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Preface

Receptors and ligands of the TNF superfamily, with the exception of a few mem-
bers, are transmembrane glycoproteins. They display pleiotropic functions. Several 
receptors of the family are able to induce apoptosis or cell death. Their cognate 
ligands are instrumental to immune cells, allowing eradication of unwanted, virally 
infected or transformed cells. Among these, TRAIL has early on attracted a major 
interest in oncology, owing to its ability to selectively trigger tumor cell killing 
while sparing normal cells. TRAIL induces cell death through binding to its two 
agonist receptors, namely TRAIL-R1 and TRAIL-R2. Its use in the clinic, however, 
despite clear clinical evidence of antitumoral activity, has remained limited due to a 
plethora of molecular mechanisms leading to cell resistance as well as to our poor 
understanding of the biological function and regulation of its receptors. Therapeutic 
strategies or options to exploit TRAIL or its derivatives in oncology should benefit 
from a deeper understanding of the signal transduction pathways induced by each 
TRAIL agonist receptor or beyond. The reader will find in this book chapters 
describing our current understanding of the molecular mechanisms leading to cell 
death or tumor cell resistance to TRAIL-induced killing, and beyond to receptors of 
the TNF family or unrelated receptors, such as Fas/CD95 or TLR3, respectively. 
Nonapoptotic signaling capabilities of these receptors will also be presented with a 
special emphasis on Fas/CD95, as increasing body of evidence demonstrates that 
some of these receptors may also exhibit atypical immune functions and even pro-
metastatic activities. The pleiotropic signaling capabilities of transmembrane recep-
tors and ligands cannot be dissociated from their biochemical context. They are 
surrounded by lipids and undergo post-translational modifications. We will discuss, 
in the light of the most recent discoveries, how partitioning, sphingolipids, and gly-
cosylation of TNF receptors or ligands are likely to alter or contribute to their signal 
transduction capabilities. Last, in silico modeling of these complex systems will be 
presented, as these simulations are likely to be useful to understand how cellular 
protein, lipid, or sugar heterogeneities are likely to affect the therapeutic efficacy of 
TRAIL or TRAIL derivatives.
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I would like to thank personally each of the authors for their effort and thoughtful 
contribution. This timely and comprehensive volume addresses the most advanced 
knowledge of TNF signaling with a special emphasis on TRAIL. With its strong 
focus on therapy and innovative concepts, this book will serve as a reference in the 
field for a wide audience of readers comprising researchers, medical professionals, 
students, and biotech and pharmaceutical companies.

Dijon, France Olivier Micheau
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Chapter 1
Resistance to TRAIL Pathway-Targeted 
Therapeutics in Cancer

Jessica Wagner, Christina Leah Kline, and Wafik El-Deiry

Abstract As cancer therapies become more widely used, there is an increased rate 
of drug resistance in the population. Drug resistance has become one of the major 
causes of cancer treatment failure. There has been an increased use of combina-
tional therapies in the clinic with the hopes of getting around therapeutic resistance 
to mono-agent chemotherapy. Unfortunately, combinational therapies present 
increased risks of toxicity. In developing new therapies, a key goal is to understand 
mechanisms of resistance and create agents that target or bypass resistance mecha-
nisms. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a potent 
and specific inducer of apoptosis in cancer cells. With little effect in normal cells, 
TRAIL-based therapies have become an attractive option for development. 
Unfortunately, a significant portion of tumor cells is relatively resistant to TRAIL, 
or becomes TRAIL-resistant after exposure to TRAIL-based therapies. 
Understanding and targeting these resistance mechanisms may help realize the ther-
apeutic potential of the TRAIL pathway.

Keywords Tumor necrosis factor (TNF)-related apoptosis-inducing ligand 
(TRAIL) • Death receptors • Apoptosis • Resistance • Cancer therapy

1.1  Mechanisms of TRAIL-Induced Apoptosis

1.1.1  TRAIL Ligand and TRAIL Receptors

Cell death via apoptosis can be triggered by either intrinsic or extrinsic stimuli. The 
intrinsic pathway, commonly activated within the mitochondria, can be induced 
through stresses inside the cell, such as stress and oncogene activation. Alternatively, 
the extrinsic pathway is triggered by ligands binding to specific transmembrane 

J. Wagner • C.L. Kline • W. El-Deiry (*) 
Laboratory of Translational Oncology and Experimental Cancer Therapeutics, Department  
of Hematology/Oncology and Molecular Therapeutics Program, Fox Chase Cancer Center, 
Philadelphia, PA, USA
e-mail: wafik.eldeiry@gmail.com
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receptors, consequently activating caspases and cell death [1–3]. The tumor necro-
sis factor-related apoptosis-inducing ligand (TRAIL) is a member of the tumor 
necrosis factor (TNF) family of proteins that activate the extrinsic pathway. The 
protein TRAIL is 20 kDa and is encoded by five exons on chromosome 3 [4, 5]. 
TRAIL was first cloned based on the sequence homology of its extracellular domain 
with the CD95L ligand and TNFα. Its extracellular carboxyl terminal portion is 
proteolytically cleaved (such as by cathepsin E), to form its biologically active sol-
uble form [6–8]. Unlike TNF-α, which elicits severe toxicity after systemic expo-
sure, TRAIL typically and selectively induces apoptosis in cancer cells, leaving the 
normal cells viable [9–12].

The mechanism by which the TRAIL ligand induces apoptosis involves binding 
to its prospective receptors: death receptor 4 (DR4), death receptor 5 (DR5), decoy 
receptor 1 (DcR1/TRID), decoy receptor 2 (DcR2/TRUNDD), and osteoprotegerin 
[13, 14]. The two active receptors which induce apoptosis, DR4 and DR5, are type 
I transmembrane proteins with a sequence homology of 58% and a death domain 
capable of recruiting adaptor proteins to trigger cell death through caspase activa-
tion [14–16]. While TRAIL requires both DR4 and DR5 for optimal cellular apop-
tosis in certain cancer cells, several cancer types that contain similar amounts of 
both receptors being present on the cell surface appear to have one receptor acting 
as the primary receptor required for cell death [17–19]. Additionally, DR4 and DR5 
antagonistic antibodies revealed that DR4 or DR5 is selectively more important in a 
cell type-specific manner [20]. 

DR4 and DR5 gene expression is regulated by transcription factors CHOP, AP-1, 
NF-kB, and FOXO3A. While all of these factors impact both death receptors, tran-
scription factors selective for either death receptor do exist. For example, DR5 can 
be uniquely induced by ELK-1 while DR4 can be repressed by GLI-3 [21–26].

1.1.2  Engagement of the Extrinsic Pathway of Apoptosis

The binding of TRAIL to its receptors induces receptor trimerization and conforma-
tional change (Fig. 1.1). The latter event exposes the intracellular death domains of 
the receptor, thereby facilitating the formation of the death-inducing signalling 
complex (DISC). The DISC formed by TRAIL consists of the death receptors, the 
adaptor protein Fas-associated death domain protein (FADD) which interacts with 
the death domain of the receptors, and procaspase-8 or -10 which interacts with 
FADD via the death effector domains [15, 27–29]. The localization of procaspase-8 
and procaspase-10 to the DISC promotes caspase dimerization, subsequent activa-
tion, and autocatalytic cleavage into both large (18 or 20 kDa, respectively) and 
small (10 kDa) fragments [27, 28, 30, 31]. The resulting large and small fragments 
interact to form an active protease, subsequently cleaving the effector caspases: 
caspases-3, 6, and 7, resulting in apoptosis [32].

J. Wagner et al.
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1.1.3  Engagement of the Intrinsic Pathway of Apoptosis

The activation of cleaved caspase-8 by TRAIL can also activate and amplify the 
intrinsic apoptotic pathway through the mitochondria by cleaving the activator 
BH3-only protein Bid [3, 32]. The truncated Bid interacts and induces the oligomer-
ization of Bax and Bak proteins at the mitochondrial membrane (Fig. 1.1), promot-
ing the formation of the mitochondrial outer membrane pore and subsequent release 
of cytochrome c [33]. Cytochrome c binds to the apoptosis protease activating fac-
tor 1 (Apaf1) and results in a secondary activation of caspase-9 and effector cas-
pases from the mitochondria [34, 35]. Activation of the intrinsic pathway through 
TRAIL also requires the inactivation of intracellular apoptosis inhibitors such as the 
X-linked inhibitor of apoptosis protein (XIAP), a protein that directly inhibits cas-
pase activity [36].

Taken together, the TRAIL pathway is critical to inducing apoptosis via the 
extrinsic pathway but is capable of activating the intrinsic pathway via Bid cleavage 
and inactivation of apoptosis inhibitors such as XIAP.

1.2  TRAIL’s Impact on Metastasis

The complex process of metastasis begins when a small portion of cells successfully 
detach and migrate from the primary tumor, invade into the surrounding stroma, 
intravasate into the circulation, and colonize on distant organ sites. For metastasis to 

Fig. 1.1 Signalling pathways of TRAIL-induced apoptosis
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ensue, cells must survive in an anchorage-independent manner [37, 38]. Typically, 
when normal cells detach, they undergo anoikis, a form of induced apoptosis that is 
primarily activated through the death receptor pathway [38, 39]. However, malig-
nant cells that are considered metastatic in nature can resist anoikis and survive 
detachment in an anchorage-independent fashion, primarily through expressing the 
death receptor caspase-activation inhibitor c-FLIP [40, 41]. Since a majority of 
cancer-related deaths are associated to metastasis, there exists a need for therapies 
to address both primary tumor and metastatic disease preventions [42].

Studies have established that TRAIL suppresses metastasis in the liver of mela-
noma cancer patients. A death receptor knockout mouse model demonstrated that 
death receptors play a suppressive role in cancer metastasis while the primary tumor 
remains unaffected [43, 44]. Further, a significant loss of DR5 expression has been 
found in both the primary tumors that metastasize and their metastatic lesions com-
pared to primary tumors that do not exhibit any metastatic progression [45]. One 
study identified DR5 as the key receptor in death receptor anti-metastatic signalling. 
DR5 agonist antibodies attenuated long-term survival of metastatic cancer in vivo, 
and were found to reduce the growth of lymph nodes and lung metastases in 
MDA-MB-231 xenograft models [46].

