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Abstract

Caspases were originally identified as important mediators of inflammatory response and 

apoptosis. Recent discoveries, however, have unveiled their roles in mediating and suppressing two 

regulated forms of necrotic cell death, respectively termed pyroptosis and necroptosis. These 

recent advances have significantly expanded our understanding of the roles of caspases in 

regulating development, adult homeostasis and host defense response.

Caspase-1 was first reported in two seminal studies as the processing enzyme for pro-

interleukin-1β [named interleukin-1β converting enzyme (ICE) at the time] that mediates 

the production of mature IL-1β, an important pro-inflammatory cytokine involved in 

multitude of human diseases (Cerretti et al., 1992; Thornberry et al., 1992). The amino acid 

sequence homology of caspase-1 with Ced-3, encoded by a gene critically involved in 

regulating developmental cell death in the nematode C. elegans, provided the first hint for a 

potential role of caspases in apoptosis in mammalian cells (Yuan et al., 1993). This 

prediction was directly verified by the expression of caspase-1 or Ced-3 in cultured 

fibroblast cells that lead to cell death with apoptotic morphology and which was inhibited 

upon the expression of Bcl-2 or CrmA, a viral inhibitor of caspases (Miura et al., 1993). 

Furthermore, the expression of CrmA and Bcl-2 blocked neuronal cell death mediated by 

trophic factor deprivation, a paradigm mimicking developmental neuronal cell death 

(Gagliardini et al., 1994). These findings led to tremendous interests in the molecular 

mechanisms of apoptosis and the discovery of a cascade of activated caspases in the 

execution of this regulated death sentence. The cleavage of different substrates by caspases 

is mechanistically responsible for the morphological and biochemical characteristics of 

apoptotic cell death, including membrane blebbing, exposure of phosphatidylserine on the 

outer cytoplasmic membrane, DNA fragmentation, detachment from extracellular matrix, 

formation of pyknotic nuclei and apoptotic vesicles (Degterev et al., 2003; Green, 1998). 
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These studies defined apoptosis as programmed cell death mediated by caspases. Thus, 

regulation of apoptosis and the production of inflammatory cytokines such as IL-1β then 

came to be known as the predominant functions of caspases. However, research in the past 

decade has led to the new revelations that caspases also play previously unexpected roles in 

regulating necrotic cell death.

Caspases are an ancient family of cysteine proteases with homologues present in all 

metazoans. Caspases are first synthesized in cells as zymogens and their activation requires 

either allosteric conformational change, specific cleavage after a selective aspartate residue, 

or both, to lead to the formation of tetrameric active enzymes. Unlike that of C. elegans, 
where the activation of Ced-3 is singlehandedly responsible for the execution of 

programmed cell death, multiple caspases are present in more complex organisms, such as 

mammals [10 caspases in mouse (caspase-1/-2/-3/-6/-7/-8/-9/-11/-12/-14); 11 caspases in 

human (caspase-1/-2/-3/-4/-5/-6/-7/-8/-9/-10/-14)]. Members of the caspase family can be 

grouped into those encoding long N-terminal prodomains with the CARD or DED motifs, 

which mediate the formation of protein complexes by providing the molecular platforms for 

the activation and inhibition of caspases (in mammals, caspase-1, -2, -4, -5, -8, -9, -10, -11, 

and -12), and those with short prodomains that require the cleavage by other caspases to be 

activated (in mammals, caspase-3, -6, -7, and -14). Such an expansion of the caspase family 

during evolution may have arisen to serve multiple purposes such as providing additional 

means of regulation and diversifying their roles.

This review will focus on two recently uncovered roles of caspases in regulating necrotic 

cell death mechanisms: the activation of pyroptosis mediated by caspases-1, caspase-4, 

caspase-5 and caspase-11, and the suppression of necroptosis mediated by RIPK1/RIPK3 by 

caspase-8.

Pyroptosis – necrotic cell death mediated by inflammatory caspases

The pro-inflammatory subfamily of caspases, including caspase-1 in both human and mice, 

caspase-4 and -5 in humans and caspase-11 in mice, are now known to mediate a form of 

necrotic cell death, termed pyroptosis (Greek roots pyro, relating to fire or fever) which is 

characterized by cell swelling, lysis and release of proinflammatory cytokines and 

intracellular content (Fink and Cookson, 2006). In a fashion similar to apoptosis, the key 

execution mechanism of pyroptosis involves cleavage events mediated by caspases (Figure 

1). The ability of inflammatory caspases to promote cell lysis involves the cleavage of 

gasdermin D (GSDMD) to promote the formation of membrane pores (He et al., 2015; 

Kayagaki et al., 2015; Shi et al., 2015). Pyroptosis occurs predominantly in professional 

phagocytes — macrophages, monocytes, and dendritic cells (DCs), as well as various other 

cell types such as T cells — upon stimulation by pathogens such as bacteria or virus, or 

products from pathogens such as lipopolysaccharide (LPS) and viral DNA.

Inflammatory caspases mediating pyroptosis may be activated by inflammasomes (de Zoete 

et al., 2014). The inflammasome pathways include the canonical inflammasomes that 

mediate the activation of caspase-1 and the non-canonical inflammasome that promotes the 

activation of caspase-11 in mice and caspase-4 and -5 in humans. Murine caspase-1, 
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caspase-11 and caspase-12 are located in a gene cluster on chromosome 9; whereas human 

caspase-1, caspase-4 and caspase-5 are located in a gene cluster on chromosome 11. Human 

caspase-4 is most homologous to murine caspase-11 with ~60% identity in its amino acid 

sequence. Caspase-1, the enzyme directly involved in processing of pro-IL-1β, is subject to 

the regulation by caspase-11 and caspase-4/-5 (Vigano et al., 2015; Wang et al., 1998). 

Caspase-11 expression is lost in two Casp1−/− mouse mutant lines due to a germline 

mutation in mouse 129 background (Kang et al., 2000; Kayagaki et al., 2011).

