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Summary

Roles for cell death in development, homeostasis, and the control of infections and cancer have
long been recognized. Whereas excessive cell damage results in passive necrosis, cells can be
triggered to engage molecular programs that result in cell death. Such triggers include cellular
stress, oncogenic signals that engage tumor suppressor mechanisms, pathogen insults, and immune
mechanisms. The best-known forms of programmed cell death are apoptosis and a recently
recognized regulated necrosis termed necroptosis. Of the two best understood pathways of
apoptosis, the extrinsic and intrinsic (mitochondrial) pathways, the former is induced by the
ligation of death receptors, a subset of the TNF receptor (TNFR) superfamily. Ligation of these
death receptors can also induce necroptosis. The extrinsic apoptosis and necroptosis pathways
regulate each other and their balance determines whether cells live. Integral in the regulation and
initiation of death receptor-mediatedactivation of programmed cell death is the aspartate-specific
cysteine protease (caspase)-8. This review describes the role of caspase-8 in the initiation of
extrinsic apoptosis execution and the mechanism by which caspase-8 inhibits necroptosis. The
importance of caspase-8 in development and homeostasis and the way that dysfunctional
caspase-8 may contribute to the development of malignancies in mice and humans are also
explored.
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Introduction

The earliest studies on apoptosis defined this as a “programmed” cell death, one that is
controlled by molecular pathways. More recently, the realization that necrosis can also be a
regulated form of cell death, has led to the identification of several forms of “programmed”
necrosis. These include necroptosis, pyroptosis, ferroptosis, mitotic catastrophy and
autophagic cell death, among others. While it has been demonstrated that each of these
newly identified forms of programmed cell death have their own important functions and
consequences in their own respective settings, it has become clear that necroptosis has a
broad impact on biology, similar to apoptosis.
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Deregulation of the apoptotic mechanism has been implicated in a variety of disease
settings. Indeed, blockade or evasion of apoptosis was listed as one of the original
“hallmarks” of cancer (1). However, the physiological function of necroptosis upon similar
perturbations in homeostasis has not been as well defined. Recently, multiple studies have
suggested there are roles for necroptosis in development (2-5) and disease (reviewed in (6—
8)), such as viral infection (9), atherosclerosis (10, 11), renal ischaemic reperfusion injury
(12), and cancer (13-15).

The extrinsic pathway of apoptosis is initiated by ligation of death receptors, a subset of the
tumor necrosis factor superfamily (TNFRSF) that includes tumor necrosis factor (TNF)
receptor-1 (TNFR1; TNFRSF1a), CD95 (TNFRSF6, Apo-1, and Fas), TNF-related
apoptosis-inducing ligand (TRAIL) receptor-1 and -2 (TRAIL-R1/2; DR4/5, and
TNFRSF10a/b), DR3 (TNFRSF25), and DR6 (TNFRSF21). Ligation of these receptors by
their cognate ligands or by agonistic antibodies can promote apoptosis.

It has become evident that there is a bridge between apoptosis and necroptosis in
homeostasis and disease (3-5). The extrinsic apoptotic and necroptotic pathways are tightly
intertwined and depend on multiple proteins that regulate whether a cell (or animal) lives or
dies. Integral to the initiation and regulation of death receptor-mediatedactivation of
apoptosis and necroptosis is a complex consisting of the proteins Fas associated via death
domain (FADD), aspartate-specific cysteine protease (caspase)-8 (formerly known as
FLICE) or caspase-10 (FLICE?2) and FLICE-like inhibitory protein (cFLIP; encoded by
casp8 and FADD-like apoptosis regulator, cffar). As such, this complex has been shown to
determine cell fate upon extrinsic death receptor signaling.

The importance of cell death regulation by FADD-caspase-8-cFLIP extends well beyond the
individual cell. If the balance skews towards apoptosis, cells reduce to apoptotic bodies that
are removed by resident phagocytic cells and surrounding cells are not “alarmed”, instead
they produce signals that prevent inflammation. However, when necroptosis is engaged, cells
die by rupture of the plasma membrane and the cellular contents, including damage-
associated molecular patterns (DAMPS), pro-inflammatory cytokines, and other alarmins,
are released into the microenvironment and surrounding cells respond in a pro-inflammatory
manner. Thus, whereas apoptosis is generally anti-inflammatory, necroptosis induces
inflammation.

This review describes the functions and regulation of the FADD-caspase-8-cFLIP complex
in cell death and non-cell death pathways with a particular focus on caspase-8.

Caspase-8 in executing extrinsic apoptosis

The term apoptosis (greek “falling off”) was first proposed by Kerr, Wyllie and Currie in
1972 to distinguish between classical necrosis and the observation of structures that are now
known to be apoptotic bodies observed in ischemic liver injury (16, 17). Since then, it has
been well established that two forms of apoptosis exist; intrinsic apoptosis and extrinsic
apoptosis. Both intrinsic and extrinsic apoptosis are processes that rely on activation of
members of the aspartate-specific cysteine protease (caspase) family. In the intrinsic, or
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mitochondrial pathway of apoptosis, effector caspases are activated after a signaling cascade
involving mitochondrial outer membrane permeabilization (MOMP), causing the release of
proteins of the intermembrane space. These include cytochrome c and second mitochondria-
derived activator of caspases (SMAC), which promote the formation of the so-called
“apoptosome”, and the activation of caspases that orchestrate the death of the cell (18). In
the extrinsic, or death receptor pathway of apoptosis, ligation of death receptors on the cell
surface leads to caspase activation. In both forms of apoptosis cells die by effector caspase-
induced cell blebbing, DNA fragmentation, phosphatidylserine externalization and
formation of apoptotic bodies, the characteristics of apoptosis described by Kerr et al.

Extrinsic apoptosis relies on the formation of a death-inducing signaling complex (DISC),
which always includes FADD and caspase-8. In the case of ligation of TNFR1, another
adapter, tumor necrosis factor receptor type 1-associated DEATH domain (TRADD), is first
engaged, which in turn recruits FADD, and TRADD is required for apoptosis induced by
TNF, but not for that induced by other death receptor ligands. Other death receptors engage
FADD directly.

FADD is an adapter protein that consists of a C-terminal death domain (DD) and a N-
terminal death effector domain (DED). FADD is recruited to the intracellular death domains
of trimerized death receptors (DR) through homotypic DD interactions and recent
stoichiometric studies show that the ratio between DR and FADD is 3:1 (19). FADD binding
to the trimerized receptor induces a conformational change in the protein that exposes the
DED to bind caspase-8. In humans, caspase-10 (which is not present in rodents) can also be
recruited to FADD, but its role in apoptosis is less clear. Both procaspase-8 and -10 are
expressed as a zymogen that comprises a N-terminal pro-domain that includes two DEDs
(tandem DED), a large protease subunit containing the catalytic site (p20/p18), a short linker
region, and a small subunit (p12/p10).

