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Abstract

A process of regulated necrosis, termed necroptosis, has been recognized as a major contributor to 

cell death and inflammation occurring under a wide range of pathologic settings. The core event in 

necroptosis is the formation of the detergent-insoluble “necrosome” complex of homologous 

Ser/Thr kinases Receptor Interacting Kinase 1 (RIPK1) and Receptor Interacting Kinase 3 

(RIPK3), which promotes phosphorylation of a key pro-death effector Mixed Lineage Kinase 

Domain-like (MLKL) by RIPK3. Core necroptosis mediators are under multiple controls, which 

have been a subject of intense investigation. Additional, non-necroptotic functions of these factors, 

primarily in controlling apoptosis and inflammatory responses, have also begun to emerge. This 

review will provide an overview of the current understanding of the human disease relevance of 

this pathway, and potential therapeutic strategies, targeting necroptosis mediators in various 

pathologies.

Necroptosis – what is it and how did we get there?

Many debilitating diseases arise through a disruption of homeostasis, most notably through 

alterations in the regulation of cell proliferation and cell death [1]. While apoptosis has been 

long viewed as an exclusive form of regulated cell death, it became clear that this view does 

not cover all the complexity that occurs pathologically. One of the first definitive 

observations suggesting existence of the non-apoptotic, yet regulated, forms of cell death 

emerged from in vitro studies using tumor necrosis factor alpha (TNFα). Early observations 

had suggested that depending on the cell type, TNFα could induce cell death displaying 

morphologic features of either apoptosis or pathologic necrosis, which was in part dictated 
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by the activation status of pro-apoptotic caspases [2-4]. These were exciting findings, as it 

became clear that necrosis can be induced in a regulated manner by the same pro-death 

signals that were previously associated with regulated apoptotic cell death. Ensuing works 

showed that kinase activity of a known component of TNF-induced signaling complexes, 

RIPK1, and inhibition of the activity of the specific initiator caspase, caspase-8, provide 

conditions for selective initiation of TNF-induced necrosis [5, 6]. These seminal studies 

provided first insights into the specific factors negotiating this newly defined, non-apoptotic, 

and regulated form of cell death that manifested with necrotic morphology [7].

Subsequent work by Chan et al. revealed that multiple viral proteins suppress TNF-induced 

necrosis, while infection with vaccinia virus promoted it, demonstrating that necrosis may be 

part of physiologic regulation in the context of viral infections, rather than a product of 

caspase manipulation in vitro [8]. The term necroptosis was first introduced in 2005, when 

we performed a small molecule screen and identified a highly selective inhibitor of TNF-

induced necrosis - necrostatin-1 (Nec-1) [9], which was subsequently found to inhibit 

RIPK1 [10]. Availability of this inhibitor helped further elucidate the role of necroptosis as a 

unified regulated mechanism of cell death expressed in multiple cell types as well as in vivo, 

leading eventually to more than 1,000 references on necroptosis listed on PubMed to date. In 

this review, we will summarize some of the findings on necroptosis and non-necroptotic 

regulation by RIPK1 kinase and its partner, RIPK3 kinase, revealing pathologic roles of 

these exciting druggable targets.

As discussed above, necroptosis is a form of cell death that very closely resembles classic 

necrosis. Necroptotic cells display enlarged and swollen organelles, early plasma membrane 

damage with eventual rupture, and the lack of typical nuclear condensation and inter-

nucleosomal DNA fragmentation, characteristic for apoptosis. Similar to un-regulated or 

accidental necrosis, rapid loss of plasma membrane integrity during necroptosis leads to the 

release of multiple damage (or danger) associated molecular pattern molecules (DAMPs), 

such as, IL-1α, HMGB1, ATP, uric acid, and HSPs, leading to activation of inflammation 

[11]. Necroptosis signaling is initiated through a wide range of triggers, including TNFα, 

FasL, and TRAIL [5], IFNs [12], TLRs [13], and virus-mediated pathways [14]. These and 

other triggers are further reviewed in [15, 16]. TNFα induced necroptosis is currently best 

understood mechanistically (Figure 1). Binding of TNFα to TNFR1 leads to the formation 

of membrane bound Complex I, which is assembled through the recruitment of RIPK1 along 

with TNF receptor-associated protein with death domain (TRADD) and TNFR-associated 

factors (TRAF2/TRAF5) [17]. At this point, cellular inhibitors of apoptosis (cIAP1/2) and 

linear ubiquitin chain assembly complex (LUBAC) are recruited to the complex, and 

ubiquitinate RIPK1. This ubiquitination of RIPK1 strongly correlates with NFkB activation, 

although it may not be universally required as no defects in NFkB activation were observed 

in TNFα-stimulated primary Ripk1-/- hepatocytes and thymocytes, which was in contrast to 

freshly isolated lung cells [18]. In addition, contribution of RIPK1 to NFkB activation does 

not require its catalytic kinase activity [19, 20]. The subject of RIPK1 poly-ubiquitination is 

discussed comprehensively in multiple recent reviews [21-23].

While Complex I promotes cell survival, it is the transition to the secondary cytosolic 

complex, Complex II, which mediates cell death. This transition requires deubiquitination of 
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Complex I, and association with Fas-associated protein with death domain (FADD) and 

caspase-8 [17]. Complex II may contain different components and promote cell death in a 

manner that is either independent or dependent on the kinase activity of RIPK1. Pro-death 

RIPK1 kinase-dependent versions of this complex are usually denoted as Complex IIb 

(reviewed in [24]). It is not yet entirely clear which endogenous factors dictate 

differentiation between formation of Complex II and Complex IIb. Formation of Complex 

IIb (also called “ripoptosome”) promotes activation of apoptosis, in a caspase-8-dependent 

manner. Upon inhibition of caspase-8, Complex IIb (in this case referred to as “necrosome”) 

promotes necroptosis. Notably, inhibition of necroptosis has been shown to be mediated by a 

heterodimer of caspase-8 with FLIP(L), rather than the apoptosis-mediating homodimers of 

caspase-8 [25]. Multiple events control necrosome formation and signaling, although the 

precise order of events is not yet fully understood. RIPK1 undergoes de-ubiquitination by 

CYLD, which is required for necroptosis [26]. Curiously, CYLD may be the critical target of 

caspase-8 activity in necrosomes [27, 28]; however, deubiquitination of RIPK1 also appears 

to be critical for induction of apoptosis by Complex IIb. Another deubiquitinase (DUB) that 

has been linked to the regulation of necroptosis is A20 (Tnfaip3). Catalytic activity of the N-

terminal ovarian tumor (OTU) DUB domain of this protein was shown to remove K63 

chains from Lys5 residue of RIPK3, which limited necrosome formation and necroptosis 

[29]. OTU domain of A20 was previously also shown to mediate removal of K63 chains 

from RIPK1 in Complex I, while C-terminal zinc finger E3 ligase domain (ZF4) was linked 

to RIPK1 degradation through K48 poly-ubiquitination [30] and inhibition of TRAIL-

induced apoptosis through promoting RIPK1 K63 poly-ubiquitination [31]. However, it has 

not been established whether these regulatory modalities may be relevant to necroptosis. 

Notably, mutations of C609/C612 residues in ZF4 domain, which are required for A20 

binding to ubiquitinated RIPK1, only marginally promoted necroptosis [29]. Constitutive 

signaling by Type I interferons appears to be essential, at least in some contexts, as it may 

provide expression of several critical signaling cascade components [28]. Upon activation, 

RIPK1 and RIPK3 become phosphorylated on multiple sites either by autophosphorylation 

or cross-phosphorylation and this is also required for necroptosis [32]. Of note, multiple 

phospho-specific antibodies against RIPK1 (Ser14/15, Ser166) and RIPK3 (Ser232 (mouse)/

Ser227 (human)) have been developed and provide new useful tools to analyze initiation of 

necroptosis [33-37].

Additional phosphorylation events have been suggested to regulate pro-death activity of 

RIPK1. This includes negative phosphorylation of RIPK1 on Ser89 by yet to be identified 

kinase(s) [38], and by IKKα/β on yet to be defined site(s) [39]. The latter appears to 

represent a new function of the IKK complex, independent of its main role as an activator of 

NFkB. Notably, the third component of IKK complex poly-Ub binding factor NEMO 

(IKKγ) as well as upstream activator of this complex TAK1 kinase were also shown to 

suppress RIPK1-mediated cell death in an NFkB-independent manner [40-43], suggesting 

tight negative coupling of two major TNFα-dependent pathways (IKK and RIPK1 kinase) at 

the level of Complex IIb. Furthermore, as NEMO and TAK1 associate with poly-

ubiquitinated RIPK1 in Complex I [44-47], this regulation is likely tightly linked to RIPK1 

ubiquitination status. However, molecular details of this regulation are not sufficiently clear 

to determine if IKKs, TAK1 and NEMO may control separate regulatory events or these 
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factors share a mechanism of RIPK1 regulation. Additionally, ubiquitination also plays a 

direct role in RIPK1 activation. Even though inhibition of ubiquitination promotes formation 

of Complex IIb, a second wave of linear and K63 RIPK1 ubiquitination was shown to occur 

in the necrosomes. It involved Lys115 site and required catalytic activity of RIPK1, but 

neither RIPK3 or MLKL [48]. Mutation of this site reduced RIPK1 phosphorylation and 

ubiquitination, necrosome formation, and necroptosis in cells treated with TNFα, SMAC 

mimetic and zVAD.fmk, demonstrating that necrosome-associated Lys115 ubiquitination is 

an essential early event in the formation of stable necrosomes.