In contrast to apoptosis, which is primarily anti-inflammatory, the activation of pyroptosis is 

pro-inflammatory not only because of the rapid loss of cell membrane integrity and release 

of cytosolic contents, but also due to the processing and release of mature IL-1β and IL-18, 

which have strong pro-inflammatory activity in promoting vasodilation and extravasation of 

cells of the immune response, the generation of IL-17-producing helper T cells-mediated 

(Th17) response and the production of interferon-γ (IFN-γ) by NK and Th1 cells.

A dual alarm system for activating pyroptosis

Activation of pyroptosis in macrophages and DCs may involve a dual alarm system. This 

alarm system includes intracellular and extracellular germline-encoded pattern-recognition 

receptors (PRRs) that can detect a multitude of pathogen- and danger-associated molecular 

patterns (PAMPs and DAMPs) exposed upon invasion of pathogens. The activation of Toll-

like receptors (TLRs) by their cognate extracellular ligands primes the host defense 

responses by inducing the transcription and translation of critical mediators of intracellular 

sensors such as NLRP3 and caspase-11 (also known as Ich-3) as well as important pro-

inflammatory cytokines, such as pro-IL-1β (Bauernfeind et al., 2009; Hiscott et al., 1993; 

Wang et al., 1996). When primed with a TLR3 agonist, Tlr4−/− and wild-type mice are 

equally susceptible to LPS-induced sepsis. Given that Casp11−/− mice are resistant to lethal 

dose of LPS, with or without priming, the induction of caspase-11 by different priming 

signals likely constitutes a prerequisite to alert the system for the incoming pathogenic 

attack (Kayagaki et al., 2011; Wang et al., 1998). Indeed, the priming role of TLR4 in 

detecting extracellular LPS can be bypassed by TLR3 signaling as the first alarm to promote 

the induction of caspase-11 transcription as it can be up-regulated downstream of both 

receptors through the MyD88- and/or the TRIF/type I IFN-dependent pathways (Hagar et 

al., 2013; Kayagaki et al., 2013). This first alarm may also be activated in a TLRs-

independent manner, e.g. the activation of cGAS (cyclic GMP-AMP synthase) by cytosolic 

DNA (Storek et al., 2015).

The second alarm system relies on intracellular PRRs such as members of NLR and TRIM 

families that detect various DAMPs and PAMPs including bacterial proteins, and the Pyrin 

and HIN domain (PYHIN; also known as AIM2-like receptors, ALRs) family that detect 

cytoplasmic or nuclear DNA either from pathogens or misplaced host nucleic acids. When 

activated by the second signal, these PRRs may induce the assembly of inflammasomes to 

recruit and activate caspase-1. Noteworthy, since the direct binding of murine caspase-11 

and human caspase-4/5 to cytosolic LPS can trigger their oligomerization and activation 

without involving another PRR in noncanonical inflammasome pathway (Shi et al., 2014), 

caspase-11/-4/-5 themselves may act as the second alarm system.
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The canonical pathway of pyroptosis

The canonical pyroptosis is mediated by caspase-1 activated by inflammasomes, the 

supramolecular filamentous assemblies prototypically composed of a PRR protein, such as 

NLRP3, NLRP1, NAIPs–NLRC4, AIM2 and Pyrin, the adaptor ASC and caspase-1 

(Rathinam and Fitzgerald, 2016). The interaction of PRR and caspase-1 is mediated by 

adaptor protein ASC through its pyrin domain (PYD) interacting with PRRs and its CARD 

interacting with caspase-1. Interestingly, both PYD and CARD form filaments. Activated 

PRRs, such as AIM2 and NLRP3, induce the formation of PYD filaments with ASC, which, 

in turn, clusters the CARD of ASC to nucleate the CARD filaments of caspase-1 forming 

structures known as “specks” and inducing the activation and the cleavage of caspase-1. 

NLRC4 and murine NLRP1b lack a PYD domain and may recruit a bridging ASC molecule 

directly through their CARD domains in order to form specks.

Inflammasome activation is regulated in both PRR and stimulus-dependent manner 

(Rathinam and Fitzgerald, 2016). Some PRRs sense indirect cytosolic changes linked to 

damage or infection. The NLRP3 inflammasome may be activated by exposure to intact 

pathogens, as well as a number of structurally diverse PAMPs, DAMPs, endogenous and 

environmental irritants such as uric acid crystals, amyloid-β, asbestos and alum. The exact 

mechanism by which NLRP3 detects such a diverse array of molecular patterns is still 

unclear; however, the structural diversity of NLRP3 agonists argues against direct interaction 

between NLRP3 and all of its activators. Similarly, Pyrin, a member of the TRIM family, 

also indirectly senses inhibition of Rho by bacterial toxins such as TcdB of Clostridium 
difficile. On the other hand, PRRs may be subject to direct modification by pathogenic 

agents, such as lethal toxin of Bacillus Anthracis which can activate NLRP1b by direct 

cleavage. Finally, direct binding of PAMPs activates some PRRs. Bacterial flagellin and 

type3 secretion system (T3SS) rod and needle proteins engage specific NAIPs to trigger the 

oligomerization of NLRC4. The PYHIN, or ALR, family members recognize and bind 

nucleic acids.

The noncanonical pathway of pyroptosis

The expression of murine caspase-11 is very low in un-stimulated cells and highly inducible 

by multiple pro-inflammatory stimuli such as TLR ligands, LPS, poly(I:C), and Pam3CSK4 

and by IFNs. In contrast, human caspase-4/-5 are constitutively expressed in macrophages, 

monocytes and various additional cell types (Kayagaki et al., 2013; Rathinam et al., 2012; 

Wang et al., 1996; Wang et al., 1998). Caspase-4, -5, and -11 can be directly activated by 

Gram-negative bacteria in the cytoplasm within macromolecular signaling complexes called 

“noncanonical inflammasomes” (Hagar et al., 2013; Kayagaki et al., 2011). Oligomerized 

caspase-11, caspase-4 or caspase-5 is a critical component of this “noncanonical 

inflammasome”; however, its full composition is not yet clear. The binding of the lipid-A 

portion of LPS to the CARD domains of these inflammatory caspases promotes their 

oligomerization and activation. Furthermore, the induction of caspase-11 expression might 

be sufficient for auto-activation (Kang et al., 2000; Rathinam et al., 2012). In addition, 

activated caspase-11 can modulate the dynamics of actin cytoskeleton which may be 

important in restricting the growth of intracellular pathogens such as Legionella 
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pneumophila by promoting bacteria-containing vacuoles to fuse with lysosomes (Akhter et 

al., 2012; Li et al., 2007).

