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Summary

The vertebrate immune system is highly dependent on cell death for efficient responsiveness to

microbial pathogens and oncogenically transformed cells. Cell death pathways are vital to the

function of many immune cell types during innate, humoral and cellular immune responses. In

addition, cell death regulation is imperative for proper adaptive immune self-tolerance and

homeostasis. While apoptosis has been found to be involved in several of these roles in immunity,

recent data demonstrate that alternative cell death pathways are required. Here, we describe the

involvement of a programmed form of cellular necrosis called “necroptosis” in immunity. We

consider the signaling pathways that promote necroptosis downstream of death receptors, type I

transmembrane proteins of the tumor necrosis factor (TNF) receptor family. The involvement of

necroptotic signaling through a “RIPoptosome” assembled in response to innate immune stimuli

or genotoxic stress is described. We also characterize the induction of necroptosis following

antigenic stimulation in T cells lacking caspase-8 or FADD function. While necroptotic signaling

remains poorly understood, it is clear that this pathway is an essential component to effective

vertebrate immunity.

Introduction

Necrosis was initially defined as an accidental, uncontrolled type of cell death that is

typically induced by energetic starvation or plasma membrane disruption [1]. Recent studies

have revolutionized the definition of necrosis, and it is now known that certain forms are

highly regulated processes activated by certain pathological or physiological stimuli [2].

Necroptosis is a form of programmed necrosis that occurs when caspases are inhibited, or

otherwise fail to become activated [3]. Apoptosis is a caspase-dependent mode of cell death,

leading to the orderly degradation of cellular components into “apoptotic bodies” that are

engulfed by surrounding cells via phagocytosis. With the efficient and rapid removal of dead

cells, apoptosis has long been considered the immunologically quiescent form of cell death,

whereas necrosis (and likely necroptosis due to its similarity to necrosis) is thought to
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provoke the immune system [4]. Given this paradigm, apoptosis is to be considered the

preferred mode of cell death during the development of the immune system, particularly in

regulating adaptive immune tolerance and the homeostasis of mature lymphocytes in the

peripheral immune system. In contrast, necroptosis may be considered a “fail-safe”

mechanism to prevent unrestrained growth of cells, particularly following infection by

viruses that attempt to prevent apoptosis [5]. A key control point in the choice between

necroptosis vs. apoptosis is mediated through the RIP kinase family [6]. The Serine-

threonine RIP kinases, RIPK1 and RIPK3, are critical mediators of necroptosis [7], while

RIPK1 is also a key regulator of apoptosis [8]. The involvement of RIP kinases in the

control apoptotic vs. necroptotic cell death following death receptor stimulation is currently

the most well-characterized. However, as described below, other roles for RIP kinase family

members in death receptor independent forms of necroptosis are also under intense scrutiny.

Death-receptor signaling triggers cell death

TNFR1 stimulation can lead to diverse responses: anti-apoptosis, apoptosis, or necroptosis.

The TNF signaling pathway is currently the most widely studied necroptotic signaling

pathway. TNF binding to TNFR1 at the plasma membrane leads to the recruitment of

TNFR1-associated death domain (TRADD), RIP1, cellular inhibitor of apoptosis protein 1

(cIAP1), cIAP2, TNF-receptor-associated factor 2 (TRAF2), and TRAF5 (Figure 1). This

assembly is called complex I and it is situated on the plasma membrane [9]. cIAP1 and

cIAP2 polyubiquitinate RIP1 and induce NF-κB activation [10, 11] while preventing

apoptosis and necroptosis. Transforming growth factor-β-activated kinase 1 (TAK1)-binding

proteins TAB1 and TAB2 mediate the interaction between ubiquitinated RIP1 and TAK1.

