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Abstract

Nucleic acids derived from microorganisms are powerful triggers for innate immune responses. Proteins
called RNA and DNA sensors detect foreign nucleic acids and, in mammalian cells, include RIG-I, cGAS, and
AIM2. On binding to nucleic acids, these proteins initiate signaling cascades that activate host defense
responses. An important aspect of this defense program is the production of cytokines such as type I
interferons and IL-1b. Studies conducted over recent years have revealed that nucleic acid sensors also
activate programmed cell death pathways as an innate immune response to infection. Indeed, RNA and DNA
sensors induce apoptosis, pyroptosis, and necroptosis. Cell death via these pathways prevents replication of
pathogens by eliminating the infected cell and additionally contributes to the release of cytokines and
inflammatory mediators. Interestingly, recent evidence suggests that programmed cell death triggered by
nucleic acid sensors plays an important role in a number of noninfectious pathologies. In addition to nonself
DNA and RNA from microorganisms, nucleic acid sensors also recognize endogenous nucleic acids, for
example when cells are damaged by genotoxic agents and in certain autoinflammatory diseases. This review
article summarizes current knowledge on the links between nucleic acid sensing and cell death and explores
important open questions for future studies in this area.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
Introduction

DNA and RNA play fundamental roles in the
immune system [1]. Unusual and aberrantly loca-
lized nucleic acids are molecular signatures indica-
tive of the presence of microorganisms or of
perturbations to cellular homeostasis [2,3]. A variety
of mammalian, germ-line encoded proteins, called
nucleic acid sensors, bind directly to such DNA and
RNA species and then signal for the induction of host
defense responses. Examples are the Toll-like
receptors (TLRs) 3, 7, 8, and 9, the RIG-I-like
receptors (RLRs), cyclic guanosine-monophosphate
adenosine-monophosphate synthase (cGAS), and
absent in melanoma 2 (AIM2). These proteins have
been well studied in the context of infectious insults,
uthor(s). Published by Elsevier Ltd. This
ses/by/4.0/).
particularly viruses. Being obligate intracellular
pathogens, viruses need to introduce and replicate
their genetic material in the cells they infect. There-
fore, nucleic acid sensing is a broadly effective
strategy employed by host cells to detect invading
viruses. However, healthy cells contain a variety of
endogenous DNA and RNA species, necessitating
molecular mechanisms that prevent the activation of
nucleic acid sensors in the absence of infection.
These include: (i) recognition of nucleic acids in
subcellular compartments usually devoid of DNA or
RNA; (ii) detection of either the presence or absence
of chemical modifications on viral nucleic acids; (iii)
sensing of unusual nucleotide sequences or sec-
ondary and tertiary structures; (iv) recognition of
changes in DNA or RNA abundance; and (v)
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elaborate positive and negative feedback loops
regulating nucleic acid sensors [1,2]. Stress and
damage of cells, as well as mutationsdfor example,
in genes encoding nucleasesdsometimes result in
a breakdown of these mechanisms and subsequent
sensing of endogenous nucleic acids. This is
relevant in the context of autoinflammatory diseases
and in cancer [3e5].
Once activated by DNA or RNA, nucleic acid

sensors induce innate immune responses, the best
characterized of which is the induction of cytokines.
For example, TLRs, RLRs, and cGAS all activate
signaling cascades that transcriptionally induce the
genes encoding type I interferons (IFNs), which are
important mediators of antiviral immunity [6]. Another
example is the double-stranded (ds) DNA sensor
AIM2, which nucleates the formation of an inflam-
masome, leading to proteolytic maturation of IL-1b
and other cytokines [7]. Although cytokine produc-
tion plays an essential role in nucleic acidetriggered
host defense, other signaling outputs of nucleic acid
sensing have been described. PKR detects dsRNA
and then phosphorylates and thereby inhibits eIF2a,
a translation initiation factor [8]. This results in a
global shutdown of protein translation in virally
infected cells, preventing the production of viral
proteins. Much like PKR, OAS family proteins also
detect dsRNA following virus infection [9]. This
results in activation of the enzymatic function of
OAS proteins to produce 20-50 oligoadenylate, which
in turn activates RNase L. This nuclease then
cleaves cellular and viral RNAs and thereby prohibits
replication of RNA viruses.
Another distinct consequence of engagement of

nucleic acid sensors is the activation of programmed
cell death. Indeed, apoptosis, pyroptosis, and
necroptosis can all be initiated by DNA and RNA
sensors. These pathways are summarized in
Table 1. “Suicidal” cell death can be advantageous
to the host in a number of ways [10e12]. Firstly, it
prevents replication of intracellular pathogens by
elimination of infected cells. Secondly, some types of
programmed cell death such as pyroptosis result in
Table 1. Overview of apoptosis, pyroptosis, and necroptosis.

Apoptosis

Cellular events cell shrinkage
DNA fragmentation apoptotic bodie

Inflammation noninflammatory
Key proteinsa caspase-3

DNA sensorsa cGAS-STING
TLR9

RNA sensorsa RIG-I
MDA5

a Selected examples, please see text for further details.
the release of cytokines, particularly IL-1b. Thirdly,
when cell death involves damage to the plasma
membrane, as is the case during necroptosis and
pyroptosis, intracellular molecules such as ATP are
released into the extracellular space and serve as
damage associated molecular patterns [13].
Fourthly, cell death facilitates antigen uptake by
professional antigen presenting cells, thereby elicit-
ing adaptive immune responses [14]. Finally, cell
corpses can entrap and thereby disable pathogenic
microorganisms [11].
In this article, we discuss recent examples of how

nucleic acid sensors couple to programmed cell
death, focusing on some of the key questions in the
field: What are the mechanisms of self versus
nonself discrimination by nucleic acid sensors in
the context of cell death? What are the molecules
driving cell death downstream of nucleic acid
sensors? What is the importance of cell death
instructed by DNA and RNA sensors to host defense
against pathogens, in cancer and during autoin-
flammation? We will first explore DNA sensors and
then RNA sensors in separate chapters.
DNA Sensors

Innate immune DNA sensors are DNA-binding
proteins that detect perturbations in cellular DNA
homeostasis and activate intracellular innate
immune signaling cascades [15]. These perturba-
tions can be caused by infection where foreign DNA
is introduced into cells, or by damage or mislocaliza-
tion of self-DNA, which is usually compartmentalized
in organelles. DNA sensors activate a wide range of
innate immune responses. DNA sensing is particu-
larly important in the context of viral infection where a
key innate immune response is the induction of type I
IFNs, which signal in an autocrine and paracrine
manner to establish an anti-viral state [6]. As such,
type I IFNs not only restrict viruses in the infected cell
but also limit the spread of viruses to surrounding
cells. In addition to type I IFN induction, several DNA
Pyroptosis Necroptosis

s
pore formation
loss of plasma membrane integrity
swollen cellular organelles
proinflammatory
ASC
caspase-1
GSDMD

RIPK3
MLKL

AIM2
IFI16
NLRP3
NLRP9b

TLR3
ZBP1
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sensors and proteins involved in downstream
signaling activate programmed cell death as an
innate immune response to infection. This section
will focus on the role of DNA sensors in the activation
of programmed cell death pathways.

AIM2

The inflammasome is a large protein complex that
orchestrates oligomerization and activation of
caspase-1 by auto-proteolytic cleavage. Active
caspase-1 in turn cleaves and thereby matures the
pro-inflammatory cytokines IL-18 and IL-1b [16].
Inflammasome activation also results in the induc-
tion of pyroptosis, an inflammatory form of cell death
(Table 1). Pyroptosis involves cell swelling, lysis,
and ultimately the release of cytoplasmic content
[17].
AIM2 is a DNA sensor that activates the inflamma-

some [18e21]. AIM2 is cytosolic and contains a pyrin
domain and a HIN200 domain. HIN200 domains are
positively charged and bind to dsDNA in a sequence
independent manner [22]. On dsDNA binding, the
pyrin domain of AIM2 interacts with the pyrin domain
of the key inflammasome adaptor apoptosis-related
speck-like protein (ASC). ASC then nucleates an
inflammasome using its caspase activation and
recruitment domain (CARD) to associate with the
CARD of pro-caspase-1, triggering multimerisation
and autocatalytic cleavage to release active cas-
pase-1. This occurs in a large structure, the so-called
“ASC speck” that can be readily visualized by
microscopy [23e25]. Active caspase-1 subse-
quently catalyzes the processing of pro-IL-18 and
pro-IL-1b into the mature cytokines (Fig. 1A). The
active forms of these proinflammatory cytokines
mediate downstream inflammation and immune
responses once released from cells.
Pyroptosis kills cells through the action of gasder-

min D (GSDMD) [26,27], a substrate cleaved by
caspase-1 and other caspases. Full-length GSDMD
is in an auto-inhibited, inactive conformation. Clea-
vage by caspase-1 leads to the release of an N-
terminal GSDMD fragment (p30) that forms pores in
the cell membrane to execute pyroptotic cell death
[17,26e28]. GSDMD-mediated cytolysis is nega-
tively regulated by the endosomal sorting complexes
required for transport (ESCRT) machinery, which
can initiate repair of damaged membranes [29].
GSDMD is also regulated at the transcriptional level
by IRF2, which binds to a region within its gene
promoter to mediate transcriptional activation [30].
IL-18 and IL-1b are not released by the canonical
secretory pathway via the Golgi apparatus; instead,
that they can exit living cells through GSDMD pores
and are also released during pyroptotic cell death
when the plasma membrane ruptures [31e35].
GSDMD deficiency abrogates pyroptosis in

response to poly(dA:dT), a synthetic dsDNA that is
sensed by AIM2 [26,27]. AIM2 has been implicated
as a sensor of cytosolic DNA from invading DNA
viruses and bacteria, as well as self-derived cyto-
solic DNA [20,36,37]. AIM2 has also been implicated
in sensing of influenza A virus (IAV) infection [38].
IAV is an RNA virus. Interestingly, this study [38]
demonstrates that dsDNA released into the lungs of
infected mice, presumably from dying cells, is
sensed by AIM2 to activate caspase-1 and IL-1b.
Recognition of self-derived DNA by AIM2 is also
important in the context of radiation induced DNA
damage [39]. Ionizing radiation induces double-
stranded breaks in DNA. AIM2 localizes to these
double-stranded DNA breaks in the cell nucleus, and
the resulting inflammasome activation and cell death
causes tissue damage in mice [39]. Many of these
studies on AIM2 employ mice or murine cells.
Interestingly, in human myeloid cells, AIM2 is
dispensable for DNA-mediated inflammasome acti-
vation; instead, DNA sensing via the cGAS-STING
pathway induces NLRP3-dependent lysosomal cell
death and release of IL-1b [40].
In addition to pyroptosis, AIM2 also triggers

apoptosis. AIM2 is so-called because it was origin-
ally identified as a tumor suppressor, absent in
melanoma [41]. Indeed, loss-of-function mutations in
AIM2 are present in more than half of the tumors
from patients with bowel cancers, including color-
ectal cancers [42,43]. A recent study [44] demon-
strated a proapoptotic and antiproliferative effect of
AIM2, and further suggested that this is antagonized
by the prosurvival phosphatidylinositol-3-kinase
(PI3K)/protein kinase B (Akt) pathway in colorectal
cancer cells. The molecular mechanisms by which
AIM2 activates apoptosis in this context remain to be
elucidated. AIM2 can also induce apoptosis during
infection. AIM2 sensing of Toxoplasma infection
signals the activation of a noncanonical apoptosis
pathway that is GSDMD-independent and ASC- and
caspase-8-dependent [45]. Future studies are
needed to better understand how AIM2 drives
different forms of cell death and how this is species-
and cell type-dependent.

IFI16

Much like AIM2, IFNg-inducible protein 16 (IFI16)
comprises HIN200 and pyrin domains. AIM2, IFI16
and other proteins constitute the AIM2-like receptor
(ALR) family that has undergone species-specific
diversification [46]. IFI16 has been suggested to
function as a DNA sensor for both the induction of
type I IFN [47e49] and the inflammasome [50]. IFI16
can be both nuclear and cytoplasmic and in its
nuclear localization has been suggested to sense
herpes viral genomic DNA to activate the inflamma-
some [50e52]. IFI16 becomes acetylated on recog-
nition of viral DNA in the nucleus and is transported
into the cytoplasm in complex with breast cancer 1



