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Summary

Necroptosis is a form of cell death that can be observed downstream of death receptor or pattern 

recognition receptor signaling under certain cellular contexts, or in response to some viral and 

bacterial infections. The receptor interacting protein kinases-1 (RIPK1) and RIPK3 are at the core 

of necroptotic signaling, among other proteins. Because this pathway is normally halted by the 

pro-apoptotic protease caspase-8 and the IAP ubiquitin ligases, how and when necroptosis is 

triggered in physiological settings are ongoing questions. Interestingly, accumulating evidence 

suggests that RIPK3 has functions beyond the induction of necroptotic cell death, especially in the 

areas of tissue injury and sterile inflammation. Here, we will discuss the role of RIPK3 in a variety 

of physiological conditions, including necroptotic and non-necroptotic cell death, in the context of 

viral and bacterial infections, tissue damage, and inflammation.
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Introduction

Billions of cells die in multicellular organisms each day as part of tissue homeostasis and 

clearance of old or damaged cells. The majority of these cell death events occur via 

apoptosis, a well-described form of programmed cell death dependent on the caspases, a 

family of cysteine-aspartic proteases (1). Apoptosis is generally considered immunologically 

silent or even tolerogenic; the immune system typically does not perceive this form of cell 

death as a threat, and cells that have undergone apoptosis are quickly and neatly cleared by 

local phagocytes. Historically, apoptosis has been contrasted with the unprogrammed 

process of necrosis, in which cells are killed by overwhelming chemical or environmental 

insult. Necrosis involves cell lysis and the release of reactive molecules normally contained 

by the plasma membrane, including a nebulous class of molecules called danger (or 
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sometimes “damage”)-associated molecular patters (DAMPs). DAMPs are perceived as 

signatures of damage by the innate immune system, and can trigger inflammatory responses; 

for this reason, necrosis is considered to be a driver of inflammation (2).

In recent years, the dichotomy between programmed, non-inflammatory apoptosis and 

unprogrammed, inflammatory necrosis has been challenged by the description of additional 

forms of cell death that are both programmed and inflammatory. Among these is the process 

of “programmed necrosis,” also called necroptosis. Necroptosis shares morphological 

similarities with passive necrosis: cells undergoing necroptosis swell and burst, leading to 

the release of DAMPs (3, 4). This morphological similarity has led to the idea that 

necroptosis, like necrosis, is an inflammatory form of cell death. Necroptosis is triggered by 

activation of the RIP kinases, RIPK1 (5, 6) and RIPK3 (7–9). Importantly, recent work has 

indicated that activation of these kinases can trigger transcriptional responses in addition to

—and in some cases accompanying—necroptotic cell death. Furthermore, evidence from 

knockout mice implies that the lytic nature of necroptosis may not be the key driver of 

inflammation and immune responses to cell death, and that inflammatory transcriptional 

signaling carried out by the RIP kinases in dying cells may determine how necroptotic cells 

are perceived by the immune system. In this review, we will discuss the inflammatory effects 

of necroptotic cell death, and evidence for the relative contributions of DAMPs and 

transcriptional responses to necroptotic stimuli. We will highlight the signaling underlying 

this cell death program, as well as non-death outcomes of RIPK activation.

RIPK3-dependent necroptosis: the “canonical” function of RIPK3

The pathway by which cells are induced to die by necroptosis has been worked out in detail 

in recent years, and has been extensively described elsewhere (10–12). Here we present an 

abbreviated description of this pathway, in an effort to introduce the key enzymes and 

regulatory mechanisms involved. The core of the necroptotic pathway involves the activities 

of the RIP kinases, RIPK1 and RIPK3, and the phosphorylation-driven activation by the 

latter of the pseudokinase mixed lineage kinase domain-like (MLKL).

RIPK1 and RIPK3 interact with each other via the RIP homotypic interaction motif (RHIM) 

that both possess. RHIM-RHIM interactions between RIPK1 and RIPK3 lead to formation 

of the “necrosome,” an oligomeric cytosolic complex in which reciprocal phosphorylation 

between RIPK1 and RIPK3 (13) can lead to MLKL recruitment and activation. Importantly, 

in addition to a RHIM domain, RIPK1 also contains a death domain (DD) through which it 

can recruit the adapter FADD, the protease caspase-8, and the caspase paralog cFLIP to the 

necrosome. Recruitment of these proteins by RIPK1, along with the activity of the IAP 

ubiquitin ligases, inhibits RIPK1/RIPK3 oligomerization and signaling and prevents 

necroptosis (14–17). For this reason, necroptosis is generally observed in conditions in 

which caspase-8 and/or the IAPs are absent or inhibited. Consistent with this, genetic 

ablation of caspase-8 leads to embryonic lethality in mice due to hyperactivation of 

necroptosis during development; this lethality is rescued by co-ablation of RIPK3 (16, 18).

Upon necrosome-driven activation, RIPK3 phosphorylates the pseudokinase MLKL, which 

serves as the executioner of necroptosis (19–23). Phosphorylation of MLKL leads to a 
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conformational switch that exposes its N-terminal four-helix bundle domain and leads to the 

oligomerization of MLKL (23–27). It has been proposed that this oligomerization leads to a 

net positive charge of the multi-MLKL complex, and therefore active MLKL is recruited to 

negatively charged membranes, leading to membrane disruption (28). While the exact 

mechanism by which MLKL leads to cell membrane disruption is still unclear, it is well 

appreciated that MLKL is essential for necroptotic death to occur (27). Notably, knockout of 

MLKL also rescues the embryonic lethality observed in caspase-8 knockout animals, 

consistent with the idea that caspase-8 deficiency causes embryonic lethality via RIPK3- and 

MLKL-mediated necroptosis (29).

