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9.1 Introduction

Apoptosis, or programmed cell death, plays a
pivotal role in development, organ homeostasis,
and immunosurveillance. The term apoptosis was
coined by Kerr et al. in 1972 [1] to describe the
process of cell death associated with morphologi-
cal changes, including nucleus and cytoplasm
condensation and protuberances from the plasma
membrane producing apoptotic bodies, so-called
blebs, which are rapidly phagocytosed [1, 2].
Inhibition of this cellular process is observed in
different pathologies, such as cancer and autoim-
munity, while amplification of the apoptotic sig-
nal was reported in neurodegenerative disorders
including Alzheimer’s and Parkinson’s diseases
[3, 4], as well as infection by human immunode-
ficiency virus (HIV).

The origin of the apoptotic signal has been
used to distinguish two main signaling path-
ways. The intrinsic pathway stems from accu-
mulation of DNA damage, deregulation of
mitochondrial function, or virus infection and
induces the release of proapoptotic factors from
the mitochondria, whereas extrinsic signals are
transmitted by the binding of apoptotic ligands
to death receptors present at the cell surface.
Interconnections exist between these two
signaling pathways: both leading to the activa-
tion of a family of cysteine proteases specific for
aspartic acid residues, called caspases [5]. The
apoptotic role of mitochondria is associated
with reduction in its transmembrane potential
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and the loss of its extracellular membrane integ-
rity, leading to the release of different apopto-
genic factors in the cytosol. Among them,
cytochrome c associates with the caspase-9/
APAF1 complex to form the apoptosome and
trigger apoptosis [6].

These two signaling pathways share common
features, and both require the aggregation of ini-
tiator caspases as their preliminary events. During
interactions with respective ligands, members of
the death receptor superfamily recruit adaptor
proteins such as Fas-associating protein with a
death domain (FADD) [7, 8] or tumor necrosis
factor (TNF) receptor 1-associated death domain
protein (TRADD) [9], resulting in the aggrega-
tion and activation of the initiator caspase-8 and
caspase-10 to form the death-inducing signaling
complex (DISC) [10]. In a similar manner,
release of cytochrome ¢ and ATP by mitochon-
dria promotes the formation of the apoptosome
with the cytosolic APAF-1, thereby aggregating
and activating the initiator caspase-9, which in
turn cleaves caspase-3 [11].

It should be kept in mind that death recep-
tors CD95 [12], TNFR1 [13], DR4 [14], DR5
[15], and DR6 [16] have been cloned based
on their ability to elicit apoptosis. Although
studies have revealed the ability of Fas/CD95,
DR4, and DRS in triggering non-apoptotic sig-
naling pathways even immediately after their
cloning [17, 18], most, if not all, studies have
been focused on characterizing the molecu-
lar events leading to cell death. Accordingly,
several agonistic molecules were developed in
order to kill cancer cells, neglecting the impact
of non-apoptotic signals in pathophysiological
contexts. More recent data changed this vision
by evaluating the biological role of death recep-
tor-mediated non-apoptotic signaling path-
ways in chronic inflammatory disorders and
carcinogenesis.

In this chapter, apoptotic signaling pathways
induced by death receptors are discussed.
Moreover, recent evidences pointing to the non-
apoptotic signals transmitted by the same recep-
tors are brought up, which may imply their
tremendous impact on tumor progression and the
design of therapeutic tools.

9.2  TNF Receptor Family

Death receptors TNFR1, Fas, DR3, DR4, DRS,
and DR6 belong to the tumor necrosis factor
receptor (TNF-R) superfamily. These type I
transmembrane proteins share common fea-
tures, such as extracellular amino-terminal
cysteine-rich domains (CRDs) [19, 20], which
contribute to ligand specificity [21], and pre-
association of the receptor at the plasma mem-
brane [22-24] and a conserved 80 amino acid
sequence located in their cytoplasmic tail called
death domain (DD), which is necessary for
DISC formation and initiation of the apoptotic
signal [25, 26].

9.2.1 TNFR1 Signaling Pathways
TNF-a exerts its effects by binding to two recep-
tors, TNFR1 and TNFR2 [20]. Recently, pro-
granulin was identified as a ligand of TNFR
with a higher affinity than TNF-a. Progranulin
antagonizes TNF-a signaling and plays a criti-
cal role in the pathogenesis of inflammatory
arthritis in mice [27]. TNFR1, a 55 kDa protein
expressed in almost all cell types, presents a DD
in its intracellular region; whereas TNFR2, a
75 kDa protein, is mainly detected in oligoden-
drocytes, astrocytes, T cells, myocytes, thymo-
cytes, endothelial cells, and human mesenchymal
stem cells [28]. Uncertainty remains on the
TNFR?2 signaling pathway, which has been pre-
viously reviewed [28]. The CRD1 of CD95,
TNFR1, and TNFR?2 is involved in homotypic
interactions, leading to pre-association of the
receptor as a homotrimer in the absence of
ligand [23, 24, 29]. This domain has been desig-
nated as the pre-ligand binding assembly
domain (PLAD) [29]. Receptors of the TNFR
superfamily do not possess any enzymatic activ-
ity on their own and rely on the recruitment of
adaptor proteins for signaling. Among these
adaptor proteins, TRADD or FADD are instru-
mental in the implementation of cell death pro-
cesses [7-10].

