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Roles of Caspases in Necrotic Cell Death
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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, termed pyroptosis and necroptosis, respectively. These
recent advances have significantly expanded our understanding of the roles of caspases in regu-
lating development, adult homeostasis, and host defense response.

Caspase-1 was first reported in two seminal studies as the pro-
cessing enzyme for pro-interleukin-13 (named interleukin-1p
converting enzyme [ICE] at the time) that mediates the produc-
tion of mature IL-1B, an important pro-inflammatory cytokine
involved in a multitude of human diseases (Cerretti et al., 1992;
Thornberry et al., 1992). The amino acid sequence homology
of caspase-1 with Ced-3 (cell death gene 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 (B cell ymphoma-2) or CrmA (Cyto-
kine response modifier A), 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 depriva-
tion, a paradigm mimicking developmental neuronal cell death
(Gagliardini et al., 1994). These findings led to tremendous inter-
est 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 morpholog-
ical 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). These studies defined apoptosis as programmed cell
death mediated by caspases. Thus, regulation of apoptosis
and the production of inflammatory cytokines such as IL-1B
then came to be known as the predominant functions of cas-
pases. 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 ho-
mologs present in all metazoans. Caspases are first synthesized
in cells as zymogens and their activation requires either allosteric
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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 pro-
grammed 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 hu-
man [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 (caspase activation and
recruitment domain) or DED (death effector domain) motifs,
which mediate the formation of protein complexes by providing
the molecular platforms for the activation and inhibition of cas-
pases (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 cas-
pases in regulating necrotic cell death mechanisms: the activa-
tion of pyroptosis mediated by caspases-1, -4, -5, and -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 cas-
pase-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 inflamma-
tory caspases to promote cell lysis involves the cleavage of

Cell 167, December 15, 2016 © 2016 Elsevier Inc. 1693


mailto:jyuan@hms.harvard.edu
http://dx.doi.org/10.1016/j.cell.2016.11.047
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cell.2016.11.047&domain=pdf

INFs
4 ( )
PAMPs
ENcolil S. typhimurium
C. rodentium S. enterica
V. cholerae B. pseudomallei
L. pneumophila B. thailandensis
o =
7D TLRs
oMV U
S. enterica .
S. typhimurium E eelf
L. pneumophila
V. cholerae F. novicida
ng/ MyD88 BRI —> INFs <— cGAs <— DNA<—,
4 A B. pseudomallei L y
GBPs X /| B. thailandensis . i
GBPs
Pore forming toxins
Extracellular ATP
LPS Crystals
Metabolic stress
Flagellin Anthrax
\ Caspase-11 T3SS toxin DNA TcdB toxin
diTe e a8y O AT A
\\&NLRPS ) \TLRCi// \l\\lVLRP1/t?> \;VAIM2/> \\VPyrln//
— Caspase-1
Pro-IL-1pB
Pro-IL-18
IL-1 — | ————
1L-18
IL-1a
HMGB1
Pannexin-1 - GasderminD-Nter
aln P2X7 Others? <———
i 00
\ 4
~ AP
IL-1B IL-1B IL-18
IL-18 IL-18
IL-1a IL-1a
| HMGB1 HMGB1 |
Pyroptosis

Figure 1. Pyroptosis Induction by Noncanonical and Canonical Inflammasomes

Toll-like receptor (TLR)- and/or interferon (IFNs)-mediated priming upregulate the expression of guanylate binding proteins (GBPs) critical for bacterial vacuole
lysis and/or pattern-associated molecular pattern (PAMP, including LPS and bacterial DNA) exposure, sensors (NLRP3, caspase-11), and cytokine precursor
(pro-IL-1B). 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-18 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

(legend continued on next page)
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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 acti-
vated by inflammasomes (de Zoete et al., 2014). The inflamma-
some pathways include the canonical inflammasomes that
mediate the activation of caspase-1 and the non-canonical in-
flammasome that promotes the activation of caspase-11 in
mice and caspase-4 and -5 in humans. Murine caspase-1, -11,
and -12 are located in a gene cluster on chromosome 9, whereas
human caspase-1, -4, and -5 are located in a gene cluster on
chromosome 11. Human caspase-4 is most homologous to mu-
rine caspase-11 with ~60% identity in its amino acid sequence.
Caspase-1, the enzyme directly involved in processing of pro-IL-
1B, is subject to the regulation by caspase-11 and -4/-5 (Vigano
etal., 2015; Wang et al., 1998). Caspase-11 expression is lost in
two Casp7~/~ 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 cyto-
solic contents, but also due to the processing and release of
mature IL-1B and IL-18, which have strong pro-inflammatory ac-
tivity in promoting vasodilation and extravasation of cells of the
immune response, the generation of IL-17-producing helper
T cell-mediated (Th17) response, and the production of inter-
feron-vy (IFN-v) by NK (natural killer) 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 de-
fense 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-in-
flammatory cytokines, such as pro-IL-1f (Bauernfeind et al.,
2009; Hiscott et al., 1993; Wang et al., 1996). When primed
with a TLR3 agonist, TIr4~~ and wild-type mice are equally sus-
ceptible to LPS-induced sepsis. Given that Casp?1~'~ mice are
resistant to lethal dose of LPS, with or without priming, the induc-
tion of caspase-11 by different priming signals probably consti-
tutes a prerequisite to alert the system for the incoming patho-
genic attack (Kayagaki et al., 2011; Wang et al., 1998). Indeed,
the priming role of TLR4 in detecting extracellular LPS can be
bypassed by TLRS3 signaling as the first alarm to promote the in-

duction of caspase-11 transcription as it can be upregulated
downstream of both receptors through the MyD88 (myeloid dif-
ferentiation primary response 88)- and/or the TRIF/type | IFN-
dependent pathways (Hagar et al., 2013; Kayagaki et al.,
2013). This first alarm may also be activated in a TLR-indepen-
dent manner, e.g., the activation of cGAS (cyclic GMP-AMP syn-
thase) by cytosolic DNA (Storek et al., 2015).

The second alarm system relies on intracellular PRRs such as
members of NLR (nucleotide-binding domain and leucine-rich
repeat-containing gene) and TRIM (tripartite motif-containing)
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 nu-
clear 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 oligomeri-
zation and activation without involving another PRR in noncanon-
ical inflammasome pathway (Shi et al., 2014), caspase-11/-4/-5
themselves may act as the second alarm system.

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 (NLR family apoptosis inhibitory proteins)-
NLRC4, AIM2 (absent in melanoma-2), and Pyrin, the adaptor
ASC (apotosis-associated Speck-like protein), and caspase-1
(Rathinam and Fitzgerald, 2016). The interaction of PRR and cas-
pase-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 fila-
ments. 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 activa-
tion 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 stim-
ulus-dependent manner (Rathinam and Fitzgerald, 2016). Some
PRRs sense indirect cytosolic changes linked to damage or
infection. The NLRP3 inflammasome may be activated by expo-
sure to intact pathogens, as well as a number of structurally
diverse PAMPs, DAMPs, and endogenous and environmental ir-
ritants such as uric acid crystals, amyloid-f, asbestos, and alum.
The exact mechanism by which NLRP3 detects such a diverse
array of molecular patterns is still unclear; however, the struc-
tural diversity of NLRP3 agonists argues against direct interac-
tion 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.