If the necrosome represents the core of the necroptotic pathway, what signals control its 

formation? Necrosome formation involves RHIM-dependent interactions, and the activation 

of RHIM-containing proteins is therefore required to initiate necroptotic signaling. Four 

RHIM-containing proteins have been described in the mammalian proteome: in addition to 

RIPK1 and RIPK3, the adaptor protein TRIF contains a RHIM, and the innate immune 

sensor DNA-dependent activator of IFN-regulatory factors (DAI) contains three putative 

RHIMs (30). RIPK3 acts as a signaling adaptor for the activation of MLKL (among other 

functions, discussed below), and signals leading to RIPK3 activation involve activation of 

RIPK1, TRIF, and/or DAI. We briefly consider each of these signaling pathways here, and 

discuss specific physiological settings in which they can be activated in this review.

RIPK1 participates in a wide array of receptor signaling pathways, notably those initiated by 

the “death receptors” TNFR1, Fas, and the TRAIL receptors (31, 32). In these contexts, 

RIPK1 has a kinase-independent role in the initiation of inflammatory transcriptional 

programs mediated by NF-κB (33, 34) and the MAP kinases (35, 36). However, these 

receptor signals can also lead to translocation of RIPK1 into the cytosol, where it can 

interact with necrosome components. As discussed above, whether cytosolic RIPK1 is able 

to form a stable complex with RIPK3 to trigger necroptosis depends on the status of 

caspase-8 and cFLIP, which inhibit this process. Importantly, upon receptor activation, 

cFLIP is upregulated by the inflammatory transcription programs in which RIPK1 

participates (37, 38); this represents one mechanism by which the pro-inflammatory activity 

of RIPK1 exerts feedback inhibition on its pro-death activity. This also highlights a theme to 

which we return repeatedly: that the signals that initiate necroptosis can also drive 

inflammatory transcription.

Necroptosis can also be triggered by TRIF (39, 40), a signaling adaptor that contains both a 

TIR domain and a RHIM. TRIF is activated downstream of TLR3 and TLR4, which sense 

double-stranded RNA (dsRNA) or lipopolysaccharide (LPS), respectively. Analogously to 

TNFR1, signaling through either of these TLRs normally leads to pro-inflammatory and pro-

survival responses in the cell due to NF-κB and IRF-3 activation (41), but when cells are 

sensitized to necroptosis by inhibition of capase-8/cFLIP, TRIF can activate RIPK1 and/or 

RIPK3. Notably, because TRIF contains a RHIM domain, it can directly activate RIPK3 in 

the absence of RIPK1 (39, 40); however, RIPK1 can also be recruited to TRIF (42), and this 

recruitment may alter the outcome of TRIF-RIPK3 signaling by promoting transcriptional 

responses and engaging the inhibitory effects of caspase-8 and cFLIP (recall that the latter 
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depend on the DD of RIPK1 for recruitment). Again, necroptotic signaling is initiated by 

proteins— TRIF and RIPK1— that can also drive inflammatory transcription.

The final RHIM containing protein encoded by mammals is DAI (also known as ZBP1 or 

DLM-1). DAI was initially described as a sensor of DNA in the unusual Z-form 

conformation (Z-DNA) (43), and has since been shown to elicit cell death and 

transcriptional responses to DNA viruses via its Z-DNA binding domain (44, 45). However, 

more recent data have shown that DAI can trigger necroptosis downstream of influenza A 

virus (IAV)(46, 47), a single-stranded negative-sense segmented RNA virus (discussed later 

in this review), as well as in sterile settings in which the ability of RIPK1’s scaffolding 

function to suppress RIPK3 is disrupted (48, 49). As neither of these functions is consistent 

with the sensing of Z-DNA, it remains unclear how DAI is activated in these settings.

RIPK3-dependent apoptosis

In addition to the induction of necroptosis, the necrosome can also trigger apoptosis in some 

settings; this effect depends on the recruitment of caspase-8, and appears to predominate 

when RIPK3 is inactive or MLKL is absent, precluding necroptotic signaling. In this 

context, RIPK3 serves as a pro-apoptotic adaptor and recruits RIPK1 and FADD, forming a 

platform that leads to the activation of caspase-8 and subsequently, apoptosis (50, 51). In 

fact, while RIPK3-deficient animals develop normally (52), mice engineered to express a 

version of catalytically inactive RIPK3 (D161N) die at day E11.5 from aberrant apoptosis. 