While DR5 and TRAIL’s impact on metastases have been well documented, 
there remains contrasting evidence of a correlation between overexpression of DR5 
and tumor aggressiveness. In this regard, TRAIL has been shown to strongly induce 
pro-inflammatory cytokines and enhanced invasion in pancreatic cancer cells and 
liver metastases [47, 48]. This strong contradiction has confounded researchers. 
One possible hypothesis that has been widely considered and is currently being 
researched is that in primary tumors that express DR5/FADD, there is increased 
apoptosis, preventing metastases. However, in primary tumors that overcome anoi-
kis and metastasize, the primary tumor and metastatic tumor cells upregulate pro- 
metastatic signalling pathways including increasing DR5 levels [49]. Further 
research is ongoing to either support or refute this hypothesis.

1.3  Development of TRAIL Pathway-Targeted Therapeutics

The first publication that indicated the relevance of the TRAIL ligand to cancer 
research demonstrated that TRAIL selectively induces apoptosis in malignant cells 
while sparing normal cells. Further studies have been performed using recombinant 
TRAIL or agonistic human monoclonal antibodies against DR4 and DR5 [50]. These 
early reports indicated that a histidine-tagged or FLAG-tagged TRAIL induces apop-
tosis in some normal cells including hepatocytes and astrocytes [51, 52]. However, 
non-tagged and recombinant TRAIL did not exert any toxic effects in normal-cells 
in vitro or in vivo, indicating that under normal natural conditions TRAIL does not 
induce apoptosis in normal healthy cells [34, 53]. The role of TRAIL has since been 
well established to include different cell types and mechanisms of action. Acting as 
an immune effector molecule, TRAIL is expressed on the surface of activated 

J. Wagner et al.
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immune cells including natural killer cells, CD4+ T cells, macrophages, and den-
dritic cells [54]. The ligand has been found to play a critical role in T-cell homeosta-
sis and NK-mediated killing of oncogenically transformed cells [55, 56].

1.3.1  Optimization of TRAIL Delivery

Given the ability of TRAIL to target cancer cells and leave normal cells unharmed, 
efforts to optimize TRAIL administration have been made. The efficacy of the 
TRAIL ligand has been limited by suboptimal delivery and short protein half-life. 
To improve the pharmacokinetic profile of soluble TRAIL, an N-terminal PEGylated 
TRAIL has been developed and is currently being pursued in the clinic [22, 57]. 
Cell-based delivery of TRAIL, in particular, via mesenchymal stem cells (MSCs), 
has also been found to be promising. MSCs have been transduced to express a 
secreted form of recombinant TRAIL or TRAIL variants (that target only one of the 
death receptors). These provide an on-site sustained release of TRAIL, effectively 
inhibiting tumor growth [58, 59] and eradicating metastasis [167]. TRAIL has also 
been conjugated with nanoliposomes and E-selectin (ES). The ES/TRAIL lipo-
somes bind to leukocytes under conditions of shear flow via selectin ligands on the 
leukocyte surface [60, 61]. The leukocytes serve as carriers of TRAIL and have 
been shown to kill circulating tumor cells in vivo [62] and in lymphoma and leuke-
mia patients [63, 64]. All of these methods of TRAIL delivery are still being opti-
mized but have shown extraordinary promise in delivering TRAIL into the body and 
tumor cells while overcoming the clinical barriers that soluble TRAIL exhibited.

1.3.2  TRAIL Receptor Antibodies

An alternative strategy to exploit the TRAIL pro-apoptotic pathway is the use of 
TRAIL receptor antibodies. These death receptor antibodies stimulate the TRAIL- 
apoptotic pathway independently of TRAIL induction and have been found effica-
cious either as monotherapies or in combination [65, 66]. There are ongoing Phase 
II trials that evaluate the combinational therapies of TRAIL receptor agonists with 
various FDA-approved therapies [67, 68]. Several of the DR5 antibody based thera-
pies that are being tested in clinical trials have shown promise as therapeutic agents, 
and are discussed below. However, unlike DR5, DR4-targeted therapies have been 
lacking in recent years, with only one anti-DR4 product in clinical trials. 
Mapatumumab (HGS1012), a human agonistic monoclonal antibody that is specific 
to DR4, has been evaluated as a safe mono-agent and safe in combination with sev-
eral chemotherapies including carboplatin, paclitaxel, and gemcitabine. Although 
the trials are still ongoing, mapatumumab has shown promising efficacy. However, 
in the TRAIL-resistant NSCLC, mapatumumab showed no clinical benefit in com-
bination with paclitaxel or carboplatin [69–72]. Nevertheless, the development of 

1 Resistance to TRAIL Pathway-Targeted Therapeutics in Cancer
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potential DR4-based therapies such as mapatumumab does warrant further explora-
tion since evidence that TRAIL induces apoptosis exclusively through DR4 in cer-
tain cancers including ovarian, melanoma, and chronic lymphocytic leukemia exists 
[73, 74]. Single agents that act as dual DR4/DR5 agonists have also become an area 
of interest for many researchers. Given the variability of DR4 and DR5 receptor 
levels in tissue types or mutations in individual receptors within specific tumor 
cells, these agonists are expected to have a broader spectrum of efficacy than recep-
tor-specific agonists. The first major dual DR4/DR5 agonist demonstrated a greater 
potency and increased caspase-3 levels in cells and xenografts than a combination 
of DR4 and DR5 agonists [75].

1.3.3 Small Molecules to Induce TRAIL and Upregulate DR5

ONC201, a novel first-in-class anticancer therapy currently in development is 
known to upregulate endogenous TRAIL levels in both bulk tumor and stem cells 
through dual inactivation of the kinases Akt and ERK in a p53-independent manner. 
Due to the nature of endogenous upregulation, ONC201 successfully overcomes the 
limitations of TRAIL-based therapies discussed above. Importantly, ONC201 also 
upregulates DR5 levels as discussed below, causing both an increase in the ligand 
and receptor of the death receptor pathway [76–78].

Unfortunately, many cancer types are resistant to TRAIL-induced cytotoxicity 
and are, therefore, not susceptible to TRAIL-based therapies or DR4/5 monoclonal 
antibodies [19, 79]. The rest of this chapter discusses the mechanisms behind resis-
tance to TRAIL pathway-targeted therapeutics, and the strategies that are being 
developed to obviate these resistance mechanisms.

1.4  Mechanisms of Resistance to TRAIL Pathway-Targeted 
Therapeutics

1.4.1  Aberration in Death Receptor Expression

Intrinsic TRAIL resistance has been associated with either dysfunctional DR4 and/or 
DR5 (DR4/DR5) at the cell surface or aberrant surface localization of the receptors 
[80, 81]. Inhibition of death receptor activation can occur as a result of mutations 
within the TRAIL receptors, loss of receptor expression through homozygous dele-
tion or gene silencing, and death receptor sequestration [82, 83]. The genes for DR4 
and DR5 reside on chromosome 8p. Loss of heterozygosity on chromosome 8p is 
common in cancer [84, 85]. The DR4 gene promoter can also be hypermethylated, 
resulting in downregulation of expression [86–88]. Mutations in the DR4 and DR5 
genes, particularly in the region coding for the death domain or in the ligand- binding 

J. Wagner et al.
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region of DR4, have been detected in a number of cancers [82, 89–91]. A number of 
point mutations in the DR5 gene result in a DR5 protein that does not have a func-
tional death domain. The mutant protein exerts a dominant-negative effect, compet-
ing with functional DR4 for TRAIL ligand and, therefore, downregulating 
TRAIL-induced apoptosis [92].

TRAIL resistance may not be brought about by genetic defects in receptor 
expression but by aberrations in surface receptor protein expression. C-Met, a trans-
membrane tyrosine kinase sequesters DR5, consequently, preventing DISC forma-
tion. Knockdown of the c-Met protein sensitizes TRAIL-resistant brain tumor cells 
to the TRAIL-based therapies [93, 94]. Surface levels of the receptor can also be 
affected by receptor glycosylation. DR4 and DR5 can undergo N-linked or O-linked 
glycosylation in a cell-dependent manner. Receptor O-glycosylation, although 
found in several tumor cell lines, occurs at a higher rate in TRAIL-sensitive tumor 
cells. A recent study determined that mRNA expression of GALNT14, a gene that 
encodes for an initiating enzyme of O-glycosylation, is upregulated in TRAIL- 
sensitive pancreatic, non-small cell lung, and melanoma cell lines [10].

Alterations in the localization of death receptors can affect TRAIL sensitivity. 
DR5 can be localized in the nucleus rather than in the plasma membrane. Two func-
tional nuclear localization signal (NLS) sequences have been identified in DR5. 
Importin β1 interacts with DR5 potentially at the NLS sites and shuttles DR5 after 
DR5 synthesis, from the ER to the nucleus. Consequently, DR5 surface expression 
and sensitivity to TRAIL is reduced. Knocking down importin β1 is sufficient to 
improve response to TRAIL in TRAIL-resistant cell lines [95]. DR4 and DR5 have 
also been found in autophagosomes. TRAIL-resistant cells have been observed to 
have higher basal autophagic rates. Inhibition of autophagy has been shown to be 
sufficient in increasing localization of DR4 to the membrane and subsequent forma-
tion of a functional DISC [96]. Surface levels of the receptor can also be downregu-
lated by receptor endocytosis. Increased clathrin-dependent endocytosis pathways 
have been found in TRAIL-resistant tumor cells. DR4 contains a dileucine-based 
sorting signal (EAQC337LL) that may be recognized by the clathrin-mediated endo-
cytosis machinery [81, 97].