Fig. 1. Cell death pathways triggered by DNA sensors. (A) The AIM2-like receptors AIM2 and IFI16 recognize dsDNA
and induce pyroptosis. AIM2 resides in the cytosol, while IFI16 can sense viruses such as KSHV in the nucleus.
Acetylation (Ac) of IFI16 promotes its nuclear export. KSHV antagonizes IFI16 by inducing its proteasomal degradation.
AIM2 and IFI16 bind to dsDNA via their HIN200 domains (HIN) and subsequently recruit ASC via Pyrin domain (PYD)
interactions. ASC contains a CARD domain, which interacts with the CARD of pro-caspase-1, forming a large molecular
weight complex called the “ASC-speck”. Autocatalytic cleavage of procaspase-1 results in the formation of active
caspase-1, which cleaves GSDMD releasing the cytotoxic N-terminal fragment (p30) that forms pores in the cell
membrane. Caspase-1 also cleaves pro-IL1b, leading to the maturation into its biologically active form. (B) The cGAS/
STING pathway detects the presence of dsDNA inside the cytosol and promotes antiviral immunity by inducing type I IFN
production. On binding of dsDNA, cGAS synthesizes the cyclic dinucleotide cGAMP, a ligand for the ER-resident protein
STING. cGAMP analogues, bacterial cyclic dinucleotides and other molecules such as DMXAA can also bind STING.
Activated STING recruits the kinase TBK1, which phosphorylates the transcription factor IRF3. IRF3 then dimerizes and
translocates to the nucleus where it controls type I IFN gene expression. STING also induces the activation of the pro-
inflammatory transcription factor NF-kB. Engagement of cGAS/STING can also induce cell death presumably via the cell-
intrinsic caspase-9 mediated apoptotic pathway. Active caspase-9 activates the executioner caspases 3 and 7. Other
outcomes of cGAS/STING stimulation include cellular senescence, inhibition of T cell proliferation and autophagy. The
signaling pathways that control these processes are poorly characterized.
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(BRCA1) [51]. Here, the complex activates the
inflammasome by interacting with ASC to mediate
caspase-1 activation and IL-1b maturation (Fig. 1A).
This forms a key innate immune response to virus
infection as evidenced by the fact that Kaposi's
sarcoma herpes virus (KSHV) has evolved a
mechanism of antagonizing this by targeting IFI16
for degradation [53].
IFI16 has further been implicated in pyroptosis of

human immunodeficiency virus type-1 (HIV-1)-
infected CD4 T cells [54]. Acquired immunodefi-
ciency syndrome is caused by the progressive
depletion of CD4 T cells as a consequence of HIV-
1 infection. CD4 T cell depletion is associated with
inflammasome formation and subsequent caspase-
1 activation and pyroptotic cell death [55]. These
CD4 T cells are generally quiescent by-stander cells,
which primarily reside in lymphoid organs [56]. The
restriction factor SAMHD1 is active in noncycling
cells, including quiescent CD4 T cells, reducing their
permissiveness to HIV-1 [57,58]. Nonproductive
HIV-1 infection of these cells results in an accumula-
tion of incomplete reverse transcripts in the cytosol.
IFI16 was identified as a sensor of this HIV-1 DNA
using an unbiased proteomic screen of tonsillar HIV-
infected CD4 T cell lysates [54]. Indeed, IFI16
silencing or pharmacological inhibition of reverse
transcription in resting human CD4 T cells prevents
caspase-1 activation and cell death following abor-
tive HIV-1 infection. This study further reports that
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IFI16 is localized in the cytosol of resting human
tonsillar CD4 T cells and that IFI16 immunoprecipi-
tates with HIV-1 Nef DNA [54].
A subsequent study [59] demonstrated that IFI16-

mediated pyroptosis is dependent on the mode of
viral spread. Specifically, direct cell-to-cell spread as
opposed to cell-free transmission of virus is required
to induce cell death of abortively infected CD4 T
cells. Furthermore, neither AIM2 (see above) nor
STING (see below) silencing rescues cell death in
HIV-1 infected tonsillar T cells [54]. These observa-
tions suggest that cell type and differentiation state,
as well as the route of virus entry, and perhaps other
aspects of viral life cycles, play important roles in
determining how dsDNA is sensed and the ensuing
downstream consequences.

cGAS-STING

The DNA sensor cGAS is essential for the type I
IFN response to cytosolic dsDNA derived from
microorganisms [15]. Active cGAS synthesizes the
second messenger cyclic guanosine monopho-
sphate-adenosine monophosphate (cGAMP) [60],
hence its nomenclature, cGAMP synthase. cGAMP
binds to and activates stimulator of IFN genes
(STING). Active STING then engages TANK-bind-
ing kinase 1 (TBK1), which in turn phosphorylates
the transcription factor IFN regulatory factor 3
(IRF3), leading to type I IFN gene transcription
[15] (Fig. 1B). Interestingly, cGAS has been
implicated in some autoinflammatory diseases and
may therefore sense endogenous DNA in these
settings [61e65]. Furthermore, the cGAS-STING
pathway is known to play an important role in
anticancer immunity and facilitates tumor-specific
adaptive immune responses [66,67]. STING ago-
nists have been proposed as adjuvants for vaccina-
tion and cancer therapy [68].
Several studies demonstrate that programmed

cell death, particularly apoptosis, can be activated
downstream of the cGAS-STING pathway. Natural
and artificial STING agonists, including variants of
cGAMP, induce intrinsic apoptosis in malignant B-
cells [69]. This is characterized by decreased
expression of the mitochondrial apoptosis inhibitor
protein MCL-1 and by increased cleavage of
caspases 3 and 9 as well as PARP, consistent
with intrinsic apoptosis [69] (Fig. 1B). STING
agonist induced apoptosis is not recapitulated by
treatment with recombinant IFNb suggesting that
this is unlikely to be an indirect effect of signaling
through the type I IFN receptor. In T cells, STING
activation blocks proliferation and triggers cell
death characterized by increased expression of
proapoptotic genes [70e72]. Mechanistically, it
has been suggested that activation of STING
disrupts calcium homeostasis and activates ER
stress in T cells, which on engagement of the T
cell receptor undergo cell death [73]. In hepato-
cytes, endoplasmic reticulum stress triggers apop-
tosis in a STING- and IRF3-dependent manner
[74,75]. It will be interesting to determine whether
cGAS is required, too, or whether this represents
a function of STING independent of upstream
nucleic acid sensing [76]. A recent study sug-
gested that, when mitosis is arrested, cGAS
becomes activated with slow kinetics by genomic
DNA, resulting in apoptosis involving a transcrip-
tion-independent function of IRF3 [77]. Another
piece of evidence connecting the cytosolic DNA
sensing pathway to apoptosis stems from the
observation that human fibroblasts undergo
STING-dependent apoptosis on detection of DNA
from herpes simplex virus 1 (HSV-1) and human
cytomegalovirus (HCMV) [78]. Somewhat analo-
gous to the situation in resting T cells infected with
HIV, it has been suggested that reverse transcrip-
tion intermediates trigger cell death in Human T
Cell Leukemia Virus Type 1 (HTLV1) infected
monocytes [79]. In this case, however, the type of
cell death is apoptosis rather than pyroptosis and,
instead of IFI16, STING is required [79].
The relationship between the cGAS-STING path-

way and apoptosis is complex. It not only involves
direct activation of apoptosis by cGAS and STING,
but also the activation of cGAS in cells actively
undergoing cell-intrinsic apoptosis. Indeed, mito-
chondrial DNA released into the cytosol via BAX
and BAK-mediated permeabilization of the outer
mitochondrial membrane has been shown to acti-
vate cGAS [80e83]. However, it has been proposed
that apoptotic caspases block the pathway and
prevent the production of cytokines during apoptosis
[80,82]. Similarly, under conditions of pyroptosis,
cGAS is inactivated to prevent excessive cytokine
production, which may be due to multiple mechan-
isms [84,85].
The cGAS-STING pathway can additionally

induce necroptosis [86]. Indeed, intracellular DNA
sensing by cGAS in bone marrowederived macro-
phages and pharmacological STING activation in
vivo activate type I IFN and TNF signaling path-
ways, which synergize to trigger RIPK3- and MLKL-
driven necroptosis [86]. Moreover, cGAS-STING
activation by mitochondrial DNA released into the
cytosol has been suggested to amplify necroptosis
via a TNF-dependent mechanism [87]. In addition to
programmed cell death induction, the cGAS-STING
pathway has also been implicated in the induction
of autophagy [88e92] and in the regulation of
cellular senescence [93e95] (Fig. 1B). It will be
interesting for future studies to determine how
STING signaling can toggle between transcriptional
responses, different forms of cell death and
autophagy.
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TLR9

Toll-like receptor 9 (TLR9) is an endosomal DNA
sensor that induces MyD88-dependent transcrip-
tional responses, mediated by NF-kB and IRF7
activation [96]. TLR9 has also been linked to cell
death. TLR9 is strongly activated by DNA molecules
containing unmethylated CpG dinucleotides, which
are commonly found in bacteria but are usually
methylated in vertebrates [97]. Stimulation of neuro-
blastoma cells with TLR9 ligands was found to
induce apoptosis [98]. Indeed, treatment with CpG
induces cell death that is characterized by cleavage
of caspase-3 and -7 and, which is rescued by the
pan-caspase inhibitor zVAD-FMK [98]. The authors
additionally observed depolarization of the mito-
chondrial membrane potential consistent with intrin-
sic apoptosis. In nude mice with neuroblastoma,
treatment with CpG prolongs long-term survival
suggesting an important potential application for
CpG oligonucleotides in cancer therapy [98]. The
use of nude mice, which lack a fully functioning
adaptive immune system, is consistent with T cell-
independent cytolysis of the cancer cells. A number
of other studies have linked TLR9 with apoptosis
induction and revealed that TLR9 is not only
proapoptotic, but also blocks apoptosis depending
on the cellular context [99e103]. For instance,
murine macrophages exposed to environmental
stress undergo increased apoptosis and deficiency
of TLR9 attenuates macrophage apoptosis and is
associated with down-regulation of caspase-3 and
PARP cleavage [102]. TLR9 activation has also
been implicated in immunopathogenic necrosis
during ischemic acute kidney injury, and in non-
apoptotic hepatocyte death mediated by RIPK1
[104,105]. Altogether, these results reinforce the
notion that the links between nucleic acid sensors
and cell death are highly cell-type specific.
RNA Sensors

Much like the DNA sensors discussed in the
previous chapter, RNA sensors respond to foreign
nucleic acids derived from invading microorganisms
or to unusual endogenous RNA molecules [2]. Given
the presence of normal cellular RNA in many
different subcellular compartments, mechanisms of
self versus nonself discrimination are particularly
important for RNA sensors to avoid spontaneous
responses. Here, we discuss programmed cell death
as a consequence of the engagement of RNA
sensors.

RLRs

RIG-I-like receptors (RLRs) are a family of
cytosolic RNA sensors [2]. All three members of
this protein family (RIG-I, MDA5 and LGP2) have a
helicase domain and a so-called C-terminal domain,
both of which bind to RNA. Additionally, RIG-I and
MDA5 have two N-terminal CARD domains. Binding
of immunostimulatory RNAs to the CTD and helicase
domains of RIG-I and MDA5 results in conforma-
tional changes that expose their CARD domains,
which then interact with the CARD domain found in
MAVS. This mitochondrial protein is an essential
adaptor for RLRs and mediates downstream signal-
ing, for example the induction of type I IFNs [2]
(Fig. 2A). The third RLR, LGP2, lacks CARD
domains and regulates the function of RIG-I and
MDA5 [2].
The properties of RNA molecules that are recog-

nized by RLRs and activation mechanisms have
been studied in detail, in particular for RIG-I [106].
Using its CTD and helicase domains, RIG-I surveys
the 50-ends of RNA molecules. A number of
biochemical features are detected, including (i) the
presence of an uncapped triphosphate (PPP) or
diphosphate (PP) group at the 50-end of the RNA
[107e109]; (ii) base-pairing of the 50-(P)PP contain-
ing RNA molecule to a complementary strand of
RNA [110,111]; and (iii) the absence of 20-O
methylation on the 50-terminal nucleotide [112].
These molecular features of RIG-I-stimulatory
RNAs are typically absent from the vast majority of
cellular RNAs in the cytosol but are found in several
viral RNA molecules, explaining selective activation
in virus infected cells. In addition, some cellular
noncoding RNAs normally found in the cell nucleus
have the properties of RIG-I-stimulatory RNAs, and
activate RIG-I when aberrantly localized in the
cytoplasm of an infected cell [113,114]. The features
of RNAs recognized by MDA5 are less well under-
stood and have been reviewed recently [115].
In addition to their essential role in type I IFN

induction during virus infection, RLRs have also
been described to induce apoptosis. RLR activation
can be triggered experimentally by cytosolic delivery
of synthetic RNA agonists such as poly(I:C), which
engages MDA5 and RIG-I, or 50-triphosphate con-
taining, base-paired RNAs that activate RIG-I [2].
Transfection of such RNAs into the cytosol of cells
not only results in type I IFN production but also in
the induction of apoptosis [116e118]. If activated
naturally by virus infection, RLR-triggered apoptosis
can be beneficial to the host by eliminating infected
cells [119]. Interesting translational approaches
have been suggested to harness RLR-mediated
apoptosis to eliminate cells persistently infected with
viruses and to kill cancer cells [120e123]. Stimula-
tion of RIG-I in breast cancer cells activates
pyroptosis, in addition to extrinsic apoptosis, thereby
promoting antitumor immune responses [123]. More-
over, RIG-I signaling has been implicated in the
activation of RIPK3-mediated necroptosis driven by
cooperative type I IFN and TNF signaling [86].