Casp8−/−Ripk3D161N/D161N mice are viable, demonstrating the role of caspase-8 in 

promoting apoptosis during embryogenesis of these animals (50). Similar effects are 

observed when a small-molecule inhibitor of RIPK3 is used (51). Of interest, mice with a 

different knock-in version of catalytically inactive RIPK3 (K51A) not only survive to birth, 

but are viable, fertile, and immunocompetent, and phenocopy Ripk3−/− mice in rescuing the 

embryonic lethality of Casp8−/− animals (51). Importantly, while RIPK3K51A does not 

induce RIPK3-dependent apoptosis in the manner observed with RIPK3D161N, treatment of 

cells expressing RIPK3K51A with RIPK3 inhibitors unleashes a pro-apoptotic activity even 

in the K51A mutant (51). Together, these findings lead to a model in which chemical 

inhibition of RIPK3, or presence of the D161N mutation, alters the conformation of RIPK3 

stabilized the necrosome but prevents signaling to MLKL. This platform is thereby able to 

mediate sustained interactions with RIPK1 and caspase-8, promoting apoptosis. 

Interestingly, a similar form of RIPK3-dependent “reverse signaling” was recently described 

during influenza infection, as described below.

The role of RIPK3 in viral infections

Having defined the core pathways leading to necrosome formation, the question arises: when 

are these pathways engaged physiologically? As noted, necrosome formation and apoptosis 

are antagonized by the caspase-8/FLIP complex and the IAPs in many settings, so when 

does necroptosis occur under natural conditions? Mice lacking RIPK3 are particularly 

susceptible to certain viruses, providing genetic evidence that RIPK3 is important in 

controlling viral infections (7, 44, 53). However, there have been hints that RIPK3 has 

functions beyond cell death, and that its activation can lead to transcriptional responses 
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(discussed below), which may also contribute to the clearance of viruses. Thus, in some 

situations it is unclear whether RIPK3 is important in viral clearance because of cell death, 

transcriptional functions, or a combination of both. Ongoing efforts to compare Ripk3−/− 

animals to mice lacking MLKL and/or caspase-8 will help to clarify this point.

One of the first studies to demonstrate that RIPK3 is important in the control of viral 

infection was also one of the first to pinpoint RIPK3 as a key protein in the necroptotic 

pathway. In 2009, Cho and colleagues used an RNA interference screen to identify RIPK3 as 

a pro-necrotic kinase activated during vaccinia virus (VacV) infection (7). This seminal 

study found that wild-type (WT) T cells infected with VacV were sensitive to TNF-induced 

necroptosis, while RIPK3-deficient T cells were protected. Furthermore, they demonstrated 

that RIPK3-deficient mice had higher viral tissue titers upon VacV infection compared to 

their WT counterparts, illustrating the role of RIPK3 in controlling VacV replication. 

Interestingly, a much earlier study found that VacV infection of murine fibroblasts sensitized 

these cells to a “necrotic-like” death upon TNF treatment, and that this sensitization required 

expression of the viral caspase inhibitor, B13R (54). This finding predated the clear 

description and naming of necroptosis, but it seems clear that the authors were observing 

necroptotic cell death. Together, these findings provide compelling evidence that RIPK3-

dependent necroptosis can occur when caspases, and therefore apoptosis, are blocked by 

viral inhibitors, and that this cell death pathway contributes to the control of VacV infection.

The idea that necroptosis provides protection against infection by DNA viruses is reinforced 

by the finding that murine cytomegalovirus (MCMV) encodes a RHIM-containing inhibitor 

of necroptosis, as well as an inhibitor of caspase activation. The MCMV M36 gene encodes 

a caspase-8 inhibitor (viral inhibitor of caspase-8-induced apoptosis, or vICA)(55); while 

blockade of caspase-8 would normally prime a cell for necroptosis, the MCMV M45 gene 

encodes an inhibitor of RIP activation (vIRA)(56). vIRA contains a RHIM domain, and as 

such, can inhibit RIPK3-dependent necrosis (57). In fact, only MCMV strains that lack 

vIRA, or that express a RHIM-mutant version of vIRA (M45mutRHIM) can induce 

necroptosis, as vIRA is no longer able to block RIPK3 activation. These viruses are 

attenuated in mice (58, 59); however, this attenuation is reversed in RIPK3-deficient mice 

(58), demonstrating that necroptosis can control viral infection, and that vIRA is essential 

for MCMV to block RIPK3-dependent necrosis. Importantly, in 2012 it was demonstrated 

that DAI, a PRR thought to sense the DNA of viral genomes, sensitizes cells to necroptosis 

upon MCMV infection (44). DAI contains three RHIM domains, and RHIM-A is 

responsible for mediating interactions between DAI and RIPK3. Upton et al. demonstrated 

that DAI and RIPK3 form a complex during MCMV infection and this leads to necroptosis; 

in fact, like in RIPK3-deficient mice, MCMV M45mutRHIM virus attenuation is also 

reversed in mice lacking DAI (44).

Like its murine counterpart, human CMV (HCMV) encodes inhibitors of both apoptosis and 

necroptosis. HCMV UL36 encodes vICA, which is important for the suppression of 

apoptosis in infected human cells (60). Curiously, however, an HCMV immediate early 1 

(IE1) gene product is responsible for suppressing necroptosis downstream of RIPK3 

phosphorylation and activation of MLKL, although the specific identity of the inhibitor is 

unknown (61). This differs from MCMV’s strategy for blocking necroptosis, which utilizes 
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vIRA to inhibit RIPK3 activation through a RHIM-dependent mechanism. This finding is 

interesting for at least two reasons: first, it highlights the diversity of strategies employed by 

viruses to inhibit necroptosis. Second, the finding that the inhibition mediated by HCMV 

targets MLKL activation rather than necrosome formation identifies RIPK3- and MLKL-

dependent cell death, rather than other potential aspects of necrosome signaling, as the target 

of viral inhibition in this setting.