TNF is synthesized as a 26 kDa transmem-
brane type II protein (m-TNF) of 233 amino
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acids [30] which can be cleaved by the
metalloprotease TACE [31, 32] to release the
17 kDa soluble form of the cytokine (cl-TNF).
In contrast to cl-TNF, which only activates
TNFR1, m-TNF can bind and activate both
TNFR1 and TNFR2 [33].

Activation of TNFR1 leads to the induction
of cellular processes ranging from cell death
(apoptosis or necroptosis) to cell proliferation,
migration, and differentiation; the implementa-
tion of such different cellular responses reflects
the formation of different molecular complexes
after receptor activation [28]. Binding of TNF to
TNFR1 causes the formation of two consecutive
complexes. While the plasma membrane com-
plex (complex I) elicits a non-apoptotic signal-
ing pathway, a second, internalized, complex
(complex II or DISC) triggers cell death [2]. In
the presence of TNF, the adaptor protein
TRADD interacts with TNFR1 and recruits
other proteins involved in the signaling of the
receptor, such as TRAF2, cIAP1, cIAP2, and
RIP1, to form complex I. At the plasma mem-
brane, this complex activates the NF-xB signal-
ing pathway, which in turn promotes the
transcription of antiapoptotic genes such as
cIAP-1, cIAP-2, and c-FLIP [34]. The linear
ubiquitin chain assembly complex (LUBAC) is
also recruited to complex I via cIAP-generated
ubiquitin chains [35]. HOIL-1, HOIP, and
sharpin constitute the LUBAC complex. HOIL-1
and HOIP add a linear ubiquitin chain by cata-
lyzing the head-to-tail ligation of ubiquitin [36]
to RIP1 and NEMO (IKKY) in complex I [37],
thereby activating NF-kB.

TNF-induced caspase activation is mediated
by a second, intracellular complex II, which is
formed when complex I dissociates from the
receptor, along with FADD and caspase-8
recruitment [2]. NF-kB activation leads to
c-FLIP overexpression, preventing formation
of complex II. Contrariwise, when NF-xB acti-
vation is blocked, c-FLIP, whose protein half-
life is short [38], is absent, and cells experience
death [2]. RIP1 is deubiquitinated by enzymes
such as Cezanne [39] and CYLD [40] and the
complex composed of TRADD and RIP1
moves to the cytosol to form complex II. FADD

is recruited to TRADD by DD-DD interaction
and binds caspase-8 [2]. Noteworthy, when
caspase-8 activity is inhibited or its expression
is extinguished, DISC is unable to trigger the
apoptotic signaling pathway, but TNFR1 or
CD95 stimulation leads to the activation of
another cell death signal, namely, necroptosis
[41, 42]. To prevent the induction of the
necroptotic signal, caspase-8 cleaves and inac-
tivates RIP1 and RIP3 [43]. The fine-tuned
control of necroptosis by members of the apop-
totic signaling pathway in the organism has
been elegantly confirmed by experiments
showing that the embryonic lethality of mice
harboring the single KO of caspase-8 or FADD
is rescued by an additional KO of the RIP3
gene [44-46].

9.2.2 TNF/TNFR: A Gold Mine
for Therapeutic Tools

Many studies on TNF demonstrated its pivotal
role in fueling inflammation, a multistep process
that promotes autoimmunity (e.g., rtheumatoid
arthritis, ankylosing spondylitis, Crohn’s disease,
psoriasis, and refractory asthma) and cancer.
Many TNF inhibitors, such as neutralizing mono-
clonal antibodies (mAbs) (e.g., infliximab,
adalimumab, and golimumab), have been devel-
oped to treat these chronic inflammatory disor-
ders, demonstrating that altering ligand/receptor
interactions with neutralizing mAbs is an invalu-
able opportunity to treat certain chronic inflam-
matory disorders. Other TNF-a antagonists, such
as etanercept, a TNFR2-immunoglobulin Fc
fusion protein, can improve the clinical course of
rheumatoid arthritis [47].

While findings accumulate to decipher the
molecular mechanisms involved in the induc-
tion of apoptotic and non-apoptotic signaling
pathways by TNFR1 and to elucidate how the
receptor can switch from one signal to the other,
the mechanistic links involved in the implemen-
tation of non-apoptotic signaling pathways by
CD95 remain elusive. However, recent findings
have revealed its proinflammatory effects
[48-54].
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9.3 CD95: A Death Receptor?

In 1989, identification of the mAb APO-1 by
Peter Krammer et al. revealed the existence of a
52 kDa protein whose aggregation was able to
transmit an apoptotic signal in cancer cells [55].
This receptor was identified in 1991 by Nagata
and colleagues and called Fas (CD95 or APO-1)
[12]. Its ligand, FasL, was cloned in 1993 by the
same group and was found to be mainly
expressed at the surface of activated T lympho-
cytes [56] and natural killer (NK) cells [57];
however, its expression was also detected in dif-
ferent tissues in which the presence of acute or
chronic inflammation is undesirable including
the eyes [58] and testes [59]. In addition, two
mouse models, in which either the level of CD95
expression was downregulated [due to an inser-
tion of a retrotransposon in intron 2 of the recep-
tor gene, these mice arecalled lymphoproliferation
(Lpr) [60—62]] or the CD9S5L affinity for CD95
was reduced [due to the germ line mutation
F273L in CD95L, called generalized lymphop-
roliferative disease (gld), which decreases
CD95L binding to CD95 [63, 64]], have pro-
vided some insight into the pivotal role played
by this interaction in immunosurveillance and
immune tolerance [65].

