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Abstract

Antiviral transcriptional responses and regulated cell death are critical components of the host 

response to virus infection. However, in contrast to the signaling pathways that promote antiviral 

transcription, those that initiate cell death following virus infection remain less understood. 

Several recent studies identified pattern recognition receptors (PRRs) of the mammalian innate 

immune system that activate cell death pathways. These same receptors also have established roles 

in the induction of antiviral gene expression. In this review, we discuss the mechanisms by which 

PRRs can serve dual roles as initiators of inflammatory gene expression and inducers of apoptosis 

and necroptosis following virus infection.

Initiation of Cell Death upon Virus Infection

Viruses are obligate intracellular pathogens that require living host cells to propagate. 

Consequently, hosts have evolved mechanisms to recognize viral infection and inhibit virus 

replication. The antiviral response initiated by virus infection is multifaceted and consists of 

the induction of an antiviral transcriptional program, including expression of interferons 

(IFNs), cytokines, chemokines, and the activation of cell death pathways (apoptosis, 

necroptosis, and pyroptosis) [1, 2]. Individually, these responses provide distinct benefits to 

the host following virus infection. IFN can control virus replication by promoting expression 

of IFN-stimulated genes (ISGs), which directly antagonize the virus lifecycle [3]. This 

response limits virus replication in the infected cell and promotes an antiviral state in 

adjacent uninfected cells. In contrast, programmed cell death eliminates the infected-cell, 

eradicating the replicative niche that facilitates virus production [1]. In addition, expression 

of cytokines and the activation of inflammatory cell death pathways contribute to the 

recruitment of immune cells to the site of infection and promote adaptive immunity [4]. 

Therefore, the combined activities of antiviral transcription and cell death are critical to 

control viral infection and establish prolonged immunity.
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The host-encoded proteins that initiate antiviral transcription are collectively known as 

pattern recognition receptors (PRRs). Of these proteins, the Toll-like receptors (TLRs), the 

RIG-I-like receptors (RLRs), and cGMP-AMP (cGAMP) synthase (cGAS) have attracted 

the most attention. These proteins function as receptors to detect viral nucleic acids in the 

form of incoming genomic material or replication intermediates. TLRs are membrane-bound 

receptors that survey the extracellular space or endosomes for viral nucleic acids [2]. The 

endosomal TLRs -3, -7/-8, and -9 detect double-stranded viral RNA (vRNA), single-

stranded vRNA, and unmethylated CpG-rich viral DNA (vDNA), respectively [5-8]. 

Cytosolic vRNA is detected by the RLRs, RIG-I and MDA5 [9-11]. Upon recognition of 

their ligands, RIG-I and MDA5 engage the adaptor protein MAVS, which provides a 

scaffold to activate the NF-κB and IRF3 transcription factors (Sun et al 2006). In contrast, 

the genomes of cytosolic DNA viruses can be sensed by cGAS, an enzyme that produces the 

second messenger cGAMP [12, 13]. cGAMP binds and activates the endoplasmic reticulum 

(ER)-localized stimulator of IFN genes (STING) protein, which coordinates activation of the 

IFN-inducing transcription factor IRF3 [13, 14].

In addition to inducing inflammatory and antiviral transcriptional responses, recent studies 

have demonstrated that several of the PRRs described above also facilitate programmed cell 

death. This observation is particularly evident in apoptosis and necroptosis. In contrast, 

PRRs involved in pyroptosis are not known to engage signaling cascades resulting in 

transcription factor activation. In this review, we highlight recent advances in the 

mechanistic understanding of how apoptosis and necroptosis are initiated following virus 

infection, and the consequences of these responses for virus replication and host immunity. 

Due to space constraints, we will not discuss the role of pyroptosis in viral immunity, but we 

point readers to a recent review by Lupfer and colleagues [15].