Fig. 2. Cell death pathways triggered by RNA sensors. (A) The RLRs RIG-I and MDA5 recognize 50 di- or
triphosphorylated short stretches of base-paired RNA and long complex dsRNA, respectively. Stimulation of RIG-I and
MDA5 exposes their CARDs, which interact with the CARD of MAVS. MAVS forms a multimeric complex localized at the
mitochondria, from where two distinct signaling pathways diverge. One complex contains the kinase TBK1, which
phosphorylates and activates the IRF3 transcription factor, which in turn controls expression type I IFN. MAVS also
stimulates the activation of the proinflammatory transcription factor NF-kB. A second complex forms with TRAF2, TRAF6,
and LUBAC and activates the RLR-induced IRF3 mediated pathway of apoptosis (RIPA). LUBAC adds linear ubiquitin
chains onto IRF3, which activates the proapoptotic protein Bax. This leads to leakage of cytochrome c out of the
mitochondria. Cytochrome c binds to and activates the proapoptotic protein Apaf-1, which induces the cleavage of the
proenzyme of caspase-9 into the active form. (B) ZBP1 contains two N-terminal Z-nucleic acid binding domains (Za1 and
Za2) through which it binds to Z-form dsRNA (Z-RNA). On activation, ZBP1 interacts with RIPK3 via homotypic RHIM
interactions. ZBP1 contains two tandem RHIMs (RHIM-A and RHIM-B), of which only RHIM-A is required for this
interaction. RIPK3 then phosphorylates MLKL, which on oligomerization triggers necroptosis by inducing permeabilization
of the cell membrane. In cells infected with IAV, RIPK3 also associates with RIPK1. RIPK1 contains a death domain (DD)
through which it recruits FADD. FADD associates with caspase-8 through death-effector domain (DED) interactions
leading to caspase-8 activation and apoptosis. In macrophages, ZBP1-mediated necroptosis or apoptosis triggers the
formation of a caspase-1 inflammasome leading to maturation of IL-1b. ZBP1 can also induce NF-kB activation and this
requires RIPK1 or RIPK3. The RHIM of RIPK1 prevents ZBP1-mediated necroptosis during development and in
keratinocytes. The mechanism through which RIPK1 prevents such “spontaneous” ZBP1 activation is unknown. (C) TLR3
is expressed on the cell surface (not shown) and in endosomes. The ligand-binding domain of TLR3 faces the endosomal
lumen and binds to dsRNA. TLR3 signals via TRIF that contains a RHIM, allowing recruitment of RIPK1 and RIPK3.
Interactions with RIPK1 stimulate NF-kB activation and proinflammatory gene expression. TRIF also signals via TBK1 and
IRF3 promoting type I IFN gene expression. RIPK1 can also associate with FADD and caspase-8 to induce apoptosis.
Active caspase-8 can directly cleave pro-IL1b into its biologically active form in TLR3-stimulated macrophages. When
caspase-8 activation is compromised, RIPK3 is recruited to TRIF and induces necroptosis by activating MLKL,
independently of RIPK1.
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Mechanistically, apoptosis triggered by RLRs
requires MAVS and IRF3, much like IFN induction
[118,124]. However, MAVS has been suggested to
form two functionally distinct complexes with IRF3.
One mediates IRF3 phosphorylation by TBK1 and
subsequent transcriptional induction of type I IFNs.
The other complex additionally contains TRAF2,
TRAF6, and the linear ubiquitin chain assembly
complex (LUBAC) and modifies IRF3 by addition of
linear ubiquitin chains [124,125]. IRF3 then translo-
cates to mitochondria and together with the proa-
poptotic protein Bax triggers the cell intrinsic
apoptosis pathway and cytochrome C release from
mitochondria [124,125]. This pathway has been
designated as “RIG-I-like receptor-induced IRF3
mediated pathway of apoptosis (RIPA)” [126]
(Fig. 2A). It will be interesting to determine whether
this pathway of IRF3-mediated apoptosis is specific
to the RLR pathway or is also activated downstream
of other nucleic acid sensors that signal to IFN
induction via IRF3; for example, apoptosis initiated
by cGAS and STING may involve a similar IRF3-
dependent mechanism [77,79]. Intriguingly, MDA5
may not only be involved in triggering apoptosis but
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also in the execution of apoptosis, this has been
suggested to involve cleavage of MDA5 [127].

ZBP1

Z-DNA binding protein 1 (ZBP1, also known as
DAI and DLM-1) is encoded by an interferon-
stimulated gene and was described as an antiviral
cytosolic DNA sensor inducing type I IFNs, hence its
widely used name DNA-dependent activator of IFN-
regulatory factors (DAI) [128]. Studies in Zbp1�/�

mice, however, did not support these findings [129];
ZBP1-deficient primary mouse embryonic fibroblasts
and bone marrow-derived dendritic cells respond
normally to dsDNA transfection into the cytosol and
ZBP1 knockout mice show no defects in T cell-
mediated and humoral immune responses when
immunized with DNA vaccines, which depend on
TBK1 and type I IFN signaling [129]. Moreover,
overexpression of ZBP1 in HEK293T cells only
modestly stimulates reporter constructs under con-
trol of promoter elements from type I IFN genes
[130e132]. Importantly, seminal studies by the Chen
lab have identified cGAS as a major cytosolic DNA
sensor inducing type I IFNs and antiviral immunity
[15].
These observations pointed to a different antiviral

mechanism of action. Mocarski and colleagues were
the first to show that ZBP1 induces necroptosis
when cells are infected with the b-herpesvirus
murine cytomegalovirus (MCMV) [133]. ZBP1 con-
tains two tandem RIP homotypic interaction motifs
(RHIMs) [130,131]. ZBP1 associates with and
activates the kinase RIPK3 via RHIM-RHIM interac-
tions, leading to phosphorylation of the pseudoki-
nase MLKL, which on oligomerization forms pores in
the plasma membrane causing necroptosis of the
infected cell [134] (Fig. 2B). Interestingly, ZBP1-
mediated cell death occurs independently of RIPK1
[135] setting it apart from TNF-induced necroptosis,
which requires the kinase activity of RIPK1 [136].
MCMV encodes viral inhibitor of RIP kinase activa-
tion (vIRA, also known as M45), which contains its
own RHIM and suppresses the execution of necrop-
tosis by preventing ZBP1-RIPK3 interactions
[133,135,137,138]. Detection by ZBP1 is important
in vivo as replication of M45 RHIM-mutant MCMV is
severely attenuated in wild-type mice, while it
efficiently infects mice deficient for RIPK3 or ZBP1
[133,135].
ZBP1 also acts an innate sensor inducing cell

death following Influenza A (IAV) and B virus
infection [139,140]. During influenza virus infection,
ZBP1 signaling is positively regulated by the
transcription factor IRF1 [141]. In primary mouse
embryonic fibroblasts and bone marrowederived
macrophages ZBP1 nucleates a RIPK3-containing
complex that contains MLKL, triggering necroptosis,
and FADD, which induces caspase-8 mediated
apoptosis [139,140,142]. In LPS-primed macro-
phages, ZBP1 drives NLRP3 inflammasome activa-
tion, pyroptosis and IL-1b secretion [140,143]
(Fig. 2B). It is not clear how both apoptosis and
necroptosis coexist in cell cultures infected with IAV
as these events are generally considered hierarch-
ical and mutually exclusive [144]. Also, whether this
phenomenon is regulated by viral factors that
antagonize programmed cell death as is the case
for MCMV remains to be determined. Two groups
have independently shown that IAV replication is
enhanced in ZBP1-deficient mice suggesting that
ZBP1-mediated cell death is an effective antiviral
strategy in vivo [139,140]. These studies, however,
report differently on the survival outcome after
challenge with a lethal dose of IAV. This discrepancy
may be due to the fact that different contributions of
immunopathology, host tolerance, and viral resis-
tance are a common source of variation in IAV
survival studies [145,146].
Most studies on ZBP1 so far have been conducted

in the mouse system. ZBP1/RIPK3-dependent anti-
viral cell death in human cells is less well character-
ized. In an unbiased approach to determine the
antiviral effects of more than 350 interferon-stimu-
lated genes, human ZBP1 was shown to prevent
replication of multiple viruses, including coxsackie B
virus, sindbis virus, hepatitis C virus, and vaccinia
virus [147,148]. The role of ZBP1 in vaccinia virus
infection was confirmed more recently [149]. Human
ZBP1 has additionally been shown to be involved in
the detection of herpes viruses [150e153] and IAV
[154].
ZBP1 contains two N-terminal Za domains (Za1

and Za2). Za domains are found in a few different
proteins and specifically bind to double stranded
RNA or DNA in the “zig-zag” or Z-conformation
[155]. IAV RNA genomes immunoprecipitate with
ZBP1, and ZBP1 has been shown to colocalize with
IAV viral nucleoprotein complexes [139,143]. We
and others recently showed that on MCMV infection
IE3-mediated transcriptiondbut not translationdof
viral genes contributes to activation of ZBP1, and
that newly synthesized RNA cross-links to ZBP1
[156,157]. These observations suggest that ZBP1 is
an RNA sensor, at least in the context of viral
infection. Activation of ZBP1 is dependent on its Za-
domains, which specifically bind to Z-form dsRNA
( Z - R N A ) a n d n o t t o A - f o r m d s RNA
[139,140,153,156,157]. Importantly, Za-domains
are essential in vivo as knock-in mice, which express
ZBP1 carrying point mutations in both Za-domains
that abrogate binding to Z-nucleic acids, do not
restrict M45-mutant MCMV, similar to complete
ZBP1 knockout animals [157]. Under physiological
conditions Z-RNA is unstable [158] and the transition
of A-form dsRNA into Z-RNA in living cells requires
stabilization, for example through protein-RNA inter-
actions. This may be the case in IAV viral
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ribonucleoprotein complexes, where the winding of
IAV genomes around viral nucleoproteins may
induce the Z-conformation [159]. Alternatively, cer-
tain dsRNA helices are more prone to form Z-RNA
due to their sequence content [160]. Indeed, alter-
nating CG-, rather than AT-sequences more readily
transition into Z-form nucleic acids [161]. MCMV and
HCMV genomes are rich in CG-repeats and contain
overlapping transcription units on both DNA strands,
which give rise to viral dsRNA that may adopt the Z
conformation.
In addition to its role during virus infection, ZBP1

has been shown to activate RIPK3/MLKL-mediated
necroptosis in cells lacking RIPK1 [162,163].
RIPK1-deficient mice die shortly after birth as a
consequence of unchecked caspase-8-dependent
apoptosis and RIPK3/MLKL-mediated necroptosis
[164]. The RHIM-domain of RIPK1 selectively
suppresses necroptosis as embryos in which the
RHIM of RIPK1 is mutated develop RIPK3/MLKL-
dependent dermal inflammation, but do not exhibit
typical abnormalities associated with aberrant cas-
pase-8 activation [162,163]. Crossing these mice to
ZBP1 knockout animals rescues their perinatal
lethality. ZBP1-induced necroptosis also drives
skin inflammation in mice in which RIPK1 expression
was specifically abrogated in keratinocytes [163]. In
the absence of a functional RIPK1 RHIM, ZBP1 was
shown to interact with RIPK3 and induce its auto-
phosphorylation; however, these studies did not
detect ZBP1-RIPK1 interactions [162,163] and the
precise mechanism of action of how RIPK1 prevents
ZBP1 activation remains unknown. Interestingly,
interferon-induced expression of ZBP1 suffices to
trigger necroptosis of RIPK1 deficient cells in the
absence of a viral insult [165e167] and blockade of
caspase activity on ectopic expression of ZBP1
induces cell death [157]. These findings suggest that
sensing of endogenous Z-nucleic acid species by
ZBP1 may contribute to the inflammatory disease
seen in RIPK1 or caspase-8 deficient mice [164].
Collectively, these observations suggest that

sensing of Z-nucleic acids, including Z-RNA, by
ZBP1 contributes to viral clearance via the induction
cell death, and may also underlie the development of
inflammatory pathologies.

TLR3

Toll-like receptor 3 (TLR3) is expressed on the cell
surface and in the endosomal compartment and
recognizes dsRNA and the dsRNA mimic poly(I:C)
[168,169]. Physiological dsRNA ligands that stimu-
late TLR3 are generated during virus infection and
may originate from genomes of dsRNA viruses,
dsRNA replication intermediates or overlapping
transcripts of large DNA viruses [169,170]. TLR3
signals via TIR domain-containing adapter inducing
IFNb (TRIF) and, through NF-kB and IRF3, stimu-
lates production of proinflammatory cytokines and
type I IFNs [171e174] (Fig. 2C). TRIF contains a C-
terminal RHIM and interacts with RIPK1 to activate
NF-kB [175]. RIPK1 can also form a complex with
FADD and caspase-8 to induce apoptosis
[176e179]. In macrophages, simultaneous TLR3
stimulation and inhibition of translation results in cell
death accompanied by caspase-8-mediated clea-
vage and release of IL-1b, independently of cas-
pase-1 [180]. When caspase-8 activity is
compromised, TLR3 signals via RIPK3 and MLKL,
independently of RIPK1, to induce necroptosis
[181,182] (Fig. 2C).
TLR3 is highly expressed in a subset of dendritic

cells specialized in cross-presentation of extracel-
lular antigens [183]. In these cells, TLR3 induces
important costimulatory signals for the induction of
cytotoxic T cell responses against virus-infected
cells [184]. Mutations in TLR3 or TRIF are associated
with encephalitis after infection with HSV-1 [185,186]
or IAV [187]. Furthermore, in IAV infected mice,
TLR3 contributes to immunopathology [188] and
triggers cell death in the lungs [189]. Cells from
patients with homozygous loss-of-function mutations
in RIPK1 exhibit impaired proinflammatory signaling
via TLR3 and the TNF receptor, resulting in
dysregulated cytokine secretion and a predisposition
to necroptosis [190].
TLR3 has been shown to induce cell death of

epithelial cells in the small intestine in response to
poly(I:C) administration [191] or after release of RNA
from cells damaged by ionizing radiation [192].
Endogenous dsRNA released from dying cells can
act as a danger signal [193] driving both beneficial
and detrimental inflammatory responses that occur
during tissue damage. For example, stimulation of
TLR3 by noncoding RNAs released from dying
keratinocytes aids tissue repair after exposure of
the skin to ultraviolet light [194] or wounding
[195,196]. In contrast, TLR3 signaling contributes
to tissue damage in mouse models of acute
respiratory distress syndrome [197], myocardial
infarction [198], and sepsis [199]. An important
question for future work will be whether TLR3-
mediated production of proinflammatory cytokines
or TLR3-induced cell death, or both, causes these
phenotypes.
In some cases, TLR3-induced cell death aggra-

vates disease by contributing to a self-propagating
cycle of inflammation. Mice deficient for the LUBAC
subunit SHARPIN develop chronic proliferative
dermatitis [200]. These animals develop severe
skin inflammation [201] due to early TNF-induced
cell death of keratinocytes in the absence of an intact
LUBAC [202,203]. The release of endogenous
dsRNA from dying cells subsequently triggers
TLR3-mediated cell death driving skin inflammation
with increasing severity. Accordingly, crossing
SHARPIN-deficient mice to TLR3 knockout mice
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prevented cell death in the skin and ameliorated
disease [189]. Interestingly, TRIF signaling was
reported to contribute to skin inflammation in
epidermis specific RIPK1 knockout animals, sug-
gesting a role for TLR3 (or TLR4, another TLR that
signals via TRIF) in autoinflammatory skin disease
[204], although it appears that the relative contribu-
tion of ZBP1 in this setting is greater than that of
TRIF [163,204].
Age-related macular degeneration (AMD) is a

complex human disease leading to progressive
retinal deterioration ultimately causing blindness
[205]. Choroidal neovascularization followed by
vascular leakage damages the retinal pigment
epithelium (RPE). Surprisingly, small interfering
RNAs (siRNAs) targeting vascular endothelial
growth factor-A (VEGFA), which are clinically tested
to prevent angiogenesis, act through a TLR3-
mediated cell death pathway and inhibit neovascu-
larization in a sequence independent manner [206].
Indeed, siRNAs can serve as agonists of TLR3
expressed on the cell surface of both blood vessels
and lymphatic endothelial cells and induce apoptosis
in these cells [207]. It should be noted that the
application of siRNA-TLR3 induced cytotoxicitydat
least in AMDdshould be approached with caution
as this process also induced the degeneration of the
RPE itself [208].
Taken together, programmed cell death induced

by TLR3 stimulation occurs in the forms of apoptosis
and necroptosis. Sensing of viral or endogenous
dsRNA by TLR3 contributes to beneficial host
responses such as tissue repair and cytotoxic T
cell activation, but it also triggers inflammatory
disease. Finally, ligands that induce TLR3-mediated
cell death can be harnessed for their therapeutic
potential for example in AMD and possibly also for
treatment of cancers [209,210].
Outlook

