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Abstract

Necroptosis is a form of regulated cell death that critically depends on receptor-interacting serine-

threonine kinase 3 (RIPK3) and mixed lineage kinase domain-like (MLKL) and generally 

manifests with morphological features of necrosis. The molecular mechanisms that underlie 

distinct instances of necroptosis have just begun to emerge. Nonetheless, it has already been 

shown that necroptosis contributes to cellular demise in various pathophysiological conditions, 

including viral infection, acute kidney injury, and cardiac ischemia/reperfusion. Moreover, human 

tumors appear to obtain an advantage from the downregulation of key components of the 

molecular machinery for necroptosis. Although such an advantage may stem from an increased 

resistance to adverse microenvironmental conditions, accumulating evidence indicates that 

necroptosis-deficient cancer cells are poorly immunogenic and hence escape natural and therapy-

elicited immunosurveillance. Here, we discuss the molecular mechanisms and relevance to disease 

of necroptosis.
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INTRODUCTION

Extreme microenvironmental conditions (e.g., elevated pressures, shear forces, high 

temperatures) provoke the physical disassembly of cellular constituents, hence causing a 

virtually instantaneous and uncontrollable form of cellular demise that is commonly known 

as accidental cell death (ACD) (1). By contrast, cells succumb to relatively mild 

perturbations of homeostasis or developmental signals when a dedicated molecular 

machinery is activated (1). This latter instance of cellular demise can be modulated (i.e., 

accelerated or retarded) by pharmacological agents or genetic interventions and is generally 

referred to as regulated cell death (RCD) (2, 3). The term programmed cell death is 

employed to define instances of RCD that occur in purely physiological settings (e.g., 

embryonic and postnatal development, the maintenance of adult tissue homeostasis) (4) as 

opposed to RCD triggered by exogenous perturbations of the intracellular or extracellular 

microenvironment, which occurs once adaptive processes such as autophagy or the 

endoplasmic reticulum stress response fail (5, 6).

Because ACD invariably manifests with morphological features of necrosis (i.e., plasma 

membrane breakdown, generalized swelling of the cytoplasm and organelles, spillage of 

cellular constituents into the microenvironment), researchers commonly assumed that 

necrosis always occurs in accidental settings (7, 8). Data accumulating over the past 15 

years, however, has conclusively demonstrated that several forms of RCD manifest with a 

partial or complete necrotic morphology, including necroptosis, as well as mitochondrial 

permeability transition (MPT)-driven regulated necrosis, parthanatos, ferroptosis, and 

pyroptosis (7, 8) (see sidebar, Other Forms of Regulated Necrosis). This conceptual 

transition has initiated a completely new and active field of investigation. Here, we discuss 

the signal transduction cascades that control necroptosis and analyze the relevance of 

necroptotic RCD for human physiopathology.

MOLECULAR MECHANISMS OF NECROPTOSIS

Pharmacological and genetic evidence collected over the past decade has provided profound 

insights into the molecular machinery that precipitates necroptosis (Table 1).

Core Components

Necroptosis is a variant of RCD that critically relies on the phosphorylation of the 

pseudokinase MLKL (mixed lineage kinase domain-like) on S345 (in mice) or T357 and 

S358 (in humans) by the functional kinase RIPK3 (receptor-interacting serine-threonine 

kinase 3) (9–13). MLKL contains several other serine and threonine residues that can be 

phosphorylated by RIPK3, including S124, S158, S228, and S248 (11, 14). The 

phosphorylation of these residues seems to be dispensable for full-blown MLKL activation 
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(11), yet it may mediate an important role in the fine-tuning of necroptotic signaling (14). 

Irrespective of this unknown, phosphorylated MLKL exposes an N-terminal 4-helix bundle 

(NB) domain and a central brace region, hence forming homo-oligomers and acquiring the 

ability to bind phosphatidylinositol phosphate (PIP) species of the inner leaflet of the plasma 

membrane (15–19). Such an initial binding is mediated by the brace domain and is 

characterized by a relatively low affinity but is critical for MLKL translocation to the plasma 

membrane (20). At the membrane, the NB domain of MLKL undergoes a rolling-over 

process to expose high-affinity binding sites for PIP species (phosphatidylinositol 4,5-

bisphosphate being the preferred interaction partner), which results in the displacement of 

the brace domain and binding stabilization (20, 21). The exact stoichiometry of MLKL 

oligomers has not been clarified yet (16, 17), but it seems that MLKL oligomerization and/or 

its translocation to the plasma membrane relies on the cytosolic chaperone heat shock 

protein 90kDa alpha family class A member 1 (HSP90AA1; best known as HSP90) (22–24). 

The precise mechanisms whereby oligomerized MLKL provokes necroptotic plasma 

membrane permeabilization also remain obscure. One study proposed that transient receptor 

potential cation channel subfamily M member 7 (TRPM7) may act downstream of 

oligomerized MLKL to cause a lethal influx of Ca2+ ions (16), but these findings have not 

been confirmed by independent investigators so far. Initial beliefs that necroptosis would 

proceed upon mitochondrial fragmentation mediated by PGAM family member 5, serine/

threonine protein phosphatase, mitochondrial (PGAM5) and dynamin 1-like (DNM1L) (25) 

have been conclusively rejected (26–29). Thus, at odds with several (but not all) other RCD 

variants (30), necroptosis may not depend on mitochondria.

As mentioned above, RIPK3 operates immediately upstream of MLKL in the signal 

transduction cascade that precipitates necroptosis (9), in a manner that depends strictly on 

RIPK3 kinase activity (31). In line with this notion, Ripk3−/− mice (which are viable and 

develop into fertile adults) and cells thereof are markedly more resistant to tumor necrosis 

factor (TNF) receptor superfamily member 1A (TNFRSF1A; best known as TNFR1) 

ligation in caspase-deficient conditions, as compared with their wild-type (WT) counterparts 

(32–34). In this setting, RIPK3 is activated by RIPK1, which results in the assembly of a 

RIPK1- and RIPK3-containing amyloid-like signaling complex assisted by HSP90 and the 

cochaperone cell division cycle 37 (CDC37) (35, 36), which has been dubbed necrosome 

(37). RIPK1 and RIPK3 mutually interact via their RIP homotypic interaction motif (RHIM) 

(38) and undergo trans- or autophosphorylation, endowing the necrosome with the ability to 

activate MLKL (9, 33). According to two recent reports, protein phosphatase, Mg2+/Mn2+ 

dependent 1B (PPM1B) and the E3 ubiquitin ligase STIP1 homology and U-Box containing 

protein 1 (Stub1; also known as Chip) exert prominent necroptosis-inhibitory functions by 

catalyzing the dephosphorylation of RIPK3 (39) or its ubiquitination and proteasomal 

degradation of Ripk3 (40), respectively. These findings, however, have not been confirmed 

by independent investigators yet.

RIPK1 not only activates RIPK3 upon TNFR1 ligation (in the presence of caspase inhibitors 

and/or SMAC mimetics), but also operates (when chemically inhibited or catalytically 

inactive) as a potent inhibitor of spontaneous and Toll-like receptor 3 (TLR3)-driven RIPK3 

activation (41, 42). Ripk1−/− mice die at 1–3 days of age (43), a perinatal lethality that can 

be fully reverted by the concomitant deletion of Ripk3 and caspase 8 (Casp8), or Ripk3 and 
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Fas associated via death domain (Fadd) but not by the knockout of Ripk3, Casp8, or Fadd 
(41, 44, 45). The deletion of Tnfsf1a delays, but does not rescue, the accelerated mortality of 

Ripk1−/−Ripk3−/− mice, owing to the inability of these animals to maintain intestinal barrier 

function (41). Along similar lines, the intestinal epithelial cell (IEC)-specific codeletion of 

Ripk1 and Fadd causes a lethal inflammatory syndrome that depends on Ripk3 (46). Mice 

expressing kinase-dead variants of Ripk1 (i.e., Ripk1K45A or Ripk1D138N) and Ripk3 

(Ripk3K51A) are viable and mature into fertile adults (31, 47–49). These animals are 

protected from TNF-driven systemic shock, and their cells exhibit an accrued resistance to 

TNFR1 ligation in the presence of Z-VAD-fmk, as well as to TLR3 ligation (31, 47, 48). 

However, Ripk1D138N is not sufficient to block necroptosis in Fadd−/− IECs (46), but the 

lack of RIPK1 kinase activity is sufficient to abolish the severe multiorgan inflammatory 

disorders provoked by the absence of one component of the linear ubiquitin chain assembly 

complex (LUBAC), namely, SHANK-associated RH domain interacting protein (Sharpin) 

(47).