9.3.1 Structure/Function

The CD95 gene (APT-1) consists of nine exons,
with exon 6 encoding the transmembrane
domain [66] (Fig. 9.1). CD95 can be resolved
under denaturing conditions between 40 and

50 kDa by SDS-PAGE. The receptor is a type I
transmembrane protein harboring three CRDs.
Similar to the TNF receptor [29], CD95 is pre-
associated at the plasma membrane as a homotri-
mer, and this quaternary structure is mandatory
for transmission of the apoptotic signals in the
presence of CD9SL [23, 24]. Homotrimerization
of CD95 occurs mainly through homotypic inter-
actions of the CD95-CRD1 [22-24]. Binding of
CDO95L or agonistic anti-CD95 mAbs to CD95
alters both the conformation and the extent to
which the receptor is multimerized at the plasma
membrane. The intracellular region of CD95
encompasses an 80 amino acid stretch designated
as the DD (Fig. 9.1), which consists of six anti-
parallel a-helices [67]. Upon addition of CD95L,
CD95 undergoes conformational modification
of its DD, which induces a shift of helix 6 and
fusion with helix 5, promoting both oligomer-
ization of the receptor and recruitment of the
adaptor protein FADD [68]. A consequence of
the opening of the globular structure of CD95
is that the receptor becomes connected through
this bridge, which increases the magnitude of
its homo-aggregation. This long helix allows
the stabilization of the complex by recruiting
FADD. Overall, the CD95-DD:FADD-DD crys-
tal structure provides some insights into the for-
mation of the large CD95 clusters observed using
imaging or biochemical methods in cells stimu-
lated with CD95L. In addition, it also confirms
that alteration in the CD95 conformation plays
an instrumental role during signal induction [68]
However, this elongated C-terminal a-helix favor-
ing the cis-dimerization of CD95-DD was chal-
lenged by Driscoll et al. who did not observe the
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fusion of the last two helices at a more neutral pH
(pH 6.2), compared to the acidic condition (pH
4) used in the initial study to resolve the CD95-
DD:FADD-DD structure [68]. Consequently, at
pH 6.2, association of CD95 with FADD pre-
dominantly consisted of a 5:5 complex, which
occurred via a polymerization mechanism
involving three types of asymmetric interactions
but without major alteration of the DD globular
structure [69, 70]. It is likely that the low pH
condition used in the study performed by Scott
et al. altered CD95 conformation and resulted in
the formation of nonphysiological CD95:FADD
oligomers [68]. Nonetheless, it cannot be
excluded that a local decrease in the intracellular
pH affects the initial steps of the CD95 signaling
pathway in vivo, through promoting the opening
of the CD95-DD and eventually contributing to
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caspase activation leading to apoptosis. Type I cells are
characterized by an efficient DISC formation, which
releases sufficient caspase-8 to directly activate caspase-3.
By contrast, type II cells present a weak DISC formation,
and the low amount of released caspase-8 activates the
mitochondrion-dependent apoptotic pathway to amplify
death signal

the formation of a complex eliciting a sequence
of events different from the one occurring at
physiologic pH.

Once docked on CD95-DD, FADD self-
associates [71] and binds procaspases-8 and
procaspases-10, which are auto-processed and
released in the cytosol as active caspases,
which cleave many substrates leading to the
execution of the apoptotic program and cell
death. The complex CD95/FADD/caspase-8/
caspase-10 is called DISC (Fig. 9.2) [10]. Due
to the importance of DISC formation in the fate
of cells, it is not surprising that numerous cel-
lular and viral proteins were reported to ham-
per the formation of this structure, such as
FLIP [72, 73] and PED/PEA-15 [74], which
interfere with the recruitment of caspase-8/cas-
pase-10 (Fig. 9.2).
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9.3.2 Type l/ll Signaling Pathways

Following the discovery of CD95 and the first
steps of its signaling pathway, Peter and col-
leagues described that cells can be divided in
two groups with regard to the kinetics through
which they respond to CD95-mediated apoptotic
signals, the magnitude of DISC formation and
the role played by the mitochondrion in this
pathway [75]. DISC formation occurs rapidly
and efficiently in type I cells releasing a large
amount of activated caspase-8 in the cytosol,
while type II cells have difficulty forming this
complex, and the amount of active caspase-8 is
insufficient to directly activate the effector cas-
pase-3 and caspase-7 [75]. Nonetheless, type II
cells experience cell death upon CD95 engage-
ment and are even more sensitive to the CD95-
mediated apoptotic signal compared to type I
cells [75-77]. This discrepancy can be partly
explained by the fact that the low amount of acti-
vated caspase-8 in type II cells is sufficient to
cleave BID, a BH3-only protein, which consti-
tutes the molecular link between caspase-8 acti-
vation and the apoptotic activity of mitochondria.
Indeed, after cleavage by caspase-8, truncated
BID (tBID) translocates to mitochondria, where
it triggers the release of proapoptotic factors
(Fig. 9.2) [78, 79]. Although CD95 stimulation
activates the mitochondrion-dependent apop-
totic signal in type I and type II cells, it seems
that only type II cells are addicted to this signal
as they display a higher amount of the caspase-3
inhibitor XIAP compared to type I cells [80].
Among the inhibitor of apoptosis protein (IAP)
family, XIAP, c-IAPI1, and c-IAP2 inhibit cas-
pase-3, caspase-7 [81, 82], and procaspase-9
[83] activity by direct binding, thereby prevent-
ing access to substrates. Furthermore, XIAP can
function as an E3 ligase whose activity is
involved in the ubiquitination of active caspase-
3 and its subsequent degradation through the
proteasome [84]. To detach XIAP from caspase-
3 and restore the apoptotic signal, cells require
the release of SMAC/DIABLO (second mito-
chondria-derived activator of caspase/direct
IAP-binding protein with low PI) by the mito-
chondrion [85, 86], explaining why type II cells