Procaspase-8 binds to the exposed DED of death receptor-associated FADD through a
pocket in its DED1, forming the DISC (19, 20) (Figure 1). Additional procaspase-8
molecules are then recruited and bind through a second DED1 pocket to a motif in DED2 of
the prior procaspase-8 by dominant hydrophobic interactions (20). This results in DED-
mediated procaspase-8 oligomerization. Binding of procaspase-8 to FADD thus prompts
recruitment of additional procaspase-8 molecules that leads to the formation of a filament
assembled in a unidirectional manner (20). Stoichiometric studies show that on average six
procaspase-8 molecules bind to a single FADD protein (19). Filament formation is
important, because it allows the proteolytic domains of the interacting procaspase-8
molecules to homodimerize. Within the homodimer, autoproteolytic cleavage of an aspartate
residue between the linker and small subunit (D384 human, D387 mouse) then partially
activates the protein. Subsequent cleavage of an aspartate connecting DED2 and the large
subunit releases the now fully matured enzyme and allows initiation of apoptosis.

The effector caspases, caspase-3 and caspase-7, exist as dimeric zymogens that are activated
by cleavage between their large and small subunits. Fully matured caspase-8 cleaves these
zymogens and thus activates them. However, in some cases the activity of the effector
caspases is subsequently inhibited by X-linked Inhibitor of Apoptosis Protein (XIAP).
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Caspase-8 can circumvent this inhibition as follows. Caspase-8 can also cleave the protein
BID and cleaved BID (cBID) then activates the effector proteins BAX and BAK, which
mediate MOMP. Upon MOMP, proteins that antagonize XIAP (such as SMAC) are released
from the mitochondrial intermembrane space, allowing executioner caspases to promote
apoptosis. This process was demonstrated most strikingly through a series of elegant /in vivo
experiments. Administration of the ligand for the death receptor CD95 results in rapid liver
damage and lethality in mice dependent on the presence of caspase-8 in the liver. Animals
lacking BID are resistant to this lethal effect (19, 21). However, animals in which both BID
and XIAP are ablated are fully sensitive to the lethal effects of CD95 ligation (22).

The apoptotic function of caspase-8 can be modulated by phosphorylation of specific
residues on the protein. Human procaspase-8b can be phosphorylated on tyrosines 273, 293,
380, 448 and serines 287, 305 and 347 (23-25). Human procaspase-8 is a substrate for Polo-
like kinase 3 (PIk3) that interacts with CD95, FADD, and caspase-8. Upon DISC formation,
PIk3 phosphorylates residue T273 of procaspase-8 that promotes the pro-apoptotic function
of procaspase-8 (23). Phosphorylation of Y380 also controls apoptosis and is regulated by
the kinases Fyn, Lyn and Src and phosphatase SHP1 (26, 27). Procaspase-8 Y380
phosphorylation does not impair recruitment to the DISC, nor does it interfere with DED
chain assembly and D384 processing. It does, however, block apoptosis by hampering
further autoproteolytic cleavage and hence release from the DED, possibly by the interaction
with unknown factors that hinder maturation in a steric way (28). Furthermore, Y380
phosphorylation induces translocation to the plasma membrane where caspase-8 can
apparently promote migration (in an unknown manner) and interact with the p85a subunit of
PI3K to promote endosome maturation (29, 30). However, mice lack a tyrosine in the linker
region between the large and small subunits, and therefore these regulatory effects are not
evident.

cFLIP regulates extrinsic apoptosis

The presence of the FLICE-like inhibitory protein (cFLIP) in the FADD-caspase-8-cFLIP
complex determines if and how cells die. As such, cFLIP is a switch that determines cell
fate. cFLIP comes in two major isoforms, depending on post-transcriptional mMRNA splicing
(31, 32). cFLIP long (cFLIPy) is a procaspase-8-like protein with the major difference that it
lacks proteolytic activity due to the absence of a catalytic cysteine in the large subunit.
cFLIP short (cFLIPg) is a truncated form of procaspase-8 that only contains two tandem
DEDs and a short C-terminal tail. The cFLIPg protein is an inhibitor of caspase-8 and blocks
DISC-dependent procaspase-8 activation by disrupting DED-mediated procaspase-8
oligomer assembly. Concordantly, equal numbers of FADD, procaspase-8 and cFLIPg are
found in the DISC (19, 32-35). The function of cFLIP, is more complex as it regulates the
extent of activation and possibly substrate specificity of procaspase-8 (4, 36). Low levels of
cFLIP_ can enhance apoptotic signaling, whereas apoptosis is inhibited when cFLIP levels
are high. It is not completely clear how cFLIP; mechanistically inhibits apoptosis. A
classical view portrays cFLIP directly binding to FADD (37), inhibiting apoptosis by
directly competing with procaspase-8 for binding to FADD (31, 37-39). However, this
dogma is now challenged by recent studies that show that cFLIP is only weakly able to bind
FADD, but that upon FADD-procaspase-8 interaction, it is procaspase-8 that recruits cFLIP
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to the DISC in a co-operative and hierarchical manner (19, 20, 40). How exactly the DED
domains of procaspase-8 and cFLIP| interact remains to be elucidated, but it is clear that the
procaspase-8 catalytic domain prefers heterodimerization to the cFLIP, caspase-like domain
over homodimerization with catalytic domains of other procaspase-8 molecules (41, 42).
Heterodimerization to c-FLIP| rearranges the catalytic site of procaspase-8, producing a
conformation that renders the heterodimer highly active even in the absence of proteolytic
processing of either caspase-8 or cFLIP (42-44). A non-cleavable procaspase-8 mutant
(mouse; D387A), that in the absence of cFLIP is unable to initiate apoptosis, becomes
catalytically active when heterodimerized with cFLIP|_ (4, 36). Therefore the current
paradigm is that cFLIP regulates procaspase-8 filament formation. The cFLIPg protein
abrogates the formation of procaspase-8 filaments. Low levels of cFLIP, enhance the
specific activity of the heterodimer and procaspase-8 homodimer activation without
disrupting the filament. High levels of cFLIP, reduces the activity of procaspase-8, possibly
by disrupting procaspase-8 homodimer filaments. Thus, the cFLIP isoforms and their
expression levels are critical determinants whether cells live or die.

CD95 and TRAIL-R ligation induces apoptosis by direct recruitment of FADD-caspase-8 in
a complex called the death inducing signaling complex (DISC). As described above, isoform
levels of cFLIP then determine whether apoptosis is blocked or engaged (Figure 1).