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-1p secretion can
occur independently of cell lysis. Non-canonical inflammasome also controls caspase-1 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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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
type 3 secretion system (T3SS) rod and needle proteins engage
specific NAIPs to trigger the oligomerization of NLRC4. The PY-
HIN, 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(l:C), and Pam3CSK4 and by
IFNs. In contrast, human caspase-4/-5 are constitutively ex-
pressed in macrophages, monocytes, and various additional
cell types (Kayagaki et al., 2013; Rathinam et al., 2012; Wang
et al., 1996, 1998). Caspase-4, -5, and -11 can be directly acti-
vated by Gram-negative bacteria in the cytoplasm within macro-
molecular signaling complexes called “noncanonical inflamma-
somes” (Hagar et al., 2013; Kayagaki et al., 2011). Oligomerized
caspase-11, -4, or -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 expres-
sion might be sufficient for auto-activation (Kang et al., 2000; Ra-
thinam et al., 2012). In addition, activated caspase-11 can modu-
late the dynamics of actin cytoskeleton, which may be importantin
restricting the growth of intracellular pathogens such as Legionella
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 acti-
vation 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 gas-
dermin-N domain in GSDMD, as well as other members of the
gasdermin family such as GSDMA and GSDMS3, 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 10-14 nm 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 defi-
ciency (Shi et al., 2015), and mice deficient for IL-1R type I, the
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receptor for both IL-1a. and IL-1B 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-1B by forming an ion-permeable conduit that can
be inhibited by broadly acting channel inhibitors such as lantha-
nides (La®>* and Gd®*) 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 puri-
nergic receptor P2X ligand-gated ion channel (P2X7), both crit-
ical for caspase-11-mediated pyroptosis (Yang et al., 2015).
On the other hand, the activation of caspase-11 by a combina-
tion of microbial products and oxidized phospholipids released
from dying cells can trigger the release of mature IL-1f from
DCs without inducing pyroptosis (Zanoni et al., 2016). In addi-
tion, the stimulation of primary human monocytes by TLR2 or
TLR4 ligands alone without a second signal can promote IL-183
release, a process that requires NLRP3 and caspase-1/-4 and
-5 but occurs in the absence of cell death (Netea et al., 2009; Vig-
ano et al., 2015). Since activated caspase-11 is also known to
cleave a number of channel proteins, such as the cationic chan-
nel subunit transient receptor potential channel 1 (TRPC1), to
promote the secretion of IL-1B 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-1a/p may be released from DCs and monocytes through
a secretory mechanism without inducing cell lysis.

In vivo injection of LPS can induce the activation of caspase-3
in wild-type but not Casp71~/~ mice, suggesting that cas-
pase-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 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 mem-
brane integrity, may pre-empt 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 Nirp3~'~ 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-1B/a (Wang
et al., 1998). Thus, caspase-11 controls the activation of cas-
pase-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 Casp?7~/~ mice, inhibiting the activation of
the canonical inflammasome pathway per se might not be suffi-
cient to block sepsis induced by Gram-negative bacteria (Kaya-
gakietal., 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 activa-
tion 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 cas-
pase-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. Simi-
larly, in human cells, cytosolic LPS triggers IL-1f 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, -4, and -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 lysosomo-
tropic agent HLLOMe (L-Leucyl-L-leucine methyl ester), and sil-
ica 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 inflamma-
somes can control the activation of noncanonical inflammasome
in a cell-extrinsic manner. For example, in a Burkholderia thailan-
densis in vivo infection model, NLRP3- and NLRC4-mediated
IL-18 secretion and subsequent indirect IFN-y production pro-
vides critical priming of the caspase-11 noncanonical inflamma-
some (Aachoui et al., 2015).

The Pathophysiological Significance of Pyroptosis
Recent studies suggest that pyroptosis is a host defense mech-
anism. Activation of pyroptosis leads to the release of both in-
flammatory 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, Casp?~/~Casp?7~/~ double mutant
mice are more susceptible to intracellular Gram-negative bacte-
ria such as Shigella, Francisella, Salmonella, and Legionella, as
well as Gram-positive Listeria. On the other hand, Casp?1~/~
macrophages are significantly more resistant to death induced
by Salmonella infection compared to WT, yet Casp77~/~ mice in-
fected with Salmonella show no difference in the load of bacteria
compared to that of WT mice. However, Casp?~/~Casp11~/~
double knockout mice show lower bacterial burden than
Casp?~'~ mice (Broz et al., 2012). These results highlight the
importance of the caspase-1-mediated canonical inflamma-
some pathway and suggest that blocking noncanonical pyropto-
sis 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, the acti-
vation of caspase-11 by Burkholderia pseudomallei and thailan-
densis, Gram-negative bacteria causing melioidosis and that
naturally invade the cytosol, protects mice from lethal challenge
(Aachoui et al., 2013).

Necroptosis
Caspase-8 was isolated as an upstream caspase involved in
mediating apoptotic cell death induced by the cognate ligands

of death receptor family, such as Fas and TNFR1 (tumor necrosis
factor receptor 1) (Fernandes-Alnemri et al., 1996; Muzio et al.,
1996). lts classical function consists of cleaving and activating
downstream caspases, such as caspase-3 and -7, and pro-
apoptotic proteins, such as BID (BH3 interacting domain death
agonist), 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 in-
juries, 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 TNFa (tumor necrosis factor )
or FasL (Fas ligand), when cells are deficient for caspase-8 or
its adaptor protein FADD, or in the presence of a caspase inhib-
itor ZVAD.fmk. The activation of RIPK1 is a critical and chemically
targetable upstream event in necroptosis (Degterev et al., 2005,
2008; 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 dis-
eases (Zhou and Yuan, 2014). Activated RIPK1 promotes nec-
roptosis by interacting with RIPK3, which in turn mediates the
phosphorylation of MLKL (mixed lineage kinase domain like), a
pseudokinase (Cho et al., 2009; He et al., 2009; Zhang et al.,
2009). Phosphorylation of MLKL at Ser358 leads to its oligomer-
ization and the interaction of charged amino acids in its N-termi-
nal four helical bundle (4HB) domain of phosphorylated MLKL
with phosphatidylinositol phosphates (PIPs) allows the recruit-
ment 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 incom-
patible 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. TNFa-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 orches-
trates a complex pattern of maodification including M1,
K48, K63, and K11 ubiquitination linkages in a specific spatio-
temporal manner that collectively decides within minutes of
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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-FLIPg inhibits caspase-8 activity, whereas c-FLIP_ can partially
promote it. In complex-I, RIPK1 is ubiquitinated by clAP1/2, TRAF2, and the LUBAC, resulting in K63-linked and M1-linked chains, respectively. IKKa/B/NEMO
and TAK1/TAB2/3 kinase complexes are recruited to ubiquitinated RIPK1 and activated, inducing degradation of IkB and subsequent NF-«kB pathway activation,
which results in expression of cytokines and A20. The latter inhibits RIPK1 and forms negative feedback. RIPK1 is deubiquitinated by CYLD and A20 in complex-I
to promote formation of complex-Il. Caspase-8 cleaves CYLD and RIPK1 to inhibit complex-Il formation. Canonical complex-lla is formed independent of RIPK1
kinase activity, where FADD and caspase-8 are recruited to RIPK1. RIPK1-dependent apoptosis (RDA) complex-lla forms downstream of RIPK1 kinase activity
and is negatively influenced by IKKo/B/NEMO and TAK1/TAB2/3 kinase complexes. Both the canonical and RDA complex-lla promote activation of cas-
pase-8/-3/-7 cascade and execution of apoptotic cell death. Under the conditions of caspase-8 inhibition, complex-llb/necrosome is formed, to which RIPK3 is
recruited downstream of RIPK1 kinase activity. Complex-llb/necrosome results in phosphorylation of MLKL and execution of necrotic cell death. RIPK1 inhibitor
Nec-1 inhibits both RDA complex-lla and complex-llb/necrosome. Activated RIPK1 is marked with an asterisk (*).