Herpes simplex virus (HSV)-1 and HSV-2 are other examples of human pathogens that have 

evolved to inhibit cell death pathways during infection (62, 63). The UL39 gene of HSV-1 

encodes the protein ICP6, which is also known as HSV-1 ribonucleotide reductase (RNR) 

subunit 1 (R1). Likewise, HSV-2 encodes a similar protein, ICP10. ICP6 and ICP10 are 

interesting because they can not only block apoptosis through their C-terminal caspase-8-

binding domain, but can also block necroptosis by inhibiting RIPK1 and RIPK3 interactions 

via their own N-terminal RHIM domain (64, 65). Although this mechanism of necroptosis 

suppression is reminiscent of vIRA encoded by MCMV, it is interesting to note that in the 

case of HSV, a single gene product can impede both apoptosis and necroptosis in human 

cells. Notably, both ICP6 and ICP10 have been shown to activate, rather than inhibit, 

necroptosis in murine cells through a RHIM-dependent mechanism, demonstrating a species 

specificity of RHIM signaling outcome (65).

Although the examples noted thus far have pointed to a role for DAI- and RIPK3-mediated 

necroptosis in eliminating DNA viruses, RIPK3-dependent cell death has recently been 

shown to be important for the control of the segmented RNA virus influenza type A (IAV). 

In addition to showing that cells lacking RIPK3 are resistant to IAV-induced death, Nogusa 

et al. demonstrated that IAV infection leads to both apoptotic and necroptotic signaling from 

the necrosome, in a manner analogous to the “reverse signaling” observed upon RIPK3 

inhibition (discussed above)(53). Upon IAV infection, mouse embryonic fibroblasts (MEF) 

were found to undergo necroptosis; however, in the absence of MLKL, IAV infection instead 

triggered apoptosis, which depended on RIPK3, RIPK1, FADD and caspase-8. Interestingly, 

the authors found that necroptosis contributed to IAV control, but that RIPK3-dependent 

apoptosis could compensate for loss of necroptosis, as illustrated by the fact that both 

RIPK3-deficient mice and Mlkl−/−Fadd−/− double knockout (DKO) mice (which are 

deficient in both apoptotic and necroptotic signaling), are more susceptible to IAV than 

either WT or Mlkl−/− mice alone (53). It is interesting that in the case of IAV, MLKL-

deficiency does not phenocopy RIPK3-deficiency in mice, and that RIPK3-dependent 

apoptosis contributes to protection against this virus when MLKL is absent. Given that 

CMV and HSV encode inhibitors of apoptotic and necroptotic signaling, future studies using 

viruses lacking both inhibitors may clarify the relative contribution of apoptotic and 

necroptotic necrosome signaling to viral control in vivo.

Subsequently, multiple groups demonstrated that IAV activates RIPK3 and triggers 

necroptosis through DAI—a molecule that that was previously thought to directly sense 

DNA (46, 47). How DAI senses IAV infection is somewhat disputed, however; one initial 

report indicated that DAI senses the viral proteins NP and PB1 (46), while another indicated 

that DAI recognizes and binds nascent IAV RNA genomes (47). The contribution of DAI— 

and indeed of necroptosis itself—in controlling IAV infection in vivo is also somewhat 
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unclear. DAI-deficient mice have been shown to be either susceptible or resistant to IAV 

infection by different groups (46, 47), and while Nogusa et al. found that RIPK3-deficient 

mice exhibited increased susceptibility to IAV (53), an earlier report also showed that excess 

RIPK3 activation could cause detrimental tissue damage during IAV infection in mice 

lacking cIAP2 in the lung (66).

As noted previously, RIPK3 may have functions beyond cell death in the context of viral 

infections. Interestingly, Harris and colleagues demonstrated a temporal role of RIPK3 in 

intestinal epithelial cells (IECs) infected with the RNA virus coxsackievirus B3 (CVB)(67). 

Early in infection, RIPK3 facilitates CVB replication by regulating flux through the 

autophagic pathway, necessary for the life cycle of the virus. At later points of infection, 

however, the CVB-encoded cysteine protease 3Cpro cleaves RIPK3, rendering it incapable of 

transducing the necroptotic signal. Of interest, the C-terminal RHIM-containing cleavage 

product of RIPK3 was shown to induce non-necrotic cell death, while the N-terminal kinase 

domain-containing product was unable to trigger any form of cell death (67). Although it is 

unclear what type of non-necrotic cell death occurs once 3Cpro cleaves RIPK3, it is tempting 

to speculate that perhaps the fragment of RIPK3 containing the RHIM domain is sufficient 

to serve as a pro-apoptotic adaptor and recruit RIPK1, FADD, and caspase-8 – thus leading 

to apoptosis.

Taken together, these examples clearly illustrate that RIPK3 forms an important component 

of host defense to an array of viral infections, as illustrated by the increased susceptibility of 

RIPK3-deficient mice. Many of these studies have taken as a starting point the canonical 

role of RIPK3 in triggering necroptosis, and have led to the idea that this form of cell death 

can eliminate the replicative niche and promote antiviral immunity. However, emerging data

—including the demonstration of RIPK3-dependent apoptosis as a contributor to host 

defense against IAV—indicate that necrosome-mediated signaling is not limited to 

necroptosis. Thus, while RIPK3 mediates defense against viral infection, the nature of the 

signaling required for this defense remains the subject of ongoing investigation.

