60]. DAI was suggested to signal via
STING, triggering IRF3-mediated and NF-xB-mediated cytokine production. However,
mice and several human cell types lacking DA/ elicit normal vDNA-dependent antiviral
responses [61], suggesting a very restricted or cell type-specific role for DA, or redundancy
with other vDNA sensors. In 2009, the cellular RNA polymerase 111 (Pol 111) was described
as a receptor for AT-rich dsDNA, transcribing it into 5’-triphosphate-containing small
dsRNA, a ligand subsequently recognized by RIG-I [62,63]. While some studies support a
role of the Pol I11-RIG-I axis in sensing vVDNA [64,65], others argue against an involvement
of Pol 111 in IFN-mediated antiviral responses [66,67]. Thus, the relevance of Pol Il in
vDNA sensing remains to be fully established.

IFN-inducible protein 16 (IFI16), a member of the Pyrin and HIN domain (PYHIN) protein
family, is another recently identified cytosolic VDNA receptor [67]. IFI116 was shown to
cooperatively assemble into filaments on ‘non-self” dsSDNA [68], which leads to STING
activation and IRF3-dependent and NF-xB-dependent responses. Furthermore, IFI16 can
interact with the adaptor protein ASC (apoptosis-associated speck-like protein containing
CARD) to activate the inflammasome [69]. Depletion of human IFI116 and murine p204, the
apparent IF116 funcional ortholog in mice, indicated that IFI16 is critical for type-I IFN-
mediated innate immunity to HSV-1. Additionally, IFI16 was recently shown to play a role
in the host intrinsic defense to human immunodeficiency virus-1 (HIV-1), and it is
postulated that ssSDNA with secondary structures that mimic dsDNA can be recognized by
IF116 [70]. Interestingly, recent studies showed that IFI116 can also be found in the nucleus
of many cell types, suggesting a role for IFI116 in nuclear vDNA sensing (reviewed in detail
in [71]). In fact, most DNA viruses (e.g. herpesviruses, papillomaviruses, polyomaviruses)
replicate in the nucleus, which would suggest that host cells may have evolved the ability to
discriminate between ‘self’ and ‘non-self’ DNA in the nucleus. Further studies are required
to determine the precise mechanisms that allow IFI16 to sense specifically vDNA in the
nucleus. It also remains to be elucidated how IFI16 signals from the nucleus to STING and
inflammasomes in the cytoplasm. In addition to its ability to detect vDNA, a recent study
indicates that IFI116 also regulates the type-1 IFN response to RNA virus infection [72].

AIM2 (absent in melanoma 2), another PYHIN protein, is also implicated in vDNA
recognition and inflammasome activation [73]. Following viral infection (vaccinia virus and
murine cytomegalovirus), A/MZ2-deficient cells are impaired in pro-inflammatory cytokine
production, supporting the importance of AIM2 in vDNA-dependent innate immune defense
[74]. Several other proteins involved in DNA repair pathways, such as DNA-PK (DNA-
dependent protein kinase) and MRE11, as well as DDX41, DHX9 and DHX36 have been
proposed to mediate vDNA-dependent antiviral responses (Figure 2), although further
research is clearly needed to determine the physiological relevance of these putative vDNA
recognition receptors (reviewed in [71]).

In 2013, a fascinating new enzyme — the cyclic GMP-AMP synthase (CGAS) — was
identified as a major cytoplasmic DNA sensor [75¢¢]. Upon binding to cytoplasmic dsDNA,
cGAS produces the cyclic dinucleotide cGAMP (cyclic GMP-AMP) [76,77], which is
characterized by an unusual 2°-5" phosphodiester bond similar to OAS-generated 2" -5
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oligoA [78]. The second messenger cGAMP is subsequently recognized by STING via
direct binding, leading to type-1 IFN induction. Intriguingly, cGAMP can spread from
infected cells to neighboring cells via gap junctions, mediating IFN-independent activation
of uninfected bystander cells to block the viral attack [79+¢]. Biochemical and structural
analyses showed that cGAS bhinds to the sugar-phosphate backbone of DNA, indicating a
sequence-independent mechanism of cGAS activation [45]. This also strengthens the overall
concept that mislocalized vVDNA in the cytoplasm represents a ‘danger signal’ that provokes
an innate immune response. Unusual DNA:RNA hybrids were also reported to be sensed by
cGAS [80]. Functional studies in cGAS-deficient cells and mice showed that cGAS is
crucial for an IFN-mediated antiviral response following infection with DNA viruses,
bacteria, and even RNA viruses [81,82]. Interestingly, infection with HIV and other
retroviruses also triggers cGAMP production, an activity which is dependent on the ability
of cGAS to recognize retroviral cDNA upon reverse transcription [83+,84].

Conclusions and perspectives

Although recent work has shed light on the molecules and pathways involved in VRNA and
VDNA sensing, the exact nature of the physiological ligands for most receptors is still
unknown. While several in vivo PAMPs have been identified for RIG-1 using next-
generation sequencing, physiological ligands of MDAS and LGP2 during viral infection are
largely unknown. Given that LGP2’s function is still enigmatic, the identification of vVRNA
species recognized by LGP2 may clarify its role in antiviral innate immunity. More broadly,
identification of the physiological properties of immunostimulatory molecules will certainly
advance our understanding of how the innate immune system discriminates between ‘self’
and ‘non-self’ nucleic acids, which may have important implications for many infectious and
inflammatory diseases.