RIPK3 is brought into the complex through interaction between homologous RIPK1 and 

RIPK3 RIP homotypic interaction motif (RHIM) domains, which promote formation of 

detergent-insoluble amyloid-like structures [49]. In necrosomes, RIPK3 undergoes 

phosphorylation on Ser232, which is essential for recruitment of downstream necroptosis 

effector – pseudokinase MLKL [50, 51]. MLKL is the critical necroptosis effector, as Mlkl-/- 

cells are completely resistant to necroptosis [52]. Notably, the main function of necrosome 

formation in necroptosis initiation may be to promote formation of RIPK3 homodimers, as 

enforced homodimerization of just RIPK3 is sufficient for necroptosis even in the absence of 

interaction with RIPK1 [53-55]. MLKL is directly phosphorylated by RIPK3 on Thr357/

Ser358 sites in the activation loop, inducing a conformational change that releases the pro-

necrotic membrane-disrupting N-terminal four-helix bundle [56]. MLKL is a gateway for 

activation of RIPK3 kinase-dependent necroptosis [57-59]. Plasma membrane translocation 

of MLKL has been linked to perturbation of calcium and sodium fluxes [60, 61], which is 

associated with increased osmotic pressure [61]. Furthermore, calcium influx through 

TRPM7 channel was shown to be an early and essential event in MLKL-dependent 

necroptosis [60]. MLKL-dependent membrane permeabilization can be induced by enforced 

dimerization of just the N-terminal bundle and brace domains, and involves interactions with 

phosphoinositides (especially PI(4,5)P2) [58, 62, 63]. However, the precise mechanism of 

how this ultimate step in necroptosis execution occurs is still a matter of discussion 

(reviewed in [64]).

Differential Roles of the Catalytic and Scaffold Activities of RIPK1 and 

RIPK3

As we will discuss further below, RIPK1 and RIPK3 kinases attracted major interest as 

potentially drug-targetable mediators of pathologic necrosis and associated inflammation. 

This stems from initial discoveries suggesting critical and selective roles of these kinases in 

necroptosis. However, subsequent data revealed new levels of complexity of cell death 

regulation by these proteins. For example, evidence has revealed contribution of their kinase 

activities to other modes of cell death, namely apoptosis, as well as direct controls of 

inflammatory gene expression. On the other hand, kinase-independent functions of these 

proteins should also be considered when interpreting results obtained in Ripk1-/-and Ripk3-/- 

animals and cells.

Necrostatin-1 (Nec-1) and its optimized analog Nec-1s (7-N1, 7-Cl-O-Nec-1), are highly 

selective allosteric Type III RIPK1 inhibitors, which have been used extensively to probe the 
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roles of RIPK1 kinase activity under various settings (summarized recently in [65]). 

Recently developed kinase dead knock-in RIPK1 mice, harboring D138N 

(Ripk1D138N/D138N) and K45A (Ripk1K45A/K45A) mutations, provided additional valuable 

tools for the analyses of the kinase-dependent functions of RIPK1 [36, 66]. Current data, 

generated using these tools as well as Ripk1-/- mice and cells, clearly indicates that RIPK1 

possesses multiple kinase-dependent and independent functions. As mentioned above, an 

important kinase-independent function of RIPK1 in some, but not all circumstances is the 

rapid NFkB activation upon formation of Complex I by TNFR1, which involves RIPK1 

protein ubiquitination on Lys377 [18, 67, 68]. Another example of kinase-independent 

activity of RIPK1 is its contribution to caspase-8-dependent apoptosis, which was observed 

upon expression of a catalytically inactive Ripk3D161N/D161N mutant [51, 69]

Initial analyses using Nec-1 and re-expression of kinase-dead RIPK1 in RIPK1-deficient 

Jurkat cells suggested that kinase activity may be required exclusively for necroptosis 

induced by TNF receptor family member, Fas [5, 9]. Importantly, both Ripk1D138N/D138N 

and Ripk1K45A/K45A mice were viable and fertile and displayed no obvious abnormalities, 

similar to Ripk3-/- and Mlkl-/- animals, suggesting that inhibition of pathology-associated 

necroptosis may be a feasible therapeutic strategy. While more recent data further support 

inhibition of RIPK1 kinase as a therapeutic target, it also suggests that the functions of the 

kinase activity of RIPK1 in disease are not limited just to necroptosis. Several lines of 

evidence suggest that kinase activity of RIPK1 can also exert direct cell intrinsic controls on 

pro-inflammatory gene expression and, thus, promote inflammation independently of the 

DAMPs released as a result of necroptosis. For example, work by our and other labs 

suggested that RIPK1 kinase activity in L929 and other cell lines is associated with new 

synthesis and release of TNFα [70-73]. We examined this regulation in macrophages 

stimulated with LPS and caspase inhibitors and showed that it is mediated by kinase 

activities of RIPK1 and RIPK3, but necroptosis and MLKL are dispensable [37]. Rather, the 

responses were mediated by recruitment of inflammatory effectors, in this case Erk1/2, to 

necrosome-like RIPK1/RIPK3 aggregates (Fig. 2). In another example, Wong et al. showed 

that genetic deletion of cIAP1/2 and XIAP led to the greatly enhanced production of 

inflammatory molecules by myeloid cells, which occurred secondary to the de-regulated 

expression of TNFα [74]. Recent analyses in mouse models of multiple sclerosis (MS) and 

amyotrophic lateral sclerosis (ALS) suggested that activation of RIPK1 in microglia 

promoted inflammatory phenotypes of diseased microglia, rather than necroptosis by virtue 

of low levels of MLKL expression in this cell type [34, 35]. Other examples of this 

regulation will be discussed in the subsequent sections of this review. Besides necroptosis 

and inflammation, RIPK1 kinase activity has also been linked to induction of caspase-8-

dependent apoptosis as mentioned earlier. For example, inhibition of TAK1 kinase or 

depletion of cIAP1/2 has been found to promote caspase-8-dependent apoptosis in the 

presence of TNFα, which required catalytic activity of RIPK1 [42]. Interestingly, RIPK1 

appears to be able to promote apoptosis both in a kinase-independent and kinase-dependent 

manner [42, 69]. An exact mechanism of how RIPK1 kinase activity facilitates apoptosis is 

not yet known, but these data may suggest that activation of caspase-8 results from a 

particular conformation of RIPK1 and kinase activity may aid in this conformational change. 

Hypothetically, this could occur through autophosphorylation events either promoting 
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conformational changes, or creating high affinity docking site(s) for pro-apoptotic effects, 

or, alternatively, trans-phosphorylation of proteins in the RIPK1/caspase-8 apoptotic 

complex, accelerating activation of apoptosis.

Another critical question is whether catalytic activity of RIPK1 is absolutely essential for 

necroptosis. In a number of instances, upstream signals were shown to induce necroptosis by 

directly engaging RIPK3 in the absence of RIPK1. In case of virus-induced DAI signaling 

and in some instances of TLR signaling this was seen in the cells expressing RIPK1. In 

cases of TNFα and IFN signals this was observed in Ripk1-/- cells [53, 75, 76], highlighting 

an interesting paradox; inhibition of RIPK1 kinase activity by Nec-1 efficiently prevented 

necroptosis in cells expressing RIPK1, whereas loss of the entire protein did not prevent 

necroptosis. One important observation, hinting a possible explanation, is that inhibition of 

necroptosis by Nec-1 was only observed in the cells expressing RIPK1 [71, 75]. These data 

suggest that signals normally requiring RIPK1 kinase activity are fundamentally re-wired in 

the absence of RIPK1 protein to allow RIPK3 activation, resulting in regulation that can by-

pass a more upstream RIPK1 step and directly engage RIPK3, as described in the case of 

DAI [76]. Experiments with Ripk1-/- cells and animals revealed another unexpected and 

essential function of this protein in guarding against inappropriate activation of both 

caspase-8-dependent apoptosis and RIPK3-dependent necroptosis in multiple tissues, 

including skin, liver and intestine [75, 77-81]. These data further suggest that the wiring of 

both apoptosis and necroptosis is profoundly dependent on the presence of RIPK1 protein, 

which, in turn, ensures that activation of cell death only occurs upon specific signals through 

activation of RIPK1 kinase activity. As discussed above, in some instances of apoptosis, 

RIPK1 may allow cell death in a kinase-independent manner through currently unknown 

mechanism(s) (e.g. changes to RIPK1 conformation).

Regulation by RIPK3 is similarly complex. In vitro, necroptosis occurs strictly in a RIPK3 

kinase dependent manner and is inhibited in both Ripk3-/- cells and by RIPK3 inhibitors. 

This reflects phosphorylation of MLKL by RIPK3 as a critical step in this regulation. 