RIPK3 and necroptosis in the context of bacterial infections

Cell death signaling also contributes to the immune response to bacterial infections, 

although the role of RIPK3 and necroptosis in these contexts is less clear. Many bacteria 

encode inhibitors of apoptotic signaling, such as NleB1 from enteropathogenic E. coli 
(EPEC), that block caspase activation and apoptosis in infected cells (68). This inhibition 

may prime infected cells for RIPK3-dependent necroptosis and elimination of the cellular 

space necessary for intracellular bacteria survival. However, the literature on RIPK3-

depedent necroptosis and its contribution to antibacterial host defense is less conclusive, and 

probably highly context-dependent, as discussed below.

EPEC encodes a type III secretion system effector known as EspL, a cysteine protease that 

was recently shown to cleave the RHIM domains of RIPK1 and RIPK3, as well as TRIF and 

DAI, during infection—thus, inhibiting necroptosis and inflammation (69). Infection of WT 

mice with the EPEC-like pathogen Citrobacter rodentium results in intestinal colonization, 

which is attenuated in bacteria lacking EspL (69). This finding demonstrates the direct 
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targeting of RHIM-dependent signaling by a bacterial effector protein, providing strong 

evidence that RHIM signaling contributes to host defense against bacterial pathogens. 

However, it remains unclear which aspects of RHIM-mediated signaling— which may 

include apoptotic, necroptotic, and inflammatory transcriptional signals— are at play in this 

context.

Staphylococcus aureus has been shown to activate RIPK3- and MLKL-mediated 

necroptosis. One study has reported that necroptosis contributes to bacterial clearance from 

infected skin, in part by eliminating cells that contribute to pathological inflammation (70). 

Interestingly, while MLKL-deficient mice have high bacterial loads, RIPK3-deficient mice 

show increased bacterial clearance and decreased inflammation, which hints at a 

necroptosis-independent function for RIPK3 in promoting bacterial infection. Likewise, in a 

pulmonary model of S. aureus infection, Ripk3−/− mice have reduced bacterial loads (71).

Another example where RIPK3 deficiency may be beneficial is in the context of Salmonella 
enterica serovar Typhimurium infection. S. Typhimurium is a gram-negative bacterium that 

can induce multiple forms of cell death in macrophages, including caspase-1-dependent 

pyroptosis and RIPK3-dependent necroptosis, most likely as a means to promote its own 

spread (72). Consistent with this idea, RIPK3-deficient mice were moderately protected 

from S. Typhimurium infection compared to their WT counterparts (73). Likewise, in a 

zebrafish model of infection by Mycobacterium tuberculosis, RIPK3-dependent necroptosis 

in macrophages was shown to contribute to the release and dissemination of bacteria (74). 

These findings stand in contrast to the bacterial inhibition of RHIM-dependent necroptosis 

and inflammation exerted by EPEC, and highlight the fact that roles for these pathways in 

bacterial infection vary among pathogens and host tissues.

Contributions of RIPK3 to tissue damage

As discussed, there is clear evidence that RIPK3 signaling— necroptotic or otherwise— can 

contribute to host defense against viral infection. However, the inflammatory and cell death 

responses triggered by RIPK3 represent a double-edged sword, and their aberrant activation 

may contribute to tissue pathology. Consistent with this idea, there is accumulating evidence 

that acute or chronic organ injury can lead to RIPK3-dependent contributions to the 

pathophysiology of a variety of diseases (reviewed in (75)). Interestingly, evidence from 

knockout mice has highlighted the differing contributions of MLKL and RIPK3 to these 

pathologies, supporting the idea that non-necroptotic functions of RIPK3 may underlie some 

of the observed effects.

RIPK3 signaling has been shown to be a critical contributor to damage in ischemia/

reperfusion injury (IRI) in a variety of settings, including neonatal-hypoxia ischemic brain 

injury (76, 77), ischemic stroke (78), renal ischemia-reperfusion injury (IRI) (79, 80), and in 

cardiac ischemia and infarction (81–83). Implication of RIPK3 in these models led to the 

idea that necroptotic cell death contributes to tissue damage; however, more recent studies 

on MLKL knockout mice, in which necroptosis is deficient but other aspects of RIPK3 

signaling persist, has led to a reevaluation of this idea. In 2012, Linkermann et al. used a 

high mortality model of renal ischemia to demonstrate that administration of the RIPK1 
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inhibitor Nec-1 to mice prior to renal IRI prolonged survival compared phosphate-buffered 

saline (PBS)-treated controls (80). Later, it was further demonstrated that catalytically 

inactive RIPK1 knock-in (D138N) mice, or RIPK3-deficient mice, were protected in a 

model of kidney IRI (84). Interestingly, however, MLKL deficiency did not afford mice the 

same level of protection in the kidney IRI model, which implies that there are other roles of 

RIPK3 beyond necroptotic cell death at work in this model (84).