are more addicted to this organelle compared to
type I cells (Fig. 9.2).

To summarize, DISC formation and IAP
amount are two cellular markers allowing a clear
discrimination between type I and type II cells.
Even though IAP overexpression can account for
the mitochondrion dependency observed in type
II cells, it remains unclear why DISC formation
is hampered in type II cells and/or enhanced in
their type I counterparts. Recently, high activity
of the lipid kinase phosphoinositide 3-kinase
(PI3K) or downregulation of its neutralizing
phosphatase, phosphatase and tensin homologue
on chromosome 10 (PTEN), was found in type II
cells, while this signal is blocked in type I cell
lines [87, 88]. The PI3K signaling pathway was
reported to prevent the aggregation of CD95 [89],
probably by retaining the receptor outside of
lipid rafts [87, 90]. PEA-15, also known as PED,
is a protein containing a death effector domain
(DED) that has been shown to inhibit the CD95
and TNFRI1 apoptotic signals (Fig. 9.2) [74].
Activation of PI3K and its downstream effector,
serine-threonine kinase Akt, leads to phosphory-
lation of PEA-15 at serine 116 [87, 90]; this post-
translational modification promotes its interaction
with FADD, ultimately inhibiting DISC forma-
tion [91, 92].

Notably, the existence of type I and type II
cells is not only an in vitro observation, but has
been identified physiologically in human body.
CD95-mediated apoptotic signal cannot be
altered in thymocytes or activated T cells express-
ing a Bcl-2 transgene, conferring to their type I
nature [93], whereas hepatocytes expressing the
same transgene resist CD95-induced apoptosis
and thus behave as type II cells [94, 95].

9.3.3 What Can We Learn
from CD95 Mutations?

Germinal mutations in APT-1 have been reported
in patients developing a syndrome termed
autoimmune lymphoproliferative ~ syndrome
type Ia (ALPS, also called Canale-Smith syn-
drome) [96-98]. ALPS patients show chronic
lymphadenopathy and splenomegaly, expanded
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populations of double-negative o/f T lympho-
cytes (CD3*CD4-CDS§"), and often develop auto-
immunity [96, 97, 99, 100]. In agreement with
the notion that CD95 behaves as a tumor suppres-
sor, ALPS patients display an increased risk of
Hodgkin and non-Hodgkin lymphoma [101].
Predominance of post-germinal center (GC) lym-
phomas in patients exhibiting either germ line or
somatic CD95 mutations can be explained by the
fact that, inside germinal centers of the secondary
lymphoid follicles, the CD95 signal plays a piv-
otal role in the deletion of self-reactive maturat-
ing B lymphocytes [102], in addition to the fact
that APTI belongs to a set of rare genes (i.e.,
PIM1, c-myc, PAXS, RhoH/TTF, and Bcl-6) sub-
ject to somatic hypermutation [103, 104], which
may affect biological function. In addition to
post-GC lymphomas, significant amounts of
mutations in the CD95 gene were found in tumors

of various histological origins (reviewed in [54]).
Extensive analysis of CD95 mutations and their
distribution in APT-1 reveals that, with some
exceptions, most are gathered in exons 8 and 9
encoding the CD95 intracellular region (Fig. 9.3)
[105]. Remarkably, most of these mutations are
heterozygous, mainly localized in CD95-DD,
and lead to inhibition of the CD95-mediated
apoptotic signal. Indeed, in agreement with the
notion that CD95 is expressed at the plasma
membrane as a pre-associated homotrimer [23,
24], formation of heterocomplexes containing
wild-type and mutated CD95 prevents FADD
recruitment and abrogates the ignition of the
apoptotic signal in a dominant manner.
Extensive analysis and positioning of various
CD95 mutations described in the literature seem
to highlight mutation “hot spots” in the CD95
sequence (Fig. 9.3). Among these hot spots,
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arginine 234, aspartic acid 244, and valine 251
account for a significant amount of the docu-
mented CD95 mutations. Indeed, among the 189
mutations annotated in the 335 amino acids of
CD95, 30 (~16 %) are localized on these three
amino acids (Fig. 9.3). Strikingly, the pivotal role
played by these amino acids in stabilization or
formation of intra- and inter-bridges between
CD95 and FADD may explain these hot spots.
For instance, both R234 and D244 contribute to
the homotypic aggregation of the receptor and
FADD recruitment [67]. Nevertheless, the
observation of death domain hot spots is in
contradiction with the study of Scott and col-
leagues demonstrating that the region of the
CD95-DD interacting with the FADD-DD
extends over a disperse surface through weak
binding affinity [68].