However, we still have limited confirmation for the role(s) of the kinase activity of RIPK3 in 
vivo due to the lack of available tools. Currently available RIPK3 inhibitors promote 

apoptosis through the mechanism analogous to the expression of the catalytically inactive 

RIPK3 mutant gene, Ripk3D161N/D161N [51]. These molecules have not been examined in 

mice. In contrast, mice expressing the catalytically inactive Ripk3K51A/K51A gene are viable, 

but display greatly reduced expression of RIPK3 [51]. Thus, data generated using this 

mutant may reflect both kinase-dependent and kinase-independent functions of RIPK3. In 

addition, a recent analysis of concanavalin A-induced liver injury in mice [82], which 

resembles human immune-induced hepatitis, suggested the roles for MLKL and kinase 

activity of RIPK1, but no role for RIPK3 (as assessed using Ripk3-/- animals). The relevance 

and mechanistic details of such putative non-canonical RIPK1/MLKL-dependent death 

remain to be further validated and characterized.

Recently developed Mlkl-/- mice provide a useful selective tool to analyze the role of 

necroptosis in disease models. To examine the relative roles of known players in necroptosis, 

a recent study compared Ripk1D138N/D138N and Ripk3-/- mice to Mlkl-/- mice in several 

models of pathology [83]. For example, in the case of myocardial infarction, loss of any of 
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the three factors was equipotent. However, Mlkl-/- mice were poorly rescued from kidney 

ischemia-reperfusion and not at all from systemic inflammatory pathology in Tnaip3-/- mice, 

illustrating that pathologic contributions of RIPK1 kinase activity and/or RIPK3 (acting as a 

kinase or scaffold) extend beyond necroptosis alone [83].

There are multiple examples of RIPK3 exerting regulation in a kinase-independent manner 

in vitro. Nogusa et al. examined pathways of Influenza A virus induced death and provided a 

striking example of RIPK3 acting in a kinase-independent manner to promote clearance of 

virally infected cells through activation of caspase-8-mediated apoptosis [84]. It has also 

been shown that RIPK3 can induce inflammatory signaling in a kinase-independent manner 

through the activation of a non-canonical caspase-8-dependent inflammasome [85]. In a 

related example of kinase-independent regulation, RIPK3 was found to promote caspase-1 

dependent processing of IL-1β, IL-23, and IL-22 in dendritic cells in DSS model of severe 

colitis [86]. Notably, this was essential for the efficient repair, recovery of the animals, and 

progression of colorectal carcinogenesis [87]. RIPK3 was also shown to promote activation 

of canonical NLRP3 inflammasomes and apoptosis, again, acting in a kinase and MLKL-

independent manner [88, 89]. This pathway exacerbated interleukin-1 (IL-1)-dependent 

autoantibody-mediated arthritis.

Overall, the examples we list in this section clearly indicate that the biology of RIPK1 and 

RIPK3 greatly extends the boundaries of necroptosis and experimental data, generated using 

Ripk1-/- and Ripk3-/- cells and transgenic animals, should be treated cautiously, given the 

multitude of the regulatory events that could be affected.

Disease Pathology

Activities of RIPK1 and/or RIPK3 have been implicated in a wide range of disease 

processes. The following section will highlight some of the established and emerging 

disease areas that are related to RIPK1 and RIPK3-dependent cell death and/or inflammation 

triggered by this pathway, which illustrate both the promise as well as complexity of the 

regulation.

Ischemic Injury

Necrosis is well established to be the major form of cell death in ischemic injuries. 

Necroptosis, representing a regulated form of necrosis dependent on RIPK1-RIPK3-MLKL, 

has attracted major interest as a potential component of such injuries. Targeting the 

damaging effects of necroptosis through the use of Nec-1 in middle cerebral artery occlusion 

(MCAO) mouse model was initially shown to be effective in reducing ischemia-reperfusion 

injury (IRI) in the brain [90]. Since then, inhibition of IRI injuries by Nec-1 was observed in 

multiple tissues, including retina, heart and kidney (summarized in [91]). While these 

studies confirmed the efficacy of RIPK1 kinase inhibition against IRI, they also raised the 

question of whether the target of the inhibition is always exclusively RIPK1-RIPK3-MLKL-

dependent necroptosis.

Several studies showed strong protection from heart IRI injury by Nec-1 in different animal 

models [92-94]. Multiple reports also demonstrated strong amelioration of the injury in 
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Ripk3-/- mice [83, 95, 96]. However, analysis of cardiomyocyte IRI injury in vitro suggested 

that RIPK3 promoted both necroptosis and apoptosis. Furthermore, RIPK3-dependent death 

was shown to proceed through the activation of CamKII kinase, which is well established to 

play a role in heart IRI, rather than MLKL [96]. CamKII activation, in this case, was a result 

of a combination of RIPK3-dependent phosphorylation and oxidation, identifying CamKII 

as a new target of RIPK3 kinase.

Parallel analyses of kidney IRI revealed only a marginal protection in Mlkl-/-animals, even 

though Ripk3-/- mice were strongly protected and Ripk1D138N/D138N showed some 

protection [83]. Conversely, Caspase-8-/-;Ripk3-/- animals were completely resistant to IRI, 

suggesting that caspase-8 dependent apoptosis, rather than necroptosis may be a primary 

mode of cell death. In the same study, mouse MCAO injury was not significantly reduced in 

Ripk3-/- mice, suggesting that it may reflect activation of RIPK1 kinase-dependent, but 

RIPK3-independent cell death. Overall, these data suggest that RIPK1 inhibitors may 

represent promising agents against IRI injuries, but necroptosis may not be the primary 

mediator of this form of injury. The role of kinase activity of RIPK3 in IRI is unclear at this 

point.

Analyses of the role of phosphoglycerate mutase family member 5 (PGAM5) in IRI injury 

provided interesting further insights into the potential regulation by RIPK1 and RIPK3. 

PGAM5 was initially identified as a component of the RIPK1-RIPK3-MLKL complex, 

which anchors this complex to the mitochondria and mediates both necroptosis and passive 

oxidative stress-induced necrosis [97]. However, necroptosis was not affected in Pgam5-/- 

mice [98], and, furthermore, these mice displayed increased IRI injury in the heart and brain 

[99]. PGAM5 is important for the normal mitochondrial homeostasis by promoting 

mitophagy to rid cells of dysfunctional mitochondria [100]. Thus, the loss of protective 

mitophagy, counteracting induction of necroptosis, was proposed as a mechanism of 

increased susceptibility of Pgam5-/- animals to IRI injuries [99]. These data revealed yet 

another facet of cellular sensitivity to RIPK1 and RIPK3-mediated death.

Acute and Chronic Inflammatory Diseases

Many pathologies involving RIPK1 and RIPK3 are associated with the acute or chronic 

inflammation as well as disruption of immune homeostasis. Understanding the signaling 

pathways linking necroptosis mediators to inflammatory and immune regulatory circuits 

may help uncover potential treatments for debilitating diseases that often have lengthy, 

difficult, and sometimes unsuccessful treatment options. The contribution of RIPK1 and 

RIPK3 kinases to inflammatory and autoimmune pathologies has been an area of major 

focus and has provided many interesting conclusions.

Work by Duprez et al in 2011 suggested that RIPK1/3-mediated necroptosis might be the 

basis for systemic inflammation and mortality in TNF-induced systemic inflammatory 

response syndrome (SIRS) [101]. The results, using both Nec-1 and Ripk3-/- animals, 

indicated efficient protection from hypothermia, death, and reduction in the damage to 

multiple tissues including liver and heart and/or kidney. In contrast, intestinal injury, 

primarily occurring through apoptosis, was not affected. Systemic release of multiple 

DAMPs, such as LDH, HEX, and three different mitochondrial DNA (mtDNA) genes, were 
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also reduced. Although initial inflammatory response was not affected, there was a 

significant reduction in the sustained inflammation (e.g. levels of IL1 and IL6 at 6 hr after 

TNF injection), which likely reflects DAMP-mediated responses. Notably, Ripk3-/- mice 

were protected from sepsis in the cecal ligation and puncture model, suggesting a universal 

role for RIPK3 in sepsis-like inflammatory conditions.

TNFα plays a critical role in a variety of inflammatory and autoimmune pathologies 

(summarized in [102]). Findings by Duprez et al. provided a first dramatic demonstration 

that the systemic toxicity of this cytokine may not be a direct consequence of acute TNFR-

mediated pro-inflammatory signaling, but rather reflects widespread necroptotic cell death 

and DAMP-mediated systemic inflammation. The significant role of necroptosis in SIRS is 

further supported by recent demonstration that Mlkl-/- mice are also protected from SIRS 

[83]. However, protection was partial, and Caspase-8-/- provided added benefit to Ripk3-/-, 

suggesting that overall cell death was a result of both necroptosis and apoptosis.