The examples discussed in this review illustrate
intimate connections between innate immune
nucleic acid sensors and programmed cell death
pathways. Recent work has demonstrated that cell
death often rivals more classical responses such as
cytokine production in terms of importance to host
defense against infectious or inflammatory insults. At
the same time, it has also become clear that these
connections are highly complex and variable
depending for example on disease context and cell
type. Our understanding of how divergent signaling
outcomes such as transcription of cytokine genes
and cell death are coordinated is at its infancy.
Posttranslational modifications such as linear ubi-
quitin appear to play an important role in this
decision [125,189].
In addition to the three types of programmed cell
death discussed here (Table 1), other cell death
pathways such as NETosis, paraptosis, and oxeip-
tosis play important roles in host-pathogen interac-
tions [11,211,212]. It will be interesting to study the
role of nucleic acids sensors as putative upstream
activators of these pathways. Moreover, the list of
nucleic acid sensors coupling to cell death presented
in this article is not exhaustive; for example, several
NOD-like receptors have been reported to sense
nucleic acids, sometimes working together with
helicase proteins. This includes NLRP9b, which
senses RNA in conjunction with DHX9, as well as
NLRP3 that responds to IAV RNA [213,214]. It
seems clear that nucleic acid sensing and cell death
will remain a fertile area for future research for many
years to come.
Acknowledgments

The authors acknowledge funding from the UK
Medical Research Council [MRC core funding of
the MRC Human Immunology Unit; J.R.], the
Wellcome Trust [grant number 100954; J.R. and
109024/Z/15/Z; L.L.] and the Fund for Scientific
Research-Flanders [Odysseus II grant number
G0H8618N; JM]. The authors apologise to collea-
gues whose work could not be cited due to space
limitations.

Conflicts of Interest

The authors declare no conflict of interests.

Received 14 August 2019;
Received in revised form 15 November 2019;

Accepted 15 November 2019
Available online 29 November 2019

Keywords:
Apoptosis;
Pyroptosis;

Necroptosis;
Type I interferon;

Nucleic acid sensing

yThese authors contributed equally to this work.

References

[1] G. Hartmann, Nucleic acid immunity, Adv. Immunol. 133
(2017) 121e169.

[2] D. Goubau, S. Deddouche, C. Reis e Sousa, Cytosolic
sensing of viruses, Immunity 38 (2013) 855e869.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref1
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref1
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref1
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref2
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref2
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref2


562 Nucleic Acid Sensors and Programmed Cell Death
[3] A. Roers, B. Hiller, V. Hornung, Recognition of endogenous
nucleic acids by the innate immune system, Immunity 44
(2016) 739e754.

[4] G.N. Barber, STING: infection, inflammation and cancer,
Nat. Rev. Immunol. 15 (2015) 760e770.

[5] Y.J.Crow,N.Manel, Aicardi-Goutieres syndromeand the type
I interferonopathies, Nat. Rev. Immunol. 15 (2015) 429e440.

[6] F. McNab, K. Mayer-Barber, A. Sher, A. Wack, A. O'Garra,
Type I interferons in infectious disease, Nat. Rev. Immunol.
15 (2015) 87e103.

[7] S.M. Man, R. Karki, T.D. Kanneganti, DNA-sensing
inflammasomes: regulation of bacterial host defense and
the gut microbiota, Pathog. Dis. 74 (2016) ftw028.

[8] B.R. Williams, Signal integration via PKR, Sci. STKE 2001
(2001) re2.

[9] V. Hornung, R. Hartmann, A. Ablasser, K.P. Hopfner, OAS
proteins and cGAS: unifying concepts in sensing and
responding to cytosolic nucleic acids, Nat. Rev. Immunol.
14 (2014) 521e528.

[10] P. Danthi, Viruses and the diversity of cell death, Annu.
Rev. Virol. 3 (2016) 533e553.

[11] I. Jorgensen, M. Rayamajhi, E.A. Miao, Programmed cell
death as a defence against infection, Nat. Rev. Immunol. 17
(2017) 151e164.

[12] M.H. Orzalli, J.C. Kagan, Apoptosis and necroptosis as
host defense strategies to prevent viral infection, Trends
Cell Biol. 27 (11) (2017) 800e809, https://doi.org/10.1016/
j.tcb.2017.05.007.

[13] D. Frank, J.E. Vince, Pyroptosis versus necroptosis:
similarities, differences, and crosstalk, Cell Death Differ.
26 (2019) 99e114.

[14] L. Galluzzi, A. Buque, O. Kepp, L. Zitvogel, G. Kroemer,
Immunogenic cell death in cancer and infectious disease,
Nat. Rev. Immunol. 17 (2017) 97e111.

[15] A. Ablasser, Z.J. Chen, cGAS in action: expanding roles in
immunity and inflammation, Science 363 (2019).

[16] K. Schroder, J. Tschopp, The inflammasomes, Cell 140
(2010) 821e832.

[17] J. Shi, W. Gao, F. Shao, Pyroptosis: gasdermin-mediated
programmed necrotic cell death, Trends Biochem. Sci. 42
(2017) 245e254.

[18] T. Burckstummer, C. Baumann, S. Bluml, E. Dixit,
G. Durnberger, H. Jahn, et al., An orthogonal proteomic-
genomic screen identifiesAIM2asa cytoplasmicDNAsensor
for the inflammasome, Nat. Immunol. 10 (2009) 266e272.

[19] T. Fernandes-Alnemri, J.W. Yu, P. Datta, J. Wu,
E.S. Alnemri, AIM2 activates the inflammasome and cell
death in response to cytoplasmic DNA, Nature 458 (2009)
509e513.

[20] V. Hornung, A. Ablasser, M. Charrel-Dennis,
F. Bauernfeind, G. Horvath, D.R. Caffrey, et al., AIM2
recognizes cytosolic dsDNA and forms a caspase-1-
activating inflammasome with ASC, Nature 458 (2009)
514e518.

[21] T.L. Roberts, A. Idris, J.A. Dunn, G.M. Kelly, C.M. Burnton,
S. Hodgson, et al., HIN-200 proteins regulate caspase
activation in response to foreign cytoplasmic DNA, Science
323 (2009) 1057e1060.

[22] T. Jin, A. Perry, J. Jiang, P. Smith, J.A. Curry,
L. Unterholzner, et al., Structures of the HIN domain:DNA
complexes reveal ligand binding and activation mechan-
isms of the AIM2 inflammasome and IFI16 receptor,
Immunity 36 (2012) 561e571.
[23] C. Juruj, V. Lelogeais, R. Pierini, M. Perret, B.F. Py,
Y. Jamilloux, et al., Caspase-1 activity affects AIM2 speck
formation/stability through a negative feedback loop, Front.
Cell. Infect. Microbiol. 3 (2013) 14.

[24] S.M. Man, R. Karki, R.K. Malireddi, G. Neale, P. Vogel,
M. Yamamoto, et al., The transcription factor IRF1 and
guanylate-binding proteins target activation of the AIM2
inflammasome by Francisella infection, Nat. Immunol. 16
(2015) 467e475.

[25] E. Meunier, P. Wallet, R.F. Dreier, S. Costanzo, L. Anton,
S. Ruhl, et al., Guanylate-binding proteins promote activa-
tion of the AIM2 inflammasome during infection with
Francisella novicida, Nat. Immunol. 16 (2015) 476e484.

[26] N. Kayagaki, I.B. Stowe, B.L. Lee, K. O'Rourke,
K. Anderson, S. Warming, et al., Caspase-11 cleaves
gasdermin D for non-canonical inflammasome signalling,
Nature 526 (2015) 666e671.

[27] J. Shi, Y. Zhao, K. Wang, X. Shi, Y. Wang, H. Huang, et al.,
Cleavage of GSDMD by inflammatory caspases deter-
mines pyroptotic cell death, Nature 526 (2015) 660e665.

[28] X. Liu, Z. Zhang, J. Ruan, Y. Pan, V.G. Magupalli, H. Wu, et
al., Inflammasome-activated gasdermin D causes pyropto-
sis by forming membrane pores, Nature 535 (2016)
153e158.

[29] S. Ruhl, K. Shkarina, B. Demarco, R. Heilig, J.C. Santos,
P. Broz, ESCRT-dependent membrane repair negatively
regulates pyroptosis downstream of GSDMD activation,
Science 362 (2018) 956e960.

[30] N. Kayagaki, B.L. Lee, I.B. Stowe, O.S. Kornfeld,
K. O'Rourke, K.M. Mirrashidi, et al., IRF2 transcriptionally
induces GSDMD expression for pyroptosis, Sci. Signal. 12
(2019).

[31] D.E. Place, T.D. Kanneganti, Cell death-mediated cytokine
release and its therapeutic implications, J. Exp. Med. 216
(2019) 1474e1486.

[32] K.S. Schneider, C.J. Gross, R.F. Dreier, B.S. Saller,
R. Mishra, O. Gorka, et al., The inflammasome drives
GSDMD-independent secondary pyroptosis and IL-1 re-
lease in the absence of caspase-1 protease activity, Cell
Rep. 21 (2017) 3846e3859.

[33] M. Monteleone, A.C. Stanley, K.W. Chen, D.L. Brown,
J.S. Bezbradica, J.B. von Pein, et al., Interleukin-1beta
maturation triggers its relocation to the plasma membrane
for gasdermin-D-dependent and -independent secretion,
Cell Rep. 24 (2018) 1425e1433.

[34] R. Heilig, M.S. Dick, L. Sborgi, E. Meunier, S. Hiller,
P. Broz, The Gasdermin-D pore acts as a conduit for IL-
1beta secretion in mice, Eur. J. Immunol. 48 (2018)
584e592.

[35] C.L. Evavold, J. Ruan, Y. Tan, S. Xia, H. Wu, J.C. Kagan,
The pore-forming protein gasdermin D regulates interleu-
kin-1 secretion from living macrophages, Immunity 48
(2018) 35e44 e6.

[36] D. Choubey, R. Panchanathan, Absent in melanoma 2
proteins in SLE, Clin. Immunol. 176 (2017) 42e48.

[37] D.A. Muruve, V. Petrilli, A.K. Zaiss, L.R. White, S.A. Clark,
P.J. Ross, et al., The inflammasome recognizes cytosolic
microbial and host DNA and triggers an innate immune
response, Nature 452 (2008) 103e107.

[38] H. Zhang, J. Luo, J.F. Alcorn, K. Chen, S. Fan, J. Pilewski,
et al., AIM2 inflammasome is critical for influenza-induced
lung injury and mortality, J. Immunol. 198 (2017)
4383e4393.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref3
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref3
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref3
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref3
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref4
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref4
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref4
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref5
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref5
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref5
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref6
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref6
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref6
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref6
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref7
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref7
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref7
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref8
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref8
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref9
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref9
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref9
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref9
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref9
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref10
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref10
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref10
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref11
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref11
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref11
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref11
https://doi.org/10.1016/j.tcb.2017.05.007
https://doi.org/10.1016/j.tcb.2017.05.007
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref13
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref13
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref13
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref13
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref14
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref14
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref14
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref14
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref15
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref15
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref16
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref16
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref16
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref17
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref17
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref17
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref17
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref18
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref18
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref18
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref18
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref18
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref19
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref19
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref19
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref19
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref19
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref20
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref21
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref21
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref21
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref21
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref21
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref22
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref23
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref23
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref23
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref23
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref24
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref25
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref25
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref25
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref25
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref25
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref26
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref26
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref26
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref26
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref26
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref27
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref27
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref27
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref27
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref28
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref28
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref28
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref28
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref28
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref29
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref29
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref29
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref29
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref29
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref30
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref30
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref30
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref30
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref31
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref31
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref31
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref31
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref32
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref33
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref34
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref34
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref34
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref34
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref34
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref35
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref35
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref35
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref35
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref35
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref36
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref36
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref36
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref37
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref37
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref37
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref37
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref37
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref38
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref38
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref38
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref38
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref38


563Nucleic Acid Sensors and Programmed Cell Death
[39] B. Hu, C. Jin, H.-B. Li, J. Tong, X. Ouyang, N.M. Cetinbas,
et al., The DNA-sensing AIM2 inflammasome controls
radiation-induced cell death and tissue injury, Science
(New York, NY): American Association for the Advance-
ment of Science (2016) 765e768.

[40] M.M. Gaidt, T.S. Ebert, D. Chauhan, K. Ramshorn, F. Pinci,
S. Zuber, et al., The DNA inflammasome in human myeloid
cells is initiated by a STING-cell death program upstream of
NLRP3, Cell 171 (2017) 1110e1124 e18.