Consistent with the role of cytosolic LPS in mediating the activation of caspase-11, the 

activation of caspase-11 in response to intracellular vacuolar Gram-negative bacterial 

pathogens such as Salmonella relies on IFN-inducible small GTPases of the guanylate-

binding protein family (GBPs). GBPs mediate the lysis of the vacuole to allow the release of 

LPS to the cytosol to activate caspase-11 (Meunier et al., 2014; Pilla et al., 2014). 

Depending on bacterial species-specific LPS structures, GBPs can also be required for 

caspase-11 recognition of cytosolic LPS such as long fatty acid chain of Legionella 
pneumophila.

The downstream mechanisms of pyroptosis

The cleavage of GSDMD by inflammatory caspases including caspase-1, -4, -5 and -11 is a 

key execution event in pyroptosis (He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015). 

The gasdermin-N domain in GSDMD, as well as other members of the gasdermin family 

such as GSDMA and GSDM3, have an intrinsic ability to bind to multiple kinds of 

membrane lipids, such as phosphatidylinositol phosphates and phosphatidylserine that are 

restricted to the inner leaflet, which allows them to form pores on plasma membrane and 

induce cell lysis (Shi et al., 2015). The pores formed by gasdermin-N have an inner diameter 

of 10–143nm and contain 16 symmetric protomers (Ding et al., 2016; Liu et al., 2016). The 

resistance of Gsdmd−/− mice to LPS induced sepsis supports the involvement of pyroptosis 

in vivo (Kayagaki et al., 2015). However, since the release of proinflammatory cytokines is 

also blocked by GSDMD deficiency (Shi et al., 2015), and mice deficient for IL-1R type I, 

the receptor for both IL-1α and IL-1β are highly resistant to LPS (Joosten et al., 2010), a 

major role of pyropotosis in sepsis in vivo might still be related to the release of 

proinflammatory cytokines. The cleavage of GSDMD by caspase-1 may play a role in the 

release of IL-1β by forming an ion-permeable conduit that can be inhibited by broadly 

acting channel inhibitors such as lanthanides (La3+ and Gd3+), before pyroptotic cell death 

(Russo et al., 2016). Caspase-11 mediated cleavage of pannexin-1 can also trigger the 

release of intracellular ATP through this non-selective large-pore channel, and the 

subsequent activation of the purinergic receptor P2X ligand-gated ion channel (P2X7), both 

critical for caspase-11-mediated pyroptosis (Yang et al., 2015). On the other hand, the 

activation of caspase-11 by a combination of microbial products and oxidized phospholipids 

released from dying cells can trigger the release of mature IL-1β from DCs without inducing 

pyroptosis (Zanoni et al., 2016). In addition, the stimulation of primary human monocytes 

by TLR2 or TLR4 ligands alone without a second signal can promote IL-1β release, a 

process that requires NLRP3, caspase-1/-4 and -5 but occurs in the absence of cell death 

(Netea et al., 2009; Vigano et al., 2015). Since activated caspase-11 is also known to cleave a 

number of channel proteins, such as the cationic channel subunit transient receptor potential 

channel 1 (TRPC1) to promote the secretion of IL-1β without modulating caspase-1 

cleavage or cell death in macrophages (Py et al., 2014), these studies suggest the possibility 

that “leadless” cytokines such as IL-1α/β may be released from DCs and monocytes through 

a secretory mechanism without inducing cell lysis.
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In vivo injection of LPS can induce the activation of caspase-3 in wild-type but not 

Casp11−/− mice, suggesting that caspase-11 can also mediate the activation of apoptosis in 

LPS stimulated cells (Kang et al., 2002). The cleavage specificity of caspase-11 is similar to 

that of caspase-9 so it can effectively cleave pro-caspase-3 and pro-caspase-7 and to promote 

their activation. It is possible that caspase-11 may activate pyroptosis or apoptosis depending 

on the expression levels of GSDMD in the target cells. In cells with high levels of GSDMD, 

the formation of pores, which leads to rapid disruption of cytoplasmic membrane integrity, 

may preempt the activation of downstream caspases. Accordingly, stimulation of LPS-

primed Gsdmd−/− macrophages with nigericin or Salmonella typhimurium leads to 

significant activation of caspase activity which is absent in Casp-1−/− or Nlrp3−/− 

macrophages (He et al., 2015).

The interaction of the canonical and non-canonical pathways

Casp11−/− mice are protected against lethal doses of LPS and are unable to mediate the 

release of mature IL-1β/α (Wang et al., 1998). Thus, caspase-11 controls the activation of 

caspase-1 at least under certain conditions. Given that mice with caspase-1 deficiency alone 

are not as resistant to a lethal dose of LPS as that of Casp11−/− mice, inhibiting the 

activation of the canonical inflammasome pathway per se might not be sufficient to block 

sepsis induced by Gram-negative bacteria (Kayagaki et al., 2011; Wang et al., 1998). 

Accordingly, the induction of caspase-11 expression upon the activation of TLR4 in a TRIF-

dependent pathway may be sufficient to promote its own activation as well as to license the 

activation of NLRP3 inflammasome to mediate the activation of caspase-1 under certain 

conditions (Rathinam et al., 2012; Wang et al., 1996).

Caspase-11 may be able to mediate the activation of caspase-1 directly or indirectly. 