The observations above indicate that RIPK1 mediates complex effects in the core signal 

transduction cascades that precipitate necroptosis, only some of which depend on its kinase 

activity and RIPK3 (Figure 1). Importantly, RIPK1, RIPK3, and MLKL have also been 

implicated in the activation of supramolecular complexes commonly known as 

inflammasomes, which are responsible for the CASP1-dependent maturation and secretion 

of interleukin 1 beta (IL1B) and IL18 (50–54). The precise mechanisms underlying 

inflammasome activation by core components of the necroptotic machinery remain a matter 

of debate. However, the functional link between the necrosome and the inflammasome is a 

key aspect of necroptosis, because it endows this lethal subroutine with a prominent 

proinflammatory potential.

Upstream Regulators

Perhaps the best-characterized signal transduction pathway promoting necroptosis stems 

from the ligation of death receptors, notably TNFR1 (7). The ultimate outcome of TNF 

signaling, however, exhibits an elevated degree of context dependency, ranging from the 

cytoprotective and proinflammatory activation of NF-κB-dependent transcriptional 

programs to RCD via CASP8-and CASP3-mediated apoptosis or RIPK3- and MLKL-

dependent necroptosis (55). Thus, several physical and functional interactors of TNFR1 

contribute to the regulation of necroptosis. In particular, necroptosis is under tonic inhibition 

by an enzymatically active trimeric complex formed by FADD, CASP8, and the long 

isoform of CASP8 and FADD like apoptosis regulator (CFLAR, best known as cFLIP) (56–

59). Indeed, whereas Casp8−/− mice die in utero on E10.5 (60), such an embryonic lethal 

phenotype is rescued by the concomitant absence of Ripk3 (56, 61). Casp8−/−Ripk3−/− mice 

develop a lymphoproliferative disease resembling that imposed by the Fas−/− or Faslg−/− 

genotype (62), which highlights the cooperative nature of apoptosis and necroptosis in the 

preservation of lymphocyte homeostasis. The Fadd−/− and Cflar−/− genotypes are also 

associated with early embryonic lethality (63–65). However, whereas Fadd−/−Ripk3−/− mice 

develop into adulthood, Cflar−/−Ripk3−/− embryos do not survive past E12–13.5, owing to 

hyper-activation of Casp3 in the endothelium and other regions (57). The concomitant 

absence of Fadd allows Cflar−/−Ripk3−/− embryos to develop into adulthood, although Fadd
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−/−Cflar−/−Ripk3−/−mice also exhibit lymphoproliferative disorders (57). These observations 

underscore the complexity of the system that controls Casp8 and Ripk3 activation during 

development.

Similar data have been obtained with the tissue-specific and/or acute Casp8, Cflar, and Fadd 
loss in murine embryonic or adult epithelia (58, 66–68). Moreover, the deletion of Fadd 
from the myeloid cell compartment provokes systemic inflammation that can be abolished 

by the concomitant absence of Ripk3 or myeloid differentiation primary response 88 

(Myd88) (69), whereas Casp8−/− or Fadd−/− T cells exhibit considerable activation and 

proliferation defects, which can be partially rescued by the RIPK1 inhibitor necrostatin-1 

(Nec-1) or by the concomitant absence of Ripk3 (45, 70–72). Thus, the regulation of lethal 

signal transduction cascades emanating from TNFR1 plays a critical role not only in 

embryonic development but also in the maintenance of epithelial and immunological 

homeostasis.

The initiation of RIPK1-dependent necroptosis (over apoptosis) by TNFR1 agonists is 

supported by two conditions: (a) CASP8 is inactivated pharmacologically (for instance, with 

the broad-spectrum protease inhibitor Z-VAD-fmk) (73) or genetically (61); and (b) RIPK1 

deubiquitination is favored [for instance, with so-called SMAC mimetics, which inhibit 

several E3 ligases of the inhibitor of apoptosis (IAP) protein family] (32). Various members 

of this family, including baculoviral IAP repeat containing 2 (BIRC2; best known as cIAP1), 

BIRC3 (best known as cIAP2), and X-linked inhibitor of apoptosis (XIAP), robustly inhibit 

TNFR1-driven necroptosis (while favoring the activation of the proinflammatory and 

prosurvival transcription factor NF-κB) as they promote RIPK1 ubiquitination (74–77). 

Accordingly, the RIPK1-deubiquitinating enzyme cylindromatosis (CYLD) is required for 

optimal necroptotic responses following TNFR1 ligation (78–80), whereas the ubiquitin-

modifying TNF alpha induced protein 3 (TNFAIP3; best known as A20) and LUBAC limit 

TNFR1-driven necroptosis by favoring RIPK1 ubiquitination (81–85). A20 also suppresses 

necroptosis by deubiquitinating RIPK3 at K5 (86), whereas CYLD mediates necroptotic 

effects by deubiquitinating TNF receptor associated factor 2 (TRAF2) (87).

Aside from being involved in the regulation of extrinsic apoptosis, TRAF2 inhibits 

necroptosis driven by TNFR1 and other death receptors by directly interacting with MLKL 

(87, 88). Accordingly, the whole-body deletion of Traf2 in adult mice is lethal, owing to an 

acute hepatotoxic response that can be prevented by deleting Ripk3 (87). Mice lacking Traf2 
and Ripk3, however, succumb in a delayed manner upon the hyperactivation of Casp8 in the 

intestinal epithelium, and this process can be completely blocked with a cocktail of 

monoclonal antibodies that antagonize TNFR1 and other death receptors (87). Of note, 

whereas some authors propose that mitogen-activated protein kinase kinase kinase 7 

(MAP3K7; best known as TAK1) mediates antinecroptotic effects by preventing RIPK1 

signaling (77, 89, 90), others suggest that prolonged TAK1 activation (which is usually a 

transient consequence of TNFR1 ligation) may result in RIPK3 phosphorylation and the 

consequent initiation of a feedforward amplification circuitry with potent pronecroptotic 

activity (91). Another member of the TNFR1 interactome that is responsible for canonical 

NF-κB activation, the so-called inhibitor of kappa B kinase complex (IKK), has recently 

been shown to exert necroptosis- (and apoptosis-) inhibitory effects by directly 

Galluzzi et al. Page 5

Annu Rev Pathol. Author manuscript; available in PMC 2018 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phosphorylating RIPK1 (92). Taken together, these observations indicate that lethal TNFR1 

signaling is regulated by a highly intertwined protein network, many components of which 

remain to be elucidated.

RIPK1 is not the sole activator of RIPK3 in murine and human cells. Rather, at least two 

other proteins can physically interact with RIPK3 through a bona fide RHIM and hence 

drive necroptosis, namely Z-DNA binding protein 1 (ZBP1; also known as DAI) (93, 94) 

and toll-like receptor adaptor molecule 1 (TICAM1; best known as TRIF) (95). Both these 

proteins are involved in innate immunity to invading pathogens. ZBP1 responds to 

exogenous DNA in the cytosol by promoting the synthesis of type I interferon (IFN) and 

downstream components of type I IFN responses (96, 97), as well as by activating NF-κB 

signaling (93, 98). TRIF is an adaptor in the signal transduction cascades elicited by TLR3 

and TLR4, which are major players in the first line of defense against bacterial, viral, and 

endogenous threats (99).

Thus, at least theoretically, a wide panel of microbe-associated molecular patterns (MAMPs) 

or damage-associated molecular patterns (DAMPs) can trigger necroptosis through TLRs. 

So far, this hypothesis has been demonstrated for polyinosinic:polycytidylic acid (polyI:C, a 

TLR3 agonist) (95, 100) and lipopolysaccharide (LPS, which binds TLR2 and TLR4) (101). 

Pam3CSK4 (a mixed TLR1/TLR2 agonist) and resiquimod (a TLR7 agonist) also promote 

necroptosis in microglial cells (but not astrocytes, oligodendrocytes, and neurons) 

concomitantly exposed to Z-VAD-fmk (101). Because TLR1, TLR2, and TLR7 do not 

usually signal via TRIF, these data are compatible with the existence of another, hitherto 

uncharacterized, mechanism through which TLRs trigger necroptosis, perhaps depending on 

the common TLR adaptor MYD88 or resulting from the autocrine production of TNF. As an 

alternative possibility, cell type–related parameters underlie these observations. Of note, 

TLR3 may also initiate a pronecroptotic signaling pathway that involves the translocation of 

lysosomal cathepsin D (CTSD) to the cytoplasm, at least in dendritic cells (DCs) (100). In 

this setting, cytoplasmic CTSD would interact with mitochondrial antiviral signaling protein 

(MAVS), a transducer of innate immune responses against viral RNA, followed by the 

CTSD-dependent cleavage of CASP8, the recruitment of RIPK1 to the CTSD/MAVS 

complex, and final activation of necroptosis (100). These findings, however, have not been 

reproduced by independent investigators so far.