[41] K.L. DeYoung, M.E. Ray, Y.A. Su, S.L. Anzick,
R.W. Johnstone, J.A. Trapani, et al., Cloning a novel
member of the human interferon-inducible gene family
associated with control of tumorigenicity in a model of
human melanoma, Oncogene 15 (1997) 453e457.

[42] S.M. Woerner, M. Kloor, Y. Schwitalle, H. Youmans,
MvK. Doeberitz, J. Gebert, et al., The putative tumor
suppressor AIM2 is frequently affected by different genetic
alterations in microsatellite unstable colon cancers, Genes
Chromosomes Cancer (2007) 1080e1089.

[43] S.M. Woerner, M. Kloor, A. Mueller, J. Rueschoff,
N. Friedrichs, R. Buettner, et al., Microsatellite instability
of selective target genes in HNPCC-associated colon
adenomas, Oncogene (2005) 2525e2535.

[44] J. Chen, Z. Wang, S. Yu, AIM2 regulates viability and
apoptosis in human colorectal cancer cells via the PI3K/Akt
pathway, Onco Targets Ther. (2017) 811e817.

[45] D. Fisch, H. Bando, B. Clough, V. Hornung, M. Yamamoto,
A.R. Shenoy, et al., Human GBP1 is a microbe-specific
gatekeeper of macrophage apoptosis and pyroptosis,
EMBO J. 38 (2019) e100926.

[46] R.L. Brunette, J.M. Young, D.G. Whitley, I.E. Brodsky,
H.S. Malik, D.B. Stetson, Extensive evolutionary and
functional diversity among mammalian AIM2-like receptors,
J. Exp. Med. 209 (2012) 1969e1983.

[47] L. Unterholzner, S.E. Keating, M. Baran, K.A. Horan,
S.B. Jensen, S. Sharma, et al., IFI16 is an innate immune
sensor for intracellularDNA,Nat. Immunol. (2010) 997e1004.

[48] J.F. Almine, C.A.J. O'Hare, G. Dunphy, I.R. Haga, R.J. Naik,
A. Atrih, et al., IFI16 and cGAS cooperate in the activation of
STING during DNA sensing in human keratinocytes, Nat.
Commun.: The Author(s) SN - (2017) 14392.

[49] K.L. Jønsson, A. Laustsen, C. Krapp, K.A. Skipper,
K. Thavachelvam, D. Hotter, et al., IFI16 is required for
DNA sensing in human macrophages by promoting
production and function of cGAMP, Nat. Commun.: The
Author(s) SN - (2017) 14391.

[50] N. Kerur, M.V. Veettil, N. Sharma-Walia, V. Bottero,
S. Sadagopan, P. Otageri, et al., IFI16 acts as a nuclear
pathogen sensor to induce the inflammasome in response
to Kaposi Sarcoma-associated herpesvirus infection, Cell
Host Microbe (2011) 363e375.

[51] D. Dutta, S. Dutta, M.V. Veettil, A. Roy, M.A. Ansari,
J. Iqbal, et al., BRCA1 regulates IFI16 mediated nuclear
innate sensing of herpes viral DNA and subsequent
induction of the innate inflammasome and interferon-beta
responses, PLoS Pathog. (2015) e1005030.

[52] M.A. Ansari, S. Dutta, M.V. Veettil, D. Dutta, J. Iqbal,
B. Kumar, et al., Herpesvirus genome recognition induced
acetylation of nuclear IFI16 is essential for its cytoplasmic
translocation, inflammasome and IFN-beta responses,
PLoS Pathog. (2015) e1005019.

[53] A. Roy, D. Dutta, J. Iqbal, G. Pisano, O. Gjyshi, M.A. Ansari,
et al., Nuclear innate immune DNA sensor IFI16 is
degraded during lytic reactivation of Kaposi’s sarcoma-
associated herpesvirus (KSHV): role of IFI16 in mainte-
nance of KSHV latency, J. Virol. 90 (19) (2016)
8822e8841, https://doi.org/10.1128/JVI.01003-16.

[54] K.M. Monroe, Z. Yang, J.R. Johnson, X. Geng, G. Doitsh,
N.J. Krogan, et al., IFI16 DNA sensor is required for death
of lymphoid CD4 T cells abortively infected with HIV,
Science (New York, NY): American Association for the
Advancement of Science (2014) 428e432.

[55] G. Doitsh, N.L.K. Galloway, X. Geng, Z. Yang,
K.M. Monroe, O. Zepeda, et al., Cell death by pyroptosis
drives CD4 T-cell depletion in HIV-1 infection, Nature 505
(2014) 509e514.

[56] G. Doitsh, M. Cavrois, K.G. Lassen, O. Zepeda, Z. Yang,
M.L. Santiago, et al., Abortive HIV infection mediates CD4
T cell depletion and inflammation in human lymphoid tissue,
Cell 143 (2010) 789e801.

[57] B. Descours, A. Cribier, C. Chable-Bessia, D. Ayinde,
G. Rice, Y. Crow, et al., SAMHD1 restricts HIV-1 reverse
transcription in quiescent CD4(þ) T-cells, Retrovirology:
BioMed Central Ltd (2012) 87.

[58] H.-M. Baldauf, X. Pan, E. Erikson, S. Schmidt,
W. Daddacha, M. Burggraf, et al., SAMHD1 restricts HIV-
1 infection in resting CD4(þ) T cells, Nat. Med.: Nature
Publishing Group (2012) 1682e1687.

[59] N.L.K. Galloway, G. Doitsh, K.M. Monroe, Z. Yang,
I. Mu~noz-Arias, D.N. Levy, et al., Cell-to-Cell transmis-
sion of HIV-1 is required to trigger pyroptotic death of
lymphoid-tissue-derived CD4 T cells, Cell Rep. (2015)
1555e1563.

[60] J. Wu, L. Sun, X. Chen, F. Du, H. Shi, C. Chen, et al., Cyclic
GMP-AMP is an endogenous second messenger in innate
immune signaling by cytosolic DNA, Science 339 (2013)
826e830.

[61] J. Maelfait, A. Bridgeman, A. Benlahrech, C. Cursi,
J. Rehwinkel, Restriction by SAMHD1 limits cGAS/
STING-dependent innate and adaptive immune responses
to HIV-1, Cell Rep. 16 (2016) 1492e1501.

[62] K.J. Mackenzie, P. Carroll, L. Lettice, Z. Tarnauskaite,
K. Reddy, F. Dix, et al., Ribonuclease H2 mutations induce
a cGAS/STING-dependent innate immune response,
EMBO J. 35 (2016) 831e844.

[63] E.E. Gray, P.M. Treuting, J.J. Woodward, D.B. Stetson,
Cutting edge: cGAS is required for lethal autoimmune
disease in the Trex1-deficient mouse model of Aicardi-
Goutieres syndrome, J. Immunol. 195 (2015) 1939e1943.

[64] D. Gao, T. Li, X.D. Li, X. Chen, Q.Z. Li, M. Wight-Carter, et
al., Activation of cyclic GMP-AMP synthase by self-DNA
causes autoimmune diseases, Proc. Natl. Acad. Sci. U. S.
A. 112 (2015) E5699eE5705.

[65] A. Ablasser, I. Hemmerling, J.L. Schmid-Burgk,
R. Behrendt, A. Roers, V. Hornung, TREX1 deficiency
triggers cell-autonomous immunity in a cGAS-dependent
manner, J. Immunol. 192 (2014) 5993e5997.

[66] K.W. Ng, E.A. Marshall, J.C. Bell, W.L. Lam, cGAS-STING
and cancer: dichotomous roles in tumor immunity and
development, Trends Immunol. 39 (2018) 44e54.

[67] T. Li, Z.J. Chen, The cGAS-cGAMP-STING pathway
connects DNA damage to inflammation, senescence, and
cancer, J. Exp. Med. 215 (2018) 1287e1299.

[68] L. Corrales, L.H. Glickman, S.M. McWhirter, D.B. Kanne,
K.E. Sivick, G.E. Katibah, et al., Direct activation of STING
in the tumor microenvironment leads to potent and systemic
tumor regression and immunity, Cell Rep. 11 (2015)
1018e1030.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref39
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref40
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref40
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref40
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref40
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref40
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref41
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref42
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref43
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref43
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref43
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref43
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref43
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref44
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref44
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref44
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref44
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref45
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref45
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref45
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref45
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref46
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref46
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref46
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref46
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref46
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref47
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref47
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref47
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref47
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref48
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref48
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref48
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref48
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref49
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref49
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref49
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref49
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref49
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref50
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref51
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref51
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref51
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref51
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref51
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref52
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref52
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref52
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref52
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref52
https://doi.org/10.1128/JVI.01003-16
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref54
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref55
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref55
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref55
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref55
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref55
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref56
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref56
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref56
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref56
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref56
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref57
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref57
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref57
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref57
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref57
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref58
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref59
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref60
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref60
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref60
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref60
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref60
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref61
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref61
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref61
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref61
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref61
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref62
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref62
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref62
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref62
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref62
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref63
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref63
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref63
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref63
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref63
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref64
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref64
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref64
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref64
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref64
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref65
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref65
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref65
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref65
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref65
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref66
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref66
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref66
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref66
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref67
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref67
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref67
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref67
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref68


564 Nucleic Acid Sensors and Programmed Cell Death
[69] C.-H.A. Tang, J.A. Zundell, S. Ranatunga, C. Lin,
Y. Nefedova, J.R. Del Valle, et al., Agonist-mediated
activation of STING induces apoptosis in malignant B
cells, Cancer Res.: American Association for Cancer
Research (2016) 2137e2152.

[70] B. Larkin, V. Ilyukha, M. Sorokin, A. Buzdin, E. Vannier,
A. Poltorak, Cutting edge: activation of STING in T cells
induces type I IFN responses and cell death, J. Immunol.
199 (2017) 397e402.

[71] S. Cerboni, N. Jeremiah, M. Gentili, U. Gehrmann,
C. Conrad, M.C. Stolzenberg, et al., Intrinsic antiprolifera-
tive activity of the innate sensor STING in T lymphocytes,
J. Exp. Med. 214 (2017) 1769e1785.

[72] M.F. Gulen, U. Koch, S.M. Haag, F. Schuler, L. Apetoh,
A. Villunger, et al., Signalling strength determines proa-
poptotic functions of STING, Nat. Commun. 8 (2017) 427.

[73] J. Wu, Y.J. Chen, N. Dobbs, T. Sakai, J. Liou, J.J. Miner, et
al., STING-mediated disruption of calcium homeostasis
chronically activates ER stress and primes T cell death,
J. Exp. Med. 216 (2019) 867e883.

[74] A. Iracheta-Vellve, J. Petrasek, B. Gyongyosi,
A. Satishchandran, P. Lowe, K. Kodys, et al., Endoplasmic
reticulum stress-induced hepatocellular death pathways
mediate liver injury and fibrosis via stimulator of interferon
genes, J. Biol. Chem. 291 (2016) 26794e26805.

[75] J. Petrasek, A. Iracheta-Vellve, T. Csak, A. Satishchandran,
K. Kodys, E.A. Kurt-Jones, et al., STING-IRF3 pathway links
endoplasmic reticulum stress with hepatocyte apoptosis in
early alcoholic liver disease, Proc. Natl. Acad. Sci. U. S. A.
110 (2013) 16544e16549.

[76] G. Dunphy, S.M. Flannery, J.F. Almine, D.J. Connolly,
C. Paulus, K.L. Jonsson, et al., Non-canonical activation of
the DNA sensing adaptor STING by ATM and IFI16
mediates NF-kappaB signaling after nuclear DNA damage,
Mol. Cell 71 (2018) 745e760 e5.

[77] C. Zierhut, N. Yamaguchi, M. Paredes, J.D. Luo, T. Carroll,
H. Funabiki, The cytoplasmic DNA sensor cGAS promotes
mitotic cell death, Cell 178 (2019) 302e315 e23.

[78] B.A. Diner, K.K. Lum, J.E. Toettcher, I.M. Cristea, Viral
DNA sensors IFI16 and cyclic GMP-AMP synthase
possess distinct functions in regulating viral gene expres-
sion, immune defenses, and apoptotic responses during
herpesvirus infection, mBio (2016).

[79] A. Sze, S.M. Belgnaoui, D. Olagnier, R. Lin, J. Hiscott,
J. van Grevenynghe, Host restriction factor SAMHD1 limits
human T cell leukemia virus type 1 infection of monocytes
via STING-mediated apoptosis, Cell Host Microbe 14
(2013) 422e434.

[80] M.J. White, K. McArthur, D. Metcalf, R.M. Lane,
J.C. Cambier, M.J. Herold, et al., Apoptotic caspases
suppress mtDNA-induced STING-mediated type I IFN
production, Cell 159 (2014) 1549e1562.

[81] A.P. West, W. Khoury-Hanold, M. Staron, M.C. Tal,
C.M. Pineda, S.M. Lang, et al., Mitochondrial DNA stress
primes the antiviral innate immune response, Nature 520
(2015) 553e557.

[82] A. Rongvaux, R. Jackson, C.C. Harman, T. Li, A.P. West,
M.R. de Zoete, et al., Apoptotic caspases prevent the
induction of type I interferons by mitochondrial DNA, Cell
159 (2014) 1563e1577.

[83] K. McArthur, L.W. Whitehead, J.M. Heddleston, L. Li,
B.S. Padman, V. Oorschot, et al., BAK/BAX macropores
facilitate mitochondrial herniation and mtDNA efflux during
apoptosis, Science 359 (2018).
[84] Y. Wang, X. Ning, P. Gao, S. Wu, M. Sha, M. Lv, et al.,
Inflammasome activation triggers caspase-1-mediated
cleavage of cGAS to regulate responses to DNA virus
infection, Immunity 46 (2017) 393e404.