Most ALPS type la patients affected by
malignancies do not undergo loss of heterozy-
gosity (LOH), which formed the hypothesize that
preservation of a wild-type allele may contribute
to carcinogenesis [106, 107]. In the same line, it
was demonstrated that expression of a unique
mutated CD95 allele blocks the induction of
apoptotic signals, while it fails to prevent non-
apoptotic signals such as NF-kB and MAPK
[106, 107], whose induction promotes invasive-
ness in tumor cells [105, 108]. In addition, muta-
tions found in the intracellular CD95-DD exhibit
a higher penetrance of ALPS phenotype features
in mutation-bearing relatives compared to extra-
cellular mutations. These results suggest that
unlike DD mutations, CD95 mutations localized
outside the DD somehow prevent the apoptotic
signal but may fail to promote non-apoptotic
pathways, which may contribute to disease
aggressiveness.

9.3.4 Regulation of the Initial Steps
of CD95-Mediated Signaling

9.3.4.1 Lipid Rafts

In addition to CD95 downregulation or expres-
sion of the mutated allele of the receptor, the
plasma membrane distribution of CD95 repre-
sents an additional pathway for tumor cells to

develop resistance to CD95L-expressing immune
cells. Indeed, the plasma membrane is a hetero-
geneous lipid bilayer comprising compacted or
liquid-ordered domains, called microdomains,
lipid rafts, or detergent-resistant microdomains
(DRMs). These domains are described as float-
ing in a more fluid or liquid-disordered 2-D lipid
bilayer and are enriched in ceramides [109]. It
has been elegantly shown that while CD95 is
mostly excluded from lipid rafts in activated T
lymphocytes, TCR-dependent reactivation of
these cells leads to rapid distribution of the death
receptor into lipid rafts [110]. This CD95 com-
partmentalization contributes to reducing the
apoptotic threshold leading to the clonotypic
elimination of activated T lymphocytes through
activation of the CD95-mediated apoptotic sig-
nal [110]. Similarly, the reorganization of CD95
into DRMs can occur independent from ligand
upon addition of certain chemotherapeutic drugs
(e.g., rituximab [111], resveratrol [112, 113],
edelfosine [87, 114, 115], aplidin [116], perifo-
sine [115], cisplatin [117]). The molecular cas-
cades that underlie this process remain elusive.
Nevertheless, a growing body of evidence leads
us to postulate that alteration of intracellular sig-
naling pathway(s), such as the aforementioned
PI3K signal [87, 90], may change biophysical
properties of the plasma membrane, such as
membrane fluidity, which in turn may facilitate
CD95 clustering into large lipid raft-enriched
platforms, favoring DISC formation and induc-
tion of the apoptotic program [118].

9.3.4.2 Posttranslational Modifications

Accumulation of CD95 mutations is not the only
mechanism by which malignant cells inhibit the
extrinsic signaling pathway. Posttranslational
modifications in the intracellular tail of CD95,
such as reversible oxidation or covalent attach-
ment of a palmitic acid, were reported to alter the
plasma membrane distribution of CD95 and
thereby its subsequent signaling pathway. For
instance, S-glutathionylation of mouse CD95 at
cysteine 294 promotes clustering of CD95 and its
distribution into lipid rafts [119]. This amino acid
is conserved in the human CD95 sequence and
corresponds to cysteine 304 (or C288 when
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subtraction of the 16 amino acid signal peptide is
taken into consideration [12, 120]). Interestingly,
Janssen-Heininger and colleagues emphasize
that death receptor glutathionylation occurs
downstream of caspase-8 and caspase-3 activa-
tion whose catalytic activity damages the thiol
transferase glutaredoxin 1 (Grx1), an enzyme
implicated in the denitrosylation of proteins
[119]. The consequence of Grx1 inactivation is
the accumulation of glutathionylated CD95,
which clusters into lipid rafts, sensitizing cells to
the CD95-mediated apoptotic signal. Based on
these findings, caspase-8 activation occurs prior
to aggregation of CD95 and redistribution into
lipid rafts, both of which are requisite to form the
DISC and subsequently activate larger amounts
of caspase-8. In agreement with these observa-
tions, activation of caspase-8 was reported to
occur in a two-step process. First, an immediate
and small amount of activated caspase-8 (<1 %)
is generated when CD95L interacts with CD95
that orchestrates acid sphingomyelinase (ASM)
activation, ceramide production, and CD95 clus-
tering, which in turn promote DISC formation
and the outburst of caspase-8 processing essen-
tial to mount the apoptotic signal [121].

S-Glutathionylation consists in a bond
between a reactive Cys-thiol and reduced gluta-
thione (GSH), a tripeptide consisting of glycine,
cysteine, and glutamate; its attachment to the
protein will alter its structure and function in a
manner similar to the addition of a phosphate
[122]. S-Glutathionylation is not the only post-
translational modification of CD95 on a cysteine.
S-nitrosylation of cysteine 199 (corresponding to
C183 after subtraction of signal peptide sequence)
and 304 (C288) in colon and breast tumor cells
also promotes the redistribution of CD95 into
DRMs, the formation of the DISC, and the trans-
mission of the apoptotic signal [123].