Apoptosis

Apoptosis is a non-inflammatory type of programmed cell death characterized by 

morphological changes, including cell shrinkage, nuclear condensation, and plasma 

membrane blebbing [16]. These outcomes are the consequence of degradation of numerous 

cellular proteins by intracellular enzymes, most notably caspases. Apoptotic caspase activity 

is induced by cell-extrinsic and -intrinsic mechanisms, and the biochemical signaling events 

that regulate these pathways are well-characterized [17]. The extrinsic apoptotic pathway is 

induced by signals originating in the extracellular space. This pathway is initiated by 

recognition of cognate ligands by specific cell surface receptors, including tumor necrosis 

factor receptor (TNFR) and Fas-ligand (FASL) receptor [18]. Activation of these receptors 

induces formation of a protein complex consisting of death receptor adaptor proteins TNFR-

associated death domain (TRADD) and/or Fas-associated death domain (FADD), which 

activate the intracellular protease caspase-8 [18]. In turn, caspase-8 cleaves the effector 

caspases-3 and -7, which mediate apoptotic cell death by cleavage of many cellular proteins, 

including poly (ADP-ribose) polymerase (PARP-1) and inhibitor of caspase-activated DNase 

(ICAD) [19].

In contrast, the intrinsic apoptotic pathway is activated in response to intracellular stresses, 

including DNA damage, nutrient deprivation, and endoplasmic reticulum (ER) stress, and 
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requires mitochondrial outer membrane permeabilization (MOMP) [17]. MOMP is induced 

by the proteins Bax or Bak, which in the absence of pro-apoptotic stimuli are sequestered in 

an inactive state in the cytoplasm by anti-apoptotic members of the Bcl-2 family of proteins. 

In response to apoptotic stimuli, Bax/Bak translocate to the mitochondria where they disrupt 

outer membrane integrity through a poorly understood mechanism. MOMP allows for 

release of the intramembrane mitochondrial component cytochrome C, which facilitates 

oligomerization of apoptotic protease-activating factor 1 (APAF-1) and formation of the 

heptameric complex known as the apoptosome [20]. Caspase-9 is then recruited to the 

apoptosome where it is activated and cleaves caspase-3 and -7 resulting in cell death [17].

Cross talk occurs between the cell-intrinsic and -extrinsic apoptosis pathways in a cell-type 

dependent manner. Consequently, it is now recognized that two types of cells exist, in terms 

of the mechanisms used to promote apoptosis. These cell types are distinguished by their 

differential dependence on mitochondrial factors by extrinsic signals to induce cell death. In 

type I cells, MOMP is not required to activate caspase-3 and -7 downstream of TNF or 

FASL [17]. In contrast, type II cells require MOMP to cleave these caspases. In type II cells, 

death receptor activated caspase-8 cleaves Bcl-2 homology 3-interacting domain death 

agonist (Bid), which results in accumulation of truncated Bid (tBid) [17]. tBID associates 

with the mitochondrial membrane and activates Bax to initiate the MOMP signaling 

pathway [21].

Apoptotic cell death is important in the host response to viral infection, as demonstrated by 

the increased susceptibility of bax-/- mice to several viral infections [22, 23]. Viral infection 

can induce the extrinsic apoptotic pathway through PRR-dependent expression of death 

receptor ligands, including TNFα. In addition to regulating extrinsic apoptotic signals, 

recent evidence suggests PRRs activate apoptosis through intrinsic transcription-independent 

mechanisms. The RLR signaling pathway was implicated in cell death by the identification 

of MAVS as a regulator of apoptosis following infection by Sendai virus (SeV), vesicular 

stomatitis virus (VSV) or encephalomyocarditis virus (ECMV) [22, 24]. Apoptosis in 

primary murine embryonic fibroblasts (MEFs) and HT1080 cells mediated by RNA virus 

infection or transfection of a synthetic RNA ligand (poly[I:C]) that mimics double-stranded 

vRNA requires RIG-I and IRF3 [22, 25, 26]. Based on these observations, the pathway was 

subsequently named the RLR-induced IRF3-mediated pathway of apoptosis (RIPA) [22]. 

The DNA binding domain of IRF3 is not necessary to mediate apoptosis following RIG-I 

activation in MEFs [25], and overexpression of the alternatively translated form of human 

MAVS known as miniMAVS, which is incapable of inducing antiviral transcriptional 

responses, is sufficient to induce apoptosis in HEK293T cells [27], indicating that the 

transcriptional activity of IRF3 is not required to promote RIPA. Instead, linear 

ubiquitination of IRF3 appears to induce its association with Bax, and promote 

mitochondrial translocation of the IRF3/Bax complex, resulting in cytochrome C release and 

activation of caspase-9 [23, 25]. The receptor proximal events that promote this non-

transcriptional activity of IRF3 are unclear, but it is possible that MAVS and/or miniMAVS 