Interferon (alpha and beta) receptor 1 (IFNAR1) and interferon gamma receptor 1 (IFNGR1) 

can also initiate necroptosis, at least in some cell types including macrophages (102–104). 

The pronecroptotic activity of type I IFN partially relies on TRIF and stems from the 

persistent stimulation of signal transducer and activator of transcription 1 (STAT1), STAT2, 

and interferon regulatory factor 9 (IRF9) (104), perhaps promoting the upregulation of 

eukaryotic translation initiation factor 2 alpha kinase 2 (EIF2AK2; best known as PKR) 

(103). A similar STAT1- and PKR-dependent mechanism accounts for necroptosis initiation 

by interferon gamma (IFNG, best known as IFN-γ) (103). Type I IFN signaling may be 

required for several instances of necroptosis, including those elicited by TNFR1 ligation 

(104).
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Similar to TNFR1-driven necroptosis, the necroptotic response to type I IFN and IFN-γ is 

suppressed by caspases (most likely CASP8) and FADD, an effect that (in the mouse 

system) is relieved by FADD phosphorylation on S191 (103). It will be interesting to test the 

ability of kinases that phosphorylate FADD on S191 (in humans, S194), such as casein 

kinase 1 alpha 1 (CSNK1A1), on the sensitivity of various cell types to necroptosis. In 

summary, the necrosome receives activatory and inhibitory signals not only from TNFR1 

and its interactors, but also from other receptors that respond to perturbations of extracellular 

and intracellular homeostasis, such as ZBP1, TLR3, IFNAR1, and IFNGR1 (Figure 1).

Cross Talk with Other Regulated Cell Death Variants

The molecular machinery that regulates necroptosis is intimately connected with the signal 

transduction cascades that control several other forms of RCD, including apoptosis, MPT-

driven necrosis, parthanatos, and ferroptosis. Such mutual interactions delineate a complex 

signaling network that integrates various inputs (e.g., developmental cues, indicators of 

metabolic fitness, growth factor availability, infectious threats) to initiate either an adaptive 

response focused on the preservation of cellular homeostasis or degenerative processes 

leading to RCD (which can also be seen as a homeostatic mechanism for the organism).

Apoptosis—As we have discussed above, various components of the signal transduction 

pathways that promote or retard apoptotic RCD in response to death receptor ligation also 

impact on necroptotic signaling. This applies not only to the TNFR1 interactors FADD, 

cFLIP, CASP8, CYLD, and various IAP family members (see above), but also to proteins 

that propagate or execute apoptotic signals, such as CASP6 (105), which is generally 

activated by CASP8 or CASP3 as one of the final events of apoptosis, and cathepsins (106), 

which promote mitochondrial outer membrane permeabilization (MOMP) in response to 

lysosomal damage (2). Similar to CASP8, which cleaves (and hence inhibits) RIPK1 (72, 

107), RIPK3 (72, 108), and CYLD (80), CASP6 and cathepsins have been attributed 

necroptosis-inhibitory effects by virtue of their ability to proteolitically inactivate RIPK1 

(105, 106). This explains, at least in part, the ability of Z-VAD-fmk (which inhibits several 

proteases including CASP8, CASP6, and cathepsins) (109) and the genetic inhibition of 

CASP8 (see above) to favor necroptosis over apoptosis upon ligation of death receptors or 

TLR3.

The depletion of RIPK3 or MLKL in mouse L929-N fibrosarcoma cells (which mount a 

necroptotic response to TNF alone) shifts the RCD modality triggered by TNFR1 ligation 

from rapid necroptosis to Nec-1-sensitive, delayed apoptosis (13). However, the small-

interfering RNA (siRNA)-mediated downregulation of RIPK1 mediates similar switching 

effects (81), and so does the transgene-driven expression of a RIPK1 variant lacking the 

intermediate domain (RIPK1ΔID) (110). In this latter setting, RIPK1ΔID favors apoptosis 

over necroptosis by promoting the recruitment of FADD and CASP8 to ligand-bound 

TNFR1, an effect that can be limited by Nec-1 (110). These observations reinforce the 

notion that different RIPK1 domains have a differential impact on the signal transduction 

cascades elicited by TNFR1 ligation. In addition to this complexity, mice expressing a 

specific kinase-dead variant of Ripk3 (Ripk3D161N), but not mice expressing Ripk3K51A 

(which is also catalytically inactive), die around E10.5, owing to uncontrolled Ripk1-and 
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Casp8-dependent apoptosis (31, 49). Moreover, three distinct RIPK3 kinase inhibitors 

activate a FADD-, CASP8-, and RIPK1-dependent apoptotic response (49), and RIPK3 was 

found to contribute to TNFR1-driven CASP8-dependent apoptosis in cells either depleted of 

cIAP1 and cIAP2 or exposed to a pharmacological inhibitor of TAK1 (90). Thus, RIPK1, 

RIPK3, and CASP8 appear to exist in a complex equilibrium that not only has major 

relevance for normal embryonic development and adult tissue homeostasis, but also dictates 

the modality (apoptosis versus necroptosis) through which cells succumb to lethal TNFR1 

signaling.

According to two recent reports, upstream necroptotic signaling may drive (at least to some 

extent) MOMP-related RCD (111, 112). Investigators have proposed that Ripk1 may 

promote the Casp8-mediated cleavage of BH3 interacting domain death agonist (Bid), 

resulting in the activation of BCL2-associated X protein (Bax) and BCL2-antagonist/killer 1 

(Bak1)-dependent (but caspase-independent) RCD, at least in L929-A cells (a variant of 

L929 cells that undergo TNF-driven necroptosis in the presence of Z-VAD-fmk) (111). In 

addition, Bax and Bak1 oligomerization into the outer mitochondrial membrane 

accompanies the necroptotic response of mouse embryonic fibroblasts (MEFs) to TNF plus 

Z-VAD-fmk, and Bax−/−Bak1−/− MEFs are considerably more resistant to this treatment 

than are their WT counterparts (112). Although these data are rather preliminary and have 

not been reproduced by other laboratories, they suggest the existence of a heretofore 

unsuspected link between necroptosis and MOMP-driven apoptosis (Figure 2).

Nonnecroptotic forms of regulated necrosis—Necroptosis is clearly not the only 

form of necrotic RCD (see sidebar, Other Forms of Regulated Necrosis). However, the 

interactions between the molecular machinery for necroptosis and the signal transducers that 

control MPT-driven regulated necrosis, parthanatos, and ferroptosis remain largely elusive. 

Ppif−/− MEFs lack the sole key regulator of MPT discovered so far and appear to be less 

sensitive to TNF plus Z-VAD-fmk than WT MEFs (112). Accordingly, Ppif−/− mice display 

a reduced sensitivity to cerulein-induced pancreatitis (which involves necroptosis as an 

etiological determinant) (32, 112) and are not sensitive to the cardioprotective effects of 

Nec-1 (113). Moreover, calcium/calmodulin-dependent protein kinase II gamma (Camk2g, 

best known as CaMKII) appears to respond to Ripk3-dependent phosphorylation, oxidation, 

or both by favoring MPT in a Ripk1- and Mlkl-independent manner, which is relevant for 

myocardial injury triggered by ischemia/reperfusion (I/R) (114). However, neither the 

Ripk3−/− and Ppif−/− genotypes nor the coadministration of Nec-1 and the MPT inhibitor 

sanglifehrin A (SfA) interact epistatically in models of renal I/R, cisplatin-triggered acute 

kidney injury, and TNF shock (115). Some authors have suggested that PARP1 also operates 

downstream of RIPK1 and RIPK3 in the lethal signal transduction cascades elicited by death 

receptor ligation in human HT29 colon and HepG2 hepatocellular carcinoma cells or by 

concanavalin A administration in the mouse liver (116). However, pharmacological and 

genetic manipulations suggest that necroptosis (as triggered by TNF) and parthanatos (as 

elicited by DNA-alkylating agents) constitute two distinct routes to necrotic RCD, at least in 

L929 cells (117).

Along similar lines, the main endogenous inhibitor of ferroptosis, i.e., glutathione 

peroxidase 4 (GPX4), reportedly mediates robust necroptosis-inhibitory effects in erythroid 
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precursor cells, reflecting its capacity to preserve normal CASP8 functions (118). 

Nonetheless, the administration of a potent inhibitor of ferroptosis (i.e., 16–86) further 

exacerbates the protection afforded by Nec-1 plus SfA to mice experiencing renal I/R (119), 

which suggests that necroptosis is functionally distinct from ferroptosis in this setting. It 

remains to be determined whether these findings reflect (at least in part) some peculiar 

features of kidneys (which are not sensitized to necroptosis upon the tissue-specific deletion 

of Fadd or Casp8) (119). Additional work is required to clarify the precise links between 

necroptosis and MPT-driven regulated necrosis, parthanatos, and ferroptosis (Figure 2).