Two reports have brought into light that
covalent coupling of a 16-carbon fatty acid
(palmitic acid) to cysteine 199 (C183) elicits the
redistribution of CD95 into DRMs, the formation
of SDS-stable CD95 microaggregates resistant to
denaturing and reducing treatments, and internal-
ization of the receptor [124, 125]. Although their
order remains to be fine-tuned, these molecular

steps play a critical role in the implementation
of apoptotic signals.

Of note, similar to S-nitrosylation, both the
aforementioned S-glutathionylation at C304
(C288) and palmitoylation at C199 (C183) pro-
mote the partition of CD95 into lipid rafts and
enhance the subsequent apoptotic signal. Further
investigation is required to address whether these
posttranslational modifications are redundant and
occur simultaneously in dying cells or are elic-
itedinacell-specificand/orinamicroenvironment-
specific manner. Understanding the molecular
mechanisms controlling these posttranslational
modifications would be of great interest in order
to identify the mechanism by which tumor cells
block them, leading to their resistance to the
extrinsic signaling pathway.

9.3.4.3 CD95 Internalization

Using a powerful magnetic method to isolate
receptor-containing endocytic vesicles, it has
been shown that CD95 promptly associates with
endosomal and lysosomal markers when incu-
bated with an agonistic anti-CD95 mAb [126]. In
addition, expression of a CD95 mutant in which
the DD-located tyrosine 291 (Y275) is changed
to phenylalanine does not seem to alter the capac-
ity to bind FADD but compromises CD95L-
mediated CD95 internalization occurring through
an AP-2/clathrin-driven endocytic pathway
[126]. More strikingly, expression of the
internalization-defective CD95 mutant Y291F
abrogates the transmission of apoptotic signals,
but fails to alter the non-apoptotic signaling path-
ways (i.e., NFkB and ERK), and even promotes
them (Fig. 9.3). These findings provide insight
into the presence of a region in the DD, interact-
ing with AP2 and promoting a clathrin-dependent
endocytic pathway in a FADD-independent man-
ner. Regarding the role of palmitoylation in
receptor internalization, the interplay between
lipid alteration and the AP2/clathrin-driven inter-
nalization of CD95 remains to be elucidated.

9.3.4.4 Ca** Response

It has been recently demonstrated that CD95
engagement evokes a rapid and transient Ca*
signaling, which stimulates the recruitment of
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protein kinase C-p2 (PKC-p2) from the cytosol to
the DISC [127]. This kinase transiently brakes
DISC formation, providing a checkpoint before
the irreversible commitment to cell death [128].
These findings raised the following questions:
what are the Ca’*-dependent molecular mecha-
nisms transiently inhibiting DISC formation, and
do tumor cells use this signal to escape the
immune response and/or resist chemotherapy?

9.3.5 Programmed Necrosis Also
Known as Necroptosis

In 1998, inhibition of caspase activity was shown
to sensitize fibroblastic 1.929 cell line to TNF-
mediated necrotic cell death [42]. With respect to
CD95 signal, Tschopp et al. showed that FADD
and RIP1 participate in the implementation of a
non-apoptotic signaling pathway, which leads to
a necrotic morphology without chromatin con-
densation and with loss of plasma membrane
integrity [41]. Of note, BID cleavage was not
observed in this necrotic signal. While FADD
plays a crucial role in both apoptotic and necrotic
pathways, RIP1 recruitment to CD95 occurs
independently of this adaptor protein. Indeed,
yeast two-hybrid experiments showed that RIP1
can bind directly to the CD95 DD, while this
interaction is lost when a bait corresponding to
mutated CD95-DD (replacement of Val 238 to
Asn) is used [129]. In addition, RIP3 (RIPK3, a
member of the RIP kinase family) is an indis-
pensable factor for the induction of the necrotic
signaling pathway [78-80]. A growing body of
evidence supports the existence of necroptosis
(programmed necrosis). In addition, identifica-
tion of necrostatin, a chemical inhibitor of
necroptosis [130], which specifically inhibits
RIP1 kinase activity [131], has accelerated the
pace of discovery in this field of cell death.
Interplays exist between apoptosis and necropto-
sis; for instance, caspase-8, a potent inhibitor of
necroptosis for both CD95 and TNFR1 [132],
plays a critical role in necroptosis by its ability to
process and inactivate RIP1 and RIP3 [133, 134].
At least for TNF signaling, the necrotic signal
relies on the activity of CYLD, a deubiquitinat-

ing enzyme that is also cleaved and inactivated
by caspase-8 [135].

Overall, these findings suggest that the apop-
totic machinery controls the necrotic one. This
concept has been recently established in vivo by
double-KO experiments [44—46, 136]. The KO of
FADD or caspase-8 is deleterious in mice mainly
by the fact that these two apoptotic factors are
beneficial in inhibiting a RIP1-/RIP3-dependent
necrotic signal; thus, their loss unleashes the
necroptotic program and leads to embryonic
lethality. Yet, most studies on necroptosis have
focused on the TNF signaling pathway, whereas
the mechanism by which CD95 can elicit this cell
death pathway, and how the switch in this recep-
tor occurs between non-apoptotic, apoptotic, and
necroptotic signals remains unclear. Importantly,
the impact of each cell death on antigen presenta-
tion, and on the efficiency of immune response
after elimination of infected or transformed cells,
remains unclear.