TNFa stimulation if a cell and, ultimately, an organism may live or
die. The intracellular DD (death domain) motif of trimerized
TNFR1 complex recruits TRADD (TNFRSF1A-associated via

death domain), an adaptor protein, and RIPK1 via homotypic in-
teractions with their respective DD motifs. TRADD interacts with
FADD, a critical adaptor for the recruitment and activation of
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caspase-8, to mediate apoptosis. TRADD also mediates the
recruitment of TRAF2/TRAF5, which function as redundant
adaptors to recruit clAP1/2, 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/clAP1 complex is the recruitment of the LUBAC (linear
ubiquitin chain assembly complex) to mediate M1 (also known
as Met'-linked or linear ubiquitin chain)-linked ubiquitin modifi-
cation of TNF-RSC (Gerlach et al., 2011; Haas et al., 2009; |keda
et al., 2011). The LUBAC includes heme-oxidized IRP2 ubiquitin
ligase 1 (HOIL-1), shank-associated RH domain-interacting pro-
tein (SHARPIN), and HOIL-1-interacting protein (HOIP), which is
the catalytic subunit of the complex. The ubiquitination sub-
strates of LUBAC in TNF-RSC include NEMO (NF-«B essential
modulator) (Tokunaga et al., 2009), RIPK1 (Gerlach et al.,
2011), TNFR1, and TRADD (Draber et al., 2015). M1-linked ubig-
uitination of TNF-RSC has been shown to be important for block-
ing TNFa-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-kB 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 in association with SPATA2 (sper-
matogenesis associated 2) (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-kB-mediated transcriptional
response, RIPK1-mediated signaling, and ultimately, the disas-
sembly 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-kB, including TNFa, IL-1, and LPS. A20
can also inhibit IKK (IkB kinase) 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 activa-
tion only when apoptosis is the correct choice for the cell/organ-
ism. In cells stimulated by TNFa and CHX (cycloheximide),
RIPK1 and TRADD in TNF-RSC rapidly transitions into a cyto-
solic complex, known as complex-lla, where caspase-8 is acti-
vated through its interaction with its adaptor protein FADD in a
RIPK1 kinase-activity-independent manner (Figure 2). Induction
of apoptosis by TNFa in most cell types requires addition of
CHX, which blocks the synthesis of anti-death proteins mediated
by the transcriptional response of NF-kB. During classical
apoptosis induced by TNFa 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 murine embryonic

fibroblasts are hyper-sensitive to apoptosis induced by TNFa.
In comparison, A20 deficiency highly sensitizes cells to both
apoptosis and necroptosis, despite hyper-activated NF-xB
(Lee et al., 2000; Newton et al., 2016; Onizawa et al., 2015; Ver-
eecke 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 TNFa. (Newton et al., 2016; Oni-
zawa 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 ubiquitina-
tion, resulting in sensitization of cells to TNFa-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 (trans-
forming growth factor -activated kinase 1) in the TNF-RSC, sug-
gesting 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 (OTU
deubiquitinase with linear linkage specificity), an M1-linkage
specific DUB, leads to accumulation of cytosolic M1 ubiquitin
chains, which also promotes cell death and systemic inflamma-
tion 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.

Activation of Caspase-8 in RIPK1-Dependent Apoptosis
The activation of caspase-8 can also occur in RIPK1 kinase ac-
tivity-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, TNFa stimulation of cells
with deficiency in TAK1, TRAF2, UBC13 (ubiquitin-conjugating
enzyme 13), NEMO, clAP1/2, or IKKa/IKKB by TNFa can lead
to RDA, independent of NF-kB activation (Arslan and Scheider-
eit, 2011; Dondelinger et al., 2015; Legarda-Addison et al.,
2009; Wang et al., 2008). RDA can be effectively induced by
the co-treatment of TNFa with small molecule compounds that
can promote degradation of clAP1/2 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 clAP1/2, loss of clAP1/2
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 (RIP homotypic interaction motif)
domain and DD motif involved in mediating the interaction of
RIPK1 and TNFR1, whereas the cleavage of CYLD by cas-
pase-8 occurs at D215 in the middle of second GAP-Gly domain.
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By mediating the cleavage of RIPK1, a major target of ubiquitina-
tion in TNF-RSC, and CYLD, a deubiquitinating enzyme critically
involved in TNFa signaling, caspase-8 plays a critical role in con-
trolling the ubiquitination of TNF-RSC and negatively regulating
the activation of RIPK1. Furthermore, since CYLD is also a nega-
tive regulator of NF-«kB, increased levels of CYLD in the absence
of caspase-8 might reduce the activation of NF-kB, which is crit-
ical 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, demon-
strating 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
etal., 2011; Oberst et al., 2011). Consistently, clAP1/clAP2 dou-
ble 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), un-
dergo necroptosis when treated with TNFa alone, which can
be blocked by genetic or pharmacological inhibition of RIPK1
and RIPKS deficiency (Ofengeim et al., 2015). Thus, necroptosis
might be the preferred cell death pathway when oligodendro-
cytes are stimulated with TNFea. Furthermore, null mutation in
Optineurin, which encodes a ubiquitin-binding protein, can
further sensitize oligodendrocytes to TNFa-mediated necropto-
sis (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 pro-
gressive axonal degeneration in ALS and other human degener-
ative diseases characterized by axonal degeneration.

The activation of caspase-8 is negatively regulated by cellular
FLICE-inhibitory protein cFLIP_ (cellular FLICE inhibitory pro-
tein), which can form heterodimers with pro-caspase-8 that al-
lows the initial processing of pro-caspase-8 to lead to an inter-
mediary p43 fragment but prevents the full maturation of
caspase-8 (Krueger et al., 2001). In the CNS, cFLIP, is expressed
in many types of cells including microglia and oligodendrocytes,
but not neurons (Zhang et al., 2014). The expression of cFLIP_ in
cortical lesions of multiple sclerosis patients is elevated, which
corresponds to a reduction in the levels of activated caspase-8.
Since cFLIP_ is permissive for the initial processing of pro-cas-
pase-8 into the p43 subunit but blocks the full activation of cas-
pase-8 and the production of p18, the elevated levels of cFLIP_
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 cas-
pase-8-mediated apoptosis (Newton et al., 2014). Likewise,
pharmacological inhibition of RIPK3 kinase activity can also pro-
mote the activation of caspase-8 and apoptosis (Mandal et al.,
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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 peri-
odic syndromes (TRAPS), caused by missense mutations in
TNFR1 that lead to impaired downregulation of membrane-local-
ized TNFR1 and diminished receptor shedding (McDermott
et al., 1999). TRAPS is characterized by unexplained episodes
of prolonged fever, 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 autoinflam-
matory disease (Zhou et al., 2016). Although cells expressing this
patient-derived truncated form of A20 have increased activation
of the NF-«kB pathway (similar to that of A20-null cells), the contri-
bution 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 misregula-
tion of TNF-RSC signaling.