PATHOPHYSIOLOGICAL RELEVANCE OF NECROPTOSIS

Similar to other forms of RCD, necroptosis mediates major physiological functions but is 

also involved in the etiology of multiple human disorders.

Physiological Functions

During the past decade, researchers have devoted considerable efforts to generating mice 

that lack one or several components of the necroptotic machinery at the whole-body level or 

in specific tissues, as well as to developing ever-more potent inhibitors of RIPK1, RIPK3, 

and MLKL (8). Thanks to these models, the physiological functions of proteins with pro- or 

antinecroptotic activity, as well as of necroptosis as a lethal signaling pathway, have begun 

to emerge. Moreover, some of these models have allowed us to shed new light on 

observations that had remained partially unexplained for years, including the embryonic or 

perinatal lethality caused by the Casp8−/−(60), Fadd−/− (63), Cflar−/− (65), and Ripk1−/− (43) 

genotypes. Indeed, as amply discussed above, proper embryonic and perinatal development 

depends on a delicate equilibrium between various components of the core necroptotic 

machinery and their upstream regulators but not on necroptosis per se, as demonstrated by 

the viability of both Ripk3−/− and Mlkl−/− mice and their lack of developmental defects (12, 

120). Along similar lines, the conditional deletion of Ripk1 in intestinal epithelial cells or 

keratinocytes demonstrated that Ripk1 mediates a key, nonredundant role in maintaining 

epithelial homeostasis in the adult (46, 121), reflecting the ability of Ripk1 to inhibit Fadd- 

and Casp8-dependent apoptosis (in the intestine) and Ripk3-dependent necroptosis (in the 

skin) independent of its kinase activity (46, 121). Of note, Casp8 resembles Ripk1 in its 

fundamental role in maintaining the intestinal barrier (68). Moreover, mice with a codeletion 

of Birc2, Birc3, and Xiap in the myeloid cell lineage exhibit (a) increased levels of 

proinflammatory cytokines in the blood, (b) granulocytosis, and (c) sterile inflammation, 

which can be corrected in part by the absence of Ripk1 or Ripk3 (but not Mlkl) (122). Taken 

together, these observations suggest that a delicate balance between various RCD modalities 

exerts major homeostatic functions in the adult.

Further corroborating this notion, the tamoxifen-inducible systemic knockout of Ripk1 in 

adult mice is lethal, owing to an accrued wave of RCD in the intestine and to bone marrow 

failure, cumulatively resulting in lethal systemic inflammation (123, 124). Confirming the 

prominent role of Ripkl in the survival of hematopoietic stem and progenitor cells (because 

of its antiapoptotic and antinecroptotic effects), fetal liver cells subjected to the tamoxifen-

inducible deletion of Ripk1 as well as Ripk1−/− progenitors fail to repopulate irradiated 
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recipients, a defect that can be partially corrected by the concomitant absence of Ripk3 (123, 

124). Moreover, the systemic inflammation caused by the Ripk1−/− genotype is limited in 

Ripk3−/−, Mlkl−/−, and Myd88−/−hosts, yet only Ripk1−/−Ripk3−/−Casp8−/− mice survive 

past weaning (41, 124). These latter animals display an age-associated lymphoproliferative 

disorder that resembles, but may be less severe than, that developed by Ripk3−/−Casp8−/− 

mice (56, 61, 124). However, the mechanisms underlying such a difference remain to be 

clarified.

According to one recent report, Ripk1+/− mice, mice receiving a Ripk1-targeting siRNA 

intravenously, and mice treated with Nec-1 also exhibit reduced rates of physiological 

enterocyte turnover (which manifests with nonapoptotic morphological features) in the small 

intestine as compared with control animals (125). Moreover, the negative effects of Nec-1 on 

enterocyte turnover persist in Ripk3−/− mice, which do not exhibit any intestinal phenotype 

per se (125). These observations suggest the existence of a nonapoptotic (but RIPK3-

independent) variant of RCD that would contribute to the preservation of intestinal 

homeostasis. However, the authors of this work did not conclusively demonstrate the 

nonapoptotic nature of such a physiologically relevant instance of RCD, which may hence 

constitute a bona fide (CASP8- and CASP3-dependent) variant of apoptosis manifesting 

with limited apoptotic morphology (1).

Gathering evidence indicates that necroptosis is particularly important for the activation of 

innate and adaptive immunity against malignant and infectious threats, hence contributing to 

physiological immunosurveillance. Thus, the RIPK3-driven, RIPK1-dependent activation of 

NF-κB is critical to allow cancer cells succumbing to necroptosis to release DAMPs that 

promote the capacity of DCs to cross-present tumor-associated antigens (TAAs) to CD8+ 

cytotoxic T lymphocytes (CTLs), hence initiating a tumor-targeting immune response (126). 

As compared with WT mice, Ripk3−/− mice and mice expressing Ripk1D138N exhibit 

severely impaired necroptotic responses to the vaccinia virus, which renders them unable to 

control viral infection (33, 48). Similar data have been obtained with Ripk3−/− mice 

inoculated with herpes simplex virus type 1 (HSV-1) as well as with Ripk1−/− and Mlkl−/− 

L929 cells exposed to HSV-1 plus Z-VAD-fmk (127). The necroptosis-inducing activity of 

HSV-1 in mice does not depend on TNFR1 but stems from the interaction between the 

HSV-1 protein ICP6 (which contains a bona fide RHIM domain) and Ripk1 and/or Ripk3, 

which directly activates the necrosome (127, 128). The interaction of ICP6 with RIPK1 

and/or RIPK3 robustly suppress necrosome formation in human cells (127, 129), 

exemplifying the advantage that some viruses have obtained from the evolution of proteins 

that inhibit necroptosis. In addition to ICP6, these proteins include ICP10 from HSV-2 (129) 

and vIRA from murine cytomegalovirus (both of which contain a bone fide RHIM domain) 

(38, 94, 130, 131). Finally, Casp8−/−Ripk3−/− (but not Ripk3−/−) mice are highly susceptible 

to an otherwise sublethal infection with Yersinia pestis as they exhibit reduced levels of 

various proinflammatory cytokines involved in bacterial control coupled with lower-than-

normal death rates of Cd11b+ myeloid cells (132). In vitro, such an inhibitory effect was 

extended to Ripk1 (with Ripk1−/− fetal liver macrophages and Nec-1 treatment) and linked 

to inflammasome activation, delineating a Ripk1-, Ripk3-, and Casp8-dependent 

proinflammatory pathway impinging on core components of the necroptotic machinery 

(132), which has been confirmed by others (133, 134). The administration of Nec-1 and 
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Nec-1s (a Nec-1 derivative) also limits the demise of Kupffer cells in mice inoculated with 

Listeria monocytogenes, which restrains both microbicidal inflammation and tissue repair 

(135). In this setting, however, the deletion of Ripk3 has a paradoxical cytoprotective effect 

(135), meaning that it is difficult to identify the implications of necroptosis in the 

physiological control of L. monocytogenes infection. Despite this unknown, prominent 

physiological roles in pre-natal development and in the maintenance of adult organismal 

homeostasis have been attributed not only to various components of the necroptotic 

machinery, but also to necroptosis as process. Because this wave of investigation is still in its 

infancy, we surmise that many other physiological functions of necroptosis will be revealed 

in the next few years.

Nonmalignant Disorders

In addition to their involvement in multiple physiological processes, necroptosis and 

necroptosis-relevant proteins contribute to the etiology of a variety of nonmalignant 

disorders characterized by unwarranted cell loss and/or a prominent inflammatory 

component (Table 2).

Infectious diseases—Ifnar1−/− mice are remarkably more resistant to Salmonella 
enterica serovar Typhimurium than are their WT littermates, which has been linked to the 

ability of type I IFN to trigger the Ripk1- and Ripk3-dependent demise of macrophages, 

resulting in impaired bacterial control (102). Along similar lines, diverse bacterial pathogens 

including Serratia marcescens, Staphylococcus aureus, Streptococcus pneumoniae, L. 
monocytogenes, and uropathogenic Escherichia coli produce pore-forming toxins that 

trigger Ripk1-, Ripk3-, and Mlkl-dependent necroptosis in macrophages, which 

mechanistically contributes to bacterial hemorrhagic pneumonia (136). Engagement of the T 

cell receptor in HIV-1-specific CD8+ CTLs from patients with chronic HIV-1 infection (but 

not from patients who spontaneously control viremia) fails to promote normal proliferation, 

which has been attributed to the activation of RIPK3 and consequent necroptosis (137). 