One of the biggest questions that arises from recent studies is the question of why such a
multiplicity of sensors exists. It is unlikely that all these sensors function redundantly;
instead, it is possible that specific sensors act in a cell-type specific manner. Alternatively,
some of these receptors may work together in the infected cell, either in a temporal or site-
specific manner, to effectively detect virus infection. The latter point is particular important
for RNA virus infections which are known to produce a variety of different PAMPs
(different genomic RNAs, DI RNAs, various replication intermediates), likely triggering the
activation of several distinct PRRs. More detailed studies are needed to identify the dynamic
role of individual sensors in the context of an authentic viral infection, and to determine the
crosstalk between different sensing pathways. Lastly, it is possible that some of the
described sensor molecules are not all true sensors, but instead have regulatory roles in
innate sensing pathways, or act antivirally through completely different mechanisms. Indeed,
several non-RLR helicases and some candidate VDNA sensors also have fundamental roles
in gene induction and nucleic acid biogenesis and metabolism.

In contrast to the VRNA signatures, cytosolic DNA receptors are thought to detect
mislocalized ‘non-self” DNA in the cytoplasm. Interestingly, the sensor IFI16 has been
found to also localize to the nucleus, opening up the field of nuclear vDNA sensing. As
vDNA recognition by intracellular receptors is currently believed to be sequence-
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independent, it has yet to be resolved how IFI16 distinguishes between host DNA and vDNA
in the nucleus. Intriguing hypotheses are that IFI16 recognizes underchromatization or a
loose chromatin structure of vDNA, which is in stark contrast to the tight chromatin
structure of host DNA.

Finally, an important ongoing topic in this field is the investigation of how aberrant signaling
induced by VRNA and vDNA sensors can be controlled to avoid excessive or prolonged
immune activation. This is particularly important in light of recent evidence demonstrating
that aberrant activation of intracellular nucleic acid sensors can lead to autoimmune diseases
such as systemic lupus erythematosus, type-I diabetes and Aicardi—-Goutiéres syndrome
(reviewed in [85]).
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Figure 1.

Detection of cytosolic VRNA by RLRs and other proteins. Viral 5’-triphosphate (5" -ppp)-
containing or 5’-diphosphate (5”-pp)-containing short dsRNA as well as poly-U/UC motifs
are recognized by RIG-1, whereas MDADS binds to long dsRNA or non-2”-O-methylated
VRNA. The RNA binding and/or signaling activities of RIG-1 and MDADS are negatively and
positively regulated by LGP2, respectively. Signaling induced by RIG-I1 and MDA5
converges on MAVS, which serves as a scaffolding protein to activate the key transcription
factors NF-xB, AP-1 and IRF3/7 via several kinases (IKKs, MAPK, TBK1). NF-xB, AP-1
and IRF3/7 then act in concert to induce the gene expression of type-1 IFNs and other pro-
inflammatory cytokines. PKR and OAS hoth recognize viral dsSRNA. Upon activation, PKR
leads to inhibition of cellular translation. Furthermore, PKR activates the inflammasome,
resulting in IL-1p and IL-18 processing and release. Upon dsRNA binding, OAS produces
2’-5" oligoA, which activates RNase L. RNA fragments generated by RNase L can serve as
RIG-1 ligands, amplifying RIG-I-mediated antiviral signaling. Viral RNA is also sensed
(directly or indirectly) by DHX9, DDX3, DDX60, NLRX1 and NOD?2, leading to activation
of MAVS-dependent signaling. The DDX1-DDX21-DHX36 complex signals downstream
via the adaptor protein TRIF (not depicted), leading to TBK1 and IRF activation. In
response to RNA virus infection, NLRP3 and inflammasomes are activated, which leads to
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maturation of IL-1p and IL-18. Solid arrows indicate well-established signaling events.
Dashed arrows indicate signaling events that are indirect or that have not yet been fully
elucidated.
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Figure2.

Proteins involved in the detection of intracellular vDNA. Cytoplasmic vDNA trigge

s

activation of a number of different innate immune receptors. Following vDNA binding,
cGAS produces the cyclic dinucleotide cGAMP, which serves as a second messenger
leading to the activation of the adaptor protein STING. Activation of STING induces the
gene expression of type-l IFNs and other pro-inflammatory cytokines via the TBK1-IRF3

axis. Proteins involved in DNA repair (MRE11 and DNA-PK), DDX/DHX proteins
(DHX36, DDX41, DHXO9), and DAI have also been reported to sense vDNA and to

induce

antiviral signaling via STING. AIM2 senses cytoplasmic vDNA and subsequently activates
inflammasomes, leading to IL-1p and IL-18 maturation. IFI16 is another cytosolic vDNA

sensor that triggers inflammasome activation. In addition, IFI16 induces IFN gene

expression via STING. In many cell types, IFI16 also localizes to the nucleus, where it

senses herpesviral DNA. RNA Pol 111 specifically detects poly(dA:dT) DNA and

subsequently transcribes it into 5" -triphosphate (5’ -ppp)-containing short dsRNA that serves

as a PAMP for RIG-I. Solid arrows indicate well-established signaling events. Dash

ed

arrows indicate signaling events that are indirect or that have not yet been fully elucidated.
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