Endogenous pro-caspase-11 and activated caspase-11 can interact with caspase-1, 

suggesting that caspase-11 might directly promote the catalytic activity of caspase-11 by 

forming a physical complex (Kayagaki et al., 2011; Wang et al., 1998). On the other hand, 

the activation of caspase-1 in macrophages infected by Gram-negative bacteria or LPS 

requires NLRP3 and ASC in addition to caspase-11. Similarly, in human cells, cytosolic LPS 

triggers IL-1β secretion in a caspase-4, NLRP3, ASC and caspase-1 dependent manner 

(Schmid-Burgk et al., 2015). Thus, the canonical inflammasomes might still be required for 

caspase-11, caspase-4 and caspase-5 to mediate the activation of caspase-1 under certain 

circumstances. However, caspase-11 is dispensable for the activation of caspase-1 in 

response to other NLRP3 agonists such as ATP, the lysomotropic agent HLLOMe and silica 

crystals, as well as other canonical inflammasomes such as the NLRC4 or AIM2 

inflammasomes, which can promote the activation of caspase-1 directly. In addition, 

canonical inflammasomes can control the activation of noncanonical inflammasome in a cell 

extrinsic manner. For example, in a Burkholderia thailandensis in vivo infection model, 

NLRP3 and NLRC4-mediated IL-18 secretion and subsequent indirect IFN-γ production 

provides critical priming of the caspase-11 noncanonical inflammasome (Aachoui et al., 

2015).
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The pathophysiological significance of pyroptosis

Recent studies suggest that pyroptosis is a host defense mechanism. Activation of pyroptosis 

leads to the release of both inflammatory cytokines and DAMPs as the result of cell rupture 

that can act in synergy to maximize protective immunity against invading pathogens by 

promoting both innate as well as adaptive immunity. Concordantly, Casp1−/−; Casp11−/− 

double mutant mice are more susceptible to intracellular Gram-negative bacteria such as 

Shigella, Francisella, Salmonella and Legionella, as well as Gram-positive Listeria. On the 

other hand, Casp11−/− macrophages are significantly more resistant to death induced by 

Salmonella infection compared to WT, yet Casp11−/− mice infected with Salmonella show 

no difference in the load of bacteria compared to that of WT mice. However, Casp1−/−; 

Casp11−/− double knockout mice show lower bacterial burden than Casp1−/− mice (Broz et 

al., 2012). These results highlight the importance of the caspase-1 mediated canonical 

inflammasome pathway and suggest not only that blocking noncanonical pyroptosis by 

caspase-11 deficiency alone might be insufficient to change the susceptibility, and that 

noncanonical pyroptosis may favor extracellular release and dissemination of Salmonella, a 

predominantly intra-vacuolar pathogen. Conversely, Burkholderia pseudomallei, a Gram-

negative bacterium that causes melioidosis that can naturally invade the cytosol, can activate 

caspase-11 to protect mice from lethal challenge with B. thailandensis and B. pseudomallei 
(Aachoui et al., 2013).

Necroptosis

Caspase-8 is an upstream caspase mediating apoptotic cell death induced by the cognate 

ligands of death receptor family, such as Fas and TNFR1 (Fernandes-Alnemri et al., 1996; 

Muzio et al., 1996). Its classical function consists of cleaving and activating downstream 

caspases, such as caspase-3 and caspase-7, and pro-apoptotic proteins, such as BID, to 

promote mitochondrial damage and apoptosis (Li et al., 1998). Caspase-8 is also involved in 

suppressing a necrotic cell death pathway, named necroptosis (Degterev et al., 2005; Holler 

et al., 2000). Necroptosis has been recently linked to multiple human diseases characterized 

by cell death and inflammation, such as ischemic brain/heart/kidney/eye injuries, multiple 

sclerosis (MS) and amyotrophic lateral sclerosis (ALS) (Ito et al., 2016; Ofengeim et al., 

2015; Zhou and Yuan, 2014). Therefore, caspase-8 is now viewed as having a role in 

suppressing necrotic cell death in multiple disease contexts.

Necroptosis can be activated upon stimulation by ligands of death receptor family including 

TNFα or FasL, when cells are deficient for caspase-8 or its adaptor protein FADD, or in the 

presence of a caspase inhibitor zVAD.fmk. The activation of RIPK1 is a critical and 

chemically-targetable upstream event in necroptosis (Degterev et al., 2008; Degterev et al., 

2005; Ofengeim and Yuan, 2013). The development of Nec-1s, a highly specific small 

molecule inhibitor of RIPK1, has played a critical role in demonstrating the involvement of 

necroptosis in a variety of cellular models and animal models of human diseases (Zhou and 

Yuan, 2014). Activated RIPK1 promotes necroptosis by interacting with RIPK3, which in 

turn mediates the phosphorylation of MLKL, a pseudokinase (Cho et al., 2009; He et al., 

2009; Zhang et al., 2009). Phosphorylation of MLKL at Ser358 leads to its oligomerization 

and the interaction of charged amino acids in its N-terminal four helical bundle (4HB) 
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domain of phosphorylated MLKL with phosphatidylinositol phosphates (PIPs) allows the 

recruitment of MLKL to the plasma membrane, where it forms pores to promote cell lysis 

(Dondelinger et al., 2014; Hildebrand et al., 2014; Murphy et al., 2013; Sun et al., 2012; 

Wang et al., 2014).

The suppression of necroptosis by caspase-8 is critical for normal embryonic development 

as both Casp8−/− and Fadd−/− mutant mice have an early embryonic lethal phenotype that 

can be completely suppressed by RIPK3 knockout (Kaiser et al., 2011; Oberst et al., 2011). 

These findings support the notion that the activation of caspases might not necessarily be 

incompatible with life; and on the contrary, certain levels and kinds of caspase activity might 

be critical for cell and organismal survival. In this section, we will discuss the molecular 

mechanisms that control the activation of caspase-8 to suppress RIPK1/RIPK3–mediated 

necroptosis.

Orchestration of TNFR1 signaling

Necroptosis activated by the proinflammatory cytokine TNF has been extensively 

characterized. TNFα-induced trimerization of TNFR1 leads to the rapid formation of a 

transient intracellular multi-protein complex, called the TNF-R1 signaling complex - TNF-

RSC (also called complex I) (Figure 2). TNF-RSC orchestrates a complex pattern of 

modification including M1, K48, K63 and K11 ubiquitination linkages in a specific 

spatiotemporal manner that collectively decides within minutes of TNFα stimulation if a cell 

and, ultimately, an organism may live or die. The intracellular DD (death domain) motif of 

trimerized TNFR1 complex recruits TRADD, an adaptor protein, and RIPK1 via homotypic 

interactions with their respective DD motifs. TRADD interacts with FADD, a critical 

adaptor for the recruitment and activation of caspase-8, to mediate apoptosis. TRADD also 

mediates the recruitment of TRAF2/TRAF5, which function as redundant adaptors to recruit 

cIAP1/2, two important E3 ubiquitin ligases that mediate the ubiquitination of RIPK1 by 

K63- and K11-linked chains (Pobezinskaya et al., 2008).