TNFR1-induced apoptosis activation is more complex (Figure 2). Ligation of TNFR1 can
both induce caspase-8-mediated apoptosis as well as block apoptosis via the NF-xB-induced
expression of cFLIP. Receptor interacting serine/threonine kinases 1 (RIPK1) is key in
regulating TNFR1-induced FADD-caspase-8-mediated apoptosis. RIPK1 consists of a N-
terminal kinase domain (KD), an intermediate domain (ID), which includes a RIP
homotypic interaction motif (RHIM), and a C-terminal DD. Furthermore, the KD and ID
contain caspase-8 cleavage sites. RIPKL1 is highly regulated post-translationally, mainly by
phosphorylation and ubiquitylation and the balance thereof determines whether cells resist
or engage death. Following ligation of TNFR1, RIPK1 is recruited to the DD of the adaptor
protein TRADD and is then heavily ubiquitylated by the E3 ligases cellular inhibitor of
apoptosis (clAP) 1 and 2. This gives RIPK1 a scaffolding function that contributes to the
activation of NF-xB and MAPK pathways (45), resulting in expression of both pro-
inflammatory cytokines and pro-survival genes, including cFLIP. Conversely,
deubiquitylated RIPK1, mediated by clAP inhibition or the deubiquitylases A20 or CYLD,
induces apoptosis by associating with FADD and procaspase-8 (called complex Ila). RIPK1
ubiquitylation thus regulates whether cells survive or die by apoptosis following TNFR1
ligation.

As discussed above, TNF treatment of cells can induce apoptosis through the activation of
caspase-8 in the RIPK1-FADD-caspase-8 complex (complex I1a). Surprisingly, it was
observed that cells die if FADD or caspase-8 are absent or inhibited by pharmacological,
viral, or bacterial factors, indicating a role for these proteins in a new form of non-apoptotic
cell death. Close examination revealed that these cells do not display apoptotic features;
rather they die by swelling and rupture of the cell membrane similar to death of necrotic
cells. TNF thus engages a second form of programmed cell death with phenotypical
similarities of necrosis. This form of death has been termed necroptosis (6).
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The FADD-procaspase-8-cFLIP_. complex inhibits necroptosis

Necroptosis is a form of programmed necrosis that is both morphologically and
mechanistically distinct from apoptosis. Whereas extrinsic apoptosis depends on initiator
and effector caspase activation, necroptosis relies on the kinase activity of receptor
interacting serine/threonine kinases (RIPK) 1 and 3 to activate pseudokinase mixed lineage
kinase domain-like (MLKL). The observation that necroptosis ensues in cells lacking FADD
or caspase-8 pointed to a necroptosis-inhibitory role for the FADD-procaspase-8-cFLIP_
complex (Figure 2).

TNFR1 ligation-induced necroptosis depends on binding of deubiquitylated RIPK1 to
RIPK3 through homotypic RHIM domain interactions of both proteins (Figure 2). This leads
to RIPK3 oligomerization, activation and the subsequent engagement of MLKL, the effector
protein that once activated translocates to the plasma membrane, where it induces rupture
and subsequent cell death.

As described above, deubiquitylated RIPK1 can interact with the FADD-procaspase-8-
cFLIP_ complex through homotypic DD interaction between FADD and RIPK1. RIPK1 can
also recruit RIPK3 to this complex via homotypic interaction of their RHIM domains. The
resulting complex that is formed around RIPK1 is called the ripoptosome. RIPK1 (46) and
RIPK3 (47) each contain one or more caspase-8 cleavage sites and are substrates for the
procaspase-8-cFLIP heterodimer. Inhibition of caspase-8, for instance by the
pharmacological inhibitor zZVAD-fmk or viral cFLIPg mimetics, abrogates its ability to
cleave RIPK1 and RIPK3 and leads to RIPK1-dependent TNF-induced RIPK3 activation
and necroptosis. This is dependent on the kinase activity of RIPK1 since RIPK1 inhibition
by the pharmacological inhibitor necrostatin-1s (Nec-1s) rescues TNF/zVAD-induced
necroptosis (2). Hence, the FADD-procaspase-8-cFLIP| complex inhibits necroptosis by
proteolytic cleavage of RIPK1 and RIPK3 in the ripoptosome.

Necroptosis can also be initiated independently of RIPK1 by so-called ‘signal 11’ stimuli (2)
(Figure 3). In those cases, RIPK3 is activated following ligation of TLR3 and TLR4 (2, 48),
the interferon receptors IFNAR and IFNyR (2), DAI (9, 49, 50), or recognition of oxidized
LDL through an as yet unknown mechanism (51). The DNA sensor DAI and the adaptor
protein TRIF, activated by TLR3/4, each contain RHIM domains through which they can
bind to and activate RIPK3. How necroptosis is induced by type | and Il Interferons and
oxidized LDL remains unclear, though IFNAR and IFN-yR seem to signal via PKR (52).
Either absence of RIPK1 or inhibition of caspase-8 is sufficient to promote signal Il-induced
necroptosis in the presence of TLR ligands or interferons (2, 52, 53), implying that the
FADD-procaspase-8-cFLIP_ -mediated abolishment of signal 11-induced necroptosis is
facilitated by RIPK1. Through homotypic RHIM domain interactions between RIPK1 and
RIPK3, the RIPK1-FADD-procaspase-8-cFLIP_ complex can associate with TRIF or DAI
and form a complex that has great similarities with the TNFR-induced ripoptosome. Since
this complex contains additional interacting proteins and its formation is initiated through
signal Il receptors we classify this complex as the non-canonical ripoptosome.

Immunol Rev. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tummers and Green

Page 7

The way RIPK1 blocks signal 11-induced necroptosis seems twofold. First, RIPK1 blocks
signal Il-induced necroptosis by recruiting the FADD-procaspase-8-cFLIP;_ complex (2).
Second, as Nec-1s treatment protects cells from signal 11-induced necroptosis without the
need for caspase-8 activity (2), RIPK1 itself may block signal Il-induced RIPK3 activation
in an as yet unknown way. Thus, RIPK1 has a dual role in necroptosis that reflects how
RIPK3 is activated. Following TNFR1 ligation, RIPK3 is activated by RIPK1 and the
function of RIPK1 is pro-necroptotic. Type Il signals, however, activate RIPK3
independently of RIPK1 and in this setting RIPK1 acts in an anti-necroptotic fashion (2). In
both the canonical (TNFR-induced) and non-canonical ripoptosomes, the procaspase-8-
cFLIP heterodimer can cleave RIPK1 and RIPK3 and block necroptosis.

Activated RIPK3 Kills cells by engaging MLKL-dependent necroptosis. However, the
observation that MLKL-deficient cells also die following RIPK3 activation (54, 55)
indicates that RIPK3 can also induce FADD-caspase-8-mediated apoptosis. The kinase
activity of RIPK3 is essential for necroptosis, but dispensable for apoptosis (54-58) and a
fully intact RHIM domain may be expendable for apoptosis to occur as well (55). Thus,
activated RIPK3 can have a pro-apoptotic role by inducing RIPK1-FADD-caspase-8-
mediated apoptosis independent of its catalytic activity through retrograde signaling in the
non-canonical ripoptosome.