Moreover, Nec-1 limits the formation of syncytia between HIV-1+ CD4+ T cells (138), 

which suggests that RIPK1 plays a pathogenic role in this setting. Additional experiments 

evaluating the impact of necroptosis on these and other infectious diseases are urgently 

needed.

Cardiovascular pathologies—As compared with WT mice, Ripk3−/− mice are less 

sensitive to heart failure triggered by I/R or doxorubicin (a cardiotoxic chemotherapeutic 

agent), correlating with a reduced necroptotic response of the myocardium (114, 139). 

Experiments with isolated cardiomyocytes indicate that the cardiotoxic effects of Ripk3 

activation do not depend on Ripk1 or Mlkl (114). Rather, Ripk3 activation in the 

myocardium appears to elicit a CaMKII-dependent signaling pathway, resulting in MPT and 

consequent necrosis. Accordingly, both Camk2g−/− and Ppif−/− mice are remarkably 

protected from cardiac I/R and/or cardiotoxic chemotherapy (113, 114, 140). Nec-1 also 

mediates cardioprotective activity in mouse and pig models of cardiac I/R (113, 141, 142), 

but it remains unclear whether such an effect truly stems from the inhibition of Ripk3-

dependent necroptosis (113). Ripk3−/− and Ripk3+/− mice are more resistant to elastase-

induced abdominal aortic aneurysm than are their WT littermates, a protective effect that can 
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also be observed upon transplantation of Ripk3+/− aortae into WT recipients and that 

involves a reduced loss of smooth muscle cells as well as a limited expression of 

proinflammatory genes (143). Along similar lines, Ripk3 activation and consequent 

necroptosis of macrophages in atheromas may contribute to the local and systemic 

inflammatory responses that accompany atherogenesis in mice lacking apolipoprotein E 

(Apoe) or low-density lipoprotein receptor (Ldlr) (144, 145). Thus, Ripk3−/−Apoe−/− mice 

and Ripk3−/−Ldlr−/− mice exhibit considerably delayed disease onset, mitigated 

inflammatory responses in atherosclerotic plaques and in circulation, limited lymphocyte 

infiltration in adipocyte tissue and in skin lesions, and dramatically delayed mortality as 

compared with Apoe−/− or Ldlr−/− mice, respectively (144, 145). Taken together, these 

observations suggest that necroptosis contributes to the etiology of various diseases of the 

cardiovascular system.

Neurological disorders—Nec-1 mediates neuroprotective effects in rodent models of 

acute and chronic neurological conditions, including adult stroke (146), neonatal hypoxia/

ischemia (H/I) (147, 148), retinal ischemia (149), retinal detachment (150–152), 

subarachnoid hemorrhage (153, 154), traumatic brain injury (155), spinal cord injury (156–

159), and amyotrophic lateral sclerosis (160). The ability of Nec-1 to counteract 

manifestations of amyotrophic lateral sclerosis in mice was backed up by the knockdown of 

RIPK1 as well as by data obtained using human cells treated with necrosulfonamide (NSA, a 

chemical that inhibits human MLKL) (160). However, the authors of most of these studies 

did not evaluate their hypotheses in Ripk3−/− or Mlkl−/−systems, which implies that the 

neuroprotective effects of Nec-1 remain to be formally linked to the inhibition of 

necroptosis. As notable exceptions, Ripk3−/− mice exhibit an increased resistance to retinal 

detachment triggered by subretinal injections of sodium hyaluronate (150) or polyI:C (152), 

as compared with their WT littermates. Similarly, Ripk3−/− mice exhibit a sizeable reduction 

in astrocytic demise upon spinal cord injury as compared with WT mice, which correlates 

with an improved preservation of neurotrophic function (159). Moreover, the administration 

of a Ripk3-targeting siRNA limits the demise of outer hair cells exposed to noise that causes 

a permanent threshold shift in hearing, an otoprotective effect that can be increased by the 

concomitant administration of Z-VAD-fmk (161). Taken together, these observations suggest 

that necroptosis may play an etiological role in both acute and chronic neurological 

conditions. However, further experiments with Ripk3−/− or Mlkl−/− animals are needed to 

confirm this conjecture.

Renal conditions—Signs of an ongoing necroptotic response (e.g., increased RIPK1, 

RIPK3, and/or MLKL expression and/or phosphorylation levels) are common to various 

renal disorders (at least in mice), including acute kidney injury (AKI) caused by I/R (115, 

119, 162), urolithiasis (163), cisplatin-based chemotherapy or radiocontrast (115, 164–167), 

and chronic kidney disease after unilateral nephrectomy (168). Nec-1 mediates 

nephroprotective effects in virtually all these settings, which supports the contention that 

necroptosis contributes to the etiology of various renal disorders, at least in mice. 

Corroborating this hypothesis, Ripk3−/− and Mlkl−/− mice are less sensitive to oxalate 

crystal–induced and cisplatin-driven AKI than are their WT counterparts, which correlates 

with reduced levels of plasma creatinine, limited tubular injury, and neutrophil infiltration 
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(163, 166). Along similar lines, the Ripk3−/− genotype confers considerable protection 

against mild I/R, and such a protection can be extended to severe I/R by the concomitant 

deletion of Ppif (115). Similar data were obtained with Nec-1, SfA, and 16–86, employed 

alone or in combination (115, 165), which suggests that various forms of necrotic RCD 

contribute to the etiology of AKI. Some authors report that Z-VAD-fmk can enhance the 

nephroprotective effects of Nec-1 in models of cisplatin-induced AKI (164, 167), whereas 

others demonstrate that Z-VAD-fmk has no beneficial effects in mice experiencing 

radiocontrast- or I/R-driven AKI (162, 165). This apparent discrepancy may stem from the 

capacity of cisplatin to trigger apoptotic RCD in some tubule cells and necroptosis in others. 

Such a possibility, however, has not been formally addressed yet.

Hepatic disorders—Several lines of evidence suggest that necroptosis is intimately 

involved in the etiology of various hepatic conditions with a prominent inflammatory 

component but may not contribute to hepatic I/R (169). Thus, the Ripk3−/− genotype, the 

intraperitoneal delivery of Ripk3-targeting antisense oligonucleotides, or the administration 

of dabrafenib (an FDA-approved inhibitor of oncogenic BRAF that also suppresses RIPK3 

kinase activity) provides considerable hepatoprotection in mouse models of acetaminophen 

toxicity (134, 170, 171), concanavalin A–driven hepatitis (134), ethanol and dietary 

intoxication (172, 173), and nonalcoholic steatohepatitis (NASH) (174, 175). Along similar 

lines, mice treated with Nec-1 exhibit an increased resistance to the hepatotoxic effects of 

acetaminophen as compared with control animals (134). In a recent study on acetaminophen 

toxicity in mice, however, the beneficial effects of the Ripk3−/− genotype were not 

confirmed, no hepatoprotection by the Mlkl−/− genotype could be detected, and the delivery 

of a Ripk1-targeting antisense oligonucleotide equally protected WT and Ripk3−/− mice 

(176). These data contradict previous findings and argue against the implication of 

necroptosis as a whole in the etiology of hepatic acetaminophen intoxication. Rather, it 

seems that RIPK1 supports the hepatotoxicity of acetaminophen independent of necroptosis. 

The authors of the latter report suggest that the RIPK1-dependent activation of the 

hepatotoxic kinase mitogen-activated protein kinase 8 (MAPK8; best known as JNK1) may 

underlie their observations (176). The NASH-aggravating effects of Ripk3 have also been 

linked to the activation of JNK1 (174), perhaps pointing to the existence of a 

pathophysiologically relevant but poorly characterized (and possibly indirect) cross talk 

between RIPKs and JNK1. Additional studies are required to elucidate this aspect of the 

biology of RIPKs.