Even though original observations by Duprez et al. suggested that necroptosis may not be 

involved in acute intestinal injury induced by injection of TNFα, recent evidence indicates 

that RIPK1 and RIPK3 may play important roles in intestinal injuries under different 

settings. Upregulation of RIPK3 and MLKL and reduction of caspase-8 were observed in the 

biopsies from the children with Inflammatory Bowel Disease (IBD) [103]. In another study, 

administration of Nec-1 was shown to attenuate disease development, inflammation, and 

HMGB1 release, as well as, inflammation-driven colorectal tumorigenesis in the DSS model 

of colitis [104]. Work presented by Vlanis et al. showed that the loss of Nuclear Factor kB 

(NFkB) essential modulator (NEMO) in intestinal epithelium cells (IEC) led to the 

disruption of intestinal immune homeostasis, cell death and development of the chronic 

inflammation [41]. NEMO is a component of the IKK complex, required for NFkB 

activation. However, comparable injury was not observed in triple knockout mice deficient 

in all three transactivating subunits of NFkB (p65, c-Rel and RelB), suggesting the 

phenotype of NEMOIEC-KO was not due to the loss of NFkB activation. Instead, 

development of intestinal auto-inflammatory disease was dependent on TNFR1 signaling 

and intestinal microbiota. NEMOIEC-KO mice displayed severe loss of Paneth cells, which 

was completely prevented by RIPK1D138ND138N or if both caspase-8-dependent apoptosis 

and RIPK3-dependent necroptosis were inhibited. Overall, the authors proposed a model of 

intestinal injury in which the loss of NEMO sets in motion a powerful self-amplifying loop, 

encompassing progressive loss of epithelial barrier integrity due to the RIPK1 kinase-

dependent Paneth cell apoptosis and necroptosis, followed by microbiota-dependent 

inflammation and TNFα production, further potentiating RIPK1 kinase-dependent cell 

death. NEMO likely restrains RIPK1 activation directly, by binding to poly-ubiquitin chains 

on RIPK1, rather than through the regulation of NFkB [40]. Similar auto-amplification 

cascades, involving cooperation between cell death and inflammation, controlled directly by 

RIPK1 kinase, or mediated by DAMPs, or induced by exposure to new exogenous signals 

(e.g. exposure to commensal bacteria), may represent a general feature of RIPK-dependent 

inflammatory pathologies.

Curiously, while NEMO loss in the intestine led to the mixture of necroptosis and apoptosis, 

loss of this protein in the liver parenchymal cells (LPC) led to the development of 
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steatohepatitis and hepatocellular carcinoma (HCC), which were mediated exclusively by 

RIPK1 kinase-dependent apoptosis and not necroptosis [105]. However, the reasons for 

preferential activation of RIPK1-dependent apoptosis vs. necroptosis in different tissues are 

not yet known. In several animal pathologies, cell death-independent controls of 

inflammation by RIPK1 and RIPK3 have been shown to primarily contribute to the disease. 

In one striking example, necroptosis-independent pro-inflammatory signaling by RIPK1 

kinase was proposed to promote auto-inflammatory skin disorders, such as neutrophilic 

dermatosis in Ptnp6spin mice [106]. Development of this pathology was found to be driven 

by the excessive release of IL-1α, which promoted improper wound healing. Excessive 

production of IL-1α was found to be mediated by RIPK1 in a Erk and NFkB-dependent 

manner. Administration of Nec-1 as well as fetal liver transplantation of Ripk1-/- cells 

protected against this wound-induced inflammation and tissue damage. Notably, no 

protection was seen in Ripk3-/- mice.

IL-1α is also the cause for inflammation that drives atherosclerotic progression as an 

antibody against this cytokine reduced development of the atherosclerotic plaques in ApoE-/- 

mice [107]. Two independent studies [33, 107] demonstrated that Ripk3-/- significantly 

attenuated plaque formation by controlling systemic inflammation, including IL1α 
production. However, in this case, systemic inflammatory responses were proposed to reflect 

macrophage necroptosis in plaques, rather than direct control of gene expression by RIPK3. 

The contribution of RIPK1 to this disease has not yet been reported.

Loss of SHARPIN, a component of linear ubiquitination LUBAC complex, in 

Sharpincpdm/cpdm mice leads to robust dermatitis and multi-organ inflammatory pathology, 

which is dependent on TNFR1-mediated cell death [108]. Strikingly, all aspects of this 

pathology were prevented in Ripk1K45/K45A kinase dead knock-in animals [36]. Further, in 

line with our earlier discussion of tissue specific roles of RIPK1-dependent apoptosis and 

necroptosis, Rickard et al. showed that dermatitis was specifically attenuated in 

Sharpincpdm/cpdm;Caspase-8-/+ mice, while deficiency in RIPK3 or MLKL attenuated 

splenomegaly and liver inflammation [108]. Combined loss of caspase-8 and RIPK3 

markedly delayed development of pathology in Sharpincpdm/cpdm;Casp8+/-;Ripk3-/- 

including sparing of Peyer's patches in the gut, which was not prevented by single loss of 

RIPK3 or caspase-8. Notably, human keratinocyte HaCaT cells expressing catalytically 

inactive mutant of another LUBAC component HOIP protein displayed similar 

hypersensitivity to TNF-induced cell death. These data may hold new hope for the patients 

with deficiencies in LUBAC components HOIP and HOIL1, which lead to the development 

of the auto-inflammatory pathology [109, 110]. Notably, complete loss of caspase-8 in 

Sharpincpdm/cpdm;Casp8-/−;Ripk3−/− mice displayed perinatal mortality [108]. This is 

curious, as similar mortality was not observed in Sharpincpdm/cpdm;Ripk1K45A/K45A mice 

[36]. It is tempting to speculate that this model may unexpectedly reveal the consequences of 

unbalanced activation of RIPK1 in the absence of RIPK3/caspase-8, but this possibility has 

not yet been addressed.
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Axonal Degeneration

In addition to the above examples, necroptosis mediators were also implicated in the 

sustained inflammation in multiple other disease states. Multiple Sclerosis (MS) is a 

neuroinflammatory disease characterized by the progressive demyelination of axons in the 

central nervous system. Intriguingly, Ofengeim et al. observed that active white matter 

lesions of MS patients displayed defective caspase-8 activation and an elevation in TNFα 
[35]. The authors further showed that these conditions provide a prime setting for the 

activation of RIPK1 and RIPK3 kinases and necroptosis. Consistently, elevated levels of 

phosphorylated and/or total RIPK1, RIPK3 and MLKL were further found in lesioned 

tissue. In in vivo experiments, administration of optimized Nec-1 analog, 7N-1 (Nec-1s), 

was shown to preserve oligodendrocytes, reduce the loss of myelin, and reduce 

neuroinflammation in the cuprizone model of MS. Notably, oligodendrocytes were found to 

be highly sensitive to TNFα-induced necroptosis in vitro. Oligodendrocyte degeneration is a 

prominent event in the cuprizone model, and Ripk3-/- mice were protected comparably to 

7N-1 in this model. In contrast, autoimmune/allergic encephalomyelitis (EAE) model of MS 

involves neuroinflammation mediated by infiltrating monocytes and activated microglia. The 

latter express high levels of RIPK1, but low levels of MLKL and are resistant to necroptosis. 

Mice were strongly protected by 7N-1 in the EAE model, but weaker protection was 

observed in Ripk3-/- mice, consistent with RIPK1 kinase-dependent inflammatory signaling 

in microglia cells playing a significant role. Overall, these data suggested that RIPK1 kinase 

plays a primary role in the development of MS-like demyelination through both RIPK3/

MLKL-dependent necroptosis of oligodendrocytes and microglia/monocyte-dependent 

inflammation.

Similar findings were recently made in another disease, involving axonal degeneration - 

amyotrophic lateral sclerosis (ALS). The initial work by Re et al. showed that human adult 

primary sporadic and familial ALS (sALS and fALS) astrocytes triggered death of human 

embryonic stem cell-derived motor neurons (MNs) in vitro [111]. This new model 

reproduced a key feature of the disease: ability of diseased astrocytes, but not the control 

cells to induce death in MNs. Furthermore, both sALS and fALS astrocytes induced 

necroptosis, which was blocked by Nec-1 and necrosulfonamide, a small molecule inhibitor 

of human MLKL [57], suggesting that necroptosis may be a new player in this devastating 

disease. Recently published analysis by Ito et al. examined the consequences of the loss-of-

function mutations in the Optineurin (Optn) gene, which are associated with both sALS and 

fALS [34]. The authors reported that the loss of Optn (Optn-/-) in the oligodendrocytes and 

myeloid cells led to the axonal loss and dysmyelination in the spinal cords, resembling 

pathology in ALS. Levels of RIPK1, RIPK3 and MLKL were increased in the spinal cords 

of Optn-/- mice as well as in the white matter lesions in the spinal cords of ALS patients. In 

part, these changes were explained by the direct association of OPTN and RIPK1, which 

promoted the proteosomal degradation of the latter. Optn-/-oligodendrocytes showed 

significantly greater sensitivity to TNF-induced death, which was blocked by Nec-1s and 

RIPK1D138N/D138N. Optn-/- microglia showed increased phosphorylation of RIPK1 and 

increased expression of a number of inflammatory genes suggestive of M1-like polarization. 