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 (ACT-NEMO) mutation.
The disease symptoms of these patients, such as arthritis, coli-
tis, and dermatitis, are similar to those observed in the A20~/~
mice (Zilberman-Rudenko et al., 2016). Furthermore, some pa-
tients with ACT-NEMO or A20 mutations have been diagnosed
with Behget disease, a polygenic inflammatory disorder. Similar
to that of A20~/~ cells, ACT-NEMO cells exhibit increased IKK
activity in response to TNFo and stabilization of K63-ubiquiti-
nated 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 in mediating
the maturation of cytokines such as IL-1p and IL-18, caspase-1
is capable of mediating proteolytic cleavage of protein sub-
strates, 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,
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/RIPKS3 likely represents critical
developmental checkpoints. Mutations that inactivate cas-
pase-8 sensitize cells to RIPK1/RIPK3-mediated cell death,
leading to embryonic lethality and systemic inflammatory dis-
eases 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 Miki~'~
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-kB pathway.
Although many factors in the TNF-RSC were originally isolated
as regulators of NF-«kB, the new findings suggest important roles
of these factors in regulating inflammation through caspase-8,
and RIPK1 controlled apoptosis and necroptosis independent
of NF-kB. On the other hand, the ability of NF-«B to induce the
expression of A20 might provide an important mechanism to
control the activation of RIPK1 and caspase-8. The kinase activ-
ity of RIPK1 is critical not only for necroptosis, but also for 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 TNFa
and production of pro-inflammatory cytokines, inhibiting the ki-
nase activity of RIPK1 is recognized as providing exciting oppor-
tunities for developing new therapeutics targeting a multitude of
human diseases characterized by cell death and inflammation.

ACKNOWLEDGMENTS

This work was supported in part by grants to J.Y. from the NINDS-US
(1R01NS082257) and the NIA-US (1R01AG047231) and to B.P. from the Euro-
pean Research Council (ERC-2013-CoG_616986). We thank Palak Amin and
Albert D. Yu for comments on the manuscript.

REFERENCES

Aachoui, Y., Leaf, l.A., Hagar, J.A., Fontana, M.F., Campos, C.G., Zak, D.E.,
Tan, M.H., Cotter, P.A., Vance, R.E., Aderem, A., and Miao, E.A. (2013).
Caspase-11 protects against bacteria that escape the vacuole. Science 339,
975-978.

Aachoui, Y., Kajiwara, Y., Leaf, I.A., Mao, D., Ting, J.P., Coers, J., Aderem, A,
Buxbaum, J.D., and Miao, E.A. (2015). Canonical inflammasomes drive IFN-y
to prime caspase-11 in defense against a cytosol-invasive bacterium. Cell
Host Microbe 78, 320-332.

Akhter, A., Caution, K., Abu Khweek, A., Tazi, M., Abdulrahman, B.A., Abdela-
ziz, D.H., Voss, O.H., Doseff, A.l.,, Hassan, H., Azad, A.K,, et al. (2012). Cas-
pase-11 promotes the fusion of phagosomes harboring pathogenic bacteria
with lysosomes by modulating actin polymerization. Immunity 37, 35-47.
Arslan, S.C., and Scheidereit, C. (2011). The prevalence of TNFa-induced
necrosis over apoptosis is determined by TAK1-RIP1 interplay. PLoS ONE 6,
€26069.

Bauernfeind, F.G., Horvath, G., Stutz, A., Alnemri, E.S., MacDonald, K.,
Speert, D., Fernandes-Alnemri, T., Wu, J., Monks, B.G., Fitzgerald, K.A.,
etal. (2009). Cutting edge: NF-kappaB activating pattern recognition and cyto-
kine receptors license NLRP3 inflammasome activation by regulating NLRP3
expression. J. Immunol. 7183, 787-791.

Broz, P., Ruby, T., Belhocine, K., Bouley, D.M., Kayagaki, N., Dixit, V.M., and
Monack, D.M. (2012). Caspase-11 increases susceptibility to Salmonella
infection in the absence of caspase-1. Nature 490, 288-291.

Cerretti, D.P., Kozlosky, C.J., Mosley, B., Nelson, N., Van Ness, K., Green-
street, T.A., March, C.J., Kronheim, S.R., Druck, T., Cannizzaro, L.A., et al.
(1992). Molecular cloning of the interleukin-1 beta converting enzyme. Science
256, 97-100.

Cho, Y.S., Challa, S., Moquin, D., Genga, R., Ray, T.D., Guildford, M., and
Chan, F.K. (2009). Phosphorylation-driven assembly of the RIP1-RIP3 com-
plex regulates programmed necrosis and virus-induced inflammation. Cell
137, 1112-1123.

Cirulli, E.T., Lasseigne, B.N., Petrovski, S., Sapp, P.C., Dion, P.A., Leblond,
C.S., Couthouis, J., Lu, Y.F., Wang, Q., Krueger, B.J., et al.; FALS Sequencing
Consortium (2015). Exome sequencing in amyotrophic lateral sclerosis iden-
tifies risk genes and pathways. Science 347, 1436-1441.

Damgaard, R.B., Walker, J.A., Marco-Casanova, P., Morgan, N.V., Titheradge,
H.L., Elliott, P.R., McHale, D., Maher, E.R., McKenzie, A.N., and Komander, D.
(2016). The deubiquitinase OTULIN is an essential negative regulator of inflam-
mation and autoimmunity. Cell 166, 1215-1230.e20.

de Zoete, M.R., Palm, N.W., Zhu, S., and Flavell, R.A. (2014). Inflammasomes.
Cold Spring Harb. Perspect. Biol. 6, a016287.

Degterev, A., Boyce, M., and Yuan, J. (2003). A decade of caspases. Onco-
gene 22, 8543-8567.

Degterev, A., Huang, Z., Boyce, M., Li, Y., Jagtap, P., Mizushima, N., Cuny,
G.D., Mitchison, T.J., Moskowitz, M.A., and Yuan, J. (2005). Chemical inhibitor
of nonapoptotic cell death with therapeutic potential for ischemic brain injury.
Nat. Chem. Biol. 7, 112-119.

Degterev, A., Hitomi, J., Germscheid, M., Ch’en, I.L., Korkina, O., Teng, X., Ab-
bott, D., Cuny, G.D., Yuan, C., Wagner, G., et al. (2008). Identification of RIP1
kinase as a specific cellular target of necrostatins. Nat. Chem. Biol. 4, 313-321.

Dillon, C.P., Oberst, A., Weinlich, R., Janke, L.J., Kang, T.B., Ben-Moshe, T.,
Mak, T.W., Wallach, D., and Green, D.R. (2012). Survival function of the
FADD-CASPASE-8-cFLIP(L) complex. Cell Rep. 1, 401-407.

Ding, J., Wang, K., Liu, W., She, Y., Sun, Q., Shi, J., Sun, H., Wang, D.C., and
Shao, F. (2016). Pore-forming activity and structural autoinhibition of the gas-
dermin family. Nature 535, 111-116.

Dondelinger, Y., Declercq, W., Montessuit, S., Roelandt, R., Goncalves, A.,
Bruggeman, |., Hulpiau, P., Weber, K., Sehon, C.A., Marquis, R.W., et al.
(2014). MLKL compromises plasma membrane integrity by binding to phos-
phatidylinositol phosphates. Cell Rep. 7, 971-981.

Dondelinger, Y., Jouan-Lanhouet, S., Divert, T., Theatre, E., Bertin, J., Gough,
P.J., Giansanti, P., Heck, A.J., Dejardin, E., Vandenabeele, P., and Bertrand,
M.J. (2015). NF-kB-independent role of IKKo/IKKB in preventing RIPK1 ki-
nase-dependent apoptotic and necroptotic cell death during TNF signaling.
Mol. Cell 60, 63-76.

Draber, P., Kupka, S., Reichert, M., Draberova, H., Lafont, E., de Miguel, D.,
Spilgies, L., Surinova, S., Taraborrelli, L., Hartwig, T., et al. (2015). LUBAC-
recruited CYLD and A20 regulate gene activation and cell death by exerting
opposing effects on linear ubiquitin in signaling complexes. Cell Rep. 13,
2258-2272.