Inflammatory diseases—Necroptosis has a profound proinflammatory effect, as it 

potentially initiates a vicious circle of RCD-driven inflammation and inflammation-driven 

RCD (177). In line with this notion, necroptosis or core components of the necroptotic 

machinery contribute to various inflammatory disorders, including Crohn disease (68); 

rheumatoid arthritis (52); multiple sclerosis (178); TNF-driven autoinflammatory disorders, 

including the so-called systemic inflammatory response syndrome (SIRS) (47, 179) and the 

toxicity of systemic irradiation (180); severe cutaneous reactions to drugs (181); allograft 

rejection (182, 183); remote lung injury postengraftment (184); cigarette smoke–driven 

chronic obstructive pulmonary disease (COPD) (185, 186); acute pancreatitis (12, 32, 112); 

and some manifestations of systemic lupus erythematosus (187). Some of these findings, 

Galluzzi et al. Page 13

Annu Rev Pathol. Author manuscript; available in PMC 2018 January 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



however, have been obtained in mice receiving Nec-1, NSA, or Ripk1-targeting siRNAs as 

sole inhibitors of necroptosis and, hence, should be taken with caution. As notable 

exceptions, Ripk3−/− mice appear to be more resistant to TNF-driven SIRS than are control 

mice (179). Similarly, the severe SIRS-like disease caused by the Sharpin−/− genotype is 

abolished when these mice are crossed with mice engineered to express catalytically inactive 

Ripk1K45A (47). Moreover, Ripk3−/− (but not Mlkl−/−) mice are less prone to develop a 

rheumatoid arthritis–like syndrome in response to serum from K/BxN transgenic mice as 

compared with their WT littermates (52), whereas Ripk3−/− hearts are less likely to be 

rejected from WT hosts than are Ripk3+/− organs, especially in the presence of 

immunosuppressive agents (182). Finally, Ripk3−/−and Mlkl−/− mice are more resistant to 

cerulein-induced hepatitis than are their WT counterparts (12, 32). Of note, biomarkers of 

necroptosis, including increased expression or activation of RIPK3 or MLKL, have been 

detected in pathological samples from patients with multiple sclerosis (178), Crohn disease 

(68), and COPD (185), which further underscores the probable pathophysiological relevance 

of necroptosis in human inflammatory disorders.

Neoplastic Conditions

Preclinical and clinical evidence suggests that the pathophysiological relevance of 

necroptosis is not limited to human pathologies that are characterized by an excess demise 

of postmitotic cells (see above) but extends to oncological conditions, mainly by virtue of its 

prominent proinflammatory profile.

NIH-3T3 mouse fibroblasts driven into necroptosis through a dimerizable variant of Ripk3, 

as well as TC-1 mouse lung carcinoma and EL4 mouse lymphoma cells responding to TNF 

plus SMAC mimetics and Z-VAD-fmk (TSZ), expose or secrete several DAMPs that are 

involved in anticancer immunosurveillance, including, but perhaps not limited to, 

calreticulin (CALR), ATP, and high mobility group box 1 (HMGB1) (126, 188). 

Accordingly, the coincubation of necroptotic NIH-3T3 cells with bone marrow–derived DCs 

promotes the maturation of the latter, as assessed by Cd86 and MHC class II surface staining 

(126). Moreover, the subcutaneous inoculation of ovalbumin (OVA)-expressing NIH-3T3 

cells succumbing to Ripk3 dimerization into syngeneic mice confers long-term protection 

against a subsequent tumor challenge to more than 30% of animals, a process that is 

associated with the expansion of OVA-specific, multifunctional CD8+ CTLs (126). In this 

model, the Ripk3-driven Ripk1-mediated activation of NF-κB is crucial for the elicitation of 

optimal antitumor immunity (126). The subcutaneous delivery of TC-1 cells treated with 

TSZ to syngeneic mice also results in virtually complete protection against the subsequent 

inoculation of living cancer cells of the same type, as does this administration of TC-1 cells 

succumbing to the canonical immunogenic cell death (ICD) inducer mitoxantrone (MTX) 

(188). Only WT TC-11 cells treated with MTX induce such a protective anticancer immune 

response, whereas Ripk3−/− or Mlkl−/− TC-1 cells fail to do so (188). Moreover, although 

WT TC-1 and EL4 cells growing in syngeneic mice respond to MTX-based chemotherapy, 

which is accompanied by intense tumor infiltration by Cd11c+Cd86+ DCs and Cd3+Cd8+ 

CTLs, their Ripk3−/− or Mlkl−/− counterparts fail to do so, a defect that can be partially 

complemented by the concomitant administration of a TLR4 agonist and an inhibitor of 

extracellular ATPases (which increase ATP concentrations in the tumor microenvironment) 
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(188). Taken together, these observations suggest that necroptosis is a central determinant of 

the immunogenicity of RCD.

Further supporting this contention, B16 mouse melanoma cells growing in syngeneic mice 

exhibit an improved sensitivity to radiation therapy in the presence of Z-VAD-fmk, 

promoting necroptosis over apoptotic RCD and hence favoring the release of 

immunostimulatory DAMPs and consequent DC maturation (189). Moreover, the 

antineoplastic effects of Newcastle disease virus (NDV) in an orthotopic GL261 mouse 

glioblastoma model are associated with CALR exposure on the surface of dying cells and 

HMGB1 release, depend on a functional immune system, and can be abolished by Nec-1 

(190). The coadministration of polyI:C and Z-VAD-fmk may also trigger a necroptotic 

response mediated by the TLR3→TRIF→RIPK3 signaling axis in cultured CT26 mouse 

colorectal carcinoma cells (191). However, such a response is blunted when CT26 cells are 

grown in immunocompetent mice (191), casting doubts on its actual therapeutic relevance. 

As an additional line of evidence supporting the inflammatory potential of necroptosis and 

its importance in oncological settings, Nec-1 reportedly limits the development of colitis-

driven colorectal tumors in mice (192), which is a well-known model of inflammation-

dependent carcinogenesis.

Recent results of some clinical studies reinforce the notion that necroptosis promotes natural 

or therapy-driven anticancer immunosurveillance. In a cohort of 112 patients with colorectal 

carcinoma, malignant cells exhibited reduced RIPK3 levels as compared with normal 

adjacent cells, and low RIPK3 expression constituted an independent prognostic factor for 

overall survival and disease-free survival (193, 194). Along similar lines, CD34+ blasts from 

31 acute myeloid leukemia patients exhibited reduced levels of the RIPK3-coding mRNA as 

compared with CD34+ cells from healthy volunteers (195). Moreover, RIPK3 was 

downregulated in malignant tissues from 75 breast carcinoma patients, regardless of tumor 

subtype, and this was associated with increased RIPK3 methylation (196). The authors of 

this latter study also gathered RIPK3 expression data from 6 previous studies that enrolled 

1,166 women with breast carcinoma, and they demonstrated that patients with greater than 

median RIPK3 mRNA expression exhibited improved metastatic relapse-free survival over a 

10-year period (196). Unfortunately, the software employed in this analysis did not allow for 

a refined patient stratification, which may have resulted in a considerable underestimation of 

the prognostic value of RIPK3 expression levels in breast carcinoma. MLKL was 

upregulated in neoplastic tissues from 54 cervical squamous carcinoma patients, as 

compared with 16 normal cervical samples, yet elevated MLKL expression was associated 

with a low histological grade, limited metastatic dissemination, and improved overall 

survival (197). Similarly, low MLKL levels correlated with decreased overall survival and 

decreased disease-free survival in 80 patients with pancreatic adenocarcinoma who were 

subjected to surgery and optional adjuvant chemotherapy (198), and in 153 individuals with 

resectable primary ovarian cancer (198), on both univariate and multivariate Cox regression 

analyses. Although this line of investigation is still in its infancy, it seems that the expression 

levels of core components of the necroptotic machinery, such as RIPK3 and MLKL, have 

prognostic value in patients with various neoplasms. Additional studies on large clinical 

cohorts are warranted to confirm and extend these findings.
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CONCLUDING REMARKS

Necroptosis, as a lethal signaling pathway, and various components of the core necroptotic 

machinery not only provide a fundamental contribution to embryonic and postnatal 

development, but also participate in the maintenance of adult organismal homeostasis and 

constitute etiological determinants of multiple human pathologies (8). Thus, necroptosis-

relevant proteins constitute attractive targets for the development of novel drugs, and at least 

three therapeutic paradigms can be envisioned in this setting: (a) the inhibition of 

necroptosis, as a strategy to limit the loss of postmitotic cells in ischemic, 

neurodegenerative, inflammatory, and toxic syndromes; (b) the activation of necroptosis, as 

a means to bypass the accrued resistance of most tumors to apoptosis; and (c) the 

biochemical conversion of apoptotic RCD into its necroptotic counterpart, as a means to 

exacerbate the immunostimulatory potential of cell death. As discussed above, preclinical 

evidence supporting the validity of all these approaches has already been provided. 

However, the pharmacological agents that are currently available to target necroptosis are 

still far from entering the clinics, with the notable exceptions of dabrafenib (which is 

approved by the FDA for the treatment of BRAFV600E-driven melanoma) (171), pazopanib 

(a multitarget tyrosine kinase inhibitor currently used to treat renal cell carcinoma and 

advanced soft tissue sarcoma patients, which inhibits RIPK1), and ponatinib (another 

multitarget tyrosine kinase inhibitor employed against various forms of leukemia, which 

limits the activity of both RIPK1 and RIPK3) (199). It will be interesting to see whether 

these agents efficiently prevent necroptotic RCD and its detrimental effects in the clinic.