Importantly, the axonal pathology of Optn–/– mice was completely rescued in 

Optn–/–;Ripk1D138N/D138N and the Optn–/–;Ripk3–/– double-mutant mice as well as by the 
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administration of Nec-1s. Notably, Ripk3–/– and Nec-1s also rescued axonal pathology in the 

SOD1G93A fALS model. Overall, these data, again, provided a striking demonstration of a 

cooperative contribution of both necroptosis and inflammatory signaling downstream from 

RIPK1 kinase in the development of axonal degeneration.

Autoinflammatory and autoimmune pathology in the absence of necroptosis

Extensive analyses by Alvrez-Diaz et al. and Zhang et al. examined the roles of RIPK3 and 

MLKL in autoimmune diseases. Both groups observed that while Mlkl-/- rescued embryonic 

lethality due to activation of necroptosis in Caspase-8-/- and Fadd-/- mice, these mice rapidly 

succumbed to extremely severe systemic autoimmune disease, lymphadenopathy, and 

thrombocytopenia [112, 113]. Interestingly, while the development of autoimmunity may be 

hypothesized to result from a deficiency of both apoptosis and necroptosis in these mice; 

however, cell death-deficient Ripk3-/-;Caspase-8-/- and Ripk3-/-; Fadd-/- mice developed 

much milder autoimmune disease. One potential clue to understanding this discrepancy 

comes from the observation that deficiency in MLKL, which has been previously shown to 

mediate necroptosis exclusively, led to the increased systemic inflammation, and this was 

not seen in RIPK3-deficient mice [113]. This may reflect our recent observation that 

caspase-8 inhibition in macrophages promoted inflammatory gene expression, which was 

blocked in Ripk3-/-, but not Mlkl-/- cells [37]. Further, this raises the possibility that the 

combination of intact pro-inflammatory signaling by RIPK1/RIPK3 and deficient apoptosis 

and necroptosis provides an optimal environment for the development of autoimmune 

disease. Another interesting example of RIPK1/3-dependent inflammatory pathology was 

revealed in the experiments with mice deficient in the deubiquitinase A20 (Tnaip3). 

Tnaip3-/- mice develop severe inflammation and cachexia, die prematurely, and show 

hypersensitivity to LPS and TNFα [114]. Haploinsufficiency in A20 in humans leads to 

early onset auto-inflammatory disease [115]. It has been proposed that this phenotype is 

dictated by the critical role of A20 in terminating TNFα-induced cell death and NFkB 

activation, mediated by K63 ubiquitination of multiple signaling intermediates (TRAF6, 

NEMO, RIPK1) [30, 114, 115]. However, recent data suggest that pathology may arise 

primarily from the activation of the RIPK1/RIPK3 axis, although the exact mechanism 

remains to be fully uncovered. Work by Onizawa et al. identified a new ubiquitination site 

on Lys5 of RIPK3, which was negatively regulated by A20, and was essential for RIPK1/

RIPK3 complex formation and necroptosis [29]. However, Mlkl-/- mice were not protected 

from the disease induced by the loss of A20, unlike RIPK1D138N/D138N or Ripk3-/- animals 

[83], again indicating that non-necroptotic regulation plays a primary role under these 

conditions.

Part of the Tnaip3-/- inflammatory phenotype, such as formation of foci of neutrophilic 

inflammation in the liver, and development of dermatitis and/or panniculitis, were reduced 

only in Ripk3-/- mice and not in RIPK1D138N/D138N mice, indicating that both RIPK1-

dependent and exclusively RIPK3-dependent events cooperate to promote the pathology. 

While not yet examined, the latter are reminiscent of the kinase-independent inflammatory 

regulation by RIPK3, reported by Francis Chan's laboratory [116]. Overall, loss of A20, 

which normally restricts activation of RIPK1 and RIPK3, appears to primarily promote non-
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necroptotic cell death and systemic inflammation, which is partially controlled by the kinase 

activity of RIPK1, and, in part, by the RIPK1-independent signaling through RIPK3.

Overall, the complexity of the data in this section illustrates the main theme of our review. 

Even though RIPK1 and RIPK3 kinases initially emerged as specific mediators of 

necroptosis, it is now clear that the regulation is much more complex. RIPK1 and RIPK3 

promote at least three distinct responses: necroptosis, apoptosis, and cell death-independent 

inflammation, and the loss of homeostasis of any of these pathways may contribute to the 

development of pathology. In some cases, a particular pathway may be a dominant disease 

driver. For instance, limited levels of active caspase-8 were linked to activation of 

necroptosis or low expression of MLKL was tied to inflammatory signaling by RIPK1 and 

RIPK3 as observed in MS and ALS models [34, 35]. However, it seems likely that additional 

intrinsic factors controlling differential activation of RIPK1/RIPK3-dependent responses 

may exist. From a therapeutic prospective, kinase activity of RIPK1 appears to be positioned 

at the apex of the regulation, and multiple lines of evidence suggest that it represents a 

promising therapeutic target. It is less clear at this point to which extent kinase activity of 

RIPK3 plays a role and if it can be safely targeted by small molecule inhibitors.

Emerging roles of RIPK1 and RIPK3 in cancer

As described above, activation of RIPK1 and RIPK3 signaling has been shown to mediate 

and exacerbate injury both systemically and in a tissue-specific manner. Recent evidence 

summarized in this section also suggests that activity of these kinases may participate in 

tumorigenesis; however, as in other pathologies, RIPK1 and RIPK3 play complex roles. 

Thus far, research into the roles of necroptosis in cancer revealed three different, putatively 

therapeutically exploitable angles: a) induction of necroptosis can be used to eliminate 

cancer cells that show resistance to treatment; b) promoting necroptosis can enhance 

surveillance and protective immunity against cancer, and c) conversely, inhibition of 

necroptosis can lead to a reduction in the cancer-promoting inflammation.

Activation of necroptosis in cancer cells

Consistent across many cancers is the development of resistance to drug-induced apoptosis. 

Initial work using a necroptosis activator shikonin in MCF-7 and HEK293 cancer cell lines 

provided confirmation that induction of RIPK-dependent necroptosis could provide an 

avenue to eliminate cancer cells, which acquired resistance to apoptosis [117]. Apoptosis-

resistant cells expressing anti-apoptotic Bcl-2 family members Bcl-2 and Bcl-xl were found 

to remain sensitive to shikonin-induced cell death, which was prevented by Nec-1. 

Furthermore, shikonin retained efficacy in cells expressing high levels of P-glycoprotein, 

which is one of the central mechanisms in acquiring multi-drug resistance by cancer cells 

[118]. Subsequent work demonstrated the ability of shikonin to induce necroptosis in cell 

lines representing a variety of cancer cell types, including glioma, breast cancer, 

osteosarcoma and multiple myeloma [119-122]. Interestingly, inhibition of necroptosis in 

various cell types has been shown to promote reversal of cell death phenotype and activation 

of apoptosis, suggesting that unlike many other in vitro experimental systems where 

apoptosis is induced first and is reverted to necroptosis in the presence of caspase inhibitors, 
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shikonin preferentially promotes necroptosis even in apoptosis-competent cells. Oxidative 

stress was shown to contribute to the activation of necroptosis by shikonin [120], but the 

more precise mechanism(s) is not yet known.

Combined inhibition of cIAP1/2 and XIAP by SMAC mimetic inhibitors unleashes multiple 

RIPK1/RIPK3-dependent mechanisms. This includes synthesis of TNFα, and the generation 

of an auto-feedback loop promoting apoptotic cell death and expression of multiple 

cytokines and chemokines [74, 123, 124]. These responses required kinase activity of 

RIPK1 and RIPK3, acting in a kinase and MLKL-independent manner [74, 125]. SMAC 

mimetics were also shown to promote IL-1β processing by both NLRP3 and caspase-8 

inflammasomes, which was abolished in Ripk3-/- cells [89]. Conversely, addition of 

zVAD.fmk converted RIPK1 kinase-dependent apoptosis into RIPK3 kinase-dependent 

necroptosis [125]. Notably, not all cancer cells produce TNFα in response to SMAC 

mimetics. In this case, SMAC mimetics lack toxicity as single agents, but still promote 

killing by exogenous TNFα or TRAIL [126-128].

The sum of these observations set the stage for the use of SMAC mimetics to promote 

RIPK1/3-dependent death as a new anti-cancer therapeutic strategy. In particular, the work 

by Simone Fulda's laboratory showed that SMAC mimetic BV6 efficiently promoted 

elimination of cancer cells in combination with multiple anti-cancer agents, including DNA 

damaging chemotherapeutic agents, ionizing radiation, TRAIL, interferon-alpha, HDAC 

inhibitors and others [129-140]. Oftentimes this was achieved in the cells that are otherwise 

highly refractory to chemo- or radio-therapies. Importantly, these and other works have 

revealed several noteworthy implications discussed below.

First, resistance of cancer cells to apoptosis could be efficiently circumvented by specific 

activation of necroptosis by the combination of SMAC mimetics with caspase inhibitors. 