IFN-y can induce cell death through RIPK3 and co-ablation of caspase-8 and MLKL is
sufficient to block IFN-y-induced death in mouse cells (2). RIPK1 deubiquitylation can be
achieved through the inhibition of clAP1/2, for instance following SMAC release upon
MOMP or by pharmacological SMAC mimetics. The absence of caspase-8 and RIPK3
suffices to block death in mouse cells even in the presence of MLKL following IFN+y and
SMAC mimetic treatment (59). However, human caspase-8 and RIPK3 double-deficient
HT29 cells die following IFN-y and SMAC mimetic treatment (59). Death was attributed to
IFNy-induced gene expression, RIPK1 and caspase-10 in human HT29 cells, but
independent of TNFR1/2, Fas, TRAILR, TWEAKR, IFNAR and ATGS5, a protein essential
for autophagy. These data hint at the existence of a yet unknown intrinsic signal that
mediates death through RIPK1.

Caspase-8 in development

It was long believed that a non-apoptotic role of caspase-8 was necessary during
development. Fadd (60), casp8(61) or cFLIP (cflar) (62) ablation in mice yields embryonic
lethality at E10.5. The embryos have a pale appearance and show defects in heart muscle
development, erythrocyte accumulation, neural tube development and yolk sac vasculature.
The cause of death /n uterois most likely due to defects in yolk sac development, since heart
and neural tube deficiencies were not observed in whole E10.5 embryo ex vivo cultures (63).
Furthermore, catalytically inactive caspase-8 mutant mice (casp8¢362A/C362A) gre
embryonically lethal (64), suggesting embryogenesis is dependent on the catalytic activity of
caspase-8. Conditional deletion of caspase-8 in brain, heart, or liver does not impact
development (65-67), whereas conditional deletion of caspase-8 in the endothelial
compartment (Tiel-Cre) phenocopies casp8~ embryos (66). Conditional deletion of
caspase-8 from the hematopoietic development system (Vav-Cre) also results in embryonic
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lethality (68), but more specific caspase-8 deletion in either T cells, B cells, macrophages or
dendritic cells renders viable animals (64, 68—70), suggesting a role for caspase-8 in other
hematopoietic compartments in early development.

To determine if the apoptotic function of caspase-8 is necessary during development, mice
were generated in which the aspartate in the self-processing site at position D387 was
mutated to alanine. This non-cleavable caspase-8 is impaired in inducing apoptosis, but
remains able to block necroptosis (4, 36, 71). These casp8P367AID387A mice survive and
reach adulthood without any observed complications (71), showing that the apoptotic
function of caspase-8 is not required for development. The finding that casp8P367AID367A
mice survive and reach adulthood suggests that the primary role for caspase-8 in
development is to inhibit necroptosis. Indeed, casp8~/~ mice in which either one of the
necroptosis-mediating genes rjpk3 or mlk/is co-ablated are fully viable and wean at
Mendelian frequencies (3, 4, 72).

That casp8P367AID387A mice live does not mean that extrinsic apoptosis is completely
irrelevant for development. Catalytically inactive RIPK3 (rjpk3P16IMDI6IM mytant mice, in
which RIPK3 is unable to induce necroptosis, die during embryogenesis with similar
features as casp8™~, fadd™'~ and especially cflar’~ mice (58). The yolk-sac vasculature of
these embryos is disrupted by caspase-dependent apoptosis. Ripk3P16IN* and ripk3P16IN-
animals are viable, suggesting either that this mutation is dominant negative or that threshold
levels are required for the effects to take place. Co-ablation of casp8or ripk1 fully rescues
the development of rjpk3P16IMDI6IN gnimals, showing that RIPK3 can induce apoptosis
through RIPK1 and caspase-8 in a kinase-independent fashion and thus emphasizes the pro-
apoptotic role of RIPK3 discussed above. In contrast, mutation of K51A also renders RIPK3
catalytically inactive, but yield viable animals that do not show a developmental phenotype
(57). This suggests that it is not the inactivity of RIPK3 but another, yet unknown, effect of
the D161N mutation that causes lethality. From the developmental point of view it thus
seems that the inhibition of both apoptosis and necroptosis determines if the yolk sac
vasculature develops normally and if the embryo survives this and other checkpoints of
development (56).

Recent studies suggest how necroptosis is activated during development. The early lethality
of casp&~ embryos is at least partially dependent on TNFR1 as co-ablation of TAVFRSF1A
in caspase-8 deficient animals delays embryonic lethality to E16.5 (2). Yolk-sac vasculature
seems intact in these embryos, thus it remains unclear why development of these
infr'~casp& '~ embryos stops at E16.5. Furthermore, co-ablation of rjpkZ in caspase-8
deficient animals rescues embryonic lethality to birth with similar kinetics to rjpk2~/~
animals (2), suggesting that caspase-8 requires RIPK1 for the inhibition of necroptotic cell
death at E10.5 and E16.5. RijpkI~'~ animals die perinatally and show abundant apoptosis.
Co-ablation of fadd, casp8or tnfrl, however, does not prevent lethality, suggesting that these
mice die by a TNF-independent non-apoptotic death pathway. Ripk3 or mlk/ ablation only
briefly extends the life span of ripkZ~'~ animals (2, 5, 73, 74), but the additional removal of
fadd, caspase-8, or tnfrl fully prevents perinatal lethality in ripkZ™~ripk3™'~ mice (2),
indicating that both apoptosis and necroptosis must be blocked for mice to reach adulthood.
Ripk1 ablation is dispensable for this, since fada™/~ or casp&'~ co-ablation with rjpk3™'~ or
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miki'~ is sufficient for mouse survival (3, 4, 72). These data imply that necroptosis must be
engaged through signals other than TNF shortly after birth. TRIF and DAI both contain
RHIM domains that facilitate their binding to RIPK3. Co-ablation of frifand zbp1 in
ripkI”"~ mice prolongs life until weaning, but only co-ablation of caspase-8fully rescues
these trif'~zbp1~'~ ripk1~'~ animals to adulthood (50). 7rifablation in ripkZ™~tnfri~'~ mice
delays lethality, but most mice die around weaning (2), indicating that the lethal signal is not
mediated through TRIF. DAI was shown to bind to RIPK1 and RIPK3 via RHIM
interactions /n vitro and recruitment of RIPK3 to DAI induced RIPK3 autophosphorylation
(75). The weaning casp8 '~ zbp1™'~ ripk1™~ animals shows that DAL is the receptor that
initiates necroptosis shortly after birth (50), albeit that this conclusion is based on only a few
observed animals.

Recent work shows that the RHIM domain interaction between RIPK1 and RIPK3 is
essential for blocking DAI-induced necroptosis. Mice in which the RHIM domain of RIPK1
is mutated (rjpk1RHIMIRHIM mice) die perinatally, similar to rjpk2~/~ animals (49, 50). Of
note is that RIPK1 does not rely on its RHIM domain to transduce TNFR signaling,
implying that caspase-8-mediated apoptosis is still blocked in these animals.
Ripk1RHIMRHIM mice can be rescued by RIPK3 deficiency, MLKL deficiency, catalytically
inactive RIPK3 (D161N), RHIM mutant RIPK3, or DAI deficiency. The observation that
TRIF ablation does not rescue ripk1?HMRHIM (49) mice further delineates that DAL is the
receptor that initiates necroptosis after birth. The RHIM domain of RIPK1 hampers the
interaction between DAI and RIPK3 (50), but how it does so requires further in-depth
investigation. It has been suggested that RIPK1 may directly compete with DAI for RIPK3
binding (49, 50) and RIPK1 itself was shown to bind to DAI in absence of RIPK3 (75).
Alternatively, the RHIM domain may be needed to bind the necroptosis-inhibitory RIPK1-
FADD-caspase-8-cFLIP; complex to RIPK3 and as such block necroptosis induced by the
interaction between DAI and RIPKS3.