A major downstream event of TNF-RSC mediated by TRADD/TRAF2/cIAP1 complex is 

the recruitment of the LUBAC complex to mediate M1 (also known as Met1-linked or linear 

ubiquitin chain)-linked ubiquitin modification of TNF-RSC (Gerlach et al., 2011; Haas et 

al., 2009; Ikeda et al., 2011). The LUBAC complex includes heme-oxidized IRP2 ubiquitin 

ligase 1 (HOIL-1), shank-associated RH domain-interacting protein (SHARPIN) and 

HOIL-1-interacting protein (HOIP), which is the catalytic subunit of the complex. The 

ubiquitination substrates of LUBAC in TNF-RSC include NEMO (Tokunaga et al., 2009), 

RIPK1 (Gerlach et al., 2011), TNFR1 and TRADD (Draber et al., 2015). M1-linked 

ubiquitination of TNF-RSC has been shown to be important for blocking TNFα-mediated 

apoptosis.

CYLD, a deubiquitinating enzyme that targets both M1- and K63-linked ubiquitin chains 

(Komander et al., 2009), is recruited to TNF-RSC to negatively regulate ubiquitinations of 

RIPK1, TNFR1, NEMO and TRADD to attenuate the NF-κB pathway and promote both 

apoptosis and necroptosis (Draber et al., 2015; Hitomi et al., 2008). CYLD is recruited to 

TNF-RSC by its interaction with the LUBAC complex in association with SPATA2 
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(Schlicher et al., 2016; Wagner et al., 2016). Thus, LUBAC and CYLD might be 

simultaneously recruited to provide a dynamic mechanism to edit the patterns of 

ubiquitination on key mediators of TNF-RSC.

A20, encoded by the gene TNFAIP3, is an important ubiquitin-editing enzyme recruited to 

TNF-RSC to terminate multiple downstream events including NF-κB-mediated 

transcriptional response, RIPK1-mediated signaling and ultimately, the disassembly of the 

TNFR1 signaling complex (Newton et al., 2016; Song et al., 1996; Wertz et al., 2004). The 

expression of A20 can be induced in multiple cell types in response to a variety of stimuli 

that activate NF-κB, including TNFα, IL-1 and LPS. A20 can also inhibit IKK non-

catalytically via ubiquitin-binding activity of its seventh zinc-finger (ZnF7) (Skaug et al., 

2011).

The tight regulation of caspase-8

A major goal of ubiquitination modification of TNF-RSC is to tightly regulate the activation 

of caspase-8, allowing its activation only when apoptosis is the correct choice for the cell/

organism. In cells stimulated by TNFα and CHX, RIPK1 and TRADD in TNF-RSC rapidly 

transitions into a cytosolic complex, known as complex-IIa, where caspase-8 is activated 

through its interaction with its adaptor protein FADD in a RIPK1 kinase-activity-

independent manner (Figure 2). Induction of apoptosis by TNFα in most cell types requires 

addition of CHX, which blocks the synthesis of anti-death proteins mediated by the 

transcriptional response of NF-κB. During classical apoptosis induced by TNFα and CHX, 

the binding of TRADD with TNFR1 is essential for recruiting FADD to mediate the 

activation of caspase-8 independently of RIPK1 (Pobezinskaya et al., 2008). Furthermore, 

RIPK1-deficient MEFs are hyper-sensitive to apoptosis induced by TNFα. In comparison, 

A20 deficiency highly sensitizes cells to both apoptosis and necroptosis, despite hyper-

activated NF-κB (Lee et al., 2000; Newton et al., 2016; Onizawa et al., 2015; Vereecke et al., 

2010). Inhibition of RIPK1 and RIPK3 deficiency can reduce the systemic inflammation of 

A20−/− mice and prolong the survival of cells stimulated by TNFα (Newton et al., 2016; 

Onizawa et al., 2015). Thus, promoting RIPK1-mediated cell death is a major consequence 

of A20 deficiency.

The activation of caspase-8 by TNF-RSC is critically regulated by both K63 and M1-linked 

ubiquitination. The loss of A20 leads to increased K63 ubiquitination and decreased M1 

ubiquitination, resulting in sensitization of cells to TNFα-induced cell death (Draber et al., 

2015). Conversely, CYLD deficiency leads to increased M1 and K63 ubiquitination and 

resistance to cell death. Overexpression of LUBAC components HOIL-1/HOIP substantially 

increases the M1 ubiquitin modification of RIPK1 and stabilizes the association of RIPK1, 

TRAF2 and TAK1 in the TNF-RSC, suggesting that M1 ubiquitin modification has a 

dominant role in maintaining TNF-RSC and downstream signaling (Haas et al., 2009). On 

the other hand, dysregulated M1 ubiquitination might also be detrimental for cell survival as 

the loss of OTULIN, an M1-linkage specific DUB, leads to accumulation of cytosolic M1 

ubiquitin chains, which also promotes cell death and systemic inflammation in human and 

mice (Damgaard et al., 2016; Draber et al., 2015). A spatially- and temporally-appropriate 

M1 ubiquitination pattern may be critical to support cell survival.
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Activation of caspase-8 in RIPK1-dependent apoptosis

The activation of caspase-8 can also occur in RIPK1 kinase activity-dependent manner to 

lead to RIPK1-dependent apoptosis (RDA). In this pathway, the recruitment of TAK1 and 

NEMO by K63- and M1-linked ubiquitin chains into TNF-RSC is important for suppressing 

the ability of RIPK1 to mediate the activation of caspase-8 and apoptosis. Similarly, TNFα 
stimulation of cells with deficiency in TAK1, TRAF2, UBC13, NEMO, cIAP1/2 or IKKα/

IKKβ, by TNFα can lead to RDA, independent of NF-κB activation (Arslan and 

Scheidereit, 2011; Dondelinger et al., 2015; Legarda-Addison et al., 2009; Wang et al., 

2008). RDA can be effectively induced by the co-treatment of TNFα with small molecule 

compounds that can promote degradation of cIAP1/2, or TAK1 inhibitor. Since the 

activation of TAK1 by TNF-RSC is mediated through the recruitment of TAK1/TAB2/3 

complex by K63 ubiquitin chain modification on RIPK1 conjugated by cIAP1/2, loss of 

cIAP1/2 would lead to inhibition of TAK1.