Recent data reported by Brumatti et al. showed that acute myelogenous leukemia (AML) 

cells display a range of sensitivities to cIAP1/2-selective SMAC mimetic birinapant, 

depending on the oncogenic mutations present in the cells [141]. However, efficient killing 

through necroptosis was achieved in all cases when birinapant was combined with a clinical 

pan-caspase inhibitor Emricasan (IDN-6556). Strikingly, even the cells selected in culture to 

be resistant to birinapant alone, remained highly sensitive to the combination with caspase 

inhibitors. In addition, primary AML samples, including those from patients with relapsed or 

secondary disease, showed good response to the combination. Efficiency of Emricasan in 

promoting necroptosis was linked to its high affinity against necroptosis-inhibiting 

caspase-8/FLIP(L) heterodimers. Importantly, birinapant/emricasan combination was well 

tolerated in vivo and efficiently eliminated AML cells, suggesting that it may offer new hope 

for AML patients who have failed standard chemotherapy. Similarly, BV6 was shown to 

efficiently kill apoptosis-resistant pancreatic cancer cells by necroptosis when combined 

with zVAD.fmk [142]. In contrast, analysis of refractory or relapsed acute lymphoblastic 

leukemia (ALL) patient samples identified a subset which was highly sensitive to brinipant 

alone [143]. In this case, specific activation of necroptosis by addition of caspase inhibitor 

was not necessary, as cells were efficiently eliminated by brinipant alone inducing a mixture 

of RIPK1 kinase-dependent apoptosis and necroptosis. Overall, these data indicate that 

SMAC mimetics may provide a new therapeutic agent against the tumors that have 
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developed resistance to standard chemotherapies. Furthermore, ex vivo profiling of patient 

samples may provide a powerful approach for selecting the optimal SMAC mimetic-based 

treatment regimen.

Second, some tumor cell lines display resistance to necroptosis, which is, in part, explained 

by the reduction of RIPK3 expression through genomic hypermethylation [144]. Thus, 

combinations of SMAC mimetics with hypomethylating agents may present a good strategy 

in these cases. Indeed, combination of BV6 with demethylating agents 5-azacytidine or 5-

aza-2′-deoxycytidine resulted in a highly synergistic activation of apoptosis in ALL and 

AML cells, which was not observed in normal peripheral lymphocytes [145, 146]. Cell death 

was promoted through an autocrine/paracrine TNFα loop described above and inhibition of 

caspases led to the alternative activation of necroptosis.

Third, the use of SMAC mimetics may not be without complications. Although most 

cytokine responses to cIAP1/2 and XIAP loss in myeloid cells were mediated by autocrine 

TNFα signaling, production of CCL2/MCP-1 was induced separately [74]. The possibility 

of inducing this response should be considered with caution as BV6-induced production of 

CCL2 has been recently shown to promote migration and invasion of glioblastoma cells and, 

to modify tumor microenvironment, promoting migration of astroglial cells [147]. 

Furthermore, while SMAC mimetics generally showed preferential toxicity towards cancer 

cells, killing of normal cells cannot be completely discounted and may negatively impact 

therapy. For example, BV6 was shown to increase sensitivity of multiple hematologic and 

solid cancer cells to lysis by cytokine-induced killer (CIK) cells. However, this beneficial 

effect was reduced by some toxicity of BV6 towards CIK cells [148].

Tumorigenic activities of RIPK1 and RIPK3

Activation of RIPK1/RIPK3 signaling may not always be a beneficial anti-cancer strategy as 

these kinases were also shown to promote tumorigenesis in some contexts. One interesting 

recent example comes from the analysis of RIPK1/RIPK3 signaling in pancreatic ductal 

adenocarcinoma (PDA) cells [149]. RIPK1 and RIPK3 were found to be highly expressed in 

PDA cells and their expression was further induced by gemcitabine treatment that triggered 

MLKL-dependent necroptosis. However, counterintuitively, expression of RIPK1 and 

RIPK3 was tumor-promoting in this case. Expression of chemokine CXCL1 was high in 

both human PDA specimens and in mouse p48Cre;KrasG12D (KC) PDA model and was 

further enhanced by gemcitabine. High CXCL1 expression was mitigated by Ripk3-/- in vivo 
and RIPK1 and RIPK3 kinase inhibitors in vitro, suggesting a key role of necrosomes in 

driving CXCL1 expression. Most importantly, loss of Ripk3 or administration of Nec-1s 

significantly reduced tumorigenesis in the KC model. Mechanistically, this was linked to an 

increased RIPK1/RIPK3-dependent production of SAP130 protein in PDA cells, which 

promoted cellular immune suppression by tumor infiltrating macrophages, recruited in a 

CXCL1-dependent manner and expressing SAP130 receptor Mincle. Overall, this work 

provided a clear demonstration of tumor promoting activity of RIPK1/RIPK3-mediated 

inflammation through myeloid-dependent immune suppression. Notably, a number of tumor 

promoting cytokines and chemokines beyond CXCL1, including CXCL2, GM-CSF and IL6, 

are induced by necrosomes [37]. This may indicate that tumors that are known to be 

Wegner et al. Page 15

Trends Pharmacol Sci. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



promoted by these inflammatory mediators may be generally targeted by RIPK1 inhibitors. 

It is encouraging that another recent study showed that CRISPR-mediated genetic deletion 

of RIPK1, RIPK3 or MLKL in murine or human breast cancer cell lines reduced xenograft 

growth in vivo [150]. This, again, was putatively linked to the defects in the levels of a 

number of tumor-promoting cytokines and chemokines, including IL6, IL8, LCN2, CCL2/

MCP1, and CCL5.

Another example of tumorigenesis promoted by RIPK1/RIPK3 comes from the analysis of 

mice lacking tumor suppressor Hace1 [151]. Loss of Hace1, which acts as a E3 ubiquitin 

ligase of TRAF2 in TNFR Complex I, results in the loss of both NFkB activation and 

caspase-8-dependent apoptosis, but does not affect necroptosis. Furthermore, hace1-/- mice 

displayed greatly exacerbated development of colitis in response to DSS and propensity to 

develop colon cancer upon challenge with DSS and the genotoxic drug azoxymethane. 

Overall, deficiency in Hace1 led to greatly increased epithelial cell death, tissue destruction 

and severe sustained inflammation, which provided the necessary microenvironment for 

accelerated tumorigenesis that was completely reversed in Ripk3-/- and TNFR1-/- animals. 

As mentioned earlier, inhibition of RIPK1 may be a promising strategy in attenuating colitis-

associated tumorigenesis [104]. The roles of RIPK3 in intestinal tumorigenesis are more 

complex. It may contribute to the initial injury as seen in hace1-/- mice [151], but it also 

promotes repair through kinase-independent regulation of IL-1β, IL-23, and IL-22 cascade 

in severe colitis [86, 87]. It should be noted that there is currently no direct evidence that 

kinase activity of RIPK3 contributes to any of this regulation.

RIPK1, RIPK3 and anti-tumor immunity

The work by Yatim et al. showed that necroptotic cells produce signals promoting cross-

priming of CD8+ T cells by dendritic cells [152]. Using activation of necroptosis by 

dimerization of RIPK3, the authors showed that this regulation required two sets of signals: 

DAMPs released from the dead cells, and active RIPK1-NFkB dependent pro-inflammatory 

transcription in the dying cells. These data provided striking example of two distinct 

necrosome-dependent responses cooperating to induce functional regulation of cellular 

immune responses to necroptotic cells. Intriguing work presented this year showed further 

promise in vaccination against tumors using necroptotic murine colon carcinoma cells [153]. 

The authors showed that DAMPs, such as ATP and HMGB1, were released by necroptotic 

cancer cells, and promoted activation of anti-tumor cellular immunity. Vaccination induced 

dendritic cell maturation, cross-priming of CD8a+ T-cells, and IFN-γ production, all of 

which enhanced the immune response to the cancer cells.

Another recent study suggested that RIPK3-dependent signaling may be essential for 

promoting IL-12 production by dendritic cells, which is critical for promoting anti-tumor 

immunity [154]. In this work, cervical carcinoma C4-I cells, expressing high levels of 

RIPK3, were found to undergo necroptosis-like death in response to frequently used immune 

adjuvant polyinosinic:polycytidylic acid (PolyIC). This was shown to promote release of 

IL-1α, which led to greatly enhanced production of IL-12 by dendritic cells. The authors 

concluded that RIPK1 was not essential in this regulation because siRNA mediated silencing 

of RIPK1 failed to abate the response. However, as discussed before, loss of RIPK1 (e.g. in 
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R/pk1-/- mice) may produce new regulation that is not necessarily a reflection of the 

endogenous role of this protein. Furthermore, these data are reminiscent of an earlier report, 

examining the role of necroptosis in adjuvant activity of PolyIC [155]. In that case, a small 

fraction of dendritic cells was found to undergo necroptosis mediated by cathepsin D/IPS-1/

RIPK1 complex. HMGB1 released by the dying cells was found to drastically promote 

IFNJβ synthesis by the non-necroptotic DCs, enhancing cellular immune responses.

Overall, these reports reveal complex and often non-cell autonomous roles of RIPK1 and 

RIPK3 in tumorigenesis. It is clear that modulating these responses may result in powerful 

anti-cancer effects. In some cases, promoting RIPK1-dependent cell death or, even, 

specifically RIPK3-dependent necroptosis may be highly beneficial, while in other cases 

reducing necrosome-dependent inflammation, driving immune suppression by tumor-

infiltrating myeloid cells, may be highly beneficial. In yet another axis of regulation, anti-

tumor functions of dendritic cells may be promoted by necroptosis in tumor cells. 