It is of interest to examine whether DAI also plays an important role during early
development or if TNFR signaling mediates necroptosis during embryogenesis and DAL is
engaged only around the time of birth. The generation of casp&’~zbp1™'~tnrf’~ and
casp8!~zbp1~I~ animals may prove valuable to answering that question.

Caspase-8-associated pathology

Despite their normal development, casp8~ripk3'=, casp&'=mikl'=, fada™'~ripk3'-,
fadd™'~ mik'~ and casp8™'~trif !~ zbp1~!~ ripk1~'~ mice manifest a lymphoaccumulative
syndrome with characteristics of Autoimmune LymphoProliferative Syndrome (ALPS)
several weeks after birth (2—4, 50, 72). ALPS is characterized by splenomegaly and
lymphadenopathy, autoimmunity, occasional lymphoma, and a massive accumulation of
CD3*B220*CD4"CD8 TCR™* T cells (76), all displayed by these mice. ALPS develops from
the T cell lineage, since RIPK3-deficient mice in which caspase-8 is conditionally deleted in
T cells accumulate these CD3*B2207 cells (77). In mice and humans, ALPS is usually a
consequence of mutations or deletions of CD95 or its ligand CD95L. Because apoptotic
CD95 signaling depends on FADD-caspase-8 it is assumed that it is the loss of FADD-
caspase-8-induced apoptosis, permitted by RIPK3 or MLKL ablation, that is responsible for
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ALPS. Alternatively, since T cells from the non-cleavable caspase-8 mutant mouse do not
show functional defects and splenomegaly of the mouse was not reported (71, 78), the
scaffolding functions of caspase-8, important for antigen and death receptor-induced gene
expression (described below) (79, 80), could be required for proper T cell functioning and
simultaneously hints to a role for necroptosis in ALPS. However, whereas rjpk3P162MDI6IN
mice are asympomatic, co-ablation of caspase-8 induces development of ALPS in
ripk3PI6INIDIGIN animals, suggesting that it is the balance between apoptosis and
necroptosis that keeps the T cells from developing their ALPS phenotype.

Splenomegaly, lymphadenopathy and mild systemic inflammatory disease develop in mice
in which caspase-8 is conditionally deleted in myeloid cells (LysM-Cre) (81) or dendritic
cells (CD11c; itgax) (64, 82) or upon conditional FADD deletion in myeloid cells (83).
Unlike casp8'~ ripk3™'~ mice, the phenotypes in these animals are not associated with
ALPS, since the indicative CD3*B220* cell population is absent. The increase in spleen size
is associated with an increase in collagen content, but is independent of total splenocyte
numbers, although stromal cell, TER119* cell and some myeloid subset numbers are
increased (64). Co-ablation of RIPK3 in casp8-M-Cre animals completely prevents
splenomegaly and lymphadenopathy. Co-ablation of RIPK3 in casp8P11¢-Cre mice induced
ALPS, but in these mice caspase-8 was also deleted in T cells, concomitant with reports that
CD11c can be expressed in T cells (64, 84). These studies point towards a role for caspase-8
and FADD in blocking necroptosis during erythropoiesis. Furthermore, splenomegaly and
lymphadenopathy were completely prevented by treating casp8-YM-Cré mice with oral
antibiotics, suggesting a role for microbiome-induced TLR signaling in the observed
pathology (81).

Conditional loss of caspase-8 leads to necroptotic death of intestinal epithelial cells (IECs)
in the adult mouse, resulting in weight loss and sometimes death of the animal, and these
effects can be completely prevented by RIPK3 co-ablation (85). Similarly, conditional
FADD deletion in the intestine induces inflammatory bowel disease, which can be prevented
by deletion of RIPK3, CYLD, TNF or MyD88 (86). Shedding and death of cells in the villi
upon engagement of TLR3 and TLR4 are controlled by caspase-8. Ligation of either TLR
can induce necroptosis in intestinal epithelial cells, but in mechanistically different ways;
TLR3 signals activate RIPK3 through TRIF whereas TLR4-mediated death appears to be
dependent on TNFRZ1 signaling (87). Also in macrophages TLR4-induced necroptosis is
dependent on TNFR1. TLR4 ligation induces TNF expression that then activates TNFR1.
Caspase-8 blocks TLR4-induced necroptosis by mediating the degradation of CYLD in a
TRIF and RIPK1-dependent manner (88) and as such prevents RIPK1 deubiquitylation and
the formation of the necrosome. LPS-induced necroptosis is not increased in non-cleavable
caspase-8 (casp8P367AID387AY macrophages, again indicating that non-cleavable caspase-8
has catalytic activity. Interestingly, Yersinia infection of these macrophages induced RIPK3-
dependent necroptosis, apparently due to the activity of the bacterial YopJ protein that
inhibits the ability of the IKK complex to phosphorylate RIPK1 (78) and as such prevents
RIPK1 from gaining its pro-survival function (89). In contrast to conventional macrophages,
TLR3/4-induced necroptosis in microglia is entirely dependent on TRIF (90).
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Tamoxifen-induced acute conditional deletion of FADD (91), caspase-8 (85, 92), or cFLIP
(93) in the skin of adult mice induces local keratinocyte death, tissue disruption, and
inflammation. Mice expressing a catalytically inactive caspase-8 mutant show the same
phenotype, indicating that the enzymatic activity of caspase-8 is required for normal skin
homeostasis (92). Caspase-8 loss was associated with necroptotic cell death and RIPK3 co-
ablation rescued the phenotype (85). Concordantly, the skin of casp8~ripk3!-,
casp8!~mikI!=, fadd™'~ripk3™'~ or fadd™~miki~'~ double knock-out (DKO) mice is
completely normal, further establishing that the severe skin inflammation observed in
conditional FADD or caspase-8 knock-out animals is induced by necroptosis.

In contrast, cFLIP ablation was associated with apoptotic but not necroptotic cell death and
RIPK3 co-ablation had no effect (93). TNFR signaling induced cell death and the resulting
pathology in both cFLIP and caspase-8 deficient skin, since TNF neutralization abrogated
disease formation in both cases (85, 93). However, the requirement for TNF in the skin
pathology remains controversial, since another study showed that the disease caused by
caspase-8 deficiency in keratinocytes is triggered independently of TNF, IL-1, TLR adapter
proteins or macrophages, but rather is associated with constitutive signaling for IRF3
activation (92).