Caspase-8 suppresses the activation of necroptosis

Two key upstream mediators of necroptosis, RIPK1 and CYLD, are both proteolytic 

cleavage substrates of caspase-8 (Lin et al., 1999; O’Donnell et al., 2011). The cleavage of 

RIPK1 at D324 by caspase-8 separates its N-terminal kinase domain from the C-terminal 

RHIM domain and DD motif involved in mediating the interaction of RIPK1 and TNFR1; 

whereas the cleavage of CYLD by caspase-8 occurs at D215 in the middle of second GAP-

Gly domain. By mediating the cleavage of RIPK1, a major target of ubiquitination in TNF-

RSC, and CYLD, a deubiquitinating enzyme critically involved in TNFα signaling, 

caspase-8 plays a critical role in controlling the ubiquitination of TNF-RSC and negatively 

regulating the activation of RIPK1. Furthermore, since CYLD is also a negative regulator of 

NF-κB, increased levels of CYLD in the absence of caspase-8 might reduce the activation of 

NF-κB which is critical for the development of embryonic vasculature (Hou et al., 2008).

The knockout of caspase-8 or its adaptor FADD in mice leads to embryonic lethality around 

embryonic day E10.5, demonstrating the pro-survival role of caspase-8. Caspase-8 might 

also be required to regulate the ubiquitination status of TNF-RSC, RIPK1 and RIPK3 during 

embryonic development to allow the development of normal vasculature (Dillon et al., 2012; 

Kaiser et al., 2011; Oberst et al., 2011). Consistently, cIAP1/cIAP2 double knockout mice 

die around E10.5 whose survival can be extended to later embryonic development stage or to 

birth in double mutant with Ripk3−/− or Tnfr1−/− (Moulin et al., 2012).

Oligodendrocytes, the cell type responsible for mediating myelination of axons in the central 

nervous system (CNS), undergo necroptosis when treated with TNFα alone which can be 

blocked by genetic or pharmacological inhibition of RIPK1 and RIPK3 deficiency 

(Ofengeim et al., 2015). Thus, necroptosis might be the preferred cell death pathway when 

oligodendrocytes are stimulated with TNFα. Furthermore, null mutation in Optineurin, 

which encodes a ubiquitin-binding protein, can further sensitize oligodendrocytes to TNFα-

mediated necroptosis (Ito et al., 2016). Since mutations in Optineurin (OPTN) gene have 

been found in both familial and sporadic ALS cases (Cirulli et al., 2015; Maruyama et al., 

2010), RIPK1/RIPK3-mediated necroptotic pathway might play a critical role in mediating 
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progressive axonal degeneration in ALS and other human degenerative diseases 

characterized by axonal degeneration.

The activation of caspase-8 is negatively regulated by cellular FLICE-inhibitory protein 

cFLIPL which can form heterodimers with pro-caspase-8 that allows the initial processing of 

pro-caspase-8 to lead to an intermediary p43 fragment, but prevents the full maturation of 

caspase-8 (Krueger et al., 2001). In the CNS, cFLIPL is expressed in many types of cells 

including microglia and oligodendrocytes, but not neurons (Zhang et al., 2014). The 

expression of cFLIPL in cortical lesions of multiple sclerosis patients is elevated which 

corresponds to a reduction in the levels of activated caspase-8. Since cFLIPL is permissive 

for the initial processing of pro-caspase-8 into the p43 subunit but blocks the full activation 

of caspase-8 and the production of p18, the elevated levels of cFLIPL suggest a possible 

mechanism by which caspase-8 activation may be inhibited in MS.

Regulation of caspase-8 activation by RIPK3

Although RIPK3 was originally isolated as a specific mediator of necroptosis, recent studies 

suggest that RIPK3 might also be involved in regulating the activation of caspase-8 and 

apoptosis. RIPK3 kinase-dead knock-in mice die prematurely from caspase-8-mediated 

apoptosis (Newton et al., 2014). Likewise, pharmacological inhibition of RIPK3 kinase 

activity can also promote the activation of caspase-8 and apoptosis (Mandal et al., 2014). 

Thus, RIPK3 might be involved in restraining apoptosis by a yet unknown mechanism. In 

addition, infection of influenza A virus might be able to activate RIPK3 to mediate MLKL-

driven necroptosis and caspase-8 activation, both independent of RIPK1 (Nogusa et al., 

2016). Therefore, RIPK3 might be activated without the involvement of RIPK1 by 

pathogens.

Caspase-8-regulated apoptosis and necroptosis in human 

autoinflammatory diseases

Dysregulation of TNF-RSC in humans is also known to promote autoinflammatory diseases, 

for instance in cryopyrin (NLRP3)-associated periodic syndrome (CAPS) (Kastner et al., 

2010). A prototypic example are patients with TNFR1-associated periodic syndromes 

(TRAPS), caused by missense mutations in TNFR1 that lead to impaired down-regulation of 

membrane-localized TNFR1 and diminished receptor shedding (McDermott et al., 1999). 

TRAPS is characterized by unexplained episodes of prolonged fever and severe localized 

inflammation and in some cases, development of renal failure. Similarly, mutations in 

TNFAIP3 in humans that lead to the expression of a truncated A20 missing its DUB domain 

promote an early-onset autoinflammatory disease (Zhou et al., 2016). Although cells 

expressing this patient-derived truncated form of A20 have increased activation of the NF-

κB pathway (similar to that of A20-null cells), the contribution of uninhibited RDA and/or 

necroptosis to development of autoimmunity in these patients should be considered as well. 