[85] I. Banerjee, B. Behl, M. Mendonca, G. Shrivastava,
A.J. Russo, A. Menoret, et al., Gasdermin D restrains type
I interferon response to cytosolic DNA by disrupting ionic
homeostasis, Immunity 49 (2018) 413e426 e5.

[86] M. Brault, T.M. Olsen, J. Martinez, D.B. Stetson, A. Oberst,
Intracellular nucleic acid sensing triggers necroptosis
through synergistic type I IFN and TNF signaling,
J. Immunol. 200 (2018) 2748e2756.

[87] D. Chen, J. Tong, L. Yang, L. Wei, D.B. Stolz, J. Yu, et al.,
PUMA amplifies necroptosis signaling by activating cyto-
solic DNA sensors, Proc. Natl. Acad. Sci. U. S. A. 115
(2018) 3930e3935.

[88] R.O. Watson, S.L. Bell, D.A. MacDuff, J.M. Kimmey,
E.J. Diner, J. Olivas, et al., The cytosolic sensor cGAS
detects Mycobacterium tuberculosis DNA to induce type I
interferons and activate autophagy, Cell Host Microbe
(2015) 811e819.

[89] R. Wassermann, M.F. Gulen, C. Sala, S.G. Perin, Y. Lou,
J. Rybniker, et al., Mycobacterium tuberculosis differentially
activates cGAS- and inflammasome-dependent intracellu-
lar immune responses through ESX-1, Cell Host Microbe
17 (2015) 799e810.

[90] J. Nassour, R. Radford, A. Correia, J.M. Fuste, B. Schoell,
A. Jauch, et al., Autophagic cell death restricts chromoso-
mal instability during replicative crisis, Nature 565 (2019)
659e663.

[91] X. Gui, H. Yang, T. Li, X. Tan, P. Shi, M. Li, et al.,
Autophagy induction via STING trafficking is a primordial
function of the cGAS pathway, Nature 567 (2019) 262e266.

[92] D. Liu, H. Wu, C. Wang, Y. Li, H. Tian, S. Siraj, et al.,
STING directly activates autophagy to tune the innate
immune response, Cell Death Differ. 26 (2019) 1735e1749.

[93] H. Yang, H. Wang, J. Ren, Q. Chen, Z.J. Chen, cGAS is
essential for cellular senescence, Proc. Natl. Acad. Sci. U.
S. A. 114 (2017) E4612eE4620.

[94] S. Gluck, B. Guey, M.F. Gulen, K. Wolter, T.W. Kang,
N.A. Schmacke, et al., Innate immune sensing of cytosolic
chromatin fragments through cGAS promotes senescence,
Nat. Cell Biol. 19 (2017) 1061e1070.

[95] Z. Dou, K. Ghosh, M.G. Vizioli, J. Zhu, P. Sen,
K.J. Wangensteen, et al., Cytoplasmic chromatin triggers
inflammation in senescence and cancer, Nature 550 (2017)
402e406.

[96] Y. Kumagai, O. Takeuchi, S. Akira, TLR9 as a key receptor
for the recognition of DNA, Adv. Drug Deliv. Rev. 60 (2008)
795e804.

[97] G. Hacker, V. Redecke, H. Hacker, Activation of the
immune system by bacterial CpG-DNA, Immunology 105
(2002) 245e251.

[98] C. Brignole, D. Marimpietri, D. Di Paolo, P. Perri,
F. Morandi, F. Pastorino, et al., Therapeutic targeting of
TLR9 inhibits cell growth and induces apoptosis in
neuroblastoma, Cancer Res.: American Association for
Cancer Research (2010) 9816e9826.

[99] L. He, H. Li, L. Chen, J. Miao, Y. Jiang, Y. Zhang, et al.,
Toll-like receptor 9 is required for opioid-induced microglia
apoptosis, PLoS One (2011), e18190.

[100] S.F. Fischer, M. Rehm, A. Bauer, F. Hofling, S. Kirschnek,
M. Rutz, et al., Toll-like receptor 9 signaling can sensitize
fibroblasts for apoptosis, Immunol. Lett. (2005) 115e122.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref69
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref70
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref70
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref70
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref70
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref70
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref71
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref71
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref71
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref71
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref71
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref72
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref72
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref72
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref73
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref73
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref73
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref73
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref73
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref74
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref75
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref76
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref77
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref77
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref77
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref77
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref78
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref78
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref78
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref78
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref78
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref79
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref80
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref80
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref80
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref80
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref80
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref81
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref81
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref81
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref81
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref81
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref82
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref82
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref82
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref82
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref82
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref83
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref83
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref83
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref83
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref84
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref84
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref84
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref84
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref84
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref85
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref85
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref85
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref85
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref85
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref86
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref86
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref86
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref86
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref86
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref87
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref87
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref87
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref87
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref87
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref88
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref89
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref90
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref90
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref90
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref90
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref90
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref91
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref91
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref91
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref91
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref92
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref92
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref92
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref92
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref93
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref93
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref93
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref93
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref94
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref94
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref94
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref94
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref94
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref95
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref95
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref95
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref95
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref95
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref96
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref96
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref96
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref96
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref97
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref97
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref97
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref97
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref98
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref99
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref99
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref99
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref100
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref100
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref100
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref100


565Nucleic Acid Sensors and Programmed Cell Death
[101] D. El Kebir, A. Damlaj, J.G. Filep, Toll-like receptor 9
signaling delays neutrophil apoptosis by increasing tran-
scription of Mcl-1, PLoS One (2014) e87006.

[102] Y. Xiang, H. Yan, J. Zhou, Q. Zhang, G. Hanley, Y. Caudle, et
al., The role of toll-like receptor 9 in chronic stress-induced
apoptosis in macrophage, PLoS One (2015) e0123447.

[103] L. Zheng, N. Asprodites, A.H. Keene, P. Rodriguez,
K.D. Brown, E. Davila, TLR9 engagement on CD4 T
lymphocytes represses gamma-radiation-induced apopto-
sis through activation of checkpoint kinase response
elements, Blood 111 (2008) 2704e2713.

[104] Y. Saito, H. Hikita, Y. Nozaki, Y. Kai, Y. Makino,
T. Nakabori, et al., DNase II activated by the mitochondrial
apoptotic pathway regulates RIP1-dependent non-apopto-
tic hepatocyte death via the TLR9/IFN-beta signaling
pathway, Cell Death Differ. 26 (2019) 470e486.

[105] S.J. Han, H. Li, M. Kim, M.J. Shlomchik, H.T. Lee, Kidney
proximal tubular TLR9 exacerbates ischemic acute kidney
injury, J. Immunol. 201 (2018) 1073e1085.

[106] C. Lassig, K.P. Hopfner, Discrimination of cytosolic self and
non-self RNA by RIG-I-like receptors, J. Biol. Chem. 292
(2017) 9000e9009.

[107] V. Hornung, J. Ellegast, S. Kim, K. Brzozka, A. Jung,
H. Kato, et al., 5'-Triphosphate RNA is the ligand for RIG-I,
Science 314 (2006) 994e997.

[108] A. Pichlmair, O. Schulz, C.P. Tan, T.I. Naslund,
P. Liljestrom, F. Weber, et al., RIG-I-mediated antiviral
responses to single-stranded RNA bearing 5'-phosphates,
Science 314 (2006) 997e1001.

[109] D. Goubau, M. Schlee, S. Deddouche, A.J. Pruijssers,
T. Zillinger, M. Goldeck, et al., Antiviral immunity via RIG-I-
mediated recognition of RNA bearing 5'-diphosphates,
Nature 514 (2014) 372e375.

[110] M. Schlee, A. Roth, V. Hornung, C.A. Hagmann,
V. Wimmenauer, W. Barchet, et al., Recognition of 5'
triphosphate by RIG-I helicase requires short blunt double-
stranded RNA as contained in panhandle of negative-
strand virus, Immunity 31 (2009) 25e34.

[111] A. Schmidt, T. Schwerd, W. Hamm, J.C. Hellmuth, S. Cui,
M. Wenzel, et al., 5'-triphosphate RNA requires base-
paired structures to activate antiviral signaling via RIG-I,
Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 12067e12072.

[112] C. Schuberth-Wagner, J. Ludwig, A.K. Bruder,
A.M. Herzner, T. Zillinger, M. Goldeck, et al.,
A conserved histidine in the RNA sensor RIG-I controls
immune tolerance to N1-2'O-methylated self RNA, Im-
munity 43 (2015) 41e51.

[113] Y. Zhao, X. Ye, W. Dunker, Y. Song, J. Karijolich, RIG-I like
receptor sensing of host RNAs facilitates the cell-intrinsic
immune response to KSHV infection, Nat. Commun. 9
(2018) 4841.

[114] J.J. Chiang, K.M.J. Sparrer, M. van Gent, C. Lassig,
T. Huang, N. Osterrieder, et al., Viral unmasking of cellular
5S rRNA pseudogene transcripts induces RIG-I-mediated
immunity, Nat. Immunol. 19 (2018) 53e62.

[115] A.G. Dias Junior, N.G. Sampaio, J. Rehwinkel, A balancing
act: MDA5 in antiviral immunity and autoinflammation,
Trends Microbiol. 27 (2019) 75e85.

[116] J. Rintahaka, D. Wiik, P.E. Kovanen, H. Alenius,
S. Matikainen, Cytosolic antiviral RNA recognition pathway
activates caspases 1 and 3, J. Immunol. 180 (2008)
1749e1757.

[117] H. Poeck, R. Besch, C. Maihoefer, M. Renn, D. Tormo,
S.S. Morskaya, et al., 5'-Triphosphate-siRNA: turning gene
silencing and Rig-I activation against melanoma, Nat. Med.
14 (2008) 1256e1263.

[118] R. Besch, H. Poeck, T. Hohenauer, D. Senft, G. Hacker,
C. Berking, et al., Proapoptotic signaling induced by RIG-I
and MDA-5 results in type I interferon-independent
apoptosis in human melanoma cells, J. Clin. Investig. 119
(2009) 2399e2411.

[119] S. Chattopadhyay, M. Yamashita, Y. Zhang, G.C. Sen, The
IRF-3/Bax-mediated apoptotic pathway, activated by viral
cytoplasmic RNA and DNA, inhibits virus replication,
J. Virol. 85 (2011) 3708e3716.

[120] J.G. van den Boorn, G. Hartmann, Turning tumors into
vaccines: co-opting the innate immune system, Immunity
39 (2013) 27e37.

[121] P. Li, P. Kaiser, H.W. Lampiris, P. Kim, S.A. Yukl,
D.V. Havlir, et al., Stimulating the RIG-I pathway to kill
cells in the latent HIV reservoir following viral reactivation,
Nat. Med. 22 (2016) 807e811.

[122] X. Yu, H. Wang, X. Li, C. Guo, F. Yuan, P.B. Fisher, et al.,
Activation of the MDA-5-IPS-1 viral sensing pathway
induces cancer cell death and type I IFN-dependent
antitumor immunity, Cancer Res. 76 (2016) 2166e2176.

[123] D.L. Elion, M.E. Jacobson, D.J. Hicks, B. Rahman,
V. Sanchez, P.I. Gonzales-Ericsson, et al., Therapeutically
active RIG-I agonist induces immunogenic tumor cell killing
in breast cancers, Cancer Res. 78 (2018) 6183e6195.

[124] S. Chattopadhyay, J.T. Marques, M. Yamashita,
K.L. Peters, K. Smith, A. Desai, et al., Viral apoptosis is
induced by IRF-3-mediated activation of Bax, EMBO J. 29
(2010) 1762e1773.

[125] S. Chattopadhyay, T. Kuzmanovic, Y. Zhang,
J.L. Wetzel, G.C. Sen, Ubiquitination of the transcription
factor IRF-3 activates RIPA, the apoptotic pathway that
protects mice from viral pathogenesis, Immunity 44
(2016) 1151e1161.

[126] S. Chattopadhyay, G.C. Sen, RIG-I-like receptor-induced
IRF3 mediated pathway of apoptosis (RIPA): a new
antiviral pathway, Protein Cell 8 (2017) 165e168.

[127] M. Kovacsovics, F. Martinon, O. Micheau, J.L. Bodmer,
K. Hofmann, J. Tschopp, Overexpression of Helicard, a
CARD-containing helicase cleaved during apoptosis, ac-
celerates DNA degradation, Curr. Biol. 12 (2002) 838e843.

[128] A. Takaoka, Z. Wang, M.K. Choi, H. Yanai, H. Negishi,
T. Ban, et al., DAI (DLM-1/ZBP1) is a cytosolic DNA sensor
and an activator of innate immune response, Nature 448
(2007) 501e505.

[129] K.J. Ishii, T. Kawagoe, S. Koyama, K. Matsui, H. Kumar,
T. Kawai, et al., TANK-binding kinase-1 delineates innate
and adaptive immune responses to DNA vaccines, Nature
451 (2008) 725e729.

[130] M. Rebsamen, L.X. Heinz, E. Meylan, M.C. Michallet,
K. Schroder, K. Hofmann, et al., DAI/ZBP1 recruits RIP1
and RIP3 through RIP homotypic interaction motifs to
activate NF-kappaB, EMBO Rep. 10 (2009) 916e922.

[131] W.J. Kaiser, J.W. Upton, E.S. Mocarski, Receptor-interact-
ing protein homotypic interaction motif-dependent control
of NF-kappa B activation via the DNA-dependent activator
of IFN regulatory factors, J. Immunol. 181 (2008)
6427e6434.