Similarly, using a mouse model of myocardial infarction (MI), Luedde et al. demonstrated 

that RIPK3 is upregulated and can lead to necroptosis after MI. In addition, they showed that 

RIPK3-deficient mice have diminished inflammatory responses and reactive oxygen species 

(ROS) production in infarcted hearts compared to their WT counterparts (83). These data 

were further verified by Newton et al. in 2016 (84). However, these studies did not include a 

comparison with MLKL-deficient mice, so it is difficult to conclude whether the observed 

damage was mediated by MLKL or by RIPK3 transcriptional and inflammatory responses.

Yet another example of detrimental RIPK3-dependent signaling is the neurodegenerative 

disease amyotrophic lateral sclerosis (ALS). Loss of the protein optineurin (Optn), which 

has been implicated in ALS, sensitizes glial cells of the CNS to necroptosis, leading to 

demyelination and axonal degeneration (85). This is clearly demonstrated in mouse 

embryonic fibroblasts (MEFs) derived from Optn−/− mice, as well as in the spinal cords of 

Optn−/− mice, which have increased levels of complex-associated RIPK1, RIPK3, and 

phospho-MLKL, which can be used as a marker of necroptosis. Interestingly, the axonal 

pathology and hindlimb weakness of Optn-deficient mice was rescued in 

Optn−/−Ripk1D138N/D138N mice, as well as Optn−/−Ripk3−/− double mutant mice, and 

treatment of Optn−/− mice with Nec-1s (a highly specific inhibitor of RIPK1 catalytic 

activity) led to a reduction of neuropathology (85). Together, these data suggest that 

uncontrolled RIPK3-dependent necroptosis can be harmful in the context of ALS, and have 

led to efforts to target this pathway pharmacologically in the clinic.

RIPK3-dependent death has also been reported to contribute to hepatocyte cell death from 

ethanol-induced injury (86). Liver biopsies from patients with alcoholic liver disease (ALD) 

showed higher RIPK3 expression compared with controls. RIPK3 was also shown to be 

upregulated in the livers of ethanol-fed mice, and RIPK3-deficient mice were significantly 

protected against ethanol-induced liver injury and inflammation (cytokine levels of MCP-1, 

IL-6, and TNFα) compared to WT mice. Interestingly, however, administration of Nec-1 did 

not reduce ethanol-induced hepatocyte injury, as measured by plasma ALT/AST levels (86). 

This may indicate that RIPK3-dependent necroptosis proceeds independent of RIPK1 kinase 

activity in this setting, though other functions of RIPK3 signaling could also contribute to 

this pathology.

These examples illustrate that in situations of tissue injury, RIPK3 activation can lead to 

detrimental effects in the host. However, in several of the settings highlighted above, it has 

emerged that the observed effects are RIPK3-dependent but MLKL-independent, implicating 

non-death functions of the necrosome in the observed pathology. Additional studies, 

including work with newly-available mouse models in which specific functional domains of 
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RIPK1 and/or RIPK3 are mutated, will provide insight into the nature of the signals driving 

tissue damage in these settings.

The role of RIPK3 in inflammation

While RIPK3 is best known for its role in cell death, the findings discussed above— and in 

particular the distinct phenotypes observed between Ripk3−/− and Mlkl−/− animals in both 

viral infection and sterile tissue pathology—has made it clear that RIPK3 participates in 

additional signaling pathways. The question of how RIPK3 signaling and necroptosis 

participate in host immune responses and immunopathology hinges on how necrosome 

signaling contributes to inflammation and the initiation of innate immune responses. In turn, 

this question can be roughly divided into two sub-topics. First, how does necroptosis 

contribute to inflammation? And second, what non-necroptotic signals— such as activation 

of inflammatory transcription pathways— also emanate from the necrosome? These two 

questions clearly bear on each other: cell death would be predicted to terminate 

inflammatory transcription, and targets of inflammatory transcription may inhibit cell death. 

Having highlighted physiological settings in which RIPK3 signaling is important, we will 

now consider evidence for the pathways mediated by RIPK3, including both necroptotic and 

transcriptional effects.

Because necroptosis is a lytic form of cell death, it is thought that the release of danger 

associated molecular patterns (DAMPs) from necroptotic cells contributes to inflammation. 

Examples of DAMPs include intracellular components such as the chromatin-associated 

protein high-mobility group box 1 (HMGB-1), heat shock proteins (HSPs), F-actin, as well 

as DNA, RNA, and ATP; as these molecules are normally contained within cells, their 

release may be sensed as a signature of tissue damage, leading to activation of local innate 

immune cells and thus to inflammation (2). It is thought that bystander cells sense these 

molecules and events through the same PRRs that sense pathogen-associated molecular 

patterns (PAMPs) or through specialized DAMP receptors, and initiate an inflammatory 

response. Thus, necroptotic cell death has been considered pro-inflammatory due to DAMP 

release.

An example that hints at the importance of DAMPs from necroptotic cells comes from an in 
vivo model of TNF-induced toxicity, systemic inflammatory response syndrome (SIRS). 