A20-regulated caspase-8 activity and inflammatory response mediated in RIPK1-dependent 

manner may play an important role in autoinflammatory diseases characterized by 

misregulation of TNF-RSC signaling.
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In addition, a failure in the recruitment of A20 to TNF-RSC has been suggested to be 

involved in a distinct group of patients carrying a NEMO C-terminal deletion (ΔCT-NEMO) 

mutation. The disease symptoms of these patients, such as arthritis, colitis and dermatitis, 

are similar to those observed in the A20−/− mice (Zilberman-Rudenko et al., 2016). 

Furthermore, some patients with ΔCT-NEMO or A20 mutations have been diagnosed with 

Behçet disease, a polygenic inflammatory disorder. Similar to that of A20−/− cells, ΔCT-

NEMO cells exhibit increased IKK activity in response to TNFα and stabilization of K63-

ubiquitinated RIPK1 in the TNFR1 signaling complex, suggesting possible involvement of 

RDA and necroptosis.

Concluding remarks

Although originally discovered and subsequently characterized extensively as a 

proinflammatory caspase involved mediating the maturation of cytokines such as IL-1β and 

IL-18, caspase-1 is capable of mediating proteolytic cleavage of protein substrates similar to 

all of the canonical caspases. In comparison, caspase-11 was identified as a proinflammatory 

caspase highly inducible by LPS and critical for mediating sepsis but also capable of 

mediating the cleavage of downstream caspases such as caspase-3/-7 (Kang et al., 2002; 

Wang et al., 1996; Wang et al., 1998). The ability of proinflammatory caspases to cleave 

GSDMD to promote pyroptosis adds a new dimension to the repertoire of biological 

mechanisms mediated by caspases (He et al., 2015; Kayagaki et al., 2015; Shi et al., 2015). 

Pyroptosis might represent a specific host defense mechanism against pathogens. Whereas 

the loss of caspase-8 has detrimental consequence to mouse embryonic development, 

caspase-8-mediated inactivation of RIPK1/RIPK3 likely represents critical developmental 

checkpoints. Mutations that inactivate caspase-8 sensitize cells to RIPK1/RIPK3 mediated 

cell death lead to embryonic lethality and systemic inflammatory diseases in mice. Thus, 

activating RIPK1/RIPK3 has deleterious consequences incompatible with normal 

development and tissue homeostasis. In contrast, blocking necroptosis, as in RIPK1 kinase 

dead mutant mice, Ripk3−/− mice and Mlkl−/− mice, does not have major impact on 

development or adult life.

Recent studies highlighted the role of caspase-8 and RIPK1 in regulating inflammation 

independent of the NF-κB pathway. Although many factors in the TNF-RSC were originally 

isolated as regulators of NF-κB, the new findings suggest important roles of these factors in 

regulating inflammation through caspase-8 and RIPK1 controlled apoptosis and necroptosis 

independent of NF-κB. On the other hand, the ability of NF-κB to induce the expression of 

A20 might provide an important mechanism to control the activation of RIPK1 and 

caspase-8. The kinase activity of RIPK1 is critical not only for necroptosis, but also RIPK1-

dependent apoptosis that mediates the activation of caspase-8 and inflammation (Ofengeim 

and Yuan, 2013). Given its role in mediating multiple deleterious processes activated by 

TNFα and production of pro-inflammatory cytokines, inhibiting the kinase activity of 

RIPK1 is recognized as providing exciting opportunities for developing new therapeutics 

targeting a multitude of human diseases characterized by cell death and inflammation.
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Abbreviations

AIM2
Absent In Melanoma-2

ALR
AIM2-Like Receptor

ALS
Amyotrophic Lateral Sclerosis

ASC
Apotosis-associated Speck-like protein

Bcl-2
B cell lymphoma-2

BID
BH3 Interacting Domain death agonist

CAPS
Cryopyrin-Associated Periodic Syndrome

CARD
Caspase Activation and Recruitment Domain

Ced-3
Cell Death gene 3

cGAS
cyclic GMP-AMP Synthase

cFLIPL

cellular FLICE Inhibitory Protein

CHX
cycloheximide

cIAP1/2
cellular Inhibitor of Apoptosis 1/2

CNS
Central Nervous System
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CrmA
Cytokine response modifier A

DC
Dendritic Cell

DD
Death Domain

DED
Death Effector Domain

DAMPs
Danger-Associated Molecular Patterns

FADD
Fas-Associated protein with Death Domain

FasL
Fas Ligand

GBP
Guanylate-Binding Protein family

GSDM3
Gasdermin 3

GSDMA
Gasdermin A

GSDMD
Gasdermin D

HOIL-1
heme-oxidized IRP2 ubiquitin ligase 1

HOIP
HOIL-1-interacting protein

HLLOMe
L-Leucyl-L-leucine methyl ester

IBD
Inflammatory Bowel Disease

ICE
Interleukin-1 Converting Enzyme

Ich-3
ICE and Ced-3 homolog-3, original name for caspase-11
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IKK
IκB kinase

IL
Interleukin

INF
Interferon

IRAK1
Interleukin-1 Receptor Associated Kinase-1

LPS
Lipopolysaccharide

LUBAC
Linear Ubiquitin chain Assembly Complex

MEFs
Murine Embryonic Fibroblasts

MLKL
Mixed Lineage Kinase domain Like

MS
Multiple Sclerosis

MyD88
Myeloid Differentiation primary response 88

NAIPs
NLR family Apoptosis Inhibitory Proteins

NEMO
Nf-Kappa B Essential Modulator

NF-κB
Nuclear Factor κ-light-chain-enhancer of activated B cells

NLRC4
Nucleotide-binding domain Leucine-rich Repeat and CARD domains-containing gene 4

NLRP3
Nucleotide-binding domain Leucine-rich Repeat and Pyrin domains-containing gene 3

NLRP1
Nucleotide-binding domain Leucine-rich Repeat and Pyrin domains-containing gene 1

NLR
Nucleotide-binding domain and Leucine-rich Repeat-containing gene
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NK
Natural Killer