Conditional deletion of RIPK1 in keratinocytes (K14-Cre) also induces inflammation and
necroptotoc cell death (94) and RIPK1 depends on its RHIM domain to block this
phenotype, since mice that express the mutant RIPK1 RHIM only in keratinocytes show this
pathology (49). Skin pathology of these animals evolves gradually and was suggested to
depend on the presence of cytokines (IFNB) within the tissue, resulting in the gradual
increase of zbp1 expression. As in mouse development, skin inflammation and necroptosis
were abrogated by m/k/or zbp1 deficiency, suggesting that the RIPK1 prevents DAI-induced
necroptosis in the skin of these mice (49). As discussed above, RIPK1 may do so by direct
competition with DAI for RIPK3 binding or may mediate DAI-RIPK3 disruption via the
activity of the FADD-caspase-8-cFLIP_ complex.

Caspase-8 in inflammasomes

Besides being induced via death receptor ligation, caspase-8-mediated apoptosis can be
engaged by inflammasome components (detailed below). Caspase-8-mediated apoptosis is
activated by the NLRC4 inflammasome through the interaction of SUG1 and FADD (95)
and complex formation of NLRP3-ASC on mitochondria can activate caspase-8 in epithelial
cells (96). In absence of caspase-1 in dendritic cells (97) or macrophages (98)
inflammasomes can induce apoptosis, but in presence of caspase-1 and -11 inflammasomes
can engage another form of programmed necrotic cell death; pyroptosis. In pyroptosis,
inflammasome activation leads to the proteolytic processing of gasdermin D (GSDMD) by
caspase-1/11 (reviewed in (99)). A recent study shows that the GSDMD-related protein
deafness associated tumor suppressor 5 (DFNA5) can be activated by caspase-3 during
apoptosis to induce secondary pyroptosis (100). Caspase-8 can cleave caspase-3 upon DR
ligation and as such may regulate DFNA5-induced pyroptosis, but this remains to be
formally shown. Since caspase-8 can cleave some substrates at the same site as
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caspase-1/11, it also remains to be determined whether caspase-8 can activate GSDMD,
DFNAS5 or other gasdermin family members directly.

Inflammasomes are cytosolic complexes that process the pro-inflammatory cytokines pro-
IL1p and pro-1L18 into their biologically active forms. Similar to the DISC, inflammasomes
consist of a receptor (NLR or PYHIN family or AIM2), the adapter protein apoptosis-
associated speck-like protein containing a CARD (ASC) and caspase-1/11 that mediate the
cleavage of pro-IL1p and pro-1L18. Similar to FADD, the ASC adapter protein contains a
two interaction motifs, a caspase recruitment domain (CARD) and a pyrin domain (PYD),
that mediate complex formation via homotypic interactions. Following receptor activation,
ASC aggregates into a single ‘spek’ in the cell and recruits and activates caspase-1/11 to
cleave its substrates. Pathogen detection by membrane bound or cytosolic innate immune
receptors, such as TLRs, RIG-I or IFI16, induces the expression of the pro-inflammatory
cytokines pro-1L1p and pro-1L18 as well as components of the inflammasome (priming).
Expressed pro-1L1p and pro-I1L18 need to be cleaved into their biologically active forms in
order to be secreted and this cleavage is typically mediated by inflammasomes upon
recognition of the invading pathogen (trigger).

Several studies show that, depending on the cell type, caspase-8 plays a role in both priming
as well as in proteolytical cleavage of the substrates into their bioactive forms. Dectin-1
ligation on DCs induces pro-1L1p expression through the CARD9-Bcl-10-MALT1 scaffold
(described below) and recruitment of caspase-8 and ASC into this scaffold is crucial for
processing of pro-1L-1p by caspase-8 (101). DR3 signals through MALT1-TRADD-FADD-
caspase-8 to mature pro-IL1p in monocyte-derived macrophages (102). Ligation of CD95 on
bone marrow-derived macrophages induces pro-1L1p activation dependent on FADD and
caspase-8 and independent of RIPK3 or inflammasome components (103). In macrophages
(104) and bone marrow-derived dendritic cells (BMDCs) (105, 106) TLR4 ligation induces
caspase-8 mediated IL1f maturation by formation of the non-canonical ripoptosome that
mediates processing and secretion of pro-IL1p (105). In line with the observations described
above, IL1B maturation is enhanced when RIPK3 kinase activity is blocked (105),
suggesting that caspase-8 activation through non-canonical ripoptosome formation not only
blocks necroptosis but also induces secretion of pro-inflammatory cytokines.

Caspase-8 is involved in inflammasome activity as well (reviewed in (107-109)) and can be
activated by NLRP3, AIM2 and NLRC4 inflammasomes in macrophages (110, 111) and
NLRP3 inflammasome in dendritic cells (97). The DED domain of caspase-8 can interact
with the PYD domain of ASC and results in caspase-8 filament formation and subsequent
activation on ASC (112). Dependent on the cell type, caspase-8 has both positive and
negative roles in NLRP3 inflammasome activation (64, 113). In macrophages, caspase-8 and
FADD facilitate both pro-IL1p production and activation of the canonical and non-canonical
NLRP3 inflammasomes (113), whereas in DCs caspase-8 inhibits RIPK1-RIPK3-MLKL-
mediated NLRP3 inflammasome activation (64). Furthermore, caspase-8 is able to regulate
the NLRP3 inflammasome upstream of NLRP3 under certain conditions (114, 115). These
observations show that caspase-8 can regulate inflammasome activation, the expression and
maturation of pro-inflammatory cytokines IL1f and IL18 and as a consequence can regulate
inflammation in ways independent of death receptor signaling.
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Non-cell death roles of caspase-8

In various cell types death receptor ligation induces pro-inflammatory cytokine expression.
The produced cytokines are secreted before the cell dies and function to attract immune cells
to clear the apoptotic cell (116, 117). Ligation of CD95, TRAILR, antigen receptors, Fc
receptors, or Toll-like receptor 4 in T, B, and natural Killer cells can lead to NF-xB activation
that may depend on caspase-8 (118). FADD, caspase-8 and cFLIP| are integral for
mediating NF-xB activation following antigen receptor ligation in T and B cells. Activated T
cell receptor recruits a complex consisting of PKC6 and CARMA-BCL-10-MALT1 (CBM)
to the lipid raft of the immunological synapse. The FADD-caspase-8-cFLIP, complex then
associates with CBM and this leads to processing of caspase-8 and cFLIP to p43 (119) and
the dissociation of FADD from the complex (118). RIPK1 and TRAF2 (119)), both known
to bind to cFLIP p43, and the IKK complex (IKKa, IKKB, NEMO) bind to the complex
and NF-xB activation follows (118, 119). The processing of cFLIP| indicates that the
catalytic activity of caspase-8 may be needed for TCR-induced NF-xB activation. However,
procaspase-8 auto-processing is not essential for BMDM or T cell activation. T cells
expressing the non-cleavable caspase-8 D387A mutant are activated upon TCR stimulation
(71) and BMDMs depend on the catalytic activity but not auto-processing of caspase-8 for
optimal TLR-induced cytokine expression (78). Caspase-8 also associates with the IKK
complex upon TLR4 ligation in B cells leading to enhanced RelA phosphorylation at serine
536 and subsequent NF-xB nuclear translocation (68). Concomitantly, NF-xB translocation
to the nucleus is impaired in B, T and NK cells of human patients carrying a mutation that
reduces the stability of caspase-8 and makes it catalytically inactive (casp8©248T) (118, 120).
These experiments are confounded by the role of caspase-8 in controlling necroptosis,
however, and T cells lacking caspase-8 display normal NF-xB activation and proliferation
when RIPK1 is inhibited or RIPK3 is ablated (4, 77).