TAK1 in turn activates the inhibitor of NF-κB kinase (IKK) complex, and the IKK complex

phosphorylates IκB. The phosphorylated IκB is polyubiquitinated and undergoes

proteasomal degradation, which enables NF-κB translocation to the nucleus. The activation

of the canonical NF-κB pathway results in the transcription of pro-survival and pro-

inflammatory genes [13]. In the absence of cIAPs, the canonical NF-κB pathway is

suppressed [11, 14, 15]. RIP1 is not polyubiquitinated, and complex I leads to the

upregulation of NF-κB-inducing kinase (NIK) and the activation of the non-canonical NF-

κB pathway [16–18]. Thus, the main function of TNF-induced complex I is likely to

promote anti-apoptosis pathways.

Cylindromatosis (CYLD) is a RIP1 Lys63 deubiquitinating enzyme that prevents the pro-

survival effect of RIP1 [19]. CYLD destabilizes complex I and allows RIP1 to dissociate

from the plasma membrane. Subsequently, a TRADD-dependent complex (complex IIa)

assembles in the cytoplasm: RIP1 associates with TRADD, FADD and pro-caspase 8 [20,

21]. Pro-caspase 8 dimerizes [22] and terminates the necroptotic signal by cleaving RIP1

and RIP3 [23–25]. It has been suggested that the caspase 8-c-FLIPL heterodimer cleaves

RIP3 [26] and CYLD to promote apoptosis and prevent necroptosis. Caspase 8 activation

leads to the activation of caspase 3 and caspase 7 to execute apoptosis. If cIAPs are depleted

and RIP1 is not ubiquitylated, then a TRADD-independent complex forms. The assembly of

RIP1, RIP3, FADD, and caspase 8 is called the RIP1-dependent complex IIb, or the

ripoptosome [28]. Within this complex, caspase 8 cleaves RIP1 and RIP3, resulting in

apoptosis and the prevention of further necroptotic signaling [29].

Lu et al. Page 2

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The inhibition of caspase 8 by caspase inhibitors or virally encoded proteins, such as

cytokine response modifier protein A (CrmA), causes RIP1 and RIP3 to associate within

necrosomes (complex III) [30]. RIP1 and RIP3 associate with one another through the RIP

homotypic interaction motif (RHIM), leading to activation of downstream necroptotic

signaling [31, 32]. This occurs when mixed lineage kinase domain-like protein (MLKL) is

phosphorylated by RIP3 and is recruited to the necrosome [33]. The intracellular location of

the necrosome is not well understood, although it has been reported that RIPK3 does not co-

localize with mitochondria, golgi, endoplasmic reticulum, peroxisomes, LAMP1-associated

endosomes, nor RhoB-associated endosomes [34]. However, a recent study suggests that

MLKL is required for the translocation of RIPK3-containing necrosomes to membrane-

associated mitochondria (MAM) upon TNF-induced necroptosis [35].

RIP1 [36–38] and RIP3 [32, 34, 37, 38] are key mediators of necroptosis induced by the DR

ligands TNF, Fas ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL). FasL

binds to Fas, and in the absence of caspase 8 [39], this leads to the recruitment of FADD,

RIP1 [36, 40], and RIP3 [34, 41], resulting in necroptosis. TRAIL binding to TRAIL-Rs can

also result in RIP1/RIP3 necrosome formation [38]. Thus, while much remains to be

determined, it is clear that ligation of death receptors of the TNF-R family can provoke

apoptosis, necroptosis, or non cell-death associated events. The relative contribution of

apoptosis vs. necrosis under physiological and pathological conditions in vivo remains to be

fully elaborated.

Toll-like receptor signaling triggers cell death

The innate immune system is armed with pathogen recognition receptors that detect

molecular components from a variety of pathogens including bacteria, viruses, yeast, and

fungi. Although Toll like receptors (TLRs) bind to foreign pathogen associated molecular

patterns (PAMPs), they also recognize endogenous danger associated molecular patterns

(DAMPs) such as self nucleic acids released from dying cells [42]. TLR3 and TLR4

recognize double-stranded RNA [43] and lipopolysaccharide (LPS) [44], respectively. These

receptors control cytokine induction, dendritic cell maturation, and antigen presentation to T

cells [45]. TLR3 and TLR4 signal through the adaptor protein TRIF, but TLR4 signals

through TRIF in cooperation with a TIR adaptor protein called TRAM. TLR4 is also able to

signal through MyD88 [46]. RIP1 is also a critical mediator of the activation of the NF-κB

pathway through TLR3 and TLR4 [47, 48]. As described below, TLR3 and TLR4 signaling

pathways also regulate necrosome formation and cell death.