(in human cells) coordinate the poly-ubiquitination of IRF3 by the linear ubiquitin chain 

complex (LUBAC). In vivo, an IRF3-mutant incapable of inducing transcription is protective 

following SeV infection [23]. Therefore, more work is necessary to define the relative roles 

IRF3-mediated transcriptional and non-transcriptional responses play in host protection.
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PRR-dependent activation of apoptosis has recently been extended to the detection of viral 

DNA following adenovirus (AdV) and herpes simplex virus-1 (HSV-1) infection. In certain 

cell types (e.g., HEK293T and Epstein-Barr virus-positive burkitt lymphoma cell lines), 

RIG-I-dependent detection of DNA viruses occurs through the production of RNA 

transcripts by RNA polymerase III [28, 29]. RNA polymerase III activity is required for 

AdV induced apoptosis in HT1080 cells, suggesting AdV can induce apoptosis via a RNA 

intermediate [22] (Figure 1). In contrast, HSV-1 induced PARP-1 cleavage in primary 

human fibroblasts is dependent on the cGAS/STING pathway [30] (Figure 1). The cellular 

components downstream of cGAS/STING that facilitate PARP-1 cleavage have not been 

determined. However, similar to the RIG-I/MAVS signaling pathway, activated STING 

engages IRF3 to promote antiviral transcription [14]. Therefore, the apoptotic response to 

HSV-1 DNA may involve the mitochondrial IRF3/Bax signaling pathway initiated by RIPA.

The activation of apoptosis by distinct cytosolic PRRs that sense viral infection suggests this 

response might be a general feature downstream of receptors that signal through IRF3. 

However, the ability of TLRs that utilize IRF3 to initiate apoptosis following virus infection 

remains poorly characterized. All TLRs have the potential to induce the extrinsic apoptotic 

pathway, as all members of this receptor family induce TNFa expression [31]. In addition to 

this common ability to induce TNFα, a subset of TLRs activate TNFα-independent 

apoptosis via a pathway that engages several classic extrinsic apoptosis signaling 

components. These TLRs (TLR3 and TLR4) are unique in their abilities to engage the 

cytosolic adaptor TRIF, which seeds the formation of a multi protein-complex known as the 

ripoptosome [32]. The ripoptosome consists of TRIF, FADD, FLICE-like inhibitor protein 

(cFLIP), receptor-interacting protein (RIP) kinase 1 (RIPK1), and caspase-8 [32-34] (Figure 

1). Assembly of the ripoptosome correlates with this ability of TLR4 and TLR3 to induce an 

extrinsic-like apoptosis pathway, as this complex promotes caspase-8 activation [32, 34]

The regulation of TLR-induced apoptosis is still unclear, as TRIF signaling downstream of 

TLR3 and TLR4 does not always lead to apoptosis. For example, activation of TLR3 by 

poly (I:C) induces apoptosis in a cell type-dependent manner [25, 35, 36]. In certain human 

cancer cell lines and primary human keratinocytes, treatment with poly (I:C) induces 

apoptosis via a TLR3-dependent mechanism, but similar treatments of mouse keratinocytes 

induce cytokine expression but not cell death [35-37]. While the context-dependent 

mechanisms that influence TLR-induced apoptosis remain undefined, genetic analysis has 

established a critical role of TLR3 in host defense following several viral infections [36, 38, 

39]. Interestingly, whereas the LUBAC is required for the RLR-mediated induction of 

apoptosis, this complex negatively regulates death pathways induced by TLR3 [36]. These 

results suggest that the signaling pathway that regulates TLR3-mediated apoptosis differs 

from that induced by cytosolic PRRs. This may reflect an intrinsic difference between 

endosomal and cytosolic PRRs in their ability activate IRF3-mediated apoptosis, even 

though critical signaling components (e.g., IRF3 and LUBAC) are shared between these 

pathways.

In vivo studies demonstrate that apoptosis plays a critical role in host defense against viral 

infections [22, 23, 40]. However, while apoptosis can suppress virus replication by 

eliminating infected cells, it is a poor inducer of host immunity due to the non-inflammatory 
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nature of the cell death. In contrast to apoptosis, an alternative form of cell death known as 

necroptosis (discussed below) can eliminate infected cells and initiate a strong pro-

inflammatory response critical for host immunity.

Necroptosis

Necrosis is an inflammatory type of cell death characterized by cell swelling, loss of plasma 

membrane permeability, and release of cytosolic contents into the extracellular space [16]. 