1.4.2  Strategies to Address Low Surface Levels of Death 
Receptors

Histone deacetylase inhibitors (HDAC) have been effectively used to induce TRAIL 
sensitivity by reversing the epigenetic silencing of expression of death receptors and 
procaspase-8 [98–100]. The use of HDAC inhibitors in combination is being pursued 
in the clinic and will be discussed further below. A related strategy is the use of DNA 
methyltransferase inhibitors like decitabine. This class of compounds has induced 
expression of DR4 and caspase-8 [86, 101]. The small molecule ONC201 also 
increases the level of death receptors through the integrated stress response (ISR) 
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involving the transcription factor ATF4 and transactivator CHOP, and may aid tumors 
in overcoming their low death receptor level status [77]. Furthermore, the restoration 
of surface expression of DR4 and DR5 has been achieved by introducing endocytosis 
inhibitors which successfully restored cellular sensitivity to TRAIL [81].

1.4.3  Expression of TRAIL Decoy Receptors

In many TRAIL-resistant tumor cells, there is an upregulation of TRAIL decoy 
receptors. These decoy receptors TRAIL-R3 (DcR1), TRAIL-R4 (DcR2), and the 
soluble receptor OPG lack the functional death domain on DR4 and DR5. Therefore, 
they cannot signal for apoptosis when bound to the TRAIL ligand. Due to their 
similar selectivity to TRAIL as both DR4 and DR5, these decoy receptors are con-
sidered to be competitive inhibitors that regulate TRAIL-induced apoptosis in tumor 
cells [102–104]. Soluble OPG, however, has a lower binding affinity to TRAIL as 
other death receptors and is therefore not considered a competitive inhibitor of the 
TRAIL pathway [105].

The presence of the decoy receptors DcR1 and DcR2 correlates with TRAIL 
resistance in some cancer cells. However, these expression levels do not wholly 
explain the lack of response of many cancer cells to antibodies specifically targeting 
DR4 or DR5 [3]. For example, MCF7 breast cancer cells, which are relatively resis-
tant to TRAIL, express both functional DR4 and DR5 on the cell surface and only 
minimally express decoy receptors [81, 106].

1.4.4  Dysfunction in the DISC and FADD

DISC formation is critical to TRAIL-induced apoptosis. Defects in the mobilization 
of procasepase-8 to the DISC and procaspase-8 activation have been associated with 
TRAIL resistance. A whole genome study found that 7% of patients (including 
patients with head and neck squamous cell carcinoma, hepatocellular carcinoma, 
and colorectal carcinoma) carry a mutation in their caspase-8 gene. These muta-
tions encode for mutant procaspase-8 that fails to undergo processing in response to 
TRAIL, and therefore serves as markers of resistance to death ligands [107–109].

Another mechanism of TRAIL resistance is mediated by the FLICE-inhibitory 
protein (c-FLIP). C-FLIP has a high degree of homology to caspase-8 and caspase-
 10, specifically containing two death effector domains. These domains enable 
c-FLIP to compete with procaspase-8 and procaspase-10 for binding to FADD. 
Because c-FLIP, however, lacks enzymatic activity due to a substitution of several 
amino acids in the catalytic domain, it cannot cleave effector caspases and induce 
apoptosis. Elevated expression of c-FLIP has been associated with TRAIL  resistance 
in cancer cells [110–113]. Downregulating c-FLIP has been shown to sensitize 
colorectal cancer to both death receptor ligand-induced and chemotherapy-induced 
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cell death [114, 115]. Furthermore, knockdown of c-FLIP in human lung carcinoma 
cells reversed resistance to agonistic antibodies against DR5 [116].

1.4.5  Perturbation in Downstream Pro-apoptotic Signals

Caspase signalling and activation can be negatively regulated through the anti- 
apoptotic Bcl-2 family proteins and inhibitor of apoptosis proteins (IAP) [117, 118]. 
The anti-apoptotic XIAP protein inhibits the activation of caspase-3 by inhibiting 
caspase-3 cleavage, effectively blocking apoptosis and increasing resistance to 
TRAIL. In TRAIL-resistant pancreatic cancer cell lines, XIAP is expressed at high 
levels. When XIAP is downregulated or its function inhibited within the cells by 
XIAP inhibitors and cells are then treated with TRAIL, the resulting synergy sup-
pressed tumor growth in vitro and in vivo [119–121]. Silencing of XIAP and treat-
ment with TRAIL-based therapies have been shown to block metastatic growth in 
mouse models [122]. Other IAP inhibitors have been under development.

1.4.6  Strategies to Address Aberrations in Downstream 
Pathways of Apoptosis

Given the key role of IAPs in TRAIL resistance, strategies to combine TRAIL with 
agents that downregulate IAPs have been developed. YM-155, a small molecule sup-
pressant of the IAP survivin has been shown to reverse TRAIL resistance of TRAIL-
resistant gliomas [123, 124]. Smac mimetics, small molecules that mimic the 
endogenous IAP inhibitor protein Smac, increase susceptibility to TRAIL not only 
through IAP inhibition but also through Bcl-2 cleavage (by caspase-3) [125, 126].

Alternatively, small molecules to downregulate the expression of anti-apoptotic 
Bcl-2 family members have been identified. Bay 61-3606, a small molecule sensi-
tizer to TRAIL, reduces the levels of Mcl-1 not only by inhibiting Mcl-1 gene tran-
scription but also by promoting ubiquitin-dependent Mcl-1 degradation [117, 127]. 
In addition to small molecules targeting a specific Bcl-2 family member, compounds 
that can inhibit multiple Bcl-2 family proteins have also been effective TRAIL sen-
sitizers [128]. Some Bcl2/Bcl-XL small molecule inhibitors have been approved for 
clinical use against certain forms of cancer.

The expression of IAPs and anti-apoptotic Bcl-2 family of proteins can be acti-
vated by NFκB [129]. The challenge is that TRAIL itself can induce NFκB. Thus, a 
viable strategy is to combine an NFκB inhibitor with TRAIL. In earlier years, com-
pounds that may impede a number of pathways, including NFκB signalling, have 
been combined with TRAIL. More recently, however, targeted NFκB therapies have 
been developed. Given that NFκB is activated by the complex of IκB kinase (IKK) 
and NFκB essential modulator (NEMO), compounds that bind to IKK and NEMO 
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have been used to downregulate NFκB signalling. The IKK inhibitor BMS-34541 
has been successfully combined with TRAIL in TRAIL-resistant-neuroblastoma 
[130]. The mechanisms behind the efficacy of small molecule inhibitors of NFκB 
are cell type-specific. In neuroblastoma cells, BMS-34541 promotes susceptibility 
to TRAIL by downregulating the levels of the anti-apoptotic Bcl-2 protein Mcl-1 
(an NFκB transcriptional target). NEMO-binding peptides have been used in com-
bination with TRAIL in pancreatic and colorectal cancer cells [24, 130–132].

1.4.7  Resistance of Normal Cells

The mechanisms behind the resistance of normal cells to TRAIL are similar to the 
mechanisms of resistance that have been observed in TRAIL-resistant tumors. 
Caspase-8 expression has been found to be significantly diminished in fibroblasts. 
Furthermore, the requisite ubiquitination of caspase-8 for TRAIL-induced apopto-
sis is lacking in normal cells, in primary keratinocytes, natural killer and CD8(+) T 
cells [133–135]. Normal cells possess multiple resistance mechanisms, rather than 
just having one [136–138]. For instance, human fibroblasts overexpress c-FLIP and 
XIAP, thereby inhibiting TRAIL-induced apoptosis at the level of the DISC and the 
downstream pathways of apoptosis [136]. Increased TRAIL decoy receptor expres-
sion is a classical feature of some normal cells.

1.5  Complex Nature of TRAIL Resistance

1.5.1  Multiple Resistance Mechanisms

While all of the mechanisms listed above play a role in TRAIL resistance, none of 
the factors have been shown to be consistently correlated across multiple cancer 
types [10]. In fact, many cancer cells employ multiple resistance mechanisms to 
escape TRAIL signalling. In HL60 human leukemia cells, TRAIL resistance was 
associated with decreased cell surface expression of DR4 and loss of the pro- caspase 
8 protein due to the novel mutation Leu22Phe [19].

1.5.2  Acquisition of Resistance

In the highly TRAIL-sensitive breast cancer cell line MDA-MB-231, acquired resis-
tance due to long-term exposure to subtoxic doses of TRAIL has been attributed to 
diminished cell surface expression of DR4 and DR5 along with sustained activation 
of c-Flip [139]. Acquisition of TRAIL resistance has been also been observed in 
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colon, leukemia, ovarian, and melanoma cancer cell lines exposed to high levels of 
TRAIL [19, 80, 140, 141].

1.6  Addressing Resistance to TRAIL Pathway-Targeted 
Therapeutics in the Clinic

1.6.1  Single Agent

Monoclonal DR5/TRAIL receptor agonist antibodies such as AMG 655, dulaner-
min, lexatumumab, and apomab have been evaluated in clinical trials [70, 142–145]. 
Although favorable responses have been observed in certain cancer types such as 
lung adenocarcinoma and follicular lymphoma, response in a large patient popula-
tion has been rare [71]. Nevertheless, some patients respond well. There has been 
very limited toxicity with a few patients exhibiting transaminitis, a side effect that 
was easily reversible [143]. Therefore, the potential of DR5 agonists can be maxi-
mized by identifying those patients who would successfully respond to these treat-
ments. Because of the safety of DR5 agonists as single agents, their efficacy can be 
boosted by combining them with other therapies.

The small molecule ONC201 underwent a successful Phase I clinical trial and 
demonstrated an acceptable safety profile, pharmacokinetic and pharmacodynamic 
profile, and compelling initial efficacy. Given its low toxicity and demonstrated 
efficacy in in  vivo studies in multiple solid and hematological malignancies, 
ONC201 has entered into several clinical trials. Trials in advanced solid tumors 
(Rutgers Cancer Institute), Leukemia and lymphoma (MD Anderson Cancer 
Center), glioblastoma (Massachusetts General Hospital/Dana-Farber Cancer 
Institute), and a clinical trial evaluating administration schedules in solid tumors 
and multiple myeloma (Fox Chase Cancer Center) have opened to patient 
enrollment.