OMVs
Outer Membrane Vesicles

OTULIN
OTU deubiquitinase with Linear linkage specificity

P2X7R
Purinergic receptor P2X 7

Pam3CSK4
Synthetic triacylated lipopeptide (LP) mimetic of bacterial LPs acylated amino terminus

PAMPs
Pathogen- Associated Molecular Patterns

PIPs
phosphatidylinositol phosphates

Poly(I:C)
Polyinosinic:polycytidylic, structurally similar to double-stranded RNA

PRR
Pattern Recognition Receptor

PYD
Pyrin Domain

PYHIN
Pyrin and HIN domain family, also known as AIM2-like receptors

RDA
RIPK1-dependent apoptosis

RHIM
RIP homotypic interaction motif

RIPK1 (also called RIP1)
Receptor Interacting Protein Kinase 1

RIPK3 (also called RIP3)
Receptor Interacting Protein Kinase 3

SHARPIN
shank-associated RH domain-interacting protein

SLE
Systemic Lupus Erythematosus
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SPATA2
Spermatogenesis associated 2

T3SS
Type-3 Secretion System

TAB2/3
Transforming growth factor β-Activated Kinase Binding protein 2/3

TAK1
Transforming growth factor β-Activated Kinase 1

TcdB
Clostridium difficile toxin B

TLR
Toll-Like Receptor

TNFα
Tumor Necrosis Factor α

TNFAIP3
Tumor Necrosis Factor α Induced Protein 3

TNFR1
Tumor Necrosis Factor Receptor 1

TNF-RSC
TNFR1 signaling complex (also called complex I)

TNFRSF
Tumor Necrosis Factor Receptor Superfamily

TRADD
TNFRSF1A Associated via Death Domain

TRAF2
TNF Receptor Associated Factor 2

TRAF5
TNF Receptor Associated Factor 5

TRAPS
TNFR1-Associated Periodic Syndrome

TRIF
Toll-Interleukin Receptor (TIR)-domain containing adapter inducing interferon-β

TRIM
TRIpartite Motif–containing
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UBAN
Ubiquitin Binding In Abin and Nemo Domain

UBCH5
alternative name of UBE2D1

UBC13
Ubiquitin-conjugating enzyme 13

UBE2D1
Ubiquitin-conjugating enzyme E2 D1
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Figure 1. Pyroptosis induction by noncanonical and canonical inflammasomes
Toll-like receptors (TLRs) and/or interferons (IFNs)-mediated priming upregulate the 

expression of guanylate binding proteins (GBPs) critical for bacterial vacuole lysis and/or 

pattern-associated molecular patterns (PAMPs, including LPS and bacterial DNA) exposure, 

sensors (NLRP3, caspase-11) and cytokine precursor (pro-IL-1β). Of note, MyD88 and 

TRIF-dependent signaling downstream of TLRs can alternatively prime NLRP3 in a 

transcription-independent manner. Upon detection of their respective agonists, NLRP3, 

NLRC4, NLRP1b, AIM2 and pyrin assemble canonical inflammasomes containing adaptor 

ASC and leading to the activation of caspase-1 that controls the maturation of pro-cytokines 

(pro-IL-1β and pro-IL-18) and pyroptosis through the cleavage of GSDMD among other 

mechanisms. LPS of some Gram-negative bacteria enter the cytosol through outer membrane 

vesicles (OMVs) or at the surface of cytosolic bacteria. Cytosolic LPS binds caspase-11 and 

triggers the oligomerization of the noncanonical inflammasome; Caspase-11 controls 

pyroptosis through the cleavage of GSDMD and pannexin-1. Pannexin-1-mediated release of 

ATP triggers the opening of P2X7-dependent pores, while GSDMD N-terminal fragments 

directly assemble to form pores. Membrane disruption leads to pyroptosis lytic cell death 

releasing alarmins and proinflammatory cytokines. It should be noted that IL-1β secretion 

can occur independently of cell lysis. Non-canonical inflammasome also controls caspase-1 
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activation mediated by the NLRP3 canonical inflammasome through pannexin-1 and 

GSDMD cleavages in a cell intrinsic manner involving K+ efflux. (Green: priming; blue: 

activation; purple: effector mechanisms.)
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Figure 2. Caspase-8 regulates cell survival, apoptosis, and necroptosis
TNF ligation with the TNFR1 receptor induces pro-caspase-8 recruitment to the activated 

TNFR1 signaling complex-I via FADD. Pro-caspase-8 cleavage and activation results in an 

active caspase-8, which limits complex-I activity by cleaving RIPK1. c-FLIPS inhibits 

caspase-8 activity, whereas c-FLIPL can partially promote it. In complex-I, RIPK1 is 

ubiquitinated by cIAP1/2, TRAF2 and the LUBAC complex, resulting in K63-linked and 

M1-linked chains, respectively. IKKα/β/NEMO and TAK1/TAB2/3 kinase complexes are 

recruited to ubiquitinated RIPK1 and activated, inducing degradation of IκB and subsequent 

NFκB pathway activation, which results in expression of cytokines and A20. The latter 

inhibits RIPK1 and forms a negative feedback. RIPK1 is deubiquitinated by CYLD and A20 

in complex-I to promote formation of complex-II. Caspase-8 cleaves CYLD and RIPK1 to 

inhibit complex-II formation. Canonical complex-IIa is formed independent of RIPK1 

kinase activity, where FADD and caspase-8 are recruited to RIPK1. RIPK1-dependent 

apoptosis (RDA) complex-IIa forms downstream of RIPK1 kinase activity and is negatively 

influenced by IKKα/β/NEMO and TAK1/TAB2/3 kinase complexes. Both the canonical and 

RDA complex-IIa promote activation of caspase-8/caspase3/7 cascade and execution of 

apoptotic cell death. Under the conditions of caspase-8 inhibition, complex-IIb/necrosome is 

formed, to which RIPK3 is recruited downstream of RIPK1 kinase activity. Complex-IIb/

necrosome results in phosphorylation of MLKL and execution of necrotic cell death. RIPK1 

inhibitor Nec-1 inhibits both RDA complex-IIa and complex-IIb/necrosome. Activated 

RIPK1 is marked with *.
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