[132] J. Lippmann, S. Rothenburg, N. Deigendesch, J. Eitel,
K. Meixenberger, V. van Laak, et al., IFNbeta responses
induced by intracellular bacteria or cytosolic DNA in
different human cells do not require ZBP1 (DLM-1/DAI),
Cell Microbiol. 10 (2008) 2579e2588.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref101
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref101
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref101
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref102
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref102
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref102
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref103
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref104
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref105
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref105
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref105
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref105
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref106
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref106
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref106
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref106
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref107
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref107
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref107
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref107
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref108
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref108
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref108
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref108
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref108
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref109
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref109
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref109
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref109
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref109
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref110
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref111
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref111
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref111
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref111
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref111
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref112
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref113
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref113
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref113
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref113
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref114
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref114
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref114
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref114
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref114
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref115
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref115
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref115
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref115
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref116
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref116
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref116
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref116
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref116
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref117
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref117
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref117
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref117
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref117
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref118
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref119
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref119
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref119
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref119
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref119
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref120
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref120
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref120
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref120
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref121
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref121
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref121
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref121
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref121
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref122
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref122
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref122
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref122
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref122
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref123
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref123
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref123
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref123
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref123
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref124
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref124
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref124
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref124
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref124
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref125
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref126
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref126
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref126
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref126
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref127
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref127
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref127
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref127
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref127
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref128
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref128
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref128
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref128
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref128
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref129
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref129
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref129
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref129
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref129
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref130
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref130
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref130
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref130
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref130
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref131
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref132


566 Nucleic Acid Sensors and Programmed Cell Death
[133] J.W. Upton, W.J. Kaiser, E.S. Mocarski, DAI/ZBP1/DLM-1
complexes with RIP3 to mediate virus-induced pro-
grammed necrosis that is targeted by murine cytomegalo-
virus vIRA, Cell Host Microbe 11 (2012) 290e297.

[134] D. Wallach, T.B. Kang, C.P. Dillon, D.R. Green, Pro-
grammed necrosis in inflammation: toward identification of
the effector molecules, Science 352 (2016) aaf2154.

[135] J.W. Upton, W.J. Kaiser, E.S. Mocarski, Virus inhibition of
RIP3-dependent necrosis, Cell Host Microbe 7 (2010)
302e313.

[136] J. Silke, J.A. Rickard, M. Gerlic, The diverse role of RIP
kinases in necroptosis and inflammation, Nat. Immunol. 16
(2015) 689e697.

[137] W. Brune, C. Menard, J. Heesemann, U.H. Koszinowski,
A ribonucleotide reductase homolog of cytomegalovirus
and endothelial cell tropism, Science 291 (2001) 303e305.

[138] C.L. Pham, N. Shanmugam, M. Strange, A. O'Carroll,
J.W. Brown, E. Sierecki, et al., Viral M45 and necroptosis-
associated proteins form heteromeric amyloid assemblies,
EMBO Rep. 20 (2019).

[139] R.J. Thapa, J.P. Ingram, K.B. Ragan, S. Nogusa,
D.F. Boyd, A.A. Benitez, et al., DAI senses influenza A
virus genomic RNA and activates RIPK3-dependent cell
death, Cell Host Microbe 20 (2016) 674e681.

[140] T. Kuriakose, S.M. Man, R.K. Malireddi, R. Karki,
S. Kesavardhana, D.E. Place, et al., ZBP1/DAI is an
innate sensor of influenza virus triggering the NLRP3
inflammasome and programmed cell death pathways, Sci.
Immunol. 1 (2016).

[141] T. Kuriakose, M. Zheng, G. Neale, T.D. Kanneganti, IRF1 is
a transcriptional regulator of ZBP1 promoting NLRP3
inflammasome activation and cell death during influenza
virus infection, J. Immunol. 200 (2018) 1489e1495.

[142] S. Nogusa, R.J. Thapa, C.P. Dillon, S. Liedmann,
T.H. Oguin 3rd, J.P. Ingram, et al., RIPK3 activates parallel
pathways of MLKL-driven necroptosis and FADD-mediated
apoptosis to protect against influenza A virus, Cell Host
Microbe 20 (2016) 13e24.

[143] S. Kesavardhana, T. Kuriakose, C.S. Guy, P. Samir,
R.K.S. Malireddi, A. Mishra, et al., ZBP1/DAI ubiquitination
and sensing of influenza vRNPs activate programmed cell
death, J. Exp. Med. 214 (8) (2017) 2217e2229, https://
doi.org/10.1084/jem.20170550.

[144] R. Weinlich, A. Oberst, H.M. Beere, D.R. Green, Necrop-
tosis in development, inflammation and disease, Nat. Rev.
Mol. Cell Biol. 18 (2017) 127e136.

[145] J.S. Ayres, D.S. Schneider, Tolerance of infections, Annu.
Rev. Immunol. 30 (2012) 271e294.

[146] R. Medzhitov, D.S. Schneider, M.P. Soares, Disease
tolerance as a defense strategy, Science 335 (2012)
936e941.

[147] J.W. Schoggins, S.J. Wilson, M. Panis, M.Y. Murphy,
C.T. Jones, P. Bieniasz, et al., A diverse range of gene
products are effectors of the type I interferon antiviral
response, Nature 472 (2011) 481e485.

[148] J.W. Schoggins, D.A. MacDuff, N. Imanaka, M.D. Gainey,
B. Shrestha, J.L. Eitson, et al., Pan-viral specificity of IFN-
induced genes reveals new roles for cGAS in innate
immunity, Nature 505 (2014) 691e695.

[149] H. Koehler, S. Cotsmire, J. Langland, K.V. Kibler,
D. Kalman, J.W. Upton, et al., Inhibition of DAI-dependent
necroptosis by the Z-DNA binding domain of the vaccinia
virus innate immune evasion protein, E3, Proc. Natl. Acad.
Sci. U. S. A. 114 (2017) 11506e11511.
[150] V.R. DeFilippis, D. Alvarado, T. Sali, S. Rothenburg,
K. Fruh, Human cytomegalovirus induces the interferon
response via the DNA sensor ZBP1, J. Virol. 84 (2010)
585e598.

[151] S.R. Furr, V.S. Chauhan, M.J. Moerdyk-Schauwecker,
I. Marriott, A role for DNA-dependent activator of
interferon regulatory factor in the recognition of herpes
simplex virus type 1 by glial cells, J. Neuroinflammation 8
(2011) 99.

[152] T.H. Pham, K.M. Kwon, Y.E. Kim, K.K. Kim, J.H. Ahn, DNA
sensing-independent inhibition of herpes simplex virus 1
replication by DAI/ZBP1, J. Virol. 87 (2013) 3076e3086.

[153] H. Guo, R.P. Gilley, A. Fisher, R. Lane, V.J. Landsteiner,
K.B. Ragan, et al., Species-independent contribution of
ZBP1/DAI/DLM-1-triggered necroptosis in host defense
against HSV1, Cell Death Dis. 9 (2018) 816.

[154] B.M. Hartmann, R.A. Albrecht, E. Zaslavsky, G. Nudelman,
H. Pincas, N. Marjanovic, et al., Pandemic H1N1 influenza
A viruses suppress immunogenic RIPK3-driven dendritic
cell death, Nat. Commun. 8 (2017) 1931.

[155] A. Athanasiadis, Zalpha-domains: at the intersection
between RNA editing and innate immunity, Semin. Cell
Dev. Biol. 23 (2012) 275e280.

[156] H. Sridharan, K.B. Ragan, H. Guo, R.P. Gilley,
V.J. Landsteiner, W.J. Kaiser, et al., Murine cytomegalo-
virus IE3-dependent transcription is required for DAI/
ZBP1-mediated necroptosis, EMBO Rep. 18 (2017)
1429e1441.

[157] J. Maelfait, L. Liverpool, A. Bridgeman, K.B. Ragan,
J.W. Upton, J. Rehwinkel, Sensing of viral and endogenous
RNA by ZBP1/DAI induces necroptosis, EMBO J. 36
(2017) 2529e2543.

[158] K. Hall, P. Cruz, I. Tinoco Jr., T.M. Jovin, J.H. van de
Sande, 'Z-RNA' e a left-handed RNA double helix, Nature
311 (1984) 584e586.

[159] A.J. Eisfeld, G. Neumann, Y. Kawaoka, At the centre:
influenza A virus ribonucleoproteins, Nat. Rev. Microbiol.
13 (2015) 28e41.

[160] N. Deigendesch, F. Koch-Nolte, S. Rothenburg, ZBP1
subcellular localization and association with stress gran-
ules is controlled by its Z-DNA binding domains, Nucleic
Acids Res. 34 (2006) 5007e5020.

[161] A.H. Wang, T. Hakoshima, G. van der Marel, J.H. van
Boom, A. Rich, AT base pairs are less stable than GC base
pairs in Z-DNA: the crystal structure of d(m5CGTAm5CG),
Cell 37 (1984) 321e331.

[162] K. Newton, K.E. Wickliffe, A. Maltzman, D.L. Dugger,
A. Strasser, V.C. Pham, et al., RIPK1 inhibits ZBP1-driven
necroptosis during development, Nature 540 (2016)
129e133.

[163] J. Lin, S. Kumari, C. Kim, T.M. Van, L. Wachsmuth,
A. Polykratis, et al., RIPK1 counteracts ZBP1-mediated
necroptosis to inhibit inflammation, Nature 540 (2016)
124e128.

[164] K. Newton, G. Manning, Necroptosis and inflammation,
Annu. Rev. Biochem. 85 (2016) 743e763.

[165] D. Yang, Y. Liang, S. Zhao, Y. Ding, Q. Zhuang, Q. Shi, et
al., ZBP1 mediates interferon-induced necroptosis, Cell.
Mol. Immunol. (2019), https://doi.org/10.1038/s41423-019-
0237-x.

[166] T. Frank, M. Tuppi, M. Hugle, V. Dotsch, S.J.L. van Wijk,
S. Fulda, Cell cycle arrest in mitosis promotes interferon-
induced necroptosis, Cell Death Differ. 26 (10) (2019)
2046e2060, https://doi.org/10.1038/s41418-019-0298-5.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref133
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref133
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref133
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref133
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref133
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref134
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref134
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref134
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref135
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref135
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref135
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref135
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref136
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref136
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref136
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref136
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref137
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref137
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref137
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref137
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref138
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref138
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref138
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref138
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref139
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref139
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref139
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref139
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref139
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref140
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref140
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref140
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref140
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref140
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref141
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref141
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref141
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref141
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref141
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref142
https://doi.org/10.1084/jem.20170550
https://doi.org/10.1084/jem.20170550
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref144
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref144
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref144
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref144
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref145
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref145
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref145
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref146
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref146
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref146
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref146
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref147
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref147
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref147
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref147
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref147
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref148
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref148
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref148
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref148
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref148
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref149
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref150
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref150
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref150
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref150
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref150
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref151
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref151
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref151
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref151
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref151
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref152
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref152
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref152
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref152
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref153
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref153
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref153
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref153
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref154
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref154
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref154
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref154
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref155
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref155
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref155
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref155
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref156
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref157
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref157
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref157
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref157
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref157
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref158
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref158
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref158
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref158
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref158
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref159
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref159
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref159
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref159
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref160
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref160
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref160
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref160
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref160
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref161
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref161
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref161
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref161
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref161
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref162
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref162
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref162
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref162
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref162
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref163
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref163
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref163
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref163
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref163
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref164
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref164
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref164
https://doi.org/10.1038/s41423-019-0237-x
https://doi.org/10.1038/s41423-019-0237-x
https://doi.org/10.1038/s41418-019-0298-5


567Nucleic Acid Sensors and Programmed Cell Death
[167] J.P. Ingram, R.J. Thapa, A. Fisher, B. Tummers, T. Zhang,
C. Yin, et al., ZBP1/DAI drives RIPK3-mediated cell death
induced by IFNs in the absence ofRIPK1, J. Immunol. 203 (5)
(2019) 1348e1355, https://doi.org/10.4049/jimmu-
nol.1900216.

[168] L. Alexopoulou, A.C. Holt, R. Medzhitov, R.A. Flavell,
Recognition of double-stranded RNA and activation of NF-
kappaB by Toll-like receptor 3, Nature 413 (2001)
732e738.

[169] A.L. Blasius, B. Beutler, Intracellular toll-like receptors,
Immunity 32 (2010) 305e315.

[170] F. Weber, V. Wagner, S.B. Rasmussen, R. Hartmann,
S.R. Paludan, Double-stranded RNA is produced by
positive-strand RNA viruses and DNA viruses but not in
detectable amounts by negative-strand RNA viruses,
J. Virol. 80 (2006) 5059e5064.

[171] M. Yamamoto, S. Sato, K. Mori, K. Hoshino, O. Takeuchi,
K. Takeda, et al., Cutting edge: a novel Toll/IL-1 receptor
domain-containing adapter that preferentially activates the
IFN-beta promoter in the Toll-like receptor signaling,
J. Immunol. 169 (2002) 6668e6672.

[172] H. Oshiumi, M. Matsumoto, K. Funami, T. Akazawa,
T. Seya, TICAM-1, an adaptor molecule that participates
in Toll-like receptor 3-mediated interferon-beta induction,
Nat. Immunol. 4 (2003) 161e167.

[173] K. Hoebe, X. Du, P. Georgel, E. Janssen, K. Tabeta,
S.O. Kim, et al., Identification of Lps2 as a key transducer
of MyD88-independent TIR signalling, Nature 424 (2003)
743e748.

[174] M. Yamamoto, S. Sato, H. Hemmi, K. Hoshino, T. Kaisho,
H. Sanjo, et al., Role of adaptor TRIF in the MyD88-
independent toll-like receptor signaling pathway, Science
301 (2003) 640e643.