As this cell death process is caspase-independent, it was initially thought to be an accidental 

(non-regulated) form of cell death [16]. Work in recent years has changed this view, and a 

subtype of necrosis known as necroptosis is now recognized as a tightly regulated process 

that is induced by inflammatory stimuli and encounters with pathogens [41]. Unlike the 

immune-suppressive nature of apoptosis, necroptosis an highly inflammatory process. 

Necroptosis mediates release of intracellular danger associated molecular patterns (DAMPs), 

including interleukin 1 alpha, HMGB1, uric acid, ATP and DNA [42], resulting in the 

recruitment of pro-inflammatory cell types to sites of infection [4, 43]. Release of DAMPs 

during necroptosis is mediated by mixed lineage kinase domain-like protein (MLKL), the 

executioner of necroptosis [44, 45]. Activated (i.e., phosphorylated) MLKL forms a 

homotrimeric complex that translocates to the plasma membrane where it forms a pore and 

induces cell lysis [46, 47]. Unlike apoptosis, necroptosis is not dependent on caspase 

activity. Rather, necroptosis is inhibited by pro-apoptotic caspase-8 [48, 49]. As caspase-8 

inhibition is a common mechanism employed by viruses to prevent apoptosis [50], the 

ability of caspase-8 inhibited cells to induce necroptosis provides an important backup 

mechanism of restricting immune-evasive viral replication. Caspase-8 activity therefore 

differentiates between apoptotic cell death and necroptosis, with the latter being induced 

during immune-evasive virus infection.

Membrane receptor initiated necroptosis—Similar to apoptosis, necroptosis can be 

initiated following viral infection by external and internal stimuli, including activators of cell 

death receptors, viral nucleic acids, and direct sensing of viral proteins. TLRs that sense 

viral nucleic acids (TLR3, TLR7, TLR9) induce necroptosis upon ligand binding and 

caspase-8 inhibition, but these receptors elicit this response via different mechanisms. For 

example, similar to apoptosis, only TLRs that rely on TRIF (i.e., TLR3) promote necroptosis 

through an intrinsic mechanism [51, 52]. TLRs that signal through the adaptor MyD88 

induce necroptosis indirectly through the expression of TNFα [52]. While TNFR signaling 

is normally associated with apoptosis, this receptor can also induce necroptosis under 

conditions of caspase-8 inhibition. When caspase-8 is inhibited, TNFR signaling induces the 

formation of a protein complex known as the necrosome, which includes the RIPK family 

members, RIPK1 [49] and RIPK3 [53-55] (Figure 1). RIPK1 associates with RIPK3 via a 

shared RIP homotypic interaction motif (RHIM) domain [56]. This interaction promotes 

RIPK3-mediated phosphorylation of RIPK1, which then phosphorylates RIPK3. Activated 

RIPK3 recruits and phosphorylates MLKL, resulting in cell lysis. Like TNFR, TLR3 has the 

potential to activate apoptosis and necroptosis (Figure 1). However, in contrast to TNFR-

mediated necroptosis, RIPK1 is not required for TLR3-mediated necroptosis [52]. Instead, a 

RHIM domain in the TLR3 adaptor protein TRIF directly interacts with RIPK3 to facilitate 

MLKL activation (Figure 1).
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The importance of TNFR- and TLR3-mediated apoptosis or necroptosis following virus 

infection in vivo remains undefined. The strongest argument for an antiviral role of TNFR-

mediated necroptosis derives from studies of vaccinia virus (VV). VV encodes the B13R 

protein, which blocks caspase-8 activity and sensitizes infected cells to TNFα-mediated 

necroptosis in vitro [57]. In addition, tnfr2-/- and ripk3-/- mice are more susceptible to VV-

mediated lethality [53, 58, 59], and tnfr1-/- mice have impaired cutaneous immune responses 

to infection [58]. Furthermore, these studies noted reduced inflammatory responses to VV 

infection in the absence of these signaling components, suggesting an important role for 

necroptosis in the antiviral response to VV infection. However, TNFR and RIPK3 have 

additional necroptosis-independent activities [60-63], and the contribution of these activities 

to VV antiviral immunity in vivo have not been ruled out. Future studies investigating the 

susceptibility of mlkl-/- and tnf1-/-/mlkl-/- mice to VV infection will clarify the role of 

TNFR-mediated necroptosis in antiviral immunity.