When Ripk3−/− mice are treated with high doses of TNF, they fare better than their WT 

counterparts in terms of both morbidity and mortality (87). Likewise, pre-treatment of WT 

mice with Nec-1 or use of mice lacking the kinase activity of RIPK1 provides similar 

protection to high doses of TNF (50, 84, 87). This suggests that necroptosis mediates 

cellular damage that eventually leads to mortality; in fact, levels of certain DAMPs and 

cytokines are reduced in RIPK3-deficient mice in this model (87). This finding is in keeping 

with the idea that lytic cell death and resultant inflammation and tissue damage are a key 

outcome of RIPK3 signaling. However, another study found that loss of MLKL was not as 

effective as RIPK3-deficiency in the high-dose TNF model (84), suggesting that RIPK3 and 

RIPK1 may be regulating more than simply MLKL-dependent death.
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In keeping with the notion that RIPK3 controls more than just necroptotic death, RIPK3 has 

also been implicated in the activation of inflammatory transcription. Using transient 

overexpression systems, early studies of RIPK1 and RIPK3 found that while RIPK1 potently 

activated NF-κB porter genes, RIPK3 was comparatively less effective, and could even 

inhibit TNF-induced NF-κB activation (88–90). Nonetheless, RIPK3 was also identified in a 

screen for proteins that could activate an NF-κB reporter gene (91). In 2004, Newton et al. 
showed that RIPK3-deficient cells did not differ in their ability to engage NF-κB signaling 

in response to TNF, LPS, peptidoglycan, or downstream of B- or T- cell antigen receptor 

crosslinking (52). As we now appreciate RIPK3’s role in cell death, early studies 

demonstrating that RIPK3 has an inhibitory role in RIPK1- or TNF-induced NF-κB 

activation can now be revisited with the lens of necroptosis— in fact, it makes sense that 

RIPK3 overexpression or activation would dampen NF-κB responses, as cell death would 

cause termination of biological processes. In keeping with this view, it was recently shown 

that necroptosis leads to the suppression of TNF- or LPS-induced inflammation by ceasing 

cytokine and chemokine production (92).

However, somewhat contrary to the idea that necroptotic death terminates inflammation, 

there is evidence that RIPK3 activation can lead to de novo synthesis of pro-inflammatory 

cytokines and chemokines. Using a system of direct RIPK3 activation, independent of 

upstream receptor signaling, Yatim et al. demonstrated that chemically-enforced RIPK3 

oligomerization leads to the recruitment of RIPK1 and subsequent NF-κB activation (93). 

The authors went on to demonstrate that this NF-κB signaling in necroptotic cells 

determines the ability of dendritic cells (DCs) to cross-prime CD8+ T cells with antigens 

derived from the dying cells. Further, a more recent study showed that the kinase activity of 

RIPK1, as well as RIPK3 itself, contributed to TRIF-dependent inflammatory transcription 

upon TLR4 activation in bone marrow-derived macrophages (94). RIPK1 has well-described 

roles in NF-κB activation, but these canonical functions are independent of the kinase 

activity of RIPK1, or of RIPK3 engagement (reviewed in (95)). How RIPK3 activity and 

necrosome formation contribute to NF-κB or other transcriptional pathways is still poorly 

understood.

Moreover, there is evidence that RIPK3 leads to cytokine expression downstream of injury 

and promotes tissue repair. In a 2014 publication, Moriwaki et al. demonstrated that 

surprisingly, the presence of RIPK3 protects against dextran sodium sulfate (DSS)-induced 

colitis, and that RIPK3 is required for tissue repair by inducing an axis of IL-23, IL-1β and 

IL-22 downstream of DSS-induced injury (96). However, contrary to these results, another 

study found that loss of RIPK3 had no effect on DSS-induced colitis (84). Different DSS-

administration and recovery protocols, as well as duration of health monitoring, and 

differences in colony microbiota between institutions, might contribute to the differences 

observed. Nonetheless, it is interesting to speculate that RIPK3 may play a role in promoting 

tissue injury (or repair) and inflammation, independent of its role in cell death.

Genetic models have highlighted RIPK3-dependent inflammation that both does and does 

not depend on MLKL-dependent cell death. Most clearly, loss of caspase-8 causes 

embryonic lethality in mice, which is rescued by co-ablation of either RIPK3 or MLKL, 

supporting the notion that it is unchecked MLKL-dependent cell death, and not some other 

Orozco and Oberst Page 11

Immunol Rev. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function of RIPK3, that leads to lethality in Casp8−/− animals. However, Casp8−/−Mlkl−/− 

double-knockout mice display a phenotype somewhat distinct from that observed in 

Casp8−/−Ripk3−/− double knockout animals, including an accelerated accumulation of 

aberrant lymphocyte populations and increased inflammatory cytokines in the serum (29). 

These differences may reflect death-independent RIPK3 signaling, which would still be 

intact in Casp8−/−Mlkl−/− animals. Other models also highlight the dichotomy of death-

dependent and independent functions for RIPK3. Skin inflammation due to RIPK1 ablation 

can be ameliorated in mice by deleting either RIPK3 or MLKL, supporting a role for 

MLKL-dependent cell death in this setting (97). However, in other genetic models of 

inflammation this does not hold true. A20 (also known as TNFAIP3) is a pro-survival 

protein, and A20-deficient mice suffer systemic inflammation and die shortly after birth 

(98). Interestingly, while RIPK3 deficiency or catalytically inactive RIPK1 (Ripk1KD/KD) 

delay the mortality of A20−/− mice, MLKL deficiency does not (84). This indicates that 

MLKL-dependent necroptosis does not contribute significantly to the morbidity and 

mortality associated with A20 deficiency; instead, other as-yet-unclear roles of necrosome 

signaling appear to mediate these effects.