9.3.6 CD95L, an Inflammatory/
Oncogenic Cytokine?

9.3.6.1 A Ligand to Create Imnmune
Privileges

The transmembrane CD95L (CD178/FasL) is
present at the surface of activated lymphocytes
[64] and NK cells [137] where it orchestrates the
elimination of transformed and infected cells. In
addition, CD95L is expressed on the surface of
neurons [138], corneal epithelia and endothelia
[58, 139], and sertoli cells [59] to prevent the
infiltration of immune cells and thus to prohibit
the spread of inflammation in these sensitive
organs (i.e., brain, eyes, and testis, respectively),
commonly called “immune-privileged” sites.
The description of physiological immune privi-
lege was followed by tumor-mediated immune
privilege, since two groups reported that the
ectopic expression of CD95L by malignant cells
participated in the elimination of infiltrating T
lymphocytes and thus could play a role in the
establishment of a tumor site whose access was
denied to immune cells [140, 141]. However,
these observations are controversial since
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ectopic expression of CDO5SL in allogenic
transplant of B-islets [142, 143] and in tumor cell
lines [144] led to a more rapid elimination of
these cells than control cells, due to increased
infiltration of neutrophils and macrophages
endowed with antitumor activity.

9.3.6.2 At Least Two Different Ligands
and Two Different Signals
Among the weapons at the disposal of immune
cells, transmembrane CD95L contributes to the
elimination of pre-tumor cells. Therefore, pre-
tumor cells that escape the immunosurveillance
will be shaped to develop resistance to CD95, a
process termed immunoediting [145]. In other
words, imprinting of the immune system on pre-
tumor cells will select malignant cells with
increased resistance towards the CD95L-induced
signal. As previously mentioned, these altera-
tions of the CD95 signal not only block the
CD95-mediated apoptotic signal but also pro-
mote the transmission of non-apoptotic signals
by CD95L, which may play a critical role in car-
cinogenesis [106—-108, 146]. In agreement with
this hypothesis, a complete loss of CD95 expres-
sion is rarely observed in malignant cells [147].
Accumulating evidence indicates that the
apoptotic ligand CD95L behaves as a chemoat-
tractant for neutrophils, macrophages [50, 143,
144], T lymphocytes [53], and malignant cells in
which the CD95-mediated apoptotic signal is
nonproductive [108, 148]. Nonetheless, the bio-
logical role of CD9S5L has to be clarified due to
the fact that pathophysiologically the ligand is
present in at least two forms with different stoi-
chiometries. Indeed, CD95L is a transmembrane
cytokine whose ectodomain can be cleaved by
metalloproteases such as MMP3 [149], MMP7
[150], MMP9 [151], and ADAM-10 (A disinteg-
rin and metalloproteinase 10) [152, 153] and
released as a soluble ligand in the bloodstream.
Based on the data demonstrating that a hexameric
CD95L represents the minimal level of self-
association required to signal apoptosis [154] and
that cleavage by metalloproteases releases an
homotrimeric ligand [154, 155], this soluble
ligand has long been considered as an inert ligand
competing with its membrane-bound counterpart

for CD95 binding, thus acting as an antagonist of
the death signal [155, 156]. It has been recently
demonstrated that this metalloprotease-cleaved
CDI95L (cl-CD95L) actively participates in the
aggravation of inflammation and autoimmunity
in patients affected by systemic lupus erythema-
tosus (SLE) by inducing the non-apoptotic
NF-kB and PI3K [51, 53] signaling pathways
(Fig. 9.4). Unlike transmembrane CD95L,
induction of the PI3K signaling pathway by its
metalloprotease-cleaved  counterpart  occurs
through the formation of a complex devoid of
FADD and caspase-8 which recruits the src
kinase c-yes instead [53, 148]; this unconven-
tional receptosome was designated motility-
inducing signaling complex (MISC) [53, 157]
(Fig. 9.4). Even though experiments by the
authors did not detect any trace of caspase-8 in
the MISC, this enzyme has been shown to partici-
pate in cell migration. The protease activity of
caspase-8 can be abolished by its phosphoryla-
tion at tyrosine 380 by src kinase [158]. This
posttranslational modification was observed in
cells stimulated with EGF and in colon cancer
cells exhibiting constitutive activation of src;
from a molecular standpoint, this modification
does not alter caspase homodimerization or
recruitment in DISC [158]. Moreover, the EGFR-
driven phosphorylation of caspase-8 at Y380
turns out to be a potent inducer of the PI3K sig-
naling pathway by recruiting the PI3K adaptor
p85 alpha subunit [159]. Ultimately, caspase-8
phosphorylation  triggers cell — migration.
Nonetheless, it is noteworthy that CD95-induced
migration and invasion do not appear to require
an intact DD (reviewed in [160]), suggesting that
either the caspase-8-dependent mode of cell
migration occurs as an alternative signal for death
receptors or that it only participates in non-death
receptor-induced cell motility. It would be inter-
esting to address this question in the future. To
date, it can only be surmise that phosphorylation
of caspase-8 at Y380 upon EGFR stimulation
may prime certain cancer cells to become unre-
sponsive to the apoptotic signal triggered by
cytotoxic CD95L and meanwhile promote cell
migration, an essential event in the course of
cancer cell metastasis (Fig. 9.4).
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Fig. 9.4 CD95 triggers an unconventional PI3K signal-
ing pathway. Left panel: In the presence of cl-CD95L,
CDO95 triggers MISC formation. This complex is devoid
of FADD and caspase-8, but, instead, recruits the src
kinase c-yes that implements the PI3K signaling pathway.
CDO95 engagement is also capable of NF-kB and MAPK
activations through a yet unknown mechanism. Right