Tlr3-/- mice infected with various viruses have enhanced viral loads and more pronounced 

disease following infection, and TLR3-mediated viral control has been attributed to the 

activation of an antiviral transcriptional response [64]. However, the contribution of TLR3-

mediated necroptosis in mediating these effects has not been determined. Interestingly, no 

viral infection has been shown to induce TLR3-dependent necroptosis in vitro, and 

elucidation of the necroptotic signaling pathway initiated by TLR3 has been performed 

solely through use of synthetic RNAs that mimic viral nucleic acids [51, 52]. Therefore, it 

will be important to ascertain whether TLR3 mediates necroptosis during a bona fide virus 

infection and whether this response contributes to antiviral immunity in vivo.

Cytosolic receptor initiated necroptosis—Viral nucleic acids can initiate cytosolic 

PRR-dependent necroptosis in response to DNA and RNA virus infection. Under these 

conditions, necroptosis is dependent on DNA dependent activator of IRFs (DAI), a protein 

encoded by the zbp1 gene. Originally, described as a sensor of vDNA upstream of IFN and 

cytokine expression [65], DAI was later demonstrated to play a critical role in promoting 

necroptosis in MEFs following infection with murine cytomegalovirus (MCMV) [66] 

(Figure1). In contrast to TNFR-induced necroptosis, DAI-induced necroptosis following 

MCMV infection requires RIPK3, but not RIPK1 [66, 67]. The antiviral roles of DAI or 

RIPK3 following MCMV infection in vitro and in vivo were only revealed with a virus 

expressing a mutant viral inhibitor of RIP activation (vIRA) protein, which blocks the 

interaction between DAI and RIPK3 [66]. vIRA mutant viruses replicate poorly in wild-type 

(wt) mice and MEFs [68, 69], but this replication defect is reversed in the absence of DAI 

[66]. Interestingly, the human CMV (HCMV) also blocks necroptosis in human fibroblasts, 

but at a different stage of this cell death pathway and independently of the HCMV 

homologue of MCMV vIRA (UL45) [70]. HCMV inhibits TNFR-induced necroptosis 

downstream of MLKL phosphorylation via an undefined mechanism that requires viral gene 

expression [71].

Similar to MCMV, influenza A virus (IAV) infection induces cell death in MEFs and human 

lung epithelial cells via a DAI/RIPK3-dependent signaling axis [72, 73] (Figure 1). 

However, mlkl-/- MEFs are as susceptible as wt MEFs for IAV-induced cell death, 

suggesting a necroptosis-independent role for DAI following IAV infection [72, 74]. Genetic 
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analysis revealed that in the absence of MLKL, IAV-infected MEFs undergo DAI-dependent 

apoptosis, and that cell survival can only be rescued by simultaneous deletion of mlkl and 

the apoptosis regulator fadd [72, 74]. These results indicate a role for apoptosis and 

necroptosis in DAI-induced cell death. DAI-induced apoptosis appears to differ from that 

induced by TNFR in that RIPK1 expression, but not its kinase activity, is required for cell 

death [74]. Furthermore, the requirement for RIPK3 in this process is kinetic; i.e., RIPK3 

facilitates a faster IAV-induced apoptotic death, but is not required at later time points post-

infection [72] (Figure1). Mice expressing a catalytically inactive RIPK3 die in a RIPK1 and 

caspase-8 dependent manner [75] and, similarly, RIPK3 regulated apoptosis following IAV 

infection occurs independent of RIPK3 kinase activity [72], arguing for a dual role for 

RIPK3 in virus-induced necroptosis and apoptosis [75]. DAI-induced apoptosis is likely 

initiated in MCMV-infected cells, but is functionally blocked by expression of the viral 

inhibitor of caspase-8-induced apoptosis (vICA) [76].

Unlike the clear role for DAI in controlling MCMV infection in vivo [66], the functional 

consequences of DAI activity and cell death following IAV infection remain controversial. 

In one study, DAI was required to protect mice against IAV lethality [72], and consistent 

with this observation, IAV replication was enhanced in zbp1-/- mice. In contrast, another 

study observed decreased susceptibility of zbp1-/- mice to IAV lethality, although they also 

observed enhanced virus replication [73]. The reasons for these inter-study differences 

studies are not understood.