1.6.2  Combinational

One rationale for combining TRAIL pathway-targeted therapies with chemothera-
peutic agents is to sensitize TRAIL-resistant cancers. Pancreatic cancer cells, 
although intrinsically resistant to TRAIL, can be inhibited by combining tigatu-
zumab (a human agonistic monoclonal DR5 antibody) and gemcitabine, a first-line 
agent for pancreatic ductal adenocarcinomas [146, 147]. Furthermore, since pancre-
atic stem cells express DR5 and gemcitabine is effective in reducing the primary 
tumor size but not efficacious against stem cells, the combinational therapy demon-
strated superb antitumor results [148, 149]. Clinicians later found in early phase II 
trials that this combination is very effective in treating TRAIL-resistant metastatic 
pancreatic cells [150].
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Chemotherapeutic agents and radiotherapies have been shown to heighten 
TRAIL sensitivity. Thus, combining these chemotherapeutics or radiotherapies can 
be more efficacious than administering TRAIL alone [151]. Therapies that induce 
the tumor suppressor p53 have been shown to cause an upregulation of DR4 and 
DR5 expression [152, 153]. Therefore, these therapies are being investigated in 
combination with TRAIL-based therapies [154–156].

FDA-approved proteasome inhibitor bortezomib promotes apoptosis by prevent-
ing ubiquitin-mediated degradation of pro-apoptotic proteins. Bortezomib treat-
ment has been shown to upregulate p53 and DR5 expression levels. Moreover, it 
also downregulates c-FLIP expression [157, 158]. Bortezomib enhances TRAIL 
efficacy through recruitment of caspase 8 and FADD into the DISC [159]. The com-
bination of TRAIL and bortezomib has shown promise as a therapeutic for TRAIL- 
resistant breast, colon, and kidney tumors in vivo [159, 160]. Sorafenib, a protein 
tyrosine kinase inhibitor, is also able to sensitize tumor cells to TRAIL-mediated 
apoptosis in vitro by shifting cells from an anti-apoptotic state to a pro-apoptotic 
state. This occurs through several mechanisms including proteolytic degradation of 
c-FLIP and decrease in expression of Mcl-1 [117, 161]. However, despite promising 
results of synergy existing between sorafenib and the DR4 agonist mapatumumab, 
a phase II study demonstrated no increased efficacy in hepatocellular carcinomas 
when in combination, differing from the in vitro studies previously performed. One 
possible reason for the difference in results could be variability of DR4 expression 
in hepatocellular carcinomas [162, 163].

As discussed previously, certain histone deacetylases (HDACs) inhibitors have 
been shown to enhance the apoptotic effects of TRAIL in TRAIL-sensitive sells, 
and sensitize TRAIL-resistant breast cancer cell lines in vitro. HDAC inhibitors epi-
genetically alter gene expression through increased histone acetylation, thereby 
increasing gene transcription and upregulating DR5 expression in tumor cells [98]. 
Furthermore, HDAC inhibitors enhance the apoptosis-inducing potential of TRAIL 
in multiple cell lines and synergize with TRAIL, through engaging the mitochon-
drial pathway of apoptosis in the MDA-MB-468 xenograft model [99]. By activat-
ing the mitochondrial pathway of apoptosis, HDAC inhibitors increase caspase 
activation and decrease expression of the anti-apoptotic molecules such as Bcl-2 
[91, 164]. The benefits of HDAC blockade in enhancing the therapeutic potential of 
TRAIL makes HDAC inhibitor-TRAIL combinations a promising avenue for clini-
cal studies.

Overall, combinational therapies aim to increase TRAIL susceptibility or 
decrease TRAIL resistance. However, although successful in vitro or in vivo, these 
combinational or monotherapies have yet to successfully pass clinical trials. 
Nevertheless, clinical research on novel monotherapies or combinational therapies 
is still ongoing. Also, based on the results of mapatumumab and sorafenib in hepa-
tocellular carcinomas, clinicians and researchers should be aware of mechanisms 
that can affect response, such as death receptor expression levels in individual 
tumors. Therefore, it is prudent to develop: (a) biomarker studies of patient tumors 
to determine a patient’s susceptibility to death receptor agonists, (b) therapies that 
increase TRAIL susceptibility, and (c) therapies that can help overcome inherent 
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TRAIL resistance. Preclinical data have demonstrated that adjusting  cells̛ 
susceptibility/resistance to TRAIL could be beneficial to inhibiting tumor growth 
and metastases (Tables 1.1 and 1.2).

1.7  Conclusion

The ability of TRAIL to induce apoptosis selectively in tumors and to inhibit metas-
tases compels us to continue to seek to understand and address the mechanisms 
behind TRAIL resistance. The use of TRAIL as a monotherapy has faced complica-
tions, and there is a large drive in the field to overcome the shortcomings of soluble 
TRAIL in the clinic or utilizing DR4/5 agonists. Researchers have found that by 
manipulating the endogenous properties or regulation of the DISC/FADD complex, 
caspase-8, IAPs, c-FLIP, and Bcl-2 family proteins, sensitivity to TRAIL can be 
increased. Although combining TRAIL with agents that can obviate TRAIL 

Table 1.1 TRAIL-based therapies and soluble TRAIL delivery strategies in development

Molecule/therapeutic Target Comments

His-TRAIL (rhTRAIL 
variant)

DR4/DR5/Dc 
receptors

High toxicity [51]

Flag-TRAIL DR4/DR5/Dc 
receptors

High toxicity [165]

Non-tagged rhTRAIL DR4/DR5/Dc 
receptors

High toxicity [50]

TRA-8 (agonist) DR5 Nontoxic in Phase I [66]
AMG-655 (agonist) DR5 Nontoxic and antitumor efficacy in Phase I 

[145]
Lexatumuab (agonist) DR5 Phase I/II showed safe as monotherapy and in 

combination [166]
Apomab (agonist) DR5 Currently in Phase II [29]
Mapatumumab DR4 Phase I showed nontoxic, phase Ib showed 

promise in combination [71, 72]
ONC201 DR5/TRAIL Has shown efficacy in bulk tumors and stem 

cells in vivo. Phase showed non-toxic and 
promising PK and efficacy. Currently in 
several Phase I/II for several bulk tumor tissue 
types and hematological malignancies [76–78]

Stem-cell based TRAIL 
delivery

TRAIL Has shown some efficacy in in vivo studies 
[59, 167]

PEG-TRAIL TRAIL Increased half-life, successful efficacy in vivo 
[57]

TRAIL-loaded 
nanoliposomes or 
leukocytes

TRAIL Sustained TRAIL release, tumor killing, and 
CTC apoptosis [62]

TRAIL nanoparticle 
delivery

TRAIL Increased antitumor activity and demonstrated 
tumor killing [168]
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resistance has been efficacious in vitro and in vivo, success in the clinic remains yet 
to be seen. Biomarker development and genetic sequencing can potentially be lever-
aged to identify patient responders to TRAIL monotherapy, patient-specific resis-
tance mechanisms, and concomitant TRAIL pathway therapeutic combinations.
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Chapter 2
TRAIL-R3/R4 and Inhibition of TRAIL 
Signalling in Cancer

Lubna Danish, Daniela Stöhr, Peter Scheurich, and Nadine Pollak

Abstract The tumour necrosis factor (TNF) ligand family member TNF-related 
apoptosis-inducing ligand (TRAIL) induces apoptosis predominantly in tumour 
cells, but not in normal tissues, representing therefore an attractive candidate for 
cancer therapy. The human TRAIL/TRAIL receptor system is very complex, four 
different membrane receptors bind the ligand. Two of these receptors, TRAIL-R1 
and TRAIL-R2, transmit apoptotic but also non-apoptotic signals, whereas the other 
two, TRAIL-R3 and TRAIL-R4, act as inhibitors. Most tumour cells co-express 
several TRAIL receptors, allowing receptor interference. Several molecular mecha-
nisms have been proposed by which TRAIL-R3 and TRAIL-R4 may counteract pro-
apoptotic TRAIL signalling at the plasma membrane level, but possibly also 
intracellularly. A detailed understanding of the role of the individual TRAIL recep-
tors and their interplay will be advantageous for the development of new TRAIL 
receptor agonists for cancer therapy. In fact, new TRAIL formulations will be needed 
since first clinical studies with soluble TRAIL or receptor agonistic antibodies 
showed only limited success. This review summarizes the complex TRAIL/TRAIL 
receptor system and the mechanisms by which TRAIL-R3 and TRAIL-R4 may inter-
fere with TRAIL-mediated apoptosis induction. In addition, we discuss the prognos-
tic and predictive value of TRAIL receptor expression in patients’ tumour material.

Keywords Apoptosis • Death receptor • Decoy receptor • Membrane receptor 
 • Signalling complex • TNFSF • TNFRSF • TRAIL • TRAIL receptor

2.1  Introduction

Human cytokines belonging to the tumour necrosis factor (TNF) ligand family and 
their cognate TNF receptors regulate a multitude of biological processes. Their 
functions are crucial in the regulation of immune responses, such as co-stimulatory 
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signalling or cell death induction in potentially harmful cells [1]. Accordingly, many 
of these cytokines and their receptors are interesting candidates as therapeutic 
agents or targets [2]. TNF superfamily ligands as well as their receptors are structur-
ally related. Most ligand members are initially expressed as homotrimeric type I 
transmembrane proteins. In addition, soluble forms of the ligands can be generated 
by proteolytic cleavage or alternative splicing with significant consequences on bio-
activity of these molecules, being typically higher in the membrane-presented mode 
[3]. Ligand bioactivity is exerted by binding and activating the corresponding 
partner(s) within the TNF receptor family. Typically, TNF receptors are expressed 
as type II transmembrane proteins and contain one to six cysteine-rich domains 
(CRDs) in their extracellular part. These CRDs have been demonstrated to not only 
harbour the ligand interaction site but additionally a homophilic interaction site 
called the pre-ligand binding assembly domain (PLAD).