Stimulation of TLR3 or TLR4 triggers the recruitment of TRIF, whose RHIM motif

subsequently interacts with the RHIM motif of RIPK3 [49, 50]. The deactivation of caspases

is necessary for TNFα-induced RIP1/RIP3 necrosome formation [32, 34]. Interestingly, the

deactivation of caspases was not essential for the recruitment of RIP3 to TRIF in TLR3 and

TLR4-mediated necroptosis in bone-marrow derived macrophages (BMDM)s [49]. It is

important to note another study that showed caspase 8 inhibition in BMDMs was required

for TLR4-induced necroptosis in BMDMs [51]. In addition, although TNFα is produced as a

result of TLR3 or TLR4 signaling, autocrine TNFα contributes minimally to the necroptosis

induced through TLR3 or TLR4 signaling [49].
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Physiological importance of necroptosis to infection and tissue damage

Viruses and bacteria that can inhibit caspases could pose a threat if these organisms cannot

be eliminated. Therefore, if caspase 8 is non-functional, then necroptosis may be an

important way to eliminate damaged cells. Necroptosis is characterized by cellular swelling

and eventual burst that releases endogenous adjuvants to surrounding tissue. This elicits an

inflammatory response and the recruitment of cells to clear away damaged cells or cell

debris. It has been shown that RIP3 expression is upregulated in the thymus and spleen

following tissue injury [34]. Murine cytomegalovirus M45-encoded viral inhibitor of RIP

activation (vIRA) is an inhibitor of RIPK3-dependent necroptosis, and it prevents the host

from eliminating the virus [52]. The ability of viruses to suppress the host’s cell death

pathways is an important immune evasion strategy for viruses. This provides significant

implications for the role of necroptosis in the antiviral immune response, and provides at

least one explanation for the need for necroptosis in normal physiology.

Necrosis-inducing complex

As described, cell death regulation in the immune system is crucial for functional immune

responses and maintaining immune homeostasis. Although apoptosis has been long observed

to regulate the immune system, recent findings have uncovered an alternate death pathway,

termed necroptosis or programmed necrosis. Necrosis is a type of cell death characterized by

rupture of the plasma membrane, and organelle swelling leading to eventual lysis of the cell

[53, 54]. This death is generally regarded as unregulated. Necroptosis can be induced

through ligation of tumor necrosis factor (TNF) members (through TNFR1, TNFR2,

TRAILR1, and TRAILR2), Fas ligand, toll-like receptors, lipopolysaccharides (LPS), and

genotoxic stress [55–59]

As described earlier, ligation of TNFα activates TNFR1 and in turn induces the recruitment

of RIP1 kinase via adaptor protein TRADD [60, 61], to the membrane. RIP1 is then

recruited to form what is commonly referred to as “complex I” [62, 63] containing

ubiquitinated RIP1 as a scaffolding protein, NF-kB essential modulator (NEMO), and IkB

kinase (IKK) complex resulting in NF-kB activation [64]. Binding of death receptors also

recruits RIP1 to the cytosol for assembly of the death inducing signaling complex (DISC) or

complex II [65], which is comprised of adaptor protein FADD, caspase 8, and cFLIP. In the

absence of active caspase 8, cytosolic RIP1 can interact with receptor-interacting protein 3

(RIP3) kinase to generate the RIP1/RIP3-containing complex IIb, known as the

“necrosome” [66]. Generation of the necrosome leads to the induction of necroptosis.