Chemical inhibitors of necroptosis employed as standalone therapeutic agents often exhibit 

suboptimal protective effects in preclinical models of disease, reflecting two different but 

highly intertwined situations: (a) the concurrent activation of various signal transduction 

cascades that lead to RCD, in the same cell or the same tissue (115, 119); and (b) the 

involvement of the immune system (177). Combinatorial strategies that simultaneously 

target different forms of RCD, intercept immunostimulatory DAMPs, and/or limit immune 

activation may therefore mediate superior therapeutic effects in various pathologies 

characterized by excess cell death coupled with inflammation. It is perhaps not a 

coincidence that cyclosporin A, the most successful agent for preventing graft rejection, not 

only mediates robust immunosuppressive effects but also blocks MPT-driven necrosis (7).

Finally, investigators must keep in mind that all necroptosis-relevant proteins most likely 

mediate several RCD-unrelated functions, which have just begun to be characterized. 

Carefully dissecting the necroptotic versus nonnecroptotic functions of proteins such as 

RIPK1, RIPK3, and MLKL will be instrumental for developing novel therapeutic 

approaches that specifically target this regulated variant of necrosis.

Glossary

RCD regulated cell death

MPT mitochondrial permeability transition

MLKL mixed lineage kinase domain-like
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RIPK receptor-interacting serine-threonine kinase

TNF tumor necrosis factor

TLR Toll-like receptor

CASP caspase

FADD Fas associated via death domain

Nec-1 necrostatin-1

IFN interferon

DAMP damage-associated molecular pattern

DC dendritic cell

I/R ischemia/reperfusion
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OTHER FORMS OF REGULATED NECROSIS

Mitochondrial permeability transition (MPT)-driven regulated necrosis critically relies on 

peptidylprolyl isomerase F (PPIF, best known as CYPD) and hence can be retarded with 

pharmacological CYPD inhibitors such as cyclosporin A and sanglifehrin A. Parthanatos 

ensues the hyperactivation of poly(ADP-ribose) polymerase 1 (PARP1), which causes a 

potentially lethal depletion of NAD+ coupled with the translocation of apoptosis-inducing 

factor, mitochondria associated 1 (AIFM1) from the mitochondrial intermembrane space 

to the nucleus, where it mediates large-scale chromatin condensation. Parthanatos can be 

delayed with pharmacological inhibitors of PARP1, such as olaparib and PJ34. 

Ferroptosis is an iron-dependent form of RCD that involves lethal lipid peroxidation and 

is under negative regulation by glutathione peroxidase 4 (GPX4). Ferroptosis is sensitive 

to Ferrostatin-1, an inhibitor of lipid peroxidation. Pyroptosis depends on the cleavage of 

gasdermin D (GSDMD) by inflammatory caspases including caspase-1 (CASP1), 

CASP4, and Casp11 and hence can be delayed by broad-spectrum caspase inhibitors such 

as Z-VAD-fmk. In addition, all these necrotic instances of RCD can be deferred by the 

downregulation of key signal transducers (e.g., CYPD for MTP-driven regulated necrosis, 

PARP1 for parthanatos, GSDMD for pyroptosis), or the overexpression of endogenous 

inhibitors of the process (e.g., GPX4 for ferroptosis).
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SUMMARY POINTS

1. Necroptosis is a regulated variant of necrosis that critically relies on the 

RIPK3-dependent phosphorylation of MLKL, which endows MLKL with the 

ability to translocate to the inner leaflet of the plasma membrane to 

compromise its integrity.

2. In some instances, necroptosis is precipitated by the formation of an amyloid-

like RIPK1-, RIPK3-, and MLKL-containing complex known as necrosome, 

which is assisted by several chaperones including HSP90 and CDC27.

3. RIPK1 plays a complex role in the regulation of necroptosis: it promotes 

TNFR1-driven necroptosis by virtue of its kinase activity but also inhibits 

necroptosis (and apoptosis) by a mechanism that depends on its scaffold but 

not on kinase functions.

4. Necroptosis is tonically suppressed by an enzymatically active 

supramolecular complex containing FADD, CASP8, and the long isoform of 

cFLIP, presumably owing to the ability of this complex to proteolytically 

inactivate RIPK1, RIPK3, and CYLD.

5. A delicate equilibrium between the signal transduction cascades that 

precipitate apoptosis and necroptosis is required for normal embryonic and 

postnatal development, as well as for the maintenance of tissue homeostasis in 

the adult.

6. Necroptosis as a process or core components of the necroptotic machinery 

provide an etiological contribution to the development of various 

nonmalignant pathologies characterized by unwarranted cell loss and/or a 

prominent inflammatory component. In some cases, the proinflammatory 

effects of necroptosis are aggravated by the ability of some components of the 

necroptotic machinery to drive cytokine secretion.

7. The molecular machinery for necroptosis is required for dying cells to be 

perceived as immunogenic and hence elicits an adaptive immune response, 

perhaps explaining why high RIPK3 or MLKL levels correlate with improved 

disease outcomes in various cohorts of cancer patients.

8. Although targeting core components of the necroptotic machinery stands out 

as an attractive approach for the therapy of various human conditions, 

additional work is required for the development of necroptosis-modulatory 

agents with clinical applications.
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FUTURE ISSUES

1. It will be important to clarify the molecular mechanisms through which 

oligomeric MLKL bound to the inner leaflet of the plasma membrane 

compromises its structural integrity.

2. Efforts will have to be dedicated to obtaining further insights into the 

molecular cross talk between necroptosis and other forms of regulated 

necrosis in various pathophysiologically relevant settings.

3. Confirming the implication of necroptosis as a lethal signal transduction 

cascade in the etiology of several nonmalignant conditions with Ripk3−/− and 

Mlkl−/− models may provide additional targets for pharmacological 

interventions.

4. It will be important to discriminate the nonnecroptotic functions of core 

components of the molecular machinery for necroptosis from their lethal 

activities.

5. A major objective for future efforts is developing clinically implementable 

combinatorial strategies for the therapeutic modulation of necroptotic RCD 

and necroptosis-driven inflammation.
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Figure 1. 
Molecular mechanisms of necroptosis. Necroptosis critically depends on the receptor-

interacting serine-threonine protein kinase 3 (RIPK3)–mediated phosphorylation of mixed 

lineage kinase domain-like (MLKL), resulting in MLKL oligomerization, translocation to 

the inner leaflet of the plasma membrane, and cell death. The formation of the RIPK3- and 

MLKL-containing complex that precipitates necroptosis, the so-called necrosome, can be 

elicited by extracellular signals (such as the ligation of death receptors) as well as by 

intracellular cues (such as the presence of viral nucleic acids) and is regulated by a complex 

network of physical and functional protein-to-protein interactions. The best characterized 

signal transduction cascade resulting in necroptotic cell death is initiated by TNFR1 (official 

name: TNFRSF1A, tumor necrosis factor receptor superfamily member 1A) ligation in the 

presence of caspase inhibitors and/or SMAC (official name: DIABLO, diablo IAP-binding 

mitochondrial protein) mimetics and critically depends on the phosphorylation of RIPK3 by 

RIPK1. In several other circumstances, however, RIPK1 is dispensable for necroptotic 

responses or even inhibits them in an active manner. This applies to various other TNFR1 

interactors that participate in necroptotic signaling, most of which also regulate caspase 8 

(CASP8)-dependent apoptosis and proinflammatory NF-κB activation. Please note that 

several physical or functional interactions have been omitted for the sake of simplicity. 

Abbreviations: dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; IFN, 

interferon; IFNAR1, interferon (alpha and beta) receptor 1; IFNG, interferon gamma; 

IFNGR1, interferon gamma receptor 1; LPS, lipopolysaccharide; P, phosphate; PIP, 

phosphatidylinositol phosphate; TLR, Toll-like receptor; TNF, tumor necrosis factor; 

TRADD, TNFRSF1A associated via death domain; TRIF (official name TICAM1), toll-like 

receptor adaptor molecule 1; ZBP1, Z-DNA binding protein 1.
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Figure 2. 
Cross talk between necroptosis and other forms of regulated cell death. The signal 

transduction cascades that precipitate necroptosis and other forms of regulated cell death are 

highly intertwined. A heterotrimeric complex containing caspase 8 (CASP8), Fas associated 

via death domain (FADD), and the long isoform of cFLIP (official name CFLAR, CASP8 

and FADD like apoptosis regulator), in which CASP8 retains partial proteolytic activity, 

robustly inhibits necroptosis, most likely owing to the CASP8-dependent cleavage of 

receptor-interacting serine-threonine kinase 1 (RIPK1), RIPK3, and cylindromatosis 

(CYLD). According to some reports that await confirmation, RIPK1 and/or RIPK3 may also 

mediate lethal effects by precipitating mitochondrial outer membrane permeabilization 

(MOMP), mitochondrial permeability transition (MPT)-driven regulated necrosis, or 

parthanatos. Along similar lines, the endogenous inhibitor of ferroptosis glutathione 

peroxidase 4 (GPX4) may suppress necroptosis by preserving optimal CASP8 functions (a). 