In vivo studies examining the role of cell death components in antiviral immunity have 

recently become more difficult to interpret with the identification of cell death-independent 

activities of RIPK1 and RIPK3. In contrast to IAV-infected MEFs, IAV-infected murine bone 

marrow-derived macrophages (BMDM) do not die but rather promote ifnβ transcription and 

translation in a RIPK1 or RIPK3-dependent manner, respectively [63]. In BMDM, RIPK3 

negatively regulates an interaction between RIPK1 and MAVS resulting in decreased ifnβ 
transcription, while simultaneously promoting PKR phosphorylation and ifnβ mRNA 

stability. Consequently, ripk3-/- BMDM secrete less IFNβ, which may contribute to the 

increased susceptibility of ripk3-/- mice to IAV infection[63]. RIPK3 has also been shown to 

promote cell death-independent neuroinflammation following subcutaneous West Nile virus 

(WNV) infection [62]. WNV-infected neurons from ripk3-/- mice show reduced ccl2 and 

cxcl10 expression, which correlates with a reduced accumulation of infiltrating leukocytes in 

the brains of infected-mice [62]. Therefore, cell-type dependent differences in RIPK3 

activity may govern whether a RIPK3-dependent phenotype is regulated by cell death or 

cytokine expression. It is therefore important to determine whether the executioners of 

apoptosis or necroptosis (i.e., caspase-8 or MLKL) are involved in phenotypes ascribed to 

RIPK3 in vivo.

Despite the initial observation that DAI is a sensor of viral DNA (vDNA) [65], vRNA can be 

immunoprecipitated with DAI following IAV infection, indicating that DAI may also sense 

vRNA. Presumably, the ligand recognized by DAI following MCMV infection is vDNA, but 

its ability to bind MCMV DNA has not been demonstrated. This raises the question of 

whether DAI senses vRNA and vDNA or whether MCMV infection produces a RNA ligand 

recognized by DAI. As mentioned previously, viral DNAs can act as templates to produce 
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immunostimulatory RNAs for RIG-I dependent responses [28, 29]. Therefore, an analogous 

system for the detection of MCMV by DAI may exist.

In addition to detecting vRNA, DAI is proposed to detect IAV nucleoprotein (NP) and 

polymerase subunit PB1 [73]. NP and PB1 bind to the C-terminus of DAI, which was 

previously identified as the critical region for DAI binding to TBK1 [65]. However, whether 

these proteins regulate necroptosis remains undetermined. Alternatively, the ability of PB1 

and NP to associate with DAI may reflect an uncharacterized evasion strategy, and further 

investigation of these interactions is therefore warranted. The ability of viral proteins, rather 

than viral nucleic acids, to initiate necroptosis was first demonstrated in response to HSV 

infection. HSV-1 and HSV-2 induce necroptosis in murine cells, and the viral RHIM domain 

containing proteins ICP6 (HSV-1) and ICP10 (HSV-2) mediate this response [77, 78]. 

Homodimers of ICP6 and ICP10 associate with RIPK1/RIPK3 via RHIM:RHIM protein 

interactions and induce MLKL-dependent necroptosis. Ripk3-/- mice are more susceptible to 

wt, but not ICP6-deficient, HSV-1 infection [77], indicating this signaling pathway plays an 

important antiviral role in vivo. However, in contrast to observations made in murine cells, 

HSV does not induce necroptosis in human cells. In HT-29 cells ICP6 and ICP10 inhibit 

TNFα-induced necroptosis by competing with RIPK3 for binding to the RIPK1 RHIM 

domain [77, 79]. Simultaneously, these viral proteins bind to and inactivate caspase-8, 

indicating HSV can directly antagonize apoptosis and necroptosis through a single viral 

protein. Furthermore, these observations suggest that necroptosis may represent a species-

specific barrier to HSV infections [80].

Additional sensors that initiate necroptosis following virus infection likely exist, as infection 

of L929 cells with the T3D strain of respiratory enteric orphan virus (reovirus) induces 

caspase-independent cell death [52] (Figure 1). Cell death following T3D infection is 

dependent on de novo synthesis of viral dsRNA and requires RIPK1, but is independent of 

the known initiators of necroptosis, TNFR, DAI or TLR3 [81]. In addition, this response 

requires production of IFN and signaling through the type I IFN receptor, suggesting an IFN 

stimulated gene(s) might sense or regulate reovirus-mediated cell death [81]. Further 

identification and characterization of this response remains an important area of future study.