RIP1 has been demonstrated to be involved in both apoptosis and necroptosis, while RIP3

appears to participate solely in necroptosis. RIP3, which is activated following auto- and

cross- phosphorylation by RIP1 has been shown to be essential for promoting necroptosis,

whereas RIP1 appears to be dispensable [67–69]. RIP3 phosphorylates and activates

downstream targets in the necroptotic pathway, and is considered to be the convergence

point for the execution of necroptosis. RIP1 kinase activity is required for necrosome

formation since necrostatin-1 [3, 70], which allosterically blocks the kinase activity of RIP1,

abolishes the assembly of the RIP1-RIP3 complex. RIP1 and RIP3 have been shown to
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assemble only in the absence of functional caspase-8, indicating that this enzyme acts as a

necrosome inhibitor. Caspase-8 has also been shown to cleave both RIP1 and RIP3 in

activated T cells [71], thus acting as a negative regulator of this pathway through this

mechanism.

Wang et al. recently discovered various proteins that act downstream of the necrosome.

Mixed lineage kinase domain like protein (MLKL) has been identified as a key mediator of

necroptosis signaling downstream of RIP3 kinase [72]. MLKL is phosphorylated by RIP3 at

the threonine 357 and serine 358 residues, and these phosphorylation events are critical for

necroptosis. Wang and colleagues [72] utilized a chemical library screening approach and

identified a molecule, necrosulfonamide (NSA), that can interfere with necroptosis

downstream of RIP3 activity. Interaction of MLKL1 with the necrosome is necessary for

propagating the necroptotic signal in Jurkats, HT-29, and Hela cell lines. Chemical

inhibition of MLKL activity leads to blockade of necroptosis, and mice genetically deficient

in MLKL are unable to undergo necroptosis. MLKL−/− mice did not show defects in

development or during homeostasis [73, 74], but developed signs of necrosis-associated

disease. Newton et al. engineered mice expressing catalytically inactive RIP3 D161N or

RIP1 D138N [75] to determine the need for kinase activity in necroptosis. Interestingly,

RIP3 D161N promoted lethal RIP1-and caspase-8-dependent apoptosis. In contrast, mice

expressing RIP1 D138N were viable and, like RIP3-deficient mice, resistant to tumor

necrosis factor (TNF)-induced necroptosis.

RIP3 is thought to induce a switch in cellular metabolism, leading to the increase of

mitochondrial ROS production that culminates in cell death [76]. Wang et al. simultaneously

identified a mitochondrial protein phosphatase, phosphoglycerate mutase 5 (PGAM5) [77],

as a downstream effector that binds the necrosome on the mitochondrial membrane.

PGAM5-MLKL1-RIP1-3 interaction promotes activation of Drp1, a GTPase necessary for

mitochondrial fission, and inhibition of Drp1 inhibition has been demonstrated to block

necrosis. While the molecular mechanism of necroptosis execution is still not completely

clear, current findings implicate MLKL as an important substrate of RIP3 in targeting

downstream targets on cellular organelles such as mitochondria and/or lysosomes.

Necroptosis in T lymphocytes

Necroptosis regulation plays an essential role in the immune system. While the role of

apoptosis has been well defined in maintaining central tolerance through the generation of

self-tolerant lymphocytes and the clearance of autoreactive lymphocytes, the role of

necroptosis has been recently implicated in the regulation of T cell proliferation and

survival. Various studies have established that caspase-8, the key molecule mediating

apoptosis in response to activation of death receptors, also has important nonapoptotic

functions [78] in regulating lymphocyte survival. Several reports indicate that necroptosis

regulates antigen-induced proliferation of T cells required for peripheral T cell homeostasis

and T cell survival in response to activation stimuli. Mice lacking caspase-8 or expressing a

dominantly interfering form of FADD unable to recruit caspase-8 (FADD DED deficient,

FADDdd) [79] in T cells displayed impaired T cell homeostasis and diminished peripheral T

cell numbers. Impaired expansion of T cells after TCR activation was observed in T cells
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deficient in caspase-8 [80, 81] or FADD [82] as well as in FADDdd-expressing T cells [83,