Induction of apoptosis, a form of programmed cell death, is attributed to a sub-
group within the TNF receptor members, the death receptors like TNF-R1, Fas 
(CD95), TRAIL-R1 and TRAIL-R2. In particular, the TRAIL system has gained 
enormous attraction since its apoptotic capacity is restricted to cancer cells whereas 
normal cells are insensitive to TRAIL [4]. Remarkably, the TRAIL receptor system 
is of particular complexity. Four specific membrane-expressed TRAIL receptors are 
capable to bind the ligand. Two of them, TRAIL-R1 and TRAIL-R2, are character-
ized by an intracellular death domain (DD) and are thus known as death receptors 
transmitting the apoptotic TRAIL-induced signal. TRAIL-R3 is membrane- 
anchored by a glycosylphosphatidylinositol (GPI) moiety and presumably not capa-
ble of intracellular signalling at all while TRAIL-R4 features a truncated DD with 
restricted signalling capacity. TRAIL-R3 and TRAIL-R4 are often referred to as 
decoy or regulatory receptors since they interfere with TRAIL-induced apoptosis 
induction. Intracellularly located TRAIL receptors have been detected more recently 
and proposed to be functional, representing a further level of complexity within the 
TRAIL signalling system. In particular, nuclear TRAIL-R2 has been proposed to 
enhance the malignancy of tumour cells [5].

In this chapter, we will introduce the TRAIL signalling system strongly focus-
ing on the interference of TRAIL-R3 and TRAIL-R4 with TRAIL death receptors 
and the value of TRAIL receptor expression in different types of cancer as prog-
nostic factor since this might determine the successful application of TRAIL-based 
therapeutics.

2.2  The TRAIL Signalling System

2.2.1  Structure of TRAIL

The ligand TRAIL, also called Apo2 ligand (Apo2L), TNF superfamily member 10 
(TNFSF10), TNF ligand 2 (TL2), CD253 or TNF ligand gene 6A (TNLG6A), was 
first described in the late nineties by two independent groups [6, 7]. TRAIL was soon 
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shown to represent a potential anti-tumour agent, while physiologically playing a 
role in the regulation of the innate and adaptive immune responses. The gene coding 
for human TRAIL consists of five exons and is located on chromosome 3. The mol-
ecule TRAIL shows 23% sequence homology to the death receptor ligand member 
FasL and 19% identity with TNF [6]. Until now, three splice variants of the full-
length protein (TRAIL α) are known. These are TRAIL β, lacking exon 3, TRAIL 
γ, lacking exons 2 and 3, and TRAIL δ, lacking exons 3 and 4 [8]. All these latter 
molecules are depleted in their receptor interaction domain and are thus thought to 
be unable of receptor activation. They have been rather suggested to compete with 
TRAIL α for translation, in this way regulating TRAIL signalling [9, 10]. TRAIL 
transcripts are found in many different tissues such as liver, lung, colon, brain, heart, 
testis and kidney, but also in different cells of the haematopoietic system where 
TRAIL expression is inducible [6, 11]. When expressed on the surface of human 
cells, TRAIL is a type II transmembrane glycoprotein with a short amino- terminal 
cytoplasmic and a long extracellular carboxyl-terminal domain composed of two 
anti-parallel β-sheets [6, 7]. Similar to other TNF superfamily members, the extra-
cellular domains (ECD) of TRAIL protomers associate at hydrophobic interfaces to 
form compact homotrimers. Unique for TRAIL is a zinc-binding site at the trimer 
interface which is indispensable for the structure and stability of the trimer, hence 
also for its bioactivity [12]. Limited proteolysis of membrane-bound TRAIL by 
cysteine proteases has been suggested as a mechanism to generate the soluble form 
of the ligand [13]. However, soluble TRAIL is capable to induce apoptosis predomi-
nantly via TRAIL-R1 whereas full activation of TRAIL-R2 is achieved only by 
membrane-integrated TRAIL [14].

2.2.2  Structure and Function of TRAIL Receptors

As mentioned above the TRAIL/TRAIL receptor system is relatively complex, com-
prising altogether six receptor molecules, of which four are membrane-bound and 
two are soluble (Fig. 2.1). Among the membrane-bound receptors, TRAIL-R1, also 
called death receptor 4 (DR4) or TNFR superfamily member 10 A (TNFRSF10A), 
was the first to be discovered in 1997 by a group around Dixit while searching the 
human genome database for sequences with homology to the TNF receptor 1 [15]. 
A second receptor, TRAIL-R2, DR5, TNFRSF10B, Apo2, TRAIL receptor inducer 
of cell killing 2 (TRICK2), or KILLER was discovered independently by several 
groups [16–22]. The receptors are encoded by two genes located on chromosome 8p 
and are expressed as type I transmembrane proteins with one partial and two com-
plete CRDs in their extracellular portion and a DD in their cytoplasmic region. 
TRAIL-R1 and TRAIL-R2 both exist in two splice variants including full-length 
TRAIL-R1 comprising 468 amino acids and its splice variant (bDR4) lacking 168 
amino acids within the extracellular ligand-binding region [23] as well as long DR5 
(DR5(L)) containing 440 amino acids and short DR5 (DR5(S)) lacking 29 amino 
acids within the ECD and the predicted transmembrane domain [17].

2 TRAIL-R3/R4 and Inhibition of TRAIL Signalling in Cancer
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Interestingly, chimpanzees and humans have two death-inducing TRAIL 
 receptors, whereas all other vertebrates solely display one. Since TRAIL-R1 shows 
only about 50% sequence identity with TRAIL-R2, one could speculate of differ-
ent functions for these two receptor molecules. It is clear that both TRAIL death 
 receptors can induce apoptosis in tumour cells, however, divergent reports exist 
regarding their contribution in cells co-expressing both receptors [24]. Moreover, 
recent reports show that both receptors can be also found in the cytoplasm and the 
nucleus of different cell lines in addition to their localization at the cell surface 
[25]. The mechanism of action of intracellular receptors is mainly undefined, but 
data suggest a proliferative role for nuclear TRAIL-R2 rather than a pro-apoptotic 
function [5]. Furthermore, a novel apoptosis-counteracting function for mem-
brane-bound TRAIL-R2 in KRAS mutated tumour cells has been revealed. Here, 
TRAIL binding promotes migration and invasion via a DD-independent signalling 
pathway [26].

Fig. 2.1 Schematic representation of the structural features of human TRAIL receptors. The 
extracellular parts of TRAIL-R1 to TRAIL-R4 consist of cysteine-rich domains (CRDs, grey and 
green), a structural feature of receptors belonging to the TNF receptor superfamily. The first CRD, 
a partial one, mediates homophilic interactions between pre-ligand binding assembly domains 
(PLAD-PLAD) while the membrane proximal CRD2 and CRD3 form the ligand interaction site. 
The death receptors TRAIL-R1 and TRAIL-R2 are characterized by a functional death domain 
(DD, red) in their intracellular part, this domain is truncated for TRAIL-R4. TRAIL-R3 com-
pletely lacks an intracellular domain, it is linked to the membrane via a glycosylphosphatidylino-
sitol (GPI) anchor. Splice variants for TRAIL-R1, TRAIL-R2 and TRAIL-R4 are reported, here 
only the longer protein variants are depicted (see text for detail). In addition to the four membrane 
receptors two soluble receptors have been suggested to be capable of TRAIL binding, namely OPG 
and DcR3. Both secreted receptors form disulfide-linked dimers. OPG consists of four CRDs and 
two DD-related domains while DcR3 is composed of four CRDs followed by a heparin-binding 
domain at its C-terminus

L. Danish et al.



31

In addition to TRAIL-R1 and TRAIL-R2 two more receptors have been discovered 
in the late nineties referred to as TRAIL-R3, Decoy Receptor 1 (DcR1), TNFRSF10C, 
TRAIL Receptor without an Intracellular Domain (TRID), CD263 or Lymphocyte 
Inhibitor of TRAIL (LIT) [16, 18, 20, 27, 28] and TRAIL-R4, also named DcR2, 
TNFRSF10D, CD264, or TRAIL Receptor with a truncated Death Domain 
(TRUNDD) [29–31]. As already suggested by the names, these two molecules are 
most likely incapable of apoptotic signalling since TRAIL-R3 completely lacks any 
transmembrane and intracellular domain, whereas TRAIL-R4 has only a truncated 
DD. Similar to TRAIL-R1 and TRAIL-R2, TRAIL-R3 and TRAIL-R4 display one 
partial and two complete CRDs in their extracellular parts (Fig. 2.1).

TRAIL-R3 is not a transmembrane protein but is rather anchored in the cell 
membrane via a GPI moiety. It consists of 259 amino acids and in contrast to the 
other membrane-bound TRAIL receptors no splice variant has yet been identified. 
Signalling of TRAIL-R3 has so far not been studied intensively. However, the com-
plete absence of a transmembrane and an intracellular domain indicates the lack of 
classical signalling capabilities, although signalling via its GPI anchor cannot be 
excluded [32].

Two splice variants have been identified for TRAIL-R4, TRAIL-R4-α and 
TRAIL-R-β, with 386 and 348 amino acids, respectively, the latter lacking the first 
complete CRD [33]. As TRAIL-R4 contains only an incomplete DD it is suggested 
to be not capable to transmit an apoptotic signal upon TRAIL binding. However, it 
is still under debate whether TRAIL-R4 transmits non-apoptotic signals (see 
below). The role of TRAIL-R3 and TRAIL-R4 as inhibitory receptors rendering 
cells resistant against TRAIL-mediated apoptosis is discussed in more detail later in 
this chapter.