Concluding Remarks

Cell death plays an important role in the host response to viral infection, and we are now 

beginning to understand the diversity of intracellular sensors and signaling components 

required to initiate these responses. Interestingly, PRRs and signaling proteins 

predominantly described to function in antiviral transcriptional cascades have additional 

activities in initiating cell death pathways. Conversely, cellular components initially 

described as regulators of cell death are increasingly observed to be important contributors 

to signaling cascades culminating in antiviral transcription. In addition, it is now clear that 

there is substantial overlap between the apoptotic and necroptotic signaling pathways, 

beginning at the earliest stages of receptor utilization. A common theme emerging for PRRs 

that initiate apoptosis and necroptosis is their reliance on proteins that contain RHIM 

domains, and their ability to initiate signaling pathways regulated by caspase-8. In contrast, 

the cytosolic sensor RIG-I (and perhaps cGAS), which activates apoptosis independent of 
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caspase-8, does not directly induce necroptosis following virus infection. Despite the 

substantial increase in our knowledge of how cells initiate cell death following virus 

infection, several fundamental questions remain (see below; Outstanding Questions), 

including a comprehensive understanding of how different viruses induce cell death and the 

roles of these death pathways in host defense in vivo. Furthermore, utilization of the same 

receptors and signaling proteins for antiviral transcription and cell death raises the question 

of how these responses are temporally regulated. It is unclear whether PRR-dependent gene 

expression or cell death is dominant in the infected cell, or even whether both responses can 

occur simultaneously. Therefore, future studies will provide additional important 

information with regards to the interplay between PRR-induced transcription and cell death 

and their individual roles in regulating viral infection.
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Trends Box

• RIG-I induces apoptosis via a transcription-independent activity of IRF3.

• TLRs utilizing TRIF can activate apoptosis and necroptosis through the 

formation of different signaling complexes.

• DAI recognizes RNA and DNA virus infection to induce apoptosis and 

necroptosis

• An undefined sensor initiates RIPK3-mediated necroptosis following reovirus 

infection.
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Outstanding Questions

1. What is the spectrum of viruses that induce the cytosolic PRR-dependent 

apoptosis and necroptosis pathways?

2. Does RIPA contribute to the antiviral activity of IRF3 for all RNA viruses that 

initiate RIG-I signaling?

3. How does the cGAS/STING pathway induce apoptosis? Does this play a role 

in cGAS-mediated control of virus infection in vivo?

4. How does DAI detect RNA and DNA viruses?

5. What mediates the selective nature of DAI in detecting specific RNA virus 

infections?

6. Are their examples of viruses that activate apoptosis or necroptosis through 

TLR3?

7. What is the identity of the IFN-inducible factor that initiates necroptosis 

following reovirus infection? Are there additional cytosolic or membrane-

bound sensors that initiate cell death?

8. Does necroptosis (i.e., MLKL activation) account for the in vivo phenotypes 

of virus infected ripk1-/- and ripk3-/- mice?

9. Do additional activities of RIPK1 and RIPK3 contribute to antiviral 

resistance?

10. Does antiviral transcription or cell death dominate when utilizing the same 

PRR-dependent signaling pathway?
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Figure 1. Viral infections activate distinct and overlapping signaling pathways to initiate 
apoptosis and necroptosis
(Apoptosis) SeV, VSV, EMCV, and AdV activate a RIG-I-dependent signaling cascade 

resulting in cleavage of caspase-3 and cell death. In contrast, HSV-1 initiates apoptosis 

through a parallel pathway involving cGAS and STING. TNFR, TLR3/TRIF, and DAI signal 

through distinct signaling complexes that activate caspase-8. The initial DAI-dependent 

response requires RIPK3, but RIPK3-independent apoptosis is observed at later times post-

receptor engagement. (Necroptosis). TNFR and TLR3/TRIF initiate necroptosis through 

RIPK1/RIPK3 and RIPK3, respectively. MCMV and IAV activate DAI-dependent 

necroptosis via RIPK3. Reovirus is sensed by an unknown IFN-inducible factor, which 

activates RIPK3. HSV-1 ICP6 and HSV-2 ICP10 proteins induce necroptosis by binding to 

RIPK1/RIPK3. SeV (Sendai virus), VSV (vesicular stomatitis virus), ECMV 

(encephalomyocarditis virus) HSV-1 (herpes simplex virus 1), MCMV (murine 

cytomegalovirus), IV (influenza virus), Reovirus (respiratory enteric orphan virus), VV 

(vaccinia virus).
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