Fernandes-Alnemri, T., Armstrong, R.C., Krebs, J., Srinivasula, S.M., Wang, L.,
Bullrich, F., Fritz, L.C., Trapani, J.A., Tomaselli, K.J., Litwack, G., and Alnemri,
E.S. (1996). In vitro activation of CPP32 and Mch3 by Mch4, a novel human
apoptotic cysteine protease containing two FADD-like domains. Proc. Natl.
Acad. Sci. USA 93, 7464-7469.

Fink, S.L., and Cookson, B.T. (2006). Caspase-1-dependent pore formation
during pyroptosis leads to osmotic lysis of infected host macrophages. Cell.
Microbiol. 8, 1812-1825.

Gagliardini, V., Fernandez, P.A., Lee, R.K., Drexler, H.C., Rotello, R.J., Fish-
man, M.C., and Yuan, J. (1994). Prevention of vertebrate neuronal death by
the crmA gene. Science 263, 826-828.

Gerlach, B., Cordier, S.M., Schmukle, A.C., Emmerich, C.H., Rieser, E., Haas,
T.L., Webb, A.l., Rickard, J.A., Anderton, H., Wong, W.W., et al. (2011). Linear
ubiquitination prevents inflammation and regulates immune signalling. Nature
471, 591-596.

Green, D.R. (1998). Apoptotic pathways: the roads to ruin. Cell 94, 695-698.

Cell 167, December 15,2016 1701


http://refhub.elsevier.com/S0092-8674(16)31659-2/sref1
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref1
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref1
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref1
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref2
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref2
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref2
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref2
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref3
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref3
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref3
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref3
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref4
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref4
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref4
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref5
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref5
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref5
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref5
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref5
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref6
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref6
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref6
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref7
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref7
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref7
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref7
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref8
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref8
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref8
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref8
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref9
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref9
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref9
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref9
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref10
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref10
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref10
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref10
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref11
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref11
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref12
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref12
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref13
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref13
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref13
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref13
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref14
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref14
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref14
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref15
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref15
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref15
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref16
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref16
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref16
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref17
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref17
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref17
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref17
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref18
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref18
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref18
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref18
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref18
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref19
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref19
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref19
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref19
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref19
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref20
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref20
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref20
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref20
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref20
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref21
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref21
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref21
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref22
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref22
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref22
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref23
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref23
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref23
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref23
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref24

Haas, T.L., Emmerich, C.H., Gerlach, B., Schmukle, A.C., Cordier, S.M.,
Rieser, E., Feltham, R., Vince, J., Warnken, U., Wenger, T., et al. (2009).
Recruitment of the linear ubiquitin chain assembly complex stabilizes the
TNF-R1 signaling complex and is required for TNF-mediated gene induction.
Mol. Cell 36, 831-844.

Hagar, J.A., Powell, D.A., Aachoui, Y., Ernst, R.K., and Miao, E.A. (2013). Cyto-
plasmic LPS activates caspase-11: implications in TLR4-independent endo-
toxic shock. Science 341, 1250-1253.

He, S., Wang, L., Miao, L., Wang, T., Du, F., Zhao, L., and Wang, X. (2009).
Receptor interacting protein kinase-3 determines cellular necrotic response
to TNF-alpha. Cell 137, 1100-1111.

He, W.T., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., Yang, Z.H., Zhong,
C.Q., and Han, J. (2015). Gasdermin D is an executor of pyroptosis and
required for interleukin-1pB secretion. Cell Res. 25, 1285-1298.

Hildebrand, J.M., Tanzer, M.C., Lucet, |.S., Young, S.N., Spall, S.K., Sharma,
P., Pierotti, C., Garnier, J.M., Dobson, R.C., Webb, A.l., et al. (2014). Activation
of the pseudokinase MLKL unleashes the four-helix bundle domain to induce
membrane localization and necroptotic cell death. Proc. Natl. Acad. Sci. USA
111, 15072-15077.

Hiscott, J., Marois, J., Garoufalis, J., D’Addario, M., Roulston, A., Kwan, 1.,
Pepin, N., Lacoste, J., Nguyen, H., Bensi, G., et al. (1993). Characterization
of a functional NF-kappa B site in the human interleukin 1 beta promoter: ev-
idence for a positive autoregulatory loop. Mol. Cell. Biol. 13, 6231-6240.

Hitomi, J., Christofferson, D.E., Ng, A., Yao, J., Degterev, A., Xavier, R.J., and
Yuan, J. (2008). Identification of a molecular signaling network that regulates a
cellular necrotic cell death pathway. Cell 135, 1311-1323.

Holler, N., Zaru, R., Micheau, O., Thome, M., Attinger, A., Valitutti, S., Bodmer,
J.L., Schneider, P., Seed, B., and Tschopp, J. (2000). Fas triggers an alterna-
tive, caspase-8-independent cell death pathway using the kinase RIP as
effector molecule. Nat. Immunol. 7, 489-495.

Hou, Y., Li, F., Karin, M., and Ostrowski, M.C. (2008). Analysis of the IKKbeta/
NF-kappaB signaling pathway during embryonic angiogenesis. Dev. Dyn. 237,
2926-2935.

lkeda, F., Deribe, Y.L., Skanland, S.S., Stieglitz, B., Grabbe, C., Franz-
Wachtel, M., van Wijk, S.J., Goswami, P., Nagy, V., Terzic, J., et al. (2011).
SHARPIN forms a linear ubiquitin ligase complex regulating NF-kB activity
and apoptosis. Nature 471, 637-641.

lto, Y., Ofengeim, D., Najafov, A., Das, S., Saberi, S., Li, Y., Hitomi, J., Zhu, H.,
Chen, H., Mayo, L., et al. (2016). RIPK1 mediates axonal degeneration by pro-
moting inflammation and necroptosis in ALS. Science 353, 603-608.

Joosten, L.A., Van De Veerdonk, F.L., Vonk, A.G., Boerman, O.C., Keuter, M.,
Fantuzzi, G., Verschueren, |., Van Der Poll, T., Dinarello, C.A., Kullberg, B.J.,
et al. (2010). Differential susceptibility to lethal endotoxaemia in mice deficient
in IL-1a, IL-1B or IL-1 receptor type |. APMIS 778, 1000-1007.

Kaiser, W.J., Upton, J.W., Long, A.B., Livingston-Rosanoff, D., Daley-Bauer,
L.P., Hakem, R., Caspary, T., and Mocarski, E.S. (2011). RIP3 mediates the
embryonic lethality of caspase-8-deficient mice. Nature 471, 368-372.

Kang, S.J., Wang, S., Hara, H., Peterson, E.P., Namura, S., Amin-Hanjani, S.,
Huang, Z., Srinivasan, A., Tomaselli, K.J., Thornberry, N.A., et al. (2000). Dual
role of caspase-11 in mediating activation of caspase-1 and caspase-3 under
pathological conditions. J. Cell Biol. 149, 613-622.

Kang, S.J., Wang, S., Kuida, K., and Yuan, J. (2002). Distinct downstream
pathways of caspase-11 in regulating apoptosis and cytokine maturation dur-
ing septic shock response. Cell Death Differ. 9, 1115-1125.

Kastner, D.L., Aksentijevich, |., and Goldbach-Mansky, R. (2010). Autoinflam-
matory disease reloaded: a clinical perspective. Cell 740, 784-790.
Kayagaki, N., Warming, S., Lamkanfi, M., Vande Walle, L., Louie, S., Dong, J.,
Newton, K., Qu, Y., Liu, J., Heldens, S., et al. (2011). Non-canonical inflamma-
some activation targets caspase-11. Nature 479, 117-121.