CD95 and TRAILR ligation also induces pro-inflammatory cytokine expression. The DISC
rapidly forms on activated CD95 and TRAILR and initiates death, but a subsequent
secondary complex, dubbed the FADDosome (80), was shown to form (Figure 4). This
complex does not contain the receptor and ligand, but consists of FADD-caspase-8 in
association with RIPK1, clAP1/2, TRAF2 and NEMO, that can function to activate the NF-
xB, JNK and p38 pathways (79, 80, 116, 117). The interaction between FADD and
caspase-8 is integral, since TRAIL-induced cytokine expression is abrogated in cells lacking
FADD or caspase-8, or cells that express a caspase-8 mutant that is unable to bind FADD
(80, 117). ERK and p38 activation depend on the catalytic activity of caspase-8 at least to
some extend, but this activity is totally dispensable for NF-xB activation (80, 117). These
studies indicate that the FADD-caspase-8 complex, distinct from its role in cell death, has a
scaffold role that is required for cytokine production following TRAILR ligation.

The role of cFLIP in transcriptional regulation is less well defined, with both stimulatory
and inhibitory effects on gene expression have been reported. cFLIP| was initially shown to
have an inhibitory role in CD95-induced NF-xB activation (34, 121), but it was later
demonstrated that it is the c-terminal domain of cFLIP_ that inhibits the interaction between
the DD of RIPK1 and the prodomain of caspase-8 that is required for CD95-induced NF-xB
activation (122). Processing of full-length cFLIP to p43/p22 by caspase-8 in the FADD-
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caspase-8-cFLIP,_ complex mediates NF-xB activation (123) by allowing cFLIP, p43 to
interact with TRAF2 (124), RIPK1 and the IKK complex. Furthermore, the p22 fragment of
processed cFLIP, was shown to be able to induce NF-xB activation by interacting with
NEMO in the IKK complex (125). Depending on it’s processing by caspase-8 in the FADD-
caspase-8-cFLIP complex, cFLIP thus can both negatively and positively regulate NF-xB
activation.

Several studies show that caspase-8 can interfere with inflammatory signaling. Caspase-8
hampers pro-inflammatory gene expression induced by the cytosolic RNA sensor retinoic
acid-inducible gene I (RIG-I) through cleavage of RIPK1, which is recruited to a complex of
RIG-1 and its adapter molecule mitochondrial antiviral signaling protein (MAVS) on
mitochondria (126). Furthermore, caspase-8 can suppress an inflammatory pathway
downstream of a cytosolic innate DNA receptor (92). Multiple cytosolic DNA sensors have
been described, including DAI, cGAS, IFI16 and AIM2 (reviewed in (127)) and most
cytosolic DNA sensors signal through the adapter protein STING, which is present on
mitochondria. It may thus be that caspase-8 hampers signaling of STING or its downstream
partners. It is now known that caspase-8 is connected to DAI through RIPK3-RIPK1-FADD,
suggesting that caspase-8 might hamper DAI-induced pro-inflammatory signaling. Again,
the role of caspase-8 in the control of necroptosis confuses the interpretation of these
findings, and it will be important to examine the effects of ablation of MLKL in such
settings. Studies in animals lacking caspase-8 and MLKL failed to show defects in the
production of IFNs, although detailed studies of DNA sensing in the cells of such animals
are currently lacking.

Caspase-8 in hematopoiesis

Hematopoiesis starts in the bone marrow (BM) where hematopoietic stem cells (HSC) rise
to multipotent progenitor cells (MPP), which in turn produce more the committed common
lymphoid progenitors (CLP) and common myeloid progenitors (CMP). All hematopoietic
progenitor cells express the receptor c-kit (CD117). Several studies show that stem cell
factor (SCF), the cognitive ligand for c-kit, prevents CD95-mediated cell death in
hematopoietic progenitor cells (128-130). SCF inhibits CD95-mediated apoptosis by
hampering caspase-3 and caspase-8 activation. SCF induces activation of Src-family kinases
and these kinases were identified to be essential for both proliferation and resistance to
CD95-mediated cell death of hematopoietic cells, since their inhibition induced apoptosis
(130-132). This is in line with the observations that Src-kinase family members Lyn and Src
phosphorylate caspase-8 at Y380 described above, but whether c-kit ligation leads to Src-
mediated caspase-8 phosphorylation in hematopoietic progenitor cells remains to be
examined.

Multiple studies show that FADD and caspase-8 are critical for hematopoietic progenitor
cell proliferation (66, 133, 134). Casp&”~ embryos manifest a decrease in hematopoietic
progenitor cells (61) and conditional caspase-8 deletion (Mx1-Cre) in bone marrow cells
impairs hematopoietic progenitor cell differentiation (66). FADD and the catalytic activity of
caspase-8 seem critical for cytokine-induced proliferation of hematopoietic progenitor cells
(133). Caspase-8 is needed in the myeloid lineage, both at an early progenitor stage and at a
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more differentiated monocyte precursor stage, and in B and T lymphocyte progenitor cells
(66). However, since casp8-ck-Cre mice have normal thymocyte development (135), FADD
and caspase-8 are dispensable for lymphopoiesis after lineage commitment (134, 135).
Monocytic bone marrow precursor cells of casp8~°M-Ce mice fail to differentiate into
macrophages (66). Concomitantly, block of caspase-8 catalytic activity by zVAD-fmk blocks
macrophage colony-stimulating factor (M-CSF)-induced differentiation of human peripheral
blood monocytes into macrophages (136) and, concurrently, FADD overexpression has the
opposite effect (137). This differentiation deficiency is specific for macrophages, as
differentiation to dendritic cells (DC) or granulocytes is not affected (66, 137). M-CSF-
induced monocyte to macrophage differentiation thus requires caspase-8 and is regulated by
NF-xB. M-CSF induces the formation of the RIPK1-FADD-procaspase-8-cFLIP| complex,
which appears to regulate NF-xB activity through cleavage of RIPK1 by procaspase-8-
CFLIP, (137).