Furthermore, while these responses have been, thus far, examined separately, the possibility 

remains that inhibition of RIPK1 may simultaneously promote both pro- and anti- tumor 

responses. Thus, developing new approaches to selectively target particular downstream 

effector events may be important.

New inhibitors of RIPK1 and RIPK3

A great amount of work has been done since the first specific inhibitor of necroptosis, Nec-1 

[9], was found to target RIPK1 [10]. A growing understanding of signaling of RIPK1 and 

RIPK3 has been accompanied by the development of new classes of inhibitors. We will not 

provide a comprehensive overview of RIPK1, RIPK3 and MLKL inhibitors, which are 

shown in Figs. 3 and 4 and we have already reviewed recently [65]. Rather, we will focus on 

some of the interesting new findings, which broaden our understanding of the therapeutic 

targeting of these factors.

Aside from previously reported classes of inhibitors, Zhou et al. recently introduced new 1-

benzyl-1H-pyrazole-based inhibitors of RIPK1 [156]. Structure-activity relationship (SAR) 

analysis led to development of optimized compound 4b (Fig. 5a). This molecule displayed a 

Kd value of 78 nM towards RIPK1 and an EC50 value of 160 nM in inhibiting necroptosis, 

which is comparable to Nec-1s (EC50=210 nM) [157]. Notably, daily injection of 10 mg/kg 

of 4b for 5 days provided efficient protection against L-arginine-induced pancreatic injury. 

Another inhibitor was reported by Berger et al. at GlaxoSmithKline [158] (Fig. 5b). The 

inhibitor GSK'963 was identified in an in vitro enzymatic screen of a collection of ∼2 

million compounds. This molecule showed potent, low nanomolar inhibition of necroptosis 

in the cells and complete protection from TNF/zVAD-induced shock in vivo at 2 mg/kg dose 

[158]. A screen of DNA-encoded chemical library at GlaxoSmithKline yielded a structurally 

distinct low nanomolar and mono-specific benzo[b][1,4]oxazepin-4-one based inhibitor of 

human RIPK1 (Compound 14, GSK'481), which displayed a particularly promising 

developability profile [159] (Fig. 5c). Notably, structural analysis indicated that this inhibitor 

and Nec-1s, which is also highly specific for RIPK1 [71, 157], target the same allosteric αC-

Glu-out/DLG-out back pocket [125, 160] that, thus far, has only been reported for RIPK1. 

Another unusual property of these molecules was a high degree of selectivity (>200 fold) 
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towards human and primate RIPK1 versus rodent homologs. This translated into low μM 

EC50 in mouse cells in vitro, and a relatively high (50 mg/kg, po delivery) dose of optimized 

inhibitor of this class (Compound 31) that was required to protect mice from TNF/zVAD-

induced shock. This was explained by an increased flexibility of the activation loop of 

human kinase, which was necessary to accommodate the major conformational changes in 

the activation segment, the C-helix, and the glycine-rich loop upon compound binding. We 

have previously reported that the DLG motif of RIPK1 (as opposed to DFG present in the 

majority of the kinases) was also essential in providing flexibility to the allosteric pocket of 

RIPK1 [125]. These data reveal that the allosteric back pocket of RIPK1 possesses unusual 

flexibility, which allows development of small molecule inhibitors with unprecedented 

specificity. Overall, these recent reports identify several exciting new classes of efficient 

RIPK1 inhibitors, adding to the repertoire of powerful pharmacologic tools to study RIPK1 

kinase biology in vitro and in vivo.

A new method for RIPK3 inhibition has also been revealed. Chaperone heat shock protein 

90 (HSP90) was found to play a critical role in allowing signaling by the necrosome on 

multiple levels (summarized in detail in [161]). This includes regulation of stability of 

RIPK1, binding of HSP90/CDC37 to RIPK3 that is critical for RIPK3-mediated necroptosis 

downstream from RIPK1, and modulation of stability and ability to induce necroptosis by 

MLKL [162]. A natural product Kongensin A was recently shown to prevent RIPK3 

activation upon TNFα stimulation [163] (Fig. 5d). This reflected an unusual mode of HSP90 

inhibition, which involved formation of the covalent adduct with previously uncharacterized 

Cys420 residue and dissociation of the HSP90/CDC37 complex. Because Kongensin A was 

also shown to induce apoptosis in multiple cancer cell lines, likely through other targets of 

HSP90 besides RIPK3, this molecule may emerge as an interesting anti-cancer agent 

capable of attenuating RIPK/necroptosis-dependent inflammation while promoting 

putatively less pro-inflammatory apoptosis.

An important question stemming from the use of necroptosis inhibitors is whether these 

molecules may promote a switch to apoptosis, opposite to the activation of necroptosis in the 

presence of caspase inhibitors. In one example that we mentioned earlier, inhibition of 

Shikonin-induced necroptosis was shown to increase apoptosis [164]. Another interesting 

example comes from the recent report showing that Nec-1 promoted caspase-dependent 

neutrophil apoptosis in the presence of neutrophil survival signals such as GM-CSF and LPS 

[165]. This switch was associated with down-regulation of anti-apoptotic Mcl-1 protein and 

up-regulation Bax, promoting apoptosis. Induction of neutrophil apoptosis was proposed to 

contribute to the ability of Nec-1 to rapidly resolve established neutrophil-dependent 

inflammation in LPS-induced acute lung injury, although, the ability of Nec-1 to markedly 

reduce LPS-induced inflammatory gene expression [37] should also be considered. Overall, 

to the best of our knowledge, the switch from necroptosis-to-apoptosis has not been 

observed broadly in vitro or in vivo. However, the possibility of compensatory activation of 

apoptosis by necroptosis inhibitors cannot be completely disregarded.
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Concluding Remarks

By virtue of their roles in negotiating a lytic cell death, RIPK1 and RIPK3 have garnered 

interest as targets to alleviate inflammation associated with pathologic cell damage and 

tissue injury. DAMPs released by permeabilized cells undergoing necroptosis are widely 

viewed as a major trigger for systemic inflammation associated with RIPK1 and RIPK3-

dependent diseases [166, 167]. Accordingly, it is the new discoveries of the roles for RIPK1 

and RIPK3 as drivers of cell-death independent inflammation that are particularly 

provocative as they prompt consideration of these proteins as potential drug targets for auto-

inflammatory pathologies that do not have well-defined cell-death associated etiologies, 

such multiple sclerosis, neutrophilic dermatosis, ALS, cancer and others, as discussed in the 

review. In other cases, the sum of the diverse functions attributable to RIPK1 and RIPK3, 

including cell-death dependent and independent processes, may cooperatively contribute to 

inflammatory, degenerative and autoimmune pathologies when homeostasis is perturbed. We 

have described some of the striking recently published examples of such cooperation 

between cell death-dependent and cell death-independent signaling by RIPK1 and RIPK3, 

e.g. during progressive demyelination in the CNS or antigen cross-presentation [34, 35, 

152].

Complex wiring of RIPK-dependent responses comes to the forefront when considering 

potential therapeutic targets. A focus on inhibition of RIPK1 kinase activity seems generally 

well justified, given tolerability of Nec-1s, lack of notable phenotype in kinase-dead 

animals, and efficient protection observed in multiple animal models of human pathology 

upon inhibition of RIPK1 kinase activity. In the long term perspective, targeting a particular 

downstream effector mechanism that plays a central role in the etiology of a particular 

disease may, hypothetically, offer benefits in efficacy and selectivity. For example, inhibition 

of RIPK3 may be beneficial under the circumstances when necroptosis is a primary driver of 

pathology because activation of RIPK3 may by-pass requirement for RIPK1 under some 

conditions and such inhibitors may not affect non-necroptotic functions of RIPK1. However, 

current inhibitors of RIPK3 as well as a kinase-dead RIPK3D161N/D161N mutant 

unexpectedly promote caspase-8-dependent apoptosis [51, 69]. The lack of this phenotype 

with RIPK3K51A/K51A suggests that non-toxic RIPK3 inhibitors may be an achievable goal 

[51], but it is not yet clear which mechanistic class of inhibitors is needed to realize this 

target.

Similarly, given a critical role of caspase-8 in many injuries and potential benefits of 

necroptosis activation in cancer, the development of new selective inhibitors of pro-apoptotic 

caspase-8 homodimers and anti-necrotic caspase-8/FLIPL heterodimers will be worthwhile. 