Kayagaki, N., Wong, M.T., Stowe, |.B., Ramani, S.R., Gonzalez, L.C., Akashi-
Takamura, S., Miyake, K., Zhang, J., Lee, W.P., Muszynski, A., et al. (2013).
Noncanonical inflammasome activation by intracellular LPS independent of
TLR4. Science 341, 1246-1249.

1702 Cell 167, December 15, 2016

Kayagaki, N., Stowe, I.B., Lee, B.L., O’'Rourke, K., Anderson, K., Warming, S.,
Cuellar, T., Haley, B., Roose-Girma, M., Phung, Q.T., et al. (2015). Caspase-11
cleaves gasdermin D for non-canonical inflammasome signalling. Nature 526,
666-671.

Komander, D., Reyes-Turcu, F., Licchesi, J.D., Odenwaelder, P., Wilkinson,
K.D., and Barford, D. (2009). Molecular discrimination of structurally equivalent
Lys 63-linked and linear polyubiquitin chains. EMBO Rep. 710, 466-473.
Krueger, A., Schmitz, I., Baumann, S., Krammer, P.H., and Kirchhoff, S. (2001).
Cellular FLICE-inhibitory protein splice variants inhibit different steps of
caspase-8 activation at the CD95 death-inducing signaling complex. J. Biol.
Chem. 276, 20633-20640.

Lee, E.G., Boone, D.L., Chai, S., Libby, S.L., Chien, M., Lodolce, J.P., and Ma,
A. (2000). Failure to regulate TNF-induced NF-kappaB and cell death re-
sponses in A20-deficient mice. Science 289, 2350-2354.

Legarda-Addison, D., Hase, H., O’Donnell, M.A., and Ting, A.T. (2009). NEMO/
IKKgamma regulates an early NF-kappaB-independent cell-death checkpoint
during TNF signaling. Cell Death Differ. 16, 1279-1288.

Li, H., Zhu, H., Xu, C.J., and Yuan, J. (1998). Cleavage of BID by caspase 8
mediates the mitochondrial damage in the Fas pathway of apoptosis. Cell
94, 491-501.

Li, J., Brieher, W.M., Scimone, M.L., Kang, S.J., Zhu, H., Yin, H., von Andrian,
U.H., Mitchison, T., and Yuan, J. (2007). Caspase-11 regulates cell migration
by promoting Aip1-Cofilin-mediated actin depolymerization. Nat. Cell Biol. 9,
276-286.

Lin, Y., Devin, A., Rodriguez, Y., and Liu, Z.G. (1999). Cleavage of the death
domain kinase RIP by caspase-8 prompts TNF-induced apoptosis. Genes
Dev. 13, 2514-2526.

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V.G., Wu, H., and Lieberman, J.
(2016). Inflammasome-activated gasdermin D causes pyroptosis by forming
membrane pores. Nature 535, 153-158.

Mandal, P., Berger, S.B., Pillay, S., Moriwaki, K., Huang, C., Guo, H., Lich, J.D.,
Finger, J., Kasparcova, V., Votta, B., et al. (2014). RIP3 induces apoptosis
independent of pronecrotic kinase activity. Mol. Cell 56, 481-495.
Maruyama, H., Morino, H., Ito, H., Izumi, Y., Kato, H., Watanabe, Y., Kinoshita,
Y., Kamada, M., Nodera, H., Suzuki, H., et al. (2010). Mutations of optineurin in
amyotrophic lateral sclerosis. Nature 465, 223-226.

McDermott, M.F., Aksentijevich, I., Galon, J., McDermott, E.M., Ogunkolade,
B.W., Centola, M., Mansfield, E., Gadina, M., Karenko, L., Pettersson, T.,
et al. (1999). Germline mutations in the extracellular domains of the 55 kDa
TNF receptor, TNFR1, define a family of dominantly inherited autoinflamma-
tory syndromes. Cell 97, 133-144.

Meunier, E., Dick, M.S., Dreier, R.F., Schirmann, N., Kenzelmann Broz, D.,
Warming, S., Roose-Girma, M., Bumann, D., Kayagaki, N., Takeda, K., et al.
(2014). Caspase-11 activation requires lysis of pathogen-containing vacuoles
by IFN-induced GTPases. Nature 509, 366-370.

Miura, M., Zhu, H., Rotello, R., Hartwieg, E.A., and Yuan, J. (1993). Induction of
apoptosis in fibroblasts by IL-1 beta-converting enzyme, a mammalian homo-
log of the C. elegans cell death gene ced-3. Cell 75, 653-660.

Moulin, M., Anderton, H., Voss, A.K., Thomas, T., Wong, W.W., Bankovacki,
A., Feltham, R., Chau, D., Cook, W.D., Silke, J., and Vaux, D.L. (2012). IAPs
limit activation of RIP kinases by TNF receptor 1 during development. EMBO
J. 31, 1679-1691.

Murphy, J.M., Czabotar, P.E., Hildebrand, J.M., Lucet, I.S., Zhang, J.G.,
Alvarez-Diaz, S., Lewis, R., Lalaoui, N., Metcalf, D., Webb, A.l., et al. (2013).
The pseudokinase MLKL mediates necroptosis via a molecular switch mech-
anism. Immunity 39, 443-453.

Muzio, M., Chinnaiyan, A.M., Kischkel, F.C., O’'Rourke, K., Shevchenko, A., Ni,
J., Scaffidi, C., Bretz, J.D., Zhang, M., Gentz, R., et al. (1996). FLICE, a novel
FADD-homologous ICE/CED-3-like protease, is recruited to the CD95 (Fas/
APO-1) death-inducing signaling complex. Cell 85, 817-827.

Netea, M.G., Nold-Petry, C.A., Nold, M.F., Joosten, L.A., Opitz, B., van der
Meer, J.H., van de Veerdonk, F.L., Ferwerda, G., Heinhuis, B., Devesa, .,
et al. (2009). Differential requirement for the activation of the inflammasome


http://refhub.elsevier.com/S0092-8674(16)31659-2/sref25
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref25
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref25
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref25
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref25
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref26
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref26
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref26
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref27
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref27
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref27
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref28
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref28
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref28
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref29
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref29
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref29
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref29
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref29
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref30
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref30
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref30
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref30
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref31
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref31
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref31
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref32
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref32
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref32
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref32
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref33
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref33
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref33
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref34
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref34
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref34
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref34
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref35
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref35
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref35
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref36
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref36
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref36
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref36
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref37
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref37
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref37
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref38
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref38
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref38
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref38
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref39
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref39
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref39
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref40
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref40
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref41
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref41
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref41
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref42
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref42
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref42
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref42
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref42
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref43
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref43
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref43
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref43
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref44
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref44
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref44
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref45
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref45
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref45
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref45
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref46
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref46
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref46
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref47
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref47
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref47
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref48
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref48
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref48
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref49
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref49
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref49
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref49
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref50
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref50
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref50
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref51
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref51
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref51
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref52
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref52
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref52
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref53
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref53
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref53
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref54
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref54
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref54
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref54
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref54
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref55
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref55
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref55
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref55
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref56
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref56
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref56
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref57
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref57
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref57
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref57
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref58
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref58
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref58
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref58
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref59
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref59
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref59
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref59
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref60
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref60
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref60

for processing and release of IL-1beta in monocytes and macrophages. Blood
113, 2324-2335.