Besides the membrane-integrated receptors TRAIL-R1 to TRAIL-R4, two solu-
ble members of the TNF receptor family have been reported to be capable of bind-
ing TRAIL, namely osteoprotegerin (OPG, TNFRSF11B) and decoy receptor 3 
(DcR3, TNFRSF6B) (Fig. 2.1). OPG is secreted by osteoblasts and regulates osteo-
clast differentiation based on its ability to block receptor activator of nuclear factor 
“kappa-light-chain-enhancer” of activated B-cells ligand (RANKL)-stimulated 
osteoclast formation [34]. OPG was shown to bind to TRAIL, although with very 
low affinity, thereby also acting as a decoy receptor in TRAIL signalling [35]. 
Recent studies indicate that OPG might be involved in the pathogenesis of cardio-
vascular disease, in the development of both type 1 and type 2 diabetes, in  endothelia 
cell biology and in kidney diseases, but the role of TRAIL binding in these pro-
cesses is still undefined [36].

The DcR3 gene is frequently amplified in tumour cells and the protein is overex-
pressed in various cancer cells [37, 38]. Ligands of DcR3 beside TRAIL also include 
FasL, TNF-like molecule 1A (TL1A), and LIGHT [37, 39, 40]. The interaction 
between DcR3 and TRAIL was demonstrated only recently in pancreatic cells, 
revealing a lower affinity as compared to that of LIGHT [41]. In these cells the 
apoptotic response to either TRAIL or FasL was enhanced when DcR3 levels were 
decreased [41, 42]. In summary, OPG and DcR3 might play a role in cancer pro-
gression, but whether these molecules do this by interference with the TRAIL sig-
nalling system remains to be investigated.

2 TRAIL-R3/R4 and Inhibition of TRAIL Signalling in Cancer
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2.2.3  TRAIL Receptor Signalling

2.2.3.1  Apoptotic Signalling

The term apoptosis was introduced by Kerr and colleagues in 1972 [43] and 
describes a tightly regulated process of cell death with distinct morphological 
changes such as cell shrinkage, membrane blebbing and fragmentation of the 
nucleus. In contrast to unregulated cell death, necrosis, where loss of membrane 
integrity leads to the release of damage-associated molecular patterns (DAMPs) 
causing an inflammatory response, apoptosis is a rather immunological silent form 
of cell death since apoptotic cells become phagocytosed by immune cells to prevent 
activation of the immune system [44]. In the human body each day around ten bil-
lion of malignant and infected but also overaged and redundant cells die by apopto-
sis [45]. Interestingly, apoptosis not only occurs in the adult body but takes part also 
in embryogenesis, being involved for example in the development of limbs and 
modelling of the nervous system. Apoptosis can be triggered either by binding of 
death ligands like TNF, FasL or TRAIL to their cognate cell surface receptors result-
ing in the execution of the so-called extrinsic apoptotic pathway. Alternatively, 
intracellular stimuli such as DNA damage or oxidative stress induce apoptosis via 
activation of the intrinsic pathway of this signalling network. Depending on the cell 
type TRAIL-mediated apoptosis either involves solely the extrinsic pathway or 
includes both pathways. In type I cells, binding of TRAIL, TRAIL-fusion proteins 
or agonistic antibodies specific for TRAIL-R1 or TRAIL-R2, often referred to as 
pro-apoptotic receptor agonists (PARAs), initially triggers receptor clustering, 
thereby forming the death-inducing signalling complex (DISC), comprising Fas- 
associated protein with death domain (FADD), procaspase –8/–10 and cellular 
FLICE-like inhibitory protein (cFLIP). Essential for DISC formation are homo-
philic interactions of the DDs of the TRAIL receptors with those of FADD and, in 
addition, death effector domain (DED) interactions between FADD and the initiator 
procaspases. During DISC assembly procaspase –8/–10 oligomerizes and gets acti-
vated through proximity-induced formation of procaspase dimers and autoproteoly-
sis, allowing the activated initiator caspases to further cleave and activate effector 
procaspases –3/–6/–7 to finally dismantle the cell. In type II cells the very same 
signalling pathway becomes activated by stimulation of TRAIL-R1 and/or 
TRAIL-R2, but remains at the level of only a very weak activation of initiator cas-
pases not sufficient for strong effector caspase activation. Accordingly, these cells 
need amplification of the apoptotic signal by the mitochondrial intrinsic pathway to 
successfully trigger apoptosis. To this, receptor-activated caspase-8 cleaves trun-
cated BH3 interacting domain death agonist (Bid), a pro-apoptotic B-cell lymphoma 
2 (Bcl-2) family member, to form truncated Bid (tBid) which then translocates to 
the mitochondria to become an integral membrane protein triggering the polymer-
ization of proapoptotic Bcl-2 family members Bax and/or Bak in the mitochondrial 
outer membrane. This leads to release of the pro-apoptotic factors cytochrome c, 
apoptosis inducing factor (AIF) and second mitochondria derived activator of apop-
tosis (Smac) into the cytoplasm. In the presence of dATP, cytochrome c induces 
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formation of the apoptosome, comprising also procaspase-9 and the apoptotic 
 protease activating factor-1 (Apaf-1). Activated caspase-9 subsequently cleaves and 
activates effector procaspases to allow execution of the apoptotic program [46, 47].

2.2.3.2  Necroptotic Signalling

More recently it was shown that members of the TNF superfamily such as TRAIL, 
but also various toxic stimuli, can induce another form of programmed cell death 
referred to as necroptosis. In this signalling pathway TRAIL binding to TRAIL-R1/
R2 leads to the recruitment of receptor-interacting kinase 1 (RIP1), as well as cel-
lular inhibitors of apoptosis proteins, cIAP1 and cIAP2, into the signalling complex, 
resulting in RIP1 polyubiquitination. Polyubiquinated RIP1 subsequently binds 
FADD and procaspase-8 forming a complex called ripoptosome in which procas-
pase- 8 becomes activated and is also capable to execute the apoptotic program. 
However, in the case of inhibited caspase-8 activity, RIP1 can alternatively bind 
RIP3 to form the so-called necroptosome leading to auto-phosphorylation and acti-
vation of RIP3 and further recruitment and oligomerization of mixed lineage kinase 
domain-like (MLKL). Disruption of the cell membrane, causing a necrotic type of 
cell death is finally induced when MLKL oligomers are inserted into the 
membrane.

As mentioned before necrosis but also necroptosis can lead to the release of 
DAMPs and as a consequence to an extensive inflammatory response in the human 
body. Concerning tumour development these released immunostimulatory mole-
cules can have two sides. On the one hand it was shown that production of DAMPs 
during necroptosis can help to eliminate cancer cells by activating natural killer 
(NK) cells and cytotoxic T cells, on the other hand these molecules can also have a 
tumour promoting function facilitating tumour angiogenesis as well as invasion and 
metastasis. In any case, necroptosis seems to represent a backup mechanism in the 
human body to eliminate infected, damaged or malignant cells which are for any 
reason resistant against apoptotic cell death [44, 48].

2.2.3.3  Non-cytotoxic Signalling

In TRAIL-resistant cells, ligation of TRAIL-R1 and/or TRAIL-R2 not only initiates 
apoptotic signals, but also stimulates cellular survival via activation of the transcrip-
tion factor nuclear factor “kappa-light-chain-enhancer” of activated B-cells (NF- kB), 
as well as the mitogen-activated protein kinases (MAPKs) and the phosphoinosit-
ide-3-kinase/Akt (PI3K/Akt) pathways [49]. Concerning the molecular mechanism 
of this pro-survival signalling, the formation of a secondary signalling complex 
including FADD, procaspase-8, RIP1, TNFR-associated factor 2 (TRAF2) and the 
inhibitor of kB kinase (IKKγ) was proposed [50]. However, more recent publica-
tions suggest an RIP1-independent process [51] or a subdivided mechanism [52]. 
Beside TRAIL-R1 and TRAIL-R2, TRAIL-R4 was also suggested to be capable of 
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intracellular pro-survival NF-kB and Akt signalling, as discussed further in more 
detail below.

Interestingly, beside the differential expression levels of intracellular proteins 
also the localization of TRAIL receptors at the plasma membrane was proposed to 
determine the formation of differential signalling complexes. It was shown that acti-
vation of aggregated TRAIL receptors in cholesterol-rich membrane microdomains 
(often called “lipid rafts”) leads to the formation of complexes capable of apoptotic 
signalling. In contrast, receptors outside of such microdomains are mainly involved 
in non-apoptotic signalling [53].

2.2.4  TRAIL’s Role In Vivo

Although TRAIL is mainly known for its tumour cell killing capacity it is involved 
in numerous other regulatory mechanisms in the human body including the defence 
against viral and bacterial infections as well as haematopoiesis. To exert its function 
as a regulator of immune responses TRAIL is expressed in different leukocytes, 
both from the innate and adaptive immune systems. Most important are hereby the 
NK and T cells, but also B cells, dendritic cells, eosinophils, neutrophils, macro-
phages and monocytes which all can express TRAIL after stimulation with different 
activating agents like interferons (IFNs) or antigens [54]. Interestingly, TRAIL 
seems to be not only involved in the signalling of immune cells but even in their 
development [55].