In specific situations, however, it seems that the signal transduction cascades precipitating 

necroptosis, MPT-driven regulated necrosis, ferroptosis, and parthanatos operate in a manner 

that is completely independent from each other. One of these scenarios is represented by 

renal ischemia/reperfusion (I/R) (b). Abbreviations: BAK1, BCL2-antagonist/killer 1; BAX, 
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BCL2-associated X protein; CYPD (official name, PPIF), peptidylprolyl isomerase F; 

MLKL, mixed lineage kinase domain-like; PARP1, poly(ADP-ribose) polymerase 1.
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Table 1

Major traits of mice with genetic knockouts or knockins in core and upstream regulators of necroptosis

Genotype Viable Observations Reference

Camk2g−/− Yes Are protected from doxorubicin-driven cardiomyopathy
Are protected from cardiac ischemia/reperfusion

114

Casp8−/− No Die in utero on E10.5 60

Casp8−/−Ripk3−/− Yes Exhibit lymphoproliferative disorders
Are protected against systemic FAS ligation
Fail to control Yersinia pestis infection

56, 61, 132

Casp8−/−Ripk3D161N Yes Exhibit lymphoproliferative disorders 31

Casp8−/−Ripk3K51A Yes Are viable, but not better characterized 49

Casp8−/−Tnfrsf1a −/− No Fail to survive to birth, but progress well beyond E10.5 41

Cflar−/− No Die in utero on E10.5 65

Cflar−/−Ripk3−/− No Die in utero on E12–13.5, owing to massive Casp3 activation in various tissues 57

Cflar−/−Ripk3−/−Fadd−/− Yes Exhibit lymphoproliferative disorders 57

Cflar−/−Ripk3−/−Tnfrsf1a−/− No Fail to survive to birth, but progress well beyond E10.5 41

Cflar−/−Tnfrsf1a −/− No Fail to survive to birth, but progress well beyond E10.5 41

Fadd−/− No Die in utero on E10.5 63, 64

Fadd−/−Ripk3−/− Yes Exhibit lymphoproliferative disorders
Are protected against systemic FAS ligation

57

Fadd−/−Tnfrsf1a −/− No Fail to survive to birth, but progress well beyond E10.5 41

Mlkl−/− Yes Are protected from cerulein-driven pancreatitis
Are protected from AKI driven by oxalate crystals or cisplatin
Are not protected from acetaminophen-driven hepatitis
Are not protected from a rheumatoid arthritis–like syndrome

12, 52, 163, 166, 
176

Ripk1−/− No Die before 3 days of age, owing to widespread Casp3 activation and 
consequent multiorgan pathology

43, 124

Ripk1−/−Casp8−/− No Die in a few hours after birth 41

Ripk1−/−Fadd−/− No Most (>90%) die before 3 days of age 45

Ripk1−/−Faslg−/−Tnfrsf1a−/− No Die in a few hours after birth 124

Ripk1−/−Ifnar1−/− No Most (>90%) die before 5 days of age 41

Ripk1−/−Mlkl−/− No Most (>90%) die before 4 days of age 124

Ripk1−/−Myd88−/− No Most (>90%) die before 4 days of age 124

Ripk1−/−Ripk3−/− No Most (>90%) die before 10 days of age 41, 124

Ripk1−/−Ripk3−/−Casp8−/− Yes Exhibit lymphoproliferative disorders
Display normal response to viral challenge

41, 44, 124

Ripk1−/−Ripk3−/−Fadd−/− Yes Exhibit lymphoproliferative disorders 41

Ripk1−/−Ripk3−/−Tnfrsf1a−/− Yes Most (>90%) die before 150 days of age, owing to the inability to maintain 
intestinal barrier functions

41

Ripk1−/−Ripk3+/−Casp8−/− Yes Are significantly underweight
Most (>80%) die before 180 days of age

44

Ripk1−/−Ticam1−/− No Most (>90%) die before 3 days of age 41

Ripk1−/−Tnfrsf1a −/− No Die in a few hours after birth 41, 124
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Genotype Viable Observations Reference

Ripk1−/−Tnfrsf1a−/−Ifnar1−/− No Most (>90%) die before 25 days of age 41

Ripk1−/−Tnfrsf1a−/−Ticam1−/− No Most (>90%) die before 25 days of age 41

Ripk3−/− Yes Are protected from TNF-driven SIRS
Are protected from cerulein-driven pancreatitis
Are protected from doxorubicin-driven cardiomyopathy
Are protected from cardiac I/R
Are protected from elastase-induced abdominal aortic aneurysm
Are protected from atherogenesis driven by the Apoe−/− or Ldlr−/− genotype
Are protected from RD driven by hyaluronate or poyI:C injection
Are protected from spinal cord injury
Are protected from AKI driven by I/R, oxalate crystals, or cisplatin
Are protected from acetaminophen-driven hepatitis (?)
Are protected from concanavalin A-driven hepatitis
Are protected from ethanol and dietary intoxication
Are protected from nonalcoholic steatohepatitis
Are protected from a rheumatoid arthritis-like syndrome
Fail to control HSV-1 and vaccinia virus infections

32, 33, 34, 52, 
114, 115, 127, 
134, 139, 143, 
150, 152, 159, 
163, 166, 170, 
172, 173, 174, 
175, 179

Ripk1D138N Yes Are protected against TNF-driven SIRS
Fail to control vaccinia virus infections

31, 48

Ripk1K45A Yes Are protected against TNF-driven SIRS
Are protected against SIRS driven by the Sharpin−/− genotype

44, 47

Ripk3D161N No Die in utero on E10.5, owing to uncontrolled Ripk1- and Casp8-driven 
apoptosis

31

Ripk3K51A Yes Are fertile but not better characterized 49

Abbreviations: AKI, acute kidney injury; Apoe, apolipoprotein E; Camk2g, calcium/calmodulin-dependent protein kinase II gamma; Casp, caspase; 
Cflar, CASP8 and FADD like apoptosis regulator; Fadd, Fas associated via death domain; HSV-1, herpes simplex virus type 1; Ifnar1, interferon 
alpha and beta receptor 1; I/R, ischemia reperfusion; Ldlr, low density lipoprotein receptor; Mlkl, mixed lineage kinase domain-like; polyI:C, 
polyinosinic:polycytidylic acid; RD, retinal detachment; Ripk, receptor-interacting serine-threonine kinase; Sharpin, SHANK-associated RH 
domain interacting protein; SIRS; systemic inflammatory response syndrome; Ticam1, toll-like receptor adaptor molecule 1; TNF, tumor necrosis 
factor; Tnfrsf1a, tumor necrosis factor receptor superfamily member 1A.
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Table 2

Pharmacological inhibitors of necroptosis

Molecule Target Observations

Dabrafenib RIPK3 Initially developed as a BRAF inhibitor, approved for use in patients with BRAFV600E-driven 
melanoma

GW806742X MLKL Experimental KDR inhibitor, also binds to MLKL pseudokinase domain and inhibits its 
translocation to the plasma membrane

Necrostatin-1 RIPK1 Experimental agent, mediates various off-target effects, including the inhibition of IDO1

Necrostatin-1s (7-Cl-O-Nec-1) RIPK1 Experimental agent, exhibits increased stability and specificity as compared with necrostatin-1

Necrostatin-3 RIPK1 Experimental agent, operates in a mechanistically distinct manner as compared with necrostatin-1

Necrostatin-5 RIPK1 Experimental agent, inhibits RIPK1 via an indirect mechanism

Necrostatin-7 ? Experimental agent structurally and biologically different from other necrostatins, does not target 
RIPK1

Necrosulfonamide MLKL Experimental agent, selective for human over murine MLKL

Pazopanib RIPK1 Multitarget tyrosine kinase inhibitor, approved for use in patients affected by renal cell carcinoma 
and advanced soft tissue sarcoma

Ponatinib RIPK1
RIPK3

Multitarget tyrosine kinase inhibitor, approved for use in patients affected by various forms of 
leukemia

Abbreviations: BRAF, B-Raf proto-oncogene, serine-threonine kinase; IDO1, indoleamine 2,3-dioxygenase 1; KDR, kinase insert domain receptor; 
MLKL, mixed lineage kinase domain-like; RIPK, receptor-interacting serine-threonine kinase.
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