84]. Defective accumulation of activated T cells in the absence of caspase 8 activity is due to

the induction of necroptosis. Blockade of RIP1 through chemical inhibition with RIP1

inhibitor, necrostatin-1 (Nec-1) [85] restores the expansion defect in caspase 8-deficient and

FADDdd-expressing T cells [78, 79], as does genetic knockdown of RIP1 [86] in FADD

deficient mice. Similarly, it has been demonstrated that the loss of RIP3 is able to rescue the

defective T cell proliferation of caspase 8−/− or FADDdd mice [71, 87, 88], indicating that

necroptotic signaling in T cells is regulated by caspase-8. Under physiological conditions,

caspase 8 promotes survival of activated T cells by suppressing the necroptotic pathway.

The interplay of these apoptotic and necroptotic pathways is critical in immune tolerance, as

mice doubly deficient in both caspase 8-RIP1 and FADDdd-RIP3 develop

lymphoproliferative disease and accumulated autoreactive lymphocytes.

Mice lacking caspase-8 or expressing FADDdd in T cells are also unable to mount a proper

immune response when infected with murine hepatitis virus (MHV), due to defective

expansion of effector cells as well as diminished cytotoxic activity [71, 89]. Necroptosis has

been implicated in the elimination of excessive T cells during the contraction phase of a

viral infection. Removal of activated T lymphocytes that had undergone clonal expansion in

response to stimulation (infection) is essential for maintenance of T cell homeostasis and

preventing an excessive immune response. However, additional deletion of RIP3 in both

cases restored the proper immune responses. Under physiological conditions, the DISC

proteins actively inhibit necroptosis as caspase-8 or FADD germline deficiency leads to the

embryonic death of mice [1].

Work by Upton et al. have reported a function for necroptosis in the context of viral

infections [90]. During these circumstances, the necroptotic pathway can be induced to clear

virally infected cells. Upton et al. [91], suggests that RIP3 but not RIP1 is required for

necrosis induced during viral infections. RIP3−/− mice succumb to vaccinia virus expressing

caspase 8 inhibitor, and viral replication is enhanced within infected RIP3 deficient cells.

Similarly, when mice were infected with cytomegalovirus [91], a virus that expresses

inhibitors of caspase8 and inhibitor of RIP3, m45/vIRA, RIP3−/− mice were more

susceptible to the M45/vIRA deficient virus. Under these settings, necroptosis functions as a

back-up mechanism against viruses encoding apoptotic inhibitors.

A recent study by Bohgaki et al. [92] demonstrated that the inactivation of caspase-8 in T

cells suppressed the autoimmune phenotype characteristic of Bim (Bcl-2-interacting

mediator of cell death) knockout mice [93]. Bim is a proapoptotic BH3-only protein of the

Bcl-2 protein family, involved in facilitating the intrinsic apoptosis pathway [94]. Bim-

deficient mice develop autoimmunity due to the defective apoptotic pathway in T cells [93],

and inactivation of caspase-8 in Bim−/− T cells promotes activation-induced necroptosis of

autoreactive Bim−/− T cells. Thus loss of caspase-8 in T cells appears to have antagonizing

effects on Bim-associated autoimmunity, suggesting a role for necroptosis in preventing

overactive immune responses. These findings indicate that apoptosis and necroptosis must

be tightly regulated in order to maintain immune homeostasis.
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Ripoptosome and host defense

Recent work from Tenev et al. and Feoktistova et al. has revealed a cytosolic complex,

termed the “Ripoptosome” [55, 56], that can induce both apoptosis and necroptosis through

interactions between TLR domain-containing adaptor protein inducing interferon-B (TRIF)

[95] and the RHIM of RIP1. This ~2-megadalton signaling platform assembles in response

to pattern recognition receptor (PRR) activation and genotoxic stress, and is also mediated

by complex IIb proteins caspase 8, FADD, cFLIP, and RIP1. The ripoptosome is a signaling

platform that regulates caspase-8 dependent apoptosis or RIP1 mediated necroptosis

independent of TNF, TRAIL, or CD95L, which distinguishes it from the necrosome.