NK cells play an important role in the innate immune response against intracel-
lular pathogens but are at the same time also involved in combating tumour cells. 
The activation status of NK cells is dependent on different activating and inhibitory 
receptors as well as cytokines like IFNs and interleukins (ILs). Among these, espe-
cially IFN-γ and IFN-α are known to induce TRAIL expression [56, 57]. 
Interestingly, it was shown that NK cells are also involved in balancing adaptive 
immune responses versus autoimmunity since they have been shown to limit the 
autoimmune response during chronic infections by TRAIL-mediated killing of T 
helper cells [58, 59]. Furthermore, in hepatitis B, C and lymphocytic choriomenin-
gitis infection, NK cells not only directly eliminate virus-infected cells but also 
regulate T cell responses via TRAIL release [60–62]. T cells, or more precisely T 
helper (Th) and cytotoxic T cells are also able to express TRAIL after stimulation 
of the T cell receptor together with type I IFNs [63, 64]. Similar to NK cells these 
are also involved in the elimination of malignant and virus infected cells in the 
human body. Additionally, TRAIL seems to be involved in the regulation of the Th 
type 1 (Th1) and Th2 responses, since Th2 cells are resistant to TRAIL-mediated 
apoptosis but express TRAIL after T cell receptor stimulation whereas stimulated 
Th1 cells are sensitive for TRAIL and up-regulate FasL. Furthermore, the inhibition 
of TRAIL in mice which display allergic airway diseases inhibited homing of Th2 
cells to the airways [65–67].

L. Danish et al.



35

Concerning viral and bacterial infections of the human body TRAIL seems to 
play the role of a double-edged sword. On the one hand TRAIL is involved directly 
and indirectly in the elimination of infected cells, but on the other hand some viral 
and bacterial species manipulate TRAIL signalling to evade from the immune 
response and to increase replication. A participation of TRAIL in viral defence of 
the human body can for example be observed during influenza infection. Hereby, 
infected alveolar cells are eliminated by TRAIL positive cytotoxic T cells, but 
TRAIL is believed also to limit the immune response reducing the chance for 
infection- induced immunopathology [68–70]. However, it was also described that 
TRAIL can be released by activated alveolar macrophages leading to damage of 
uninfected lung tissue [71]. Also, during hyper- inflammation TRAIL might play a 
conflicting role, depending on the stage of the disease. At the beginning, TRAIL 
appears to have mainly a protective function while eliminating activated neutro-
phils. Later in the disease TRAIL acts as an immune suppressor, thereby, contribut-
ing to the severe development [72, 73].

Shortly after its discovery in the late nineties, TRAIL was shown to not only kill 
tumour cells when applied exogenously, but proved to be effective in the human 
body as an endogenously expressed protein leading to the suppression of tumour 
growth [74]. As mentioned above, cells of the immune system, especially NK cells, 
T cells, macrophages and neutrophils, not only kill virus infected cells but can also 
identify and eliminate malignant cells in  vivo and in  vitro by releasing TRAIL 
among other cytokines when activated with IFN-γ [64, 75–79].

Interestingly, TRAIL and its receptors are expressed not only on malignant cells 
and cells of the immune system but also in many other tissues of the human body 
including testis, lung, colon, kidney and endothelium [11]. Their biological func-
tions, however, are in most cases largely undefined. In the human testis, TRAIL for 
example has been shown to regulate germ cell apoptosis during the first wave of 
spermatogenesis [80] and it was further demonstrated that high levels of TRAIL in 
the seminal plasma protect spermatozoa [81]. Also, the endothelium is known to 
express TRAIL receptors and the medial smooth cell layer of the aorta and 
 pulmonary arteries produce the ligand TRAIL [82, 83] which was demonstrated to 
promote survival as well as proliferation of endothelial cells [84]. Further, TRAIL 
takes part in the interplay of endothelial cells with leucocytes, modelling cell adhe-
sion by down regulation of chemokine receptors [85]. The application of TRAIL 
resulted in enhanced phosphorylation of oxide synthase in endothelial cells, which 
was shown to increase cell migration as well as cytoskeleton reorganization and 
might also affect blood vessel vasodilatation and angiogenesis [86, 87].

2.3  The TRAIL System in Cancer

Cancer is a major cause of death and therefore an enormous health challenge. 
Worldwide cancer incidents have been increased during the last decades, mostly 
attributable to increased average life expectancy. On the other hand, significant 
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survival improvement could be achieved during the last 20 years by new medical 
diagnosis tools and better adjuvant therapies.

Cancer is treated typically by surgical resection of the tumour combined with 
adjuvant therapy. The classical approach is radiotherapy and chemotherapy, how-
ever, both are not cancer cell specific and in addition tumour cells can acquire resis-
tance. To overcome these limitations, numerous novel therapeutic strategies have 
been developed and approved by the U.S. Food and Drug Administration during the 
last decade, such as targeted therapies and small molecule inhibitors [88]. In addi-
tion, much effort is put into the identification of predictive or prognostic tumour 
biomarkers, including characteristic genetic alterations or particular protein expres-
sion pattern. The expression of markers in different types and grades of cancers 
might be a rational basis to design an effective adjuvant treatment strategy and to 
improve the overall survival of patients [89]. For example, colorectal cancers are 
frequently mutated in KRAS and consequently patients will not respond to epider-
mal growth factor receptor (EGFR)-based therapies [90]. In fact, KRAS represents 
the first biomarker routinely used in clinical practice [89].

Tumours are frequently altered for p53 activity and are thus resistant to several 
classes of conventional chemotherapy. A promising therapeutic strategy is to trigger 
the extrinsic apoptotic pathway using PARAs as therapeutic agents, since cell death 
induced via this route is independent from p53. Consequently, the successful appli-
cation of PARAs in tumour therapy requires plasma membrane expression of the 
respective death receptors in tumour cells and a functional downstream signalling 
network leading to the apoptotic machinery.

2.3.1  Predictive and Prognostic Significance of TRAIL 
Receptor Expression

Quite a few studies analysed patient-derived tumour tissues from different cancer 
types and grades, treated or untreated, for cellular TRAIL receptor expression using 
conventional immunohistochemistry. In addition, reports on TRAIL receptor gene 
expression and mutational analysis are found in the literature. These studies focused 
on the expression profile of pro-apoptotic proteins including TRAIL-R1, TRAIL-R2, 
caspase-8 and TRAIL itself as well as anti-apoptotic proteins such as TRAIL-R3, 
TRAIL-R4, c-Flip and Bcl-2 family members. In general, TRAIL receptors are fre-
quently expressed in carcinomas from different origins as well as in the respective 
normal surrounding tissue [91–96]. Receptor expression was detected in various 
subcellular localizations, namely, the cytoplasm, the nucleus and membrane-bound. 
Interestingly, oncogenic mutations in the MAPK pathway, KRAS and/or BRAF, fre-
quently found in colorectal tumours, were linked to high TRAIL-R1 and TRAIL-R2 
expression [94].

Reports of genetic loss or mutation of TRAIL receptors have been also described, 
but were suggested to represent not a common event in cancer cells [97, 98]. 
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Polymorphisms in the TRAIL-R1 gene and a loss of function mutation of TRAIL-R2 
potentially increase the risk for development of head and neck cancer [99, 100].  
A polymorphism in the TRAIL-R4 gene appears to be associated with reduced breast 
cancer risk [101]. A recent study identified a single nucleotide polymorphism 
(SNP)-SNP interaction pair, located in the NF-kB pathway genes TRAF2 and 
TRAIL-R4, to be correlated with improved survival in breast cancer [102]. Notably, 
both NF-kB and TRAIL-R4 have been rather implicated in the protection from 
TRAIL-induced apoptosis although constitutive activation of NF-kB signalling is 
associated with tumour progression.

Both negative and positive correlations of the expression pattern with the grade 
of malignancy and other clinical features such as overall survival have been shown 
for TRAIL-R1 to TRAIL-R4. But it should be mentioned that there are also reports 
demonstrating no correlation of either TRAIL receptor expression with grade or 
survival [95, 103, 104]. High TRAIL-R1 expression is correlated with tumour grade 
in breast cancer patients with invasive ductal carcinoma and bladder cancer [105, 
106] and with an unfavourable overall survival in adjuvant treated stage III colon 
cancer [93]. High TRAIL-R2 expression was shown to be associated with a higher 
grade of malignancy in breast, bladder, hepatocellular, renal, head and neck carci-
nomas and with less differentiated areas of non-small cell lung cancer of different 
grades [92, 106–112]. Increased TRAIL-R2 expression also matched a larger 
tumour size in head and neck cancer tissues [113]. Accordingly, TRAIL-R2 was 
found to negatively correlate with overall survival in breast, renal and lung cancers. 
Conversely, TRAIL-R2 expression was significantly decreased in prostate cancer of 
higher tumour grade [114].

Reports on TRAIL receptor expression as positive prognostic markers can also 
be found. High TRAIL-R1 expression was correlated with well-differentiated 
tumours and with better prognosis in colorectal cancer patients [91, 115]. In cervi-
cal cancer, TRAIL-R1  in the nucleus might be a predictive biomarker for radio-
therapy [116]. In glioblastoma multiforme, a strong membrane staining for both 
TRAIL-R1 and TRAIL-R2 was correlated with better survival [117]. Since TRAIL 
exerts its bioactivity after binding to TRAIL receptors in the plasma membrane, loss 
of surface expression may explain tumour resistance to TRAIL-based therapies 
despite uniform cellular receptor expression. In fact, a poorer prognosis for patient 
survival was associated with loss of membrane staining for TRAIL-R2, but also 
TRAIL-R1, in early-stage colorectal carcinoma, breast cancer and pancreatic carci-
noma [96, 118, 119].

Quite unexpected, recent studies revealed evidence that the subcellular localiza-
tion of TRAIL receptors, in particular of TRAIL-R2, is an important determinant 
for the signalling outcome. Nuclear TRAIL-R2 was shown to inhibit microRNA 
maturation thereby enhancing malignancy of tumours, however, the functional role 
of cytoplasmic TRAIL receptors has not been addressed so far [5]. High cytoplas-
mic levels of TRAIL-R1 or TRAIL-R2 correlated with an improved recurrence-free 
rate for bladder cancer patients [106]. Accordingly, the differential distribution of 
the receptors in cellular compartments could be one reason for the inconsistent cor-
relation of receptor expression with prognosis in cancer.
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Most human cell lines co-express TRAIL-R3 and TRAIL-R4, albeit at comparably 
low levels. Accordingly, the expression of TRAIL-R3 and TRAIL-R4 was also eval-
uated for prognostic impact in several studies. TRAIL-R4 expression level is 
increased in prostate, pancreatic, breast, hepatocellular cancers and meningioma 
[107, 108, 120–122]. A strong correlation of its expression with higher tumour 
grades as well as poor clinical outcome and decreased survival has been demon-
strated. In colorectal carcinoma, high TRAIL-R3 expression, in combination with 
low TRAIL-R1, is linked to poor response to 5-fluorouracil and shorter progression- 
free survival [123]. In head and neck cancer, TRAIL-R3 and TRAIL-R4 expressions 
were also significantly increased but did not correlate with tumour staging or prog-
nosis [110, 124].