Newton, K., Dugger, D.L., Wickliffe, K.E., Kapoor, N., de Aimagro, M.C., Vucic,
D., Komuves, L., Ferrando, R.E., French, D.M., Webster, J., et al. (2014). Activ-
ity of protein kinase RIPK3 determines whether cells die by necroptosis or
apoptosis. Science 343, 1357-1360.

Newton, K., Dugger, D.L., Maltzman, A., Greve, J.M., Hedehus, M., Martin-
McNulty, B., Carano, R.A., Cao, T.C., van Bruggen, N., Bernstein, L., et al.
(2016). RIPK3 deficiency or catalytically inactive RIPK1 provides greater
benefit than MLKL deficiency in mouse models of inflammation and tissue
injury. Cell Death Differ. 23, 1565-1576.

Nogusa, S., Thapa, R.J., Dillon, C.P., Liedmann, S., Oguin, T.H., 3rd, Ingram,
J.P., Rodriguez, D.A., Kosoff, R., Sharma, S., Sturm, O., et al. (2016). RIPK3
activates parallel pathways of MLKL-driven necroptosis and FADD-mediated
apoptosis to protect against influenza A virus. Cell Host Microbe 20, 13-24.

O’Donnell, M.A., Perez-dimenez, E., Oberst, A., Ng, A., Massoumi, R., Xavier,
R., Green, D.R., and Ting, A.T. (2011). Caspase 8 inhibits programmed necro-
sis by processing CYLD. Nat. Cell Biol. 13, 1437-1442.

Oberst, A., Dillon, C.P., Weinlich, R., McCormick, L.L., Fitzgerald, P., Pop, C.,
Hakem, R., Salvesen, G.S., and Green, D.R. (2011). Catalytic activity of the
caspase-8-FLIP(L) complex inhibits RIPK3-dependent necrosis. Nature 4717,
363-367.

Ofengeim, D., and Yuan, J. (2013). Regulation of RIP1 kinase signalling at
the crossroads of inflammation and cell death. Nat. Rev. Mol. Cell Biol. 74,
727-736.

Ofengeim, D., Ito, Y., Najafov, A., Zhang, Y., Shan, B., DeWitt, J.P., Ye, J.,
Zhang, X., Chang, A., Vakifahmetoglu-Norberg, H., et al. (2015). Activation of
necroptosis in multiple sclerosis. Cell Rep. 70, 1836-1849.

Onizawa, M., Oshima, S., Schulze-Topphoff, U., Oses-Prieto, J.A., Lu, T., Ta-
vares, R., Prodhomme, T., Duong, B., Whang, M.l., Advincula, R., et al. (2015).
The ubiquitin-modifying enzyme A20 restricts ubiquitination of the kinase
RIPK3 and protects cells from necroptosis. Nat. Immunol. 16, 618-627.

Pilla, D.M., Hagar, J.A., Haldar, A.K., Mason, A.K., Degrandi, D., Pfeffer, K.,
Ernst, R.K., Yamamoto, M., Miao, E.A., and Coers, J. (2014). Guanylate bind-
ing proteins promote caspase-11-dependent pyroptosis in response to cyto-
plasmic LPS. Proc. Natl. Acad. Sci. USA 7117, 6046-6051.

Pobezinskaya, Y.L., Kim, Y.S., Choksi, S., Morgan, M.J., Li, T., Liu, C., and Liu,
Z.(2008). The function of TRADD in signaling through tumor necrosis factor re-
ceptor 1 and TRIF-dependent Toll-like receptors. Nat. Immunol. 9, 1047-1054.
Py, B.F., Jin, M., Desai, B.N., Penumaka, A., Zhu, H., Kober, M., Dietrich, A.,
Lipinski, M.M., Henry, T., Clapham, D.E., and Yuan, J. (2014). Caspase-11
controls interleukin-1f release through degradation of TRPC1. Cell Rep. 6,
1122-1128.

Rathinam, V.A., and Fitzgerald, K.A. (2016). Inflammasome complexes:
emerging mechanisms and effector functions. Cell 165, 792-800.

Rathinam, V.A., Vanaja, S.K., Waggoner, L., Sokolovska, A., Becker, C., Stu-
art, L.M., Leong, J.M., and Fitzgerald, K.A. (2012). TRIF licenses caspase-
11-dependent NLRP3 inflammasome activation by gram-negative bacteria.
Cell 150, 606-619.

Russo, H.M., Rathkey, J., Boyd-Tressler, A., Katsnelson, M.A., Abbott, D.W.,
and Dubyak, G.R. (2016). Active caspase-1 induces plasma membrane pores
that precede pyroptotic lysis and are blocked by lanthanides. J. Immunol. 197,
1353-1367.

Schlicher, L., Wissler, M., Preiss, F., Brauns-Schubert, P., Jakob, C., Dumit, V.,
Borner, C., Dengjel, J., and Maurer, U. (2016). SPATA2 promotes CYLD activity
and regulates TNF-induced NF-kB signaling and cell death. EMBO Rep. 17,
1485-1497.

Schmid-Burgk, J.L., Gaidt, M.M., Schmidt, T., Ebert, T.S., Bartok, E., and Hor-
nung, V. (2015). Caspase-4 mediates non-canonical activation of the NLRP3
inflammasome in human myeloid cells. Eur. J. Immunol. 45, 2911-2917.

Shi, J., Zhao, Y., Wang, Y., Gao, W., Ding, J., Li, P., Hu, L., and Shao, F. (2014).
Inflammatory caspases are innate immune receptors for intracellular LPS.
Nature 574, 187-192.

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., Zhuang, Y., Cai, T.,
Wang, F., and Shao, F. (2015). Cleavage of GSDMD by inflammatory caspases
determines pyroptotic cell death. Nature 526, 660-665.

Skaug, B., Chen, J., Du, F., He, J., Ma, A., and Chen, Z.J. (2011). Direct, non-
catalytic mechanism of IKK inhibition by A20. Mol. Cell 44, 559-571.

Song, H.Y., Rothe, M., and Goeddel, D.V. (1996). The tumor necrosis factor-
inducible zinc finger protein A20 interacts with TRAF1/TRAF2 and inhibits
NF-kappaB activation. Proc. Natl. Acad. Sci. USA 93, 6721-6725.

Storek, K.M., Gertsvolf, N.A., Ohlson, M.B., and Monack, D.M. (2015). cGAS
and Ifi204 cooperate to produce type | IFNs in response to Francisella infec-
tion. J. Immunol. 794, 3236-3245.

Sun, L., Wang, H., Wang, Z., He, S., Chen, S., Liao, D., Wang, L., Yan, J., Liu,
W., Lei, X., and Wang, X. (2012). Mixed lineage kinase domain-like protein
mediates necrosis signaling downstream of RIP3 kinase. Cell 148, 213-227.
Thornberry, N.A., Bull, H.G., Calaycay, J.R., Chapman, K.T., Howard, A.D.,
Kostura, M.J., Miller, D.K., Molineaux, S.M., Weidner, J.R., Aunins, J., et al.
(1992). A novel heterodimeric cysteine protease is required for interleukin-1
beta processing in monocytes. Nature 356, 768-774.

Tokunaga, F., Sakata, S., Saeki, Y., Satomi, Y., Kirisako, T., Kamei, K.,
Nakagawa, T., Kato, M., Murata, S., Yamaoka, S., et al. (2009). Involvement
of linear polyubiquitylation of NEMO in NF-kappaB activation. Nat. Cell Biol.
11,123-132.