These inhibitors can be expected to have significant value as research tools. Therapeutically, 

however, inhibition of caspase-8 may carry risks. Genetic loss of caspase-8 was found to 

result in activation of necroptosis and either animal death or extensive local tissue injury 

[168, 169]. On the other hand, pan-caspase inhibitor Emricasan (IDN-6556) was well 

tolerated, suggesting that caspase inhibitors might not be too far away from being 

recognized as clinically useful drug targets to modulate RIPKs [141]. Importantly, these 

dichotomous observations may reflect tissue-specific regulation, whereby cells and tissues 

exposed to physiologic necroptosis-initiating signals (e.g. coming from commensal 
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microbiota) may have limited exposure to Emricasan, due to the specific biodistribution 

profile of this drug. Accordingly, the pharmacologic profile of future caspase inhibitors may 

be critical to their tolerability and efficacy in patients. It may also be worthwhile to consider 

that the toxicity of caspase-8-/- may reflect additional scaffolding roles of this caspase, in 

which case small molecule inhibitors may be tolerated.

Along these lines, even though the loss of both RIPK3 and caspase-8 alleviates many acute 

injuries, it leads to autoimmune disease, which is further exacerbated in Mlkl-/-;caspase-8-/- 

animals [112, 113]. Overall, we interpret these and other published data to indicate that 

effector mechanisms activated by RIPK1 kinase are carefully balanced and their modulation 

should be considered with caution as it may fundamentally change the wiring of the 

regulation, leading to unexpected detrimental responses. Extending on our general model, 

normally innocuous pro-Complex IIb signals, e.g. from intestinal microbiota [41, 77, 78], 

could promote some degree of RIPK1 kinase activation in vivo. However, formation of 

stable pro-death complexes could be restricted by the presence of active caspase-8 in 

heterodimers with FLIP(L) [25] and RIPK3 in the active DFG-in/Glu-in conformation [170]. 

Inhibition of caspase-8 or conformational change to RIPK3, induced by an inhibitor or 

D161N mutation, may alter the balance and promote robust initiation of either apoptosis or 

necroptosis. Thus, while attractive, targeting of downstream effectors of Complex IIb for 

therapeutic gain remains a risky area (See Outstanding Questions).

In this new complexity, the roles for RIPK1 and RIPK3 as drivers of cell death might seem 

most straight-forward based on the available data. However, this is not entirely the case as 

the roles of these proteins also differ in a context-dependent manner. For example, in some 

cases, activation of RIPK1 kinase-dependent apoptosis, has been primarily linked to the 

development of the injury, while in other cases a combination of apoptosis and necroptosis 

was observed. Curiously, this is sometimes observed when activation of RIPK1 signaling is 

mediated by the same event but in different tissues, as has been reported upon deletion of 

NEMO in intestinal epithelial cells versus hepatocytes [41, 105]. In some instances, 

preferential activation of a particular response was traced to the deficiency in caspase-8 

activation or low expression of MLKL or RIPK3, but it seems likely that additional signals 

that affect the direction of Complex IIb responses may exist. Similarly, the molecular 

mechanisms leading to the formation of pro-apoptotic (ripoptosome) and pro-necroptotic 

(necrosome) versions of Complex IIb also remain to be fully understood. For example, 

addition of TNFα alone does not result in cell death in most cell types, as this requires 

additional factors promoting formation of Complex IIb. Curiously, while induction of RIPK1 

kinase-dependent apoptosis by TNFα requires inhibition of IAPs, this is not absolutely 

required for necrosome formation, which can occur upon caspase-8 inhibition in the absence 

of IAP inhibitors [125]. This may reflect protection of CYLD by caspase-8 inhibition [27], 

resulting in a more robust de-ubiquitinase activity associated with necrosomes, making 

inhibition of ubiquitination in Complex I less essential. Nevertheless, these observations 

may also indicate that distinct molecular events may be ultimately required for the formation 

of productive ripoptosomes and necrosomes, representing a departure from the current linear 

model where necrosome complexes are often considered as an extension of ripoptosomes by 

the addition of RIPK3.
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It should also be noted that the tools, such as the RIPK1 inhibitor Nec-1s and Ripk3-/- mice, 

that have been used to interrogate necroptosis, are not exclusive for this mechanism. In lieu, 

the specific role of necroptosis may be specifically addressed with the availability of Mlkl-/- 

mice. Although the data generated using these mice are still limited, it appears that they 

show some overlap with protection by Ripk3-/- as well as Nec-1s and RIPK1D138N/D138N; 

however, there are also differences, likely reflecting a role for necroptosis as just one of the 

alternative Complex IIb-directed mechanisms [83].

In sum, the data summarized in this review highlights the tremendous therapeutic promise of 

targeting RIPK1 and RIPK3 regulation. These reports illustrate the complexity of this 

regulation which also needs to be considered in interpreting experimental results and 

strategizing for new therapeutic avenues. Importantly, additional tools and biomarkers, 

targeting activation of specific effector mechanisms will be helpful and, this, in turn, will 

necessitate further mechanistic interrogation of necrosome functions.
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Outstanding questions box

• How is Complex IIb regulated in disease? Evidence indicates that Complex 

IIb can control multiple disease-associated processes, including caspase-8-

dependent apoptosis, RIPK3-MLKL-dependent necroptosis, and pro-

inflammatory gene expression. In some cases, a particular response plays a 

predominant role in the etiology of the disease. In other cases, combinations 

of responses, acting cooperatively, modulate disease progression. Moving 

forward, it remains to be determined which molecular events define the 

direction of Complex IIb-dependent responses in pathology.

• Is there a single Complex IIb? The molecular composition of Complex IIb is 

not definitively known. It remains to be determined whether it is a single 

complex, promoting multiple context-dependent responses, or alternatively, 

there are several complexes, mediating distinct responses.

• What are the roles of Complex IIb in pathologic injury and disease? Initial 

view postulated that RIPK1 and RIPK3 kinases specifically and exclusively 

mediate necroptosis. However, new evidence suggests that we need to 

examine contributions of Complex IIb in contexts that are not limited to overt 

cell death phenotypes, such as auto-inflammatory diseases and cancer. This 

will require better tools and specific markers to understand contributions of 

different modes of Complex IIb signaling in disease.

• Can we target components of this pathway other than RIPK1 therapeutically? 

Targeting specific downstream effectors of RIPK1, such as RIPK3 kinase or 

caspase-8, may improve efficacy under some conditions. However, serious 

concerns remain whether such strategies can be efficacious or well tolerated.

• How do RIPK1 kinase inhibitors compare with anti-TNF agents? The TNF-

dependent auto-amplification loop is a critical feature of RIPK1-associated 

pathologies. Theoretically, inhibitors of RIPK1 can terminate pathologic 

signaling by TNFα, but have yet to be directly compared to anti-TNF drugs.
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Trends box

• RIPK1 and RIPK3 kinases first emerged as mediators of a process of 

regulated necrosis, termed necroptosis.

• These factors also promote caspase-8-dependent apoptosis and 

proinflammatory gene expression.

• These responses are controlled in a context-dependent manner by Complex 

IIb, formation of which requires kinase activity of RIPK1.

• Signaling by Complex IIb is controlled on multiple levels, including 

phosphorylation and ubiquitination of complex components.

• Complex IIb-associated cell death and inflammation both contribute to 

disease and represent a target for therapeutic interventions. In particular, 

RIPK1 kinase activity has emerged as a driver of multiple degenerative, 

inflammatory and auto-immune pathologies.

• Multiple inhibitors of RIPK1 and RIPK3 have been developed, and represent 

useful tools to study their biology as well as potential leads for drug 

development.
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Figure 1. 
Scheme depicting Complex IIb formation in response to TNFα. Of note, different 

numbering systems are used in the literature to denote various TNF-induced pro-death 

complexes. We follow the nomenclature where canonical RIPK1 kinase independent 

proapototic caspase-8 complex is termed Complex II or Complex IIa, while RIPK1 kinase-

dependent complexes are named Complex IIb. Components of ripoptosome and necrosome 

are indicated putatively as complete composition of these complexes is not yet established. 

For instance, multiple lines of evidence suggest that RIPK3 may participate in both 

ripoptosome (as a scaffold) and necrosome (as a kinase). Furthermore, it is also not entirely 

clear if ripoptosome and necrosome represent largely the same complex, promoting distinct 

responses in a context-dependent manner, or separate complexes.
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Figure 2. 
Proposed mechanism for the activation of inflammatory gene expression through RIPK1/

RIPK3 kinase activity [37].
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Figure 3. 
Examples of previously reported RIPK1 kinase inhibitors. a) Necrostatin-1 [90]. b) 

Necrostatin-3 [10, 171]. c) Necrostatin-4 [10, 172, 173]. d) Necrostatin-5 [10, 174]. e) 

Optimized Necrostatin-1s [10, 90, 175]. f) Compound 27 [176]. g) Pazopanib [177]. h) Dual 

RIPK1/RIPK3 inhibitor Ponatinib [125, 177]. i) RIPK1-specific ponatinib/Nec-1s hybrid 

PN10 [125].
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Figure 4. 
Previously described RIPK3 and MLKL inhibitors. a) GSK'840 [51]. b) GSK'843 [51, 178]. 

c) GSK'872 [51, 178]. d) GW'39B [179]. e) Dabrafenib [180]. f) Necrosulfonamide [57]. g) 

Compound 1 [181].
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Figure 5. 
Recently developed inhibitors of RIPK1 and RIPK3. a) Compound 4b [156]. b) GSK'963 

[158]. c) GSK'481 [159]. d) Kongensin A [163].
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