[175] E. Meylan, K. Burns, K. Hofmann, V. Blancheteau,
F. Martinon, M. Kelliher, et al., RIP1 is an essential
mediator of Toll-like receptor 3-induced NF-kappa B
activation, Nat. Immunol. 5 (2004) 503e507.

[176] W.J. Kaiser, M.K. Offermann, Apoptosis induced by the toll-
like receptor adaptor TRIF is dependent on its receptor
interacting protein homotypic interaction motif, J. Immunol.
174 (2005) 4942e4952.

[177] A. Weber, Z. Kirejczyk, R. Besch, S. Potthoff,
M. Leverkus, G. Hacker, Proapoptotic signalling through
Toll-like receptor-3 involves TRIF-dependent activation of
caspase-8 and is under the control of inhibitor of
apoptosis proteins in melanoma cells, Cell Death Differ.
17 (2010) 942e951.

[178] M. Feoktistova, P. Geserick, B. Kellert, D.P. Dimitrova,
C. Langlais, M. Hupe, et al., cIAPs block Ripoptosome
formation, a RIP1/caspase-8 containing intracellular cell
death complex differentially regulated by cFLIP isoforms,
Mol. Cell 43 (2011) 449e463.

[179] Y. Estornes, F. Toscano, F. Virard, G. Jacquemin,
A. Pierrot, B. Vanbervliet, et al., dsRNA induces apoptosis
through an atypical death complex associating TLR3 to
caspase-8, Cell Death Differ. 19 (2012) 1482e1494.

[180] J. Maelfait, E. Vercammen, S. Janssens, P. Schotte,
M. Haegman, S. Magez, et al., Stimulation of Toll-like
receptor 3 and 4 induces interleukin-1beta maturation by
caspase-8, J. Exp. Med. 205 (2008) 1967e1973.

[181] S. He, Y. Liang, F. Shao, X. Wang, Toll-like receptors
activate programmed necrosis in macrophages through a
receptor-interacting kinase-3-mediated pathway, Proc.
Natl. Acad. Sci. U. S. A. 108 (2011) 20054e20059.
[182] W.J. Kaiser, H. Sridharan, C. Huang, P. Mandal,
J.W. Upton, P.J. Gough, et al., Toll-like receptor 3-
mediated necrosis via TRIF, RIP3, and MLKL, J. Biol.
Chem. 288 (2013) 31268e31279.

[183] A. Alloatti, F. Kotsias, J.G. Magalhaes, S. Amigorena,
Dendritic cell maturation and cross-presentation: timing
matters!, Immunol. Rev. 272 (2016) 97e108.

[184] O. Schulz, S.S. Diebold, M. Chen, T.I. Naslund, M.A. Nolte,
L. Alexopoulou, et al., Toll-like receptor 3 promotes cross-
priming to virus-infected cells, Nature 433 (2005) 887e892.

[185] S.Y. Zhang, E. Jouanguy, S. Ugolini, A. Smahi, G. Elain,
P. Romero, et al., TLR3 deficiency in patients with herpes
simplex encephalitis, Science 317 (2007) 1522e1527.

[186] V. Sancho-Shimizu, R. Perez de Diego, L. Lorenzo,
R. Halwani, A. Alangari, E. Israelsson, et al., Herpes
simplex encephalitis in children with autosomal recessive
and dominant TRIF deficiency, J. Clin. Investig. 121 (2011)
4889e4902.

[187] F. Hidaka, S. Matsuo, T. Muta, K. Takeshige, T. Mizukami,
H. Nunoi, A missense mutation of the Toll-like receptor 3
gene in a patient with influenza-associated encephalopa-
thy, Clin. Immunol. 119 (2006) 188e194.

[188] R. Le Goffic, V. Balloy, M. Lagranderie, L. Alexopoulou,
N. Escriou, R. Flavell, et al., Detrimental contribution of the
Toll-like receptor (TLR)3 to influenza A virus-induced acute
pneumonia, PLoS Pathog. 2 (2006) e53.

[189] J. Zinngrebe, E. Rieser, L. Taraborrelli, N. Peltzer,
T. Hartwig, H. Ren, et al., –LUBAC deficiency perturbs
TLR3 signaling to cause immunodeficiency and autoin-
flammation, J. Exp. Med. 213 (2016) 2671e2689.

[190] D. Cuchet-Lourenco, D. Eletto, C. Wu, V. Plagnol,
O. Papapietro, J. Curtis, et al., Biallelic RIPK1 mutations
in humans cause severe immunodeficiency, arthritis, and
intestinal inflammation, Science 361 (2018) 810e813.

[191] C.S. McAllister, O. Lakhdari, G. Pineton de Chambrun,
M.G. Gareau, A. Broquet, G.H. Lee, et al., TLR3, TRIF, and
caspase 8 determine double-stranded RNA-induced
epithelial cell death and survival in vivo, J. Immunol. 190
(2013) 418e427.

[192] N. Takemura, T. Kawasaki, J. Kunisawa, S. Sato,
A. Lamichhane, K. Kobiyama, et al., Blockade of TLR3
protects mice from lethal radiation-induced gastrointestinal
syndrome, Nat. Commun. 5 (2014) 3492.

[193] K. Kariko, H. Ni, J. Capodici, M. Lamphier, D. Weissman,
mRNA is an endogenous ligand for Toll-like receptor 3,
J. Biol. Chem. 279 (2004) 12542e12550.

[194] A.W. Borkowski, I.H. Kuo, J.J. Bernard, T. Yoshida,
M.R. Williams, N.J. Hung, et al., Toll-like receptor 3
activation is required for normal skin barrier repair following
UV damage, J. Investig. Dermatol. 135 (2015) 569e578.

[195] Y. Lai, A. Di Nardo, T. Nakatsuji, A. Leichtle, Y. Yang,
A.L. Cogen, et al., Commensal bacteria regulate Toll-like
receptor 3-dependent inflammation after skin injury, Nat.
Med. 15 (2009) 1377e1382.

[196] A.M. Nelson, S.K. Reddy, T.S. Ratliff, M.Z. Hossain,
A.S. Katseff, A.S. Zhu, et al., dsRNA released by tissue
damage activates TLR3 to drive skin regeneration, Cell
Stem Cell 17 (2015) 139e151.

[197] L.A. Murray, D.A. Knight, L. McAlonan, R. Argentieri,
A. Joshi, F. Shaheen, et al., Deleterious role of TLR3
during hyperoxia-induced acute lung injury, Am. J. Respir.
Crit. Care Med. 178 (2008) 1227e1237.

[198] C. Lu, D. Ren, X. Wang, T. Ha, L. Liu, E.J. Lee, et al., Toll-
like receptor 3 plays a role in myocardial infarction and

https://doi.org/10.4049/jimmunol.1900216
https://doi.org/10.4049/jimmunol.1900216
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref168
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref168
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref168
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref168
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref168
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref169
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref169
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref169
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref170
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref171
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref172
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref172
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref172
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref172
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref172
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref173
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref173
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref173
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref173
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref173
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref174
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref174
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref174
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref174
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref174
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref175
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref175
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref175
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref175
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref175
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref176
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref176
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref176
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref176
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref176
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref177
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref178
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref179
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref179
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref179
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref179
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref179
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref180
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref180
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref180
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref180
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref180
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref181
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref181
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref181
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref181
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref181
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref182
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref182
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref182
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref182
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref182
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref183
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref183
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref183
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref183
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref184
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref184
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref184
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref184
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref185
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref185
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref185
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref185
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref186
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref187
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref187
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref187
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref187
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref187
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref188
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref188
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref188
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref188
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref189
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref189
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref189
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref189
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref189
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref190
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref190
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref190
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref190
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref190
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref191
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref192
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref192
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref192
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref192
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref193
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref193
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref193
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref193
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref194
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref194
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref194
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref194
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref194
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref195
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref195
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref195
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref195
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref195
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref196
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref196
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref196
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref196
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref196
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref197
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref197
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref197
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref197
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref197
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref198
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref198


568 Nucleic Acid Sensors and Programmed Cell Death
ischemia/reperfusion injury, Biochim. Biophys. Acta 1842
(2014) 22e31.

[199] K.A. Cavassani, M. Ishii, H. Wen, M.A. Schaller,
P.M. Lincoln, N.W. Lukacs, et al., TLR3 is an endogenous
sensor of tissue necrosis during acute inflammatory
events, J. Exp. Med. 205 (2008) 2609e2621.

[200] R.E. Seymour, M.G. Hasham, G.A. Cox, L.D. Shultz,
H. Hogenesch, D.C. Roopenian, et al., Spontaneous
mutations in the mouse Sharpin gene result in multiorgan
inflammation, immune system dysregulation and dermatitis,
Genes Immun. 8 (2007) 416e421.

[201] H. HogenEsch, M.J. Gijbels, E. Offerman, J. van Hooft,
D.W. van Bekkum, C. Zurcher, A spontaneous mutation
characterized by chronic proliferative dermatitis in C57BL
mice, Am. J. Pathol. 143 (1993) 972e982.

[202] S. Kumari, Y. Redouane, J. Lopez-Mosqueda, R. Shiraishi,
M. Romanowska, S. Lutzmayer, et al., Sharpin prevents
skin inflammation by inhibiting TNFR1-induced keratino-
cyte apoptosis, Elife 3 (2014).

[203] J.A. Rickard, H. Anderton, N. Etemadi, U. Nachbur,
M. Darding, N. Peltzer, et al., TNFR1-dependent cell death
drives inflammation in Sharpin-deficient mice, Elife 3
(2014).

[204] M. Dannappel, K. Vlantis, S. Kumari, A. Polykratis, C. Kim,
L. Wachsmuth, et al., RIPK1 maintains epithelial home-
ostasis by inhibiting apoptosis and necroptosis, Nature 513
(2014) 90e94.

[205] J. Ambati, J.P. Atkinson, B.D. Gelfand, Immunology of age-
related macular degeneration, Nat. Rev. Immunol. 13
(2013) 438e451.

[206] M.E. Kleinman, K. Yamada, A. Takeda, V. Chandrasekaran,
M. Nozaki, J.Z. Baffi, et al., Sequence- and target-indepen-
dent angiogenesis suppression by siRNA via TLR3, Nature
452 (2008) 591e597.

[207] W.G. Cho, R.J. Albuquerque, M.E. Kleinman, V. Tarallo,
A. Greco, M. Nozaki, et al., Small interfering RNA-induced
TLR3 activation inhibits blood and lymphatic vessel growth,
Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 7137e7142.

[208] M.E. Kleinman, H. Kaneko, W.G. Cho, S. Dridi, B.J. Fowler,
A.D. Blandford, et al., Short-interfering RNAs induce retinal
degeneration via TLR3 and IRF3, Mol. Ther. 20 (2012)
101e108.

[209] T.M. Glavan, J. Pavelic, The exploitation of Toll-like
receptor 3 signaling in cancer therapy, Curr. Pharmaceut.
Des. 20 (2014) 6555e6564.

[210] L. Alkurdi, F. Virard, B. Vanbervliet, K. Weber, F. Toscano,
M. Bonnin, et al., Release of c-FLIP brake selectively
sensitizes human cancer cells to TLR3-mediated apopto-
sis, Cell Death Dis. 9 (2018) 874.

[211] B. Monel, A.A. Compton, T. Bruel, S. Amraoui, J. Burlaud-
Gaillard, N. Roy, et al., Zika virus induces massive
cytoplasmic vacuolization and paraptosis-like death in
infected cells, EMBO J. 36 (2017) 1653e1668.

[212] C. Holze, C. Michaudel, C. Mackowiak, D.A. Haas,
C. Benda, P. Hubel, et al., Oxeiptosis, a ROS-induced
caspase-independent apoptosis-like cell-death pathway,
Nat. Immunol. 19 (2018) 130e140.

[213] I.C. Allen, M.A. Scull, C.B. Moore, E.K. Holl, E. McElvania-
TeKippe, D.J. Taxman, et al., The NLRP3 inflammasome
mediates in vivo innate immunity to influenza A virus through
recognition of viral RNA, Immunity 30 (2009) 556e565.

[214] S. Zhu, S. Ding, P. Wang, Z. Wei, W. Pan, N.W. Palm, et
al., Nlrp9b inflammasome restricts rotavirus infection in
intestinal epithelial cells, Nature 546 (2017) 667e670.

http://refhub.elsevier.com/S0022-2836(19)30681-3/sref198
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref198
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref198
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref199
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref199
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref199
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref199
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref199
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref200
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref201
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref201
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref201
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref201
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref201
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref202
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref202
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref202
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref202
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref203
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref203
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref203
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref203
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref204
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref204
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref204
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref204
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref204
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref205
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref205
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref205
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref205
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref206
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref206
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref206
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref206
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref206
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref207
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref207
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref207
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref207
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref207
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref208
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref208
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref208
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref208
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref208
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref209
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref209
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref209
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref209
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref210
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref210
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref210
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref210
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref211
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref211
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref211
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref211
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref211
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref212
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref212
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref212
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref212
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref212
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref213
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref213
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref213
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref213
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref213
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref214
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref214
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref214
http://refhub.elsevier.com/S0022-2836(19)30681-3/sref214

	Nucleic Acid Sensors and Programmed Cell Death
	Introduction
	DNA Sensors
	AIM2
	IFI16
	cGAS-STING
	TLR9

	RNA Sensors
	RLRs
	ZBP1
	TLR3

	Outlook
	Acknowledgments
	Conflicts of Interest
	References