Vereecke, L., Sze, M., Mc Guire, C., Rogiers, B., Chu, Y., Schmidt-Supprian,
M., Pasparakis, M., Beyaert, R., and van Loo, G. (2010). Enterocyte-specific
A20 deficiency sensitizes to tumor necrosis factor-induced toxicity and exper-
imental colitis. J. Exp. Med. 207, 1513-1523.

Vigano, E., Diamond, C.E., Spreafico, R., Balachander, A., Sobota, R.M., and
Mortellaro, A. (2015). Human caspase-4 and caspase-5 regulate the one-step
non-canonical inflammasome activation in monocytes. Nat. Commun. 6, 8761.
Wagner, S.A., Satpathy, S., Beli, P., and Choudhary, C. (2016). SPATA2 links
CYLD to the TNF-a receptor signaling complex and modulates the receptor
signaling outcomes. EMBO J. 35, 1868-1884.

Wang, S., Miura, M., Jung, Yk., Zhu, H., Gagliardini, V., Shi, L., Greenberg,
A.H., and Yuan, J. (1996). Identification and characterization of Ich-3, a mem-
ber of the interleukin-1beta converting enzyme (ICE)/Ced-3 family and an
upstream regulator of ICE. J. Biol. Chem. 277, 20580-20587.

Wang, S., Miura, M., Jung, Y.K., Zhu, H., Li, E., and Yuan, J. (1998). Murine
caspase-11, an ICE-interacting protease, is essential for the activation of
ICE. Cell 92, 501-509.

Wang, L., Du, F., and Wang, X. (2008). TNF-alpha induces two distinct cas-
pase-8 activation pathways. Cell 133, 693-703.

Wang, H., Sun, L., Su, L., Rizo, J., Liu, L., Wang, L.F., Wang, F.S., and Wang, X.
(2014). Mixed lineage kinase domain-like protein MLKL causes necrotic mem-
brane disruption upon phosphorylation by RIP3. Mol. Cell 54, 133-146.
Wertz, I.E., O’Rourke, K.M., Zhou, H., Eby, M., Aravind, L., Seshagiri, S., Wu,
P., Wiesmann, C., Baker, R., Boone, D.L., et al. (2004). De-ubiquitination and
ubiquitin ligase domains of A20 downregulate NF-kappaB signalling. Nature
430, 694-699.

Yang, D., He, Y., Mufioz-Planillo, R., Liu, Q., and Nufez, G. (2015). Caspase-11
requires the Pannexin-1 channel and the purinergic P2X7 pore to mediate
pyroptosis and endotoxic shock. Immunity 43, 923-932.

Yuan, J., Shaham, S., Ledoux, S., Ellis, H.M., and Horvitz, H.R. (1993). The
C. elegans cell death gene ced-3 encodes a protein similar to mammalian
interleukin-1 beta-converting enzyme. Cell 75, 641-652.

Zanoni, |, Tan, Y., Di Gioia, M., Broggi, A., Ruan, J., Shi, J., Donado, C.A.,
Shao, F., Wu, H., Springstead, J.R., and Kagan, J.C. (2016). An endogenous
caspase-11 ligand elicits interleukin-1 release from living dendritic cells. Sci-
ence 352, 1232-1236.

Zhang, D.W., Shao, J., Lin, J., Zhang, N., Lu, B.J., Lin, S.C., Dong, M.Q., and
Han, J. (2009). RIP3, an energy metabolism regulator that switches TNF-
induced cell death from apoptosis to necrosis. Science 325, 332-336.
Zhang, Y., Chen, K., Sloan, S.A., Bennett, M.L., Scholze, A.R., O’Keeffe, S.,
Phatnani, H.P., Guarnieri, P., Caneda, C., Ruderisch, N., et al. (2014). An

Cell 167, December 15,2016 1703


http://refhub.elsevier.com/S0092-8674(16)31659-2/sref60
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref60
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref61
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref61
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref61
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref61
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref62
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref62
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref62
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref62
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref62
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref63
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref63
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref63
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref63
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref64
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref64
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref64
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref65
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref65
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref65
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref65
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref66
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref66
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref66
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref67
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref67
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref67
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref68
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref68
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref68
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref68
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref69
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref69
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref69
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref69
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref70
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref70
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref70
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref71
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref71
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref71
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref71
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref72
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref72
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref73
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref73
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref73
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref73
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref74
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref74
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref74
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref74
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref75
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref75
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref75
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref75
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref76
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref76
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref76
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref77
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref77
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref77
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref78
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref78
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref78
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref79
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref79
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref80
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref80
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref80
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref81
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref81
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref81
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref82
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref82
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref82
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref83
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref83
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref83
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref83
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref84
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref84
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref84
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref84
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref85
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref85
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref85
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref85
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref86
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref86
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref86
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref87
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref87
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref87
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref88
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref88
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref88
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref88
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref89
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref89
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref89
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref90
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref90
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref91
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref91
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref91
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref92
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref92
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref92
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref92
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref93
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref93
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref93
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref94
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref94
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref94
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref95
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref95
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref95
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref95
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref96
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref96
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref96
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref97
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref97

RNA-sequencing transcriptome and splicing database of glia, neurons, and
vascular cells of the cerebral cortex. J. Neurosci. 34, 11929-11947.

Zhou, W., and Yuan, J. (2014). Necroptosis in health and diseases. Semin. Cell
Dev. Biol. 35, 14-23.

Zhou, Q., Wang, H., Schwartz, D.M., Stoffels, M., Park, Y.H., Zhang, Y., Yang,
D., Demirkaya, E., Takeuchi, M., Tsai, W.L., et al. (2016). Loss-of-function mu-

1704 Cell 167, December 15, 2016

tations in TNFAIP3 leading to A20 haploinsufficiency cause an early-onset
autoinflammatory disease. Nat. Genet. 48, 67-73.

Zilberman-Rudenko, J., Shawver, L.M., Wessel, A.W., Luo, Y., Pelletier, M.,
Tsai, W.L., Lee, Y., Vonortas, S., Cheng, L., Ashwell, J.D., et al. (2016). Recruit-
ment of A20 by the C-terminal domain of NEMO suppresses NF-kB activation
and autoinflammatory disease. Proc. Natl. Acad. Sci. USA 113, 1612-1617.


http://refhub.elsevier.com/S0092-8674(16)31659-2/sref97
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref97
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref98
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref98
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref99
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref99
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref99
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref99
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref100
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref100
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref100
http://refhub.elsevier.com/S0092-8674(16)31659-2/sref100

	Roles of Caspases in Necrotic Cell Death
	Pyroptosis: Necrotic Cell Death Mediated by Inflammatory Caspases
	A Dual Alarm System for Activating Pyroptosis
	The Canonical Pathway of Pyroptosis
	The Noncanonical Pathway of Pyroptosis
	The Downstream Mechanisms of Pyroptosis
	The Interaction of the Canonical and Non-canonical Pathways
	The Pathophysiological Significance of Pyroptosis
	Necroptosis
	Orchestration of TNFR1 Signaling
	The Tight Regulation of Caspase-8
	Activation of Caspase-8 in RIPK1-Dependent Apoptosis
	Caspase-8 Suppresses the Activation of Necroptosis
	Regulation of Caspase-8 Activation by RIPK3
	Caspase-8-Regulated Apoptosis and Necroptosis in Human Autoinflammatory Diseases
	Concluding Remarks
	Acknowledgments
	References