While it is now appreciated that RIPK3 can act in concert with RIPK1 to engage in pro-

inflammatory, non-cell death signaling, proteins that regulate the necrosome, such as 

caspase-8 and cFLIP, may also be involved in inflammatory processes. Recent work has 

demonstrated an unexpected, cell-intrinsic role for caspase-8 in the initiation of 

inflammatory transcription, in addition to its functions in initiation apoptosis and 

suppressing necroptosis. This was shown to be important during the host response to 

Yersinia and Salmonella infection, as well as downstream of direct activation of TLR4 by 

LPS (99). The mechanism by which caspase-8 activation leads to upregulation of pro-

inflammatory cytokines is not clear, although it is known that caspase-8 enzymatic activity is 

necessary, and a recent publication implicated the caspase-8/cFLIP heterodimer as the 

species involved, by showing that a version of caspase-8 that cannot undergo interdomain 

cleavage was able to support the transcriptional, but not apoptotic, functions of this enzyme. 

It is intriguing that this caspase-8/cFLIP heterodimer is also the complex that is recruited to 

the necrosome to suppress necroptosis (99). Future work will undoubtedly focus on putative 

roles for necrosome formation in caspase-8-dependent transcriptional pathways.

The RIP kinases and caspase-8 can contribute to inflammation via non-transcriptional 

mechanisms, as well. Interestingly, one such example is in the case of inflammasome 

activation and the processing of pro-IL-1β. While pro-IL-1β is an inflammatory cytokine 

that is canonically cleaved— and thereby activated— by caspase-1, under certain conditions 

it can be cleaved by caspase-8 (reviewed in (100)). Moreover, RIPK3 can promote IL-1β 
processing and secretion in response to LPS stimulation by assembling a complex including 

caspase-8, FADD, RIPK1, and requiring TRIF, in macrophages and DCs (101). The kinase 

activity of RIPK1 and RIPK3 is not required for this atypical non-apoptotic caspase-8 

activation and in fact, treatment of cells with a RIPK3 kinase inhibitor enhances LPS-

induced caspase-8 activation and thus IL-1β processing (101). Furthermore, recent studies 

have demonstrated an additional link between necroptosis in inflammasome activation, by 

showing that MLKL activation, which leads to membrane disruption, can activate the 

NLRP3 inflammasome in a cell-intrinsic manner by altering ion homeostasis (102, 103). 
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This finding implies that induction of necroptosis is linked inextricably to inflammasome 

assembly, and that caspase-1 activation and processing of IL-1β and IL-18 likely accompany 

necroptotic cell death when all are present.

So what can we conclude from these complex and sometimes contradictory results? It seems 

clear that necroptosis can occur physiologically, and that in some settings this can contribute 

to host defense. It also seems apparent that non-necroptotic functions of RIPK1 and RIPK3 

are important contributors to both beneficial immune responses and pathophysiology, though 

the precise nature of these signals remain to be elucidated.

Concluding Remarks

RIPK3 has traditionally been considered a pro-necrotic protein, although we now appreciate 

that it has non-necroptotic roles in a variety of physiological settings. From an evolutionary 

perspective, it may be that RIPK3 evolved as a pro-inflammatory protein alongside its 

homolog RIPK1, and this pathway was re-purposed to induce inflammatory death upon 

caspase-8 inhibition or absence (reviewed in (104)). Because programmed necrosis can 

occur in response to pathogen infection, it follows that perhaps this form of cell death 

evolved as a “backup” to apoptosis when pathogens themselves evolved mechanisms to 

inhibit caspase-8. Whether this is the case, however, remains an open question.

Furthermore, separating RIPK3 signaling from caspase-8 and RIPK1 remains challenging. 

RIPK1 has been shown to play a crucial role in promoting NF-κB activation and 

inflammation downstream of TNFR1 signaling, and recently was shown to be important for 

the inflammation and cross-priming potential of necroptotic cells after direct RIPK3 

activation. Caspase-8 also has distinct transcriptional and post-translational roles in 

inflammation. As both RIPK1 and caspase-8 can promote inflammation, it will be important 

to elucidate RIPK3’s role in inflammation both independent of and in concert with these 

other proteins. Further, persistent questions remain about the relative contributions of 

MLKL-dependent necroptosis and non-death functions of RIPK3 during host defense and 

tissue damage. Studies comparing RIPK3-deficient and MLKL-deficient mice in a variety of 

disease models will be necessary to elucidate the contribution of necroptosis versus RIPK3 

non-death signaling.
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Figure 1. 
The cell death and non-death functions of RIPK3. RIPK3 can participate in different 

complexes, both known and unknown, depending on the cellular setting. These multi-protein 

complexes can lead to cell death (top blue panel) and/or inflammatory outcomes (bottom 

gray panel). RIPK3-dependent processes can be further divided into caspase-dependent and 

caspase-independent contexts. It is important to note that the cell death and non-death 

functions of RIPK3 are not necessarily mutually exclusive, and in fact, cell death and 

inflammation may be a coordinated response (dark black arrows). For example, NF-kB 

activation has been shown to accompany necroptotic cell death in a model of direct RIPK3 

activation, and the resulting transcriptional program is necessary for the immunogenicity of 

antigen derived from necroptotic cells (93). Stars represent catalytic activity of caspase-8.
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