Remarkably, a positive correlation was found between the expression levels of 
TRAIL death receptors and inhibitory receptors. TRAIL-R2 upregulation correlates 
with increased TRAIL-R4, as reported for meningioma, hepatocellular, pancreatic 
and head and neck cancers, however, without relevance for the overall patient sur-
vival [108, 122, 124]. In contrast, high TRAIL-R2 levels along with low TRAIL-R4 
expression were shown to be associated with higher grade of renal cell cancer and 
worse survival [109]. Similarly, high levels of TRAIL-R3 are associated with low 
TRAIL-R1 [123]. These data appear puzzling, more knowledge about the molecular 
mechanisms which control expression of the individual receptors could help to 
understand them better.

Interestingly, the ligand itself was highlighted as a prognostic marker. Patients 
newly diagnosed with acute myeloid or acute lymphoblastic leukaemia have signifi-
cantly lower serum concentrations of TRAIL compared to healthy volunteers [125, 
126]. Upon start of the therapy an increase of TRAIL expression resulting in higher 
serum concentrations was predictive of better overall patient survival [126]. Higher 
TRAIL expression was also associated with low tumour grade and better progression- 
free survival in ovarian and renal cancer patients [95, 127]. Loss of TRAIL expres-
sion in oral and cervical carcinoma is an early event and is correlated with malignant 
progression [113, 116]. These results indicate that downregulation of TRAIL 
expression enables cancerous cells to evade apoptosis suggesting that TRAIL con-
tributes to a positive therapeutic response. On the other hand, a high level of TRAIL 
was associated with shorter survival for patients with renal and colorectal cancers 
[109, 128]. It was argued that high TRAIL expression may protect cancer cells from 
the immune system while promoting metastasis. TRAIL was also shown to have no 
prognostic value [91, 93] and there was no correlation between TRAIL expression 
and survival [117].

In summary, numerous studies have evaluated the prognostic relevance of the 
expression pattern of TRAIL and TRAIL receptors in tumour entities. The results 
are interesting, but also very conflicting. As most data have not been confirmed in 
larger validation studies, their clinical value remains limited [89]. Recently, it has 
become evident that the subcellular localization of TRAIL receptors may regulate 
specific functions and thus correlates with pro-apoptotic versus pro-survival signal-
ling. Accordingly, it will be necessary to carefully re-evaluate the pattern of TRAIL 
receptor staining in primary tissue to further analyse its significance on tumour 
growth and response to TRAIL-based therapeutics.
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2.3.2  TRAIL Death Receptor Agonists

Shortly after its discovery in the late nineties, TRAIL was shown to represent a 
promising candidate in the battle against cancer since it selectively eliminates 
malignant cells while sparing normal tissue [4]. Although early reports claimed a 
cytotoxic effect of recombinant TRAIL in hepatocytes and cells in human brain 
slices, this was later shown to be caused by the protein’s affinity tags resulting in 
the formation of supramolecular aggregates [129]. However, despite that TRAIL is 
well tolerated in vivo and shows cytotoxicity against tumour cells in vitro, until 
today there is no TRAIL-based anti-tumour drug available on the market. The main 
reason might be that TRAIL receptor-directed clinical studies showed only moder-
ate effects.

Among all generated TRAIL death receptor agonists investigated so far, homotri-
meric recombinant TRAIL protein (dulanermin) was one of the first. In different 
phase I studies dulanermin proved to be well tolerated but did not reveal any signifi-
cant anti-tumour activities [129]. Likely explanations for this failure are the very 
short half-life of only 20 min of this molecule [4, 130] but also the fact that soluble 
TRAIL might only fully activate TRAIL-R1, but not TRAIL-R2 [3, 14]. To address 
this problem oligomerized derivatives have been produced by the addition of a leu-
cine or isoleucine zipper domain [4, 131] or a tenascin-c (TNC) domain [132]. 
Approaches to prolong the half-life in vivo include coupling of TRAIL with poly-
ethylene glycol or human serum albumin [129]. An interesting approach is the use 
of single-chain TRAIL (scTRAIL) which, in contrast to the classical homotrimeric 
TRAIL, is expressed as a single protein chain consisting of the three TRAIL “mono-
mers” covalently connected by short peptide linkers [133]. This molecule, possess-
ing only a single N- and C-terminus, has been further fused with the Fc portion of 
human IgG1 to obtain a hexameric molecule with enhanced bioactivity [134].

Beside the stability and half-life also the targeting of the molecule to cancer cells 
is of great interest. Fusing of the abovementioned TRAIL variants to single-chain 
variable fragment (scFv) domains specific for different tumour-expressed antigens 
such as EGFR, fibroblast activation protein, CD19, CD33, or CD20 enables target-
ing and enhances protein stability [129, 135]. In addition, as these constructs bind 
to cell surface antigens thereby increasing receptor cross linking they show enhanced 
bioactivities. In another approach, the TRAIL death receptor agonists were not tar-
geted to the tumour cells but to cells of the immune systems to enhance their tumour 
killing capacity [136–138].

Beside the large group of TRAIL fusion proteins also antibodies specific for 
either TRAIL-R1 or TRAIL-R2 have been developed like mapatumumab and lexa-
tumumab. All of them have been demonstrated to effectively kill tumour cells 
in vitro, but did not display compelling anti-tumour activity in clinical trials [139]. 
The reasons for this limited success might include insufficient receptor cross link-
ing, i.e., the need for molecules with higher affinity/avidity, problems to reach the 
tumour cells at sufficient concentration and the fact that cells in a solid tumour 
might show a relative TRAIL resistance as indicated by data from multicellular 
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tumour spheroids in vitro, where downregulation of TRAIL-R1 and TRAIL-R2 has 
been demonstrated [140, 141]. To increase the efficacy of PARAs it appears feasible 
to use sensitizing drugs, like bortezomib, doxorubicin, cisplatin and 5-fluorouracil, 
which all have been shown to enhance TRAIL-mediated apoptosis in vitro [142].

2.3.3  The Role of TRAIL-R3 and TRAIL-R4 in Resistance 
to TRAIL-Mediated Apoptosis

A major hurdle in developing TRAIL-based therapies is the primary or acquired 
resistance to TRAIL, as it has been reported that around 50% of all cancer cell lines 
show resistance to TRAIL treatment [4]. Clearly, TRAIL resistance can be gener-
ated at multiple levels in the apoptotic signalling network, but the first control point 
exists at the membrane at the level of TRAIL receptors, e.g., by overexpression of 
decoy receptors or downregulation of death receptors. Initial studies have proposed 
that high expression of decoy receptors TRAIL-R3 and/or TRAIL-R4  in normal 
cells would cause protection against TRAIL-induced apoptosis [18, 30]. But later 
on it has been clarified that the situation is not that simple since inhibition of the 
decoy receptors does not necessarily result in a sensitization of normal cells to 
TRAIL. So, their functional role and mode of action are much more complicated 
than what initially was proposed. Nevertheless, a broad range of studies has shown 
that transformed cells can evade TRAIL-induced apoptosis by overexpression of 
decoy receptors [143–147].

2.3.3.1  The Decoy Model for TRAIL-R3 and TRAIL-R4

Unlike other TNF receptor family members, TRAIL-R3 completely lacks a cyto-
plasmic domain as it is anchored in the plasma membrane by a GPI residue [27]. In 
contrast, TRAIL-R4 contains a cytoplasmic region representing only one-third of a 
typical DD and which is therefore considered to be non-functional [29]. However, 
the ECDs of all four membrane-bound receptors TRAIL-R1 to TRAIL-R4 show 
strong homologies in their structure and all consist of three CRDs. Since most of 
the cells simultaneously co-express both pro- and anti-apoptotic receptors on their 
surface, it was initially thought that TRAIL-R3 and TRAIL-R4 compete with 
TRAIL-R1 and TRAIL-R2 for binding of the ligand through their ECDs [148]. 
Consequently they were referred to as “decoy receptors”. In fact, various initial 
in vitro studies have linked a high expression level of decoy receptors with TRAIL 
resistance and vice versa [145, 149]. Sanlioglu and co-workers found that the 
TRAIL sensitive breast cancer cell line MDA-MB-231 expresses less TRAIL-R4 
on the cell surface as compared to the higher expression in the TRAIL resistant 
MCF7 cell line [144]. Further, enforced overexpression of TRAIL-R3 has been 
shown to inhibit TRAIL-mediated apoptosis induction in various cancer cells and 
this resistance could be abolished by cleavage of the GPI anchor to remove 
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TRAIL-R3 from the cell surface [150]. Although these and other studies linked the 
expression of the decoy receptors to TRAIL resistance, finally no significant cor-
relation was found between TRAIL sensitivity and the expression levels of 
TRAIL-R3 and/or TRAIL-R4 on tumour cells [151–153].

Clearly, the principle of the proposed decoy mechanism is functional, i.e., 
TRAIL-R3 and TRAIL-R4 consume ligand without induction of a resulting pro- 
apoptotic signal, thereby reducing the ligand amount available for TRAIL-R1 and 
TRAIL-R2. But it is also obvious, that inhibition of TRAIL sensitivity by the decoy 
mechanism must be overcome when using extremely high concentrations of TRAIL 
which so far could not be demonstrated (Neumann, S., unpublished data). There 
exist some exceptional situations where one might expect the decoy mechanism to 
play a major role