Taken together, it seems that FADD and caspase-8 regulate specific stages of hematopoiesis,
especially during the early hematopoietic stages in the bone marrow, independent of their
role in extrinsic apoptosis. What their exact role is remains to be elucidated, but because in
the BM of conditional fadd™* mice reduced HSC and progenitor-enriched populations are
found (134), also in this setting it has to be taken into consideration that their function may
be to inhibit non-apoptotic cell death (necroptosis). Alternatively, FADD-caspase-8 may
function as a signal-transducing platform that regulates transcriptional processes involved in
progenitor cell commitment. It will be important to examine the effects of (co-)ablation of
RIPK3 or MLKL on hematopoietic progenitor cell proliferation in animal models.

Concluding remarks

Two conundrums in the field are why caspase-8 plays such a dual role in regulating cell
death and why RIPK3 can be engaged by multiple receptors. It has been proposed that the
necroptotic pathway evolved as a back-up mechanism to control infection when pathogens
interfere with the apoptotic pathway. The dual nature of caspase-8 may lie exactly here and
it has to be kept in mind that pathogen recognition by PRRs can trigger RIPK3-mediated
necroptosis. Pathogenic impairment of apoptosis by targeting FADD, caspase-8 or cFLIP
leads to the release of the FADD-procaspase-8-cFLIP| -mediated block on (signal I1-
induced) necroptosis. Conversely, targeting of RIPK3 or MLKL can trigger non-canonical
ripoptosome-mediated apoptosis. Many pathogens have evolved strategies to block both
apoptosis and necroptosis. For example, enteropathic Escherichia coli utilizes its encoded
Non-LEE encoded effector proteins (Nle)B1 and NleF to inhibit CD95-induced cell death by
targeting FADD, caspase-8 and RIPK1 (138) and EspL to cleave all four RHIM domain-
containing proteins (139) to block both apoptosis and necroptosis.

Novel regulators of the apoptotic and necroptotic pathways are being identified and add to
the complexity of the regulation of these processes. RIPK1 is shown to be ubiquitylated in
the necrosome by LUBAC components HOIP and HOIL1 (140), in contrast with the current
dogma that ubiquitylation of RIPK1 functions in a pro-survival way. RIPK3 ubiquitylation
also regulates necroptosis. RIPK3 ubiquitylation at lysine 5 supports RIPK3-RIPK1
complex formation and is negatively regulated by the deubiquitylating enzyme A20 (141).
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Furthermore, RIPK1 and RIPK3 are targeted for lysosome-dependent degradation by the E3
ligase C-terminus HSC70 interacting protein (CHIP). Chig~'~ mice are viable but die within
several weeks of birth due to intestinal inflammation and necroptotic cell death and are
rescued by co-ablation of rjpk3 (142). Inhibition of the proteasome induces RIPK3-mediated
necroptosis dependent on the RHIM domain, but without the need for caspase-8 inhibition
(143). TAK1, a kinase required for IKK activation, also regulates apoptotic and necroptotic
signaling by activating RIPK1 and caspase-8 (144). The regulation and balance of apoptosis
and necroptosis is becoming more and more intricate with novel involved proteins and
processes being regularly reported. How all these observations will shape the current model
remains to be determined.

The FADD-procaspase-8 complex intricately regulates extrinsic cell death and the
concomitant homeostasis of the surround tissue. Whereas engagement of apoptosis mainly
results in the attraction of immune cells that ‘clean up’ the cell debris, necroptosis can have
big inflammatory consequences due to the release of DAMPs, pro-inflammatory cytokines,
and other alarmins. Under physiological conditions caspase-8 lies silent but once recruited to
FADD it can function in a pleiotropic fashion depending on the stimulus and cell type. It
remains to be determined whether caspase-8 always needs the adapter protein FADD for its
various functions. The recent description of the intricate associations of FADD, caspase-8
and cFLIP allows us to think of new possibilities to study how these three proteins work,
together or alone, in various biological settings including the immune response, cancer, and
inflammatory disease. It has become evident that caspase-8 is integral for the initiation and
regulation of death receptor-mediatedactivation of apoptosis, necroptosis and inflammation.
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Figure 1. cFLIP regulates death receptor-mediated apoptosis
Ligated CD95 or TRAILR recruits FADD via homotypic DD interactions. FADD then

recruits caspase-8 via DED interactions, forming the DISC. When cFLIP levels are low,
caspase-8 homodimerizes and activates itself by autoproteolytic cleavage, resulting in the
release of activated caspase-8 and the initiation of apoptosis. cFLIPg blocks apoptosis by
abrogating caspase-8 filament formation. cFLIP_ blocks apoptosis by inhibiting the full
maturation and release of caspase-8.
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Figure 2. Regulation of TNFR1-mediated cell death
TNFR1 ligation leads to the recruitment of TRADD, TRAF2, clAP1/2 and RIPK1 (complex

1). RIPK1 ubiquitylation by clAP1/2 mediates activation of NF-xB and the production of
pro-inflammatory and pro-survival gene expression. RIPK1 is deubiquitylated by CYLD and
leaves complex | to recruit FADD via homotypic DD interactions and RIPK3 through
homotypic RHIM domain interactions, thereby forming the ripoptosome. Homodimerization
and activation of caspase-8 on FADD induces apoptosis, whereas RIPK3 ameloid formation
and MLKL activation engages necroptosis. One of the expressed pro-survival genes, cFLIP|,
heterodimerizes with caspase-8, resulting in inhibition of caspase-8 activation and apoptosis.
Caspase-8 retains its catalytic activity and is able to cleave RIPK1 and RIPK3 in the
apoptosome, thereby blocking necroptosis.
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Figure 3. Regulation of signal I1-mediated cell death
Ligation of signal 11 receptors induces pro-inflammatory and pro-survival gene expression

and activates RIPK3 to engage necroptosis. RIPK1 links the inhibitory FADD-caspase-8-
CFLIP. complex to RIPK3 via homotypic RHIM domain interactions between RIPK1 and
RIPK3 and homotypic DD interactions between RIPK1 and FADD. When cFLIP| levels are
low, RIPK3 induces necroptosis, but when MLKL is absent or blocked RIPK3 induces
caspase-8 mediated necroptosis. When cFLIP|_ levels are high, the caspase-8-cFLIP|
heterodimer blocks both apoptosis and necroptosis.
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Figure 4. Caspase-8 regulates apoptosis, gene expression and necroptosis following CD95 and

TRAILR ligation

Ligation of CD95 or TRAILR induces the rapid association of FADD-caspase-8 with the
intracellular domain of the receptor, forming the DISC. This can lead to caspase-8
homodimerization, activation and dissociation from the DISC to initiate apoptosis. The
FADD-caspase-8 complex can also dissociate from the ligated receptor and recruit RIPK1.
The additional association of TRADD, TRAF2 and clAP1/2 leads to the formation of a
complex similar to complex | in TNFR1 signaling and results in gene expression.
Recruitment of RIPK1 and RIPK3 to the dissociated FADD-caspase-8 complex results in

RIPK3 and MLKL activation and necroptosis.
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