It is noteworthy that in a similar manner, a
decrease in the plasma membrane level of CD95 or
expression of a mutated CD95 allele, as observed
in ALPS patients and malignant cells, inhibits
the implementation of the apoptotic signal but
does not affect the transmission of non-apoptotic
signals, such as NF-kB, MAPK, and PI3K [106,
107, 147], suggesting that these signals may stem
from a different domain than CD95-DD or rely
on different thresholds to be elicited. In summary,
although the CD95/CD95L interaction can elimi-
nate malignant cells by implementation of the
DISC or can promote carcinogenesis by sustain-
ing inflammation and/or by inducing metastatic
dissemination [50, 51, 53, 108, 147, 148, 161],
the molecular mechanisms underlying the switch
between these different signaling pathways
remain enigmatic. An important question to be
addressed is how the magnitude of CD95 aggre-
gation controls the formation of “death”- vs.
“motility”-ISCs. Addressing these questions will
lead to the development of new therapeutic agents

-+ survival
inflammation

Panel: It was reported that procaspase-8 can be phosphor-
ylated by the tyrosine kinase src upon EGFR stimulation.
This posttranslational modification not only blocks the
catalytic activity of caspase-8 but also promotes the
recruitment of the p85 subunit of PI3K. We surmise that
this caspase-8 phosphorylation may favor the non-apop-
totic signals induced by CD95

with the ability to contain the spread of inflamma-
tion or impede carcinogenesis at least in patholo-
gies involving increased soluble CD95L such as
cancers (e.g., pancreatic cancer [162], large gran-
ular lymphocytic leukemia, breast cancer [157],
and NK cell lymphoma [163]) or autoimmune
disorders (e.g., theumatoid arthritis and osteoar-
thritis [164], graft-versus-host-disease (GVDH)
[165, 166] or SLE [53, 167]). Altogether, these
studies support the notion that the death function
of CD95 may correspond to its “day job,” while
the receptor may act as “a night killer” by fuel-
ing inflammation in certain pathophysiological
contexts.

Strikingly, while the soluble form of CD95L
generated by MMP7 (cleavage site inside the
IBELR!'S sequence, Fig. 9.5) induces apoptosis
[150], its counterpart processed between serine
126 and leucine 127 does not [51, 53, 155].
To explain this discrepancy, one may speculate
that the different quaternary structures of the
naturally processed CDO95L underlie the
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implementation of a “death”- vs. “non-death”-
inducing signaling complexes and downstream
signals. In agreement with this notion, soluble
CDO95L bathed in the bronchoalveolar lavage
(BALs) of patients suffering from acute
respiratory distress syndrome (ARDS) undergoes
oxidation at methionines 224 and 225 (Fig. 9.5),
which enhances the aggregation level of the solu-
ble ligand followed by its cytotoxic activity
[168]. The same authors observed that the stalk
region of CD95L, corresponding to amino acids
103-136 and encompassing the metalloprotease
cleavage sites (Fig. 9.5), participates in the multi-
merization of CD95L, which accounts for the
damage of the lung epithelium in ARDS [168].
Of note, in ARDS BALs, additional oxidation
occurs at methionine 121 (Fig. 9.5), which in
turn prevents the processing of CD95L by
MMP7, and explains why this cytotoxic ligand
keeps its stalk region [168]. Nonetheless, preser-
vation of this region in soluble CD9SL raises the
question that whether an unidentified MMP7-
independent cleavage site exists in the juxta-
membrane region of CD95L, near the plasma
membrane, or the ligand detected in ARDS
patients corresponds to the full-length CD95L
embedded in exosomes [169, 170]. Indeed, this
peculiar exosome-bound CDO95L can be
expressed by human prostate cancer cells (i.e.,
LNCaP), and evokes apoptosis in activated T
lymphocytes [171].

Overall, these findings emphasize that it will
be of great interest in the future to finely charac-
terize the quaternary structure of the naturally
processed CDOSL from the sera of patients
affected by cancers or chronic/acute inflamma-
tory disorders, to better understand the molecular
mechanisms implemented by this ligand and thus
predict its subsequent biological functions.

9.4  Concluding Remarks

Apoptosis is a fundamental process contributing
to tissue homeostasis, immune response, and
development. CD95, also called Fas, is a member
of the tumor necrosis factor receptor (TNF-R)
superfamily. Its ligand, CD95L, was initially
detected at the plasma membrane of activated T
lymphocytes and natural killer (NK) cells where
it contributes to the elimination of transformed
and infected cells. Given its implication in
immune homeostasis and immune surveillance
combined with the fact that various lineages of
malignant cells exhibit loss-of-function muta-
tions, CD95 was initially classified as a tumor
suppressor gene. Nonetheless, in different patho-
physiological contexts, this receptor is able to
transmit non-apoptotic signals and promote
inflammation and carcinogenesis. Although the
different non-apoptotic signaling pathways
(NF-xB, MAPK, and PI3K) triggered by CD95
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are known, the initial molecular events leading to
these signals, the mechanisms by which the
receptor switches from an apoptotic function to
an inflammatory role, and, more importantly, the
biological functions of these signals remain
elusive.
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