The immune system defends itself against pathogens through Pattern Recognition Receptors

(PRRs) [96]. Activation through TLRs by certain PAMPs and DAMPs induces RIP-

mediated apoptotic or pyroptotic (inflammasome-mediated) cell death in particular cell

types and conditions. It has been shown that stimulation of TLR3 by dsRNA (poly[I:C]) or

TLR4 by LPS in combination with caspase inhibition leads to RIP3-mediated necroptosis in

murine macrophages [97] and FADD-deficient Jurkat cells [98]. When TLR3 is activated,

TRIF interacts with RIP3 leading to ROS production and necroptosis. Macrophage cell

death and cytokine expression were both inhibited when LPS and zVAD-fmk or poly(I:C)

and zVAD-fmk were injected into RIP3-deficient or TrifLPS2/LPS2 dominant-negative mutant

mice [99], suggesting the involvement of RIP3 and TRIF in TLR-mediated necroptosis.

Wang et al. showed that the TLR4 pathway is involved in High Mobility Group Box 1

protein (HMGB1) secretion from macrophages by a mechanism that depends on

interleukin-1 (IL-1) receptor-associated kinase 4 (IRAK4) [100], suggesting that HMGB1

might be released during TLR4-mediated necroptosis.

Caspase 8 and RIP1 are also known to be recruited to the RNA sensor retinoic acid-

inducible gene I (RIG1) complex [101], and cytosolic DNA sensor, DNA-dependent

activator of interferon regulatory factors (DAI) [102], which directly engage RIPK1 and

RIP3 through the RHIM to assemble the ripoptosome. Expression of DAI sensitizes cells to

virus-induced necrosis and DAI knockdown or knockout cells are resistant to this death

pathway. Importantly, as with RIP3−/− mice, vIRA mutant MCMV pathogenesis is restored

in DAI−/− mice, consistent with a DAI-RIP3 complex being the natural target of vIRA.

Thus, DAI interacts with RIP3 to mediate virus-induced necrosis analogous to the RIP1-

RIP3 complex controlling death receptor-induced necroptosis. These observations

emphasize the various cellular contexts where the necroptotic pathway is crucial in host

defense.

Modulation of necroptosis in T cells

Current studies still aim to indentify a physiological role for necroptosis in lymphocytes. It

is clear that caspase 8−/− or FADDdd T cells succumb to necroptosis when stimulated with

antigens. The BCL-10-CARMA-1-MALT1 (BCM) complex, which activates NF-kB

following TCR stimulation, is proposed to also dictate DISC formation [103, 104].

However, Arechiga et al. demonstrated that NF-kB signaling is intact in FADDdd and

caspase-8 deficient T cells [105]. It has been suggested that perhaps there is a role for
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necroptosis in FasL/R regulation. However, extracellular blockade of DR ligation failed to

rescue caspase 8−/− or FADDdd-expressing T cells, suggesting that the nucleation of RIP1/

RIP3 necrosomes occurs in a manner independent of DR signaling. Findings from Newton

et al. indicate RIP3 activity determines the switch between apoptosis and necroptosis [75].

The mechanism by which caspase 8 is activated is still unclear, and understanding the

temporal kinetics of its activity would provide additional insight into the events that promote

necroptosis.

Other mechanisms, such as autophagy, may coordinate the sensitivity of cells to necroptosis

[106]. T lymphocyte proliferation is impaired in the absence of autophagy proteins Atg5,

Atg7, Atg3, or Beclin-1 [107]. Interestingly, a hyperautophagic phenotype has been

observed in FADDdd- and caspase-8-deficient lymphocytes after TCR stimulation [78, 79].

Treatment with Nec-1 in these models not only prevented cell death but also reduced

autophagy levels.

Another aspect of the crosstalk between necroptosis and autophagy deals with its role in

removal damaged organelles [108]. It was proposed that selective autophagy of

mitochondria, or mitophagy, may be used to compartmentalize mitochondria producing

ROS and protect cells from excess ROS production. Interference with the mechanism

responsible for the removal of damaged mitochondria could sensitize cells to necroptotic

death. However, deletion of Atg7 in the genetic background of a caspase 8 deficiency

exacerbated the loss of T cells [80], indicating that the defects observed in T cells of mice

lacking the capacity to induce autophagy are independent of RIP1 activity. As ROS have

been linked to necroptotic induction, the molecular mechanisms of the interplay between

mitophagy and necroptosis are currently being investigated. As described above, Wang et al.

recently discovered a connection between RIP3 kinase activity and the MLKL protein,

which is recruited to mitochondrial membranes [77]. This interaction is responsible for

mitochondrial fission and fragmentation and decreased mitochondrial fragmentation was

observed in MLKL knockout T cells. Taken together, decreased mitophagy and increased

rupture of mitochondria may enable the release of mitochondrial DNA and other related

factors that serve as DAMPs and promote ROS production.

Conclusions

As described above, the choice between necroptosis vs. apoptosis is clearly important for

proper immune function. The loss of caspase 8 mediated cell leads to the induction of

necroptosis and hyper-autophagy instead [109]. While it has been proposed that necroptosis

may simply serve as a redundant pathway to ensure the demise of cells following viral

infection [90], it is also possible that it may serve other physiologic roles. Supporting this is

the demonstration that the signals that promote apoptosis are counter-inhibitory toward

necroptotic signaling; loss of caspase 8-dependent processing of RIP1 and CYLD leads to

hypersensitivity to necroptosis [71, 110]. Further elaboration of mice bearing defects in

other necroptosis regulatory molecules will likely reveal additional physiological roles for

necroptotic signaling. Clearly, this counter-regulation between apoptosis and necroptosis is

vital, since loss of caspase 8 or FADD in the germline results in embryonic lethality [111–

113], lethality that is rescued by the loss of RIP1 mediated necroptosis [86]. Given this, it
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will be important to understand the signals that lead to necrosome and/or ripoptosome

formation under different cell types during embryonic development as well as in the

maintenance and function of mature tissues. Clearly, many discoveries lay ahead that will

enhance our understanding of the physiological functions mediated by necroptotic signaling.
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Abbreviations

TNF tumor necrosis factor

RIP receptor interacting protein

cIAP cellular inhibitor of apoptosis protein

TRADD TNF receptor associated death domain

FADD Fas associated death domain

TAK1 Transforming growth factor-β-activated kinase 1

NF-kB nuclear factor kappa B

IKK inhibitor of kappa B kinase

IKB inhibitor of kappa B

CYLD Cylindromatosis
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Figure 1. Molecular pathways of cell death
The activation of death receptors (TNFR1, Fas, and TRAIL), TLR3, TLR4, or the TCR can

result in apoptosis or necroptosis. TNFR1 ligation to TNF leads to the assembly of complex

I that can activate the canonical NF-kB pathway or the non-canonical NF-kB pathway

(under cIAP depleting conditions). If CYLD deubquitinates RIPK1, then complex IIa forms

and is known as a TRADD-dependent complex. Complex IIb, a TRADD-independent

complex, is known as the ripoptosome. Caspase 8 cleavage of RIPK1 and RIPK3 in

complexes IIa and IIb results in apoptosis. Inactive caspase 8 turns complex IIb into a

RIPK1/RIPK3 necrosome. After MLKL is phosphorylated by RIPK3, necroptosis ensues.

TLR3 and TLR4 activation results in the recruitment of TRIF, which recruits RIPK3 and

leads to ripoptosome or necrosome formation. Currently, the necroptotic signaling

mechanism that stems from TCR stimulation remains unknown.

Lu et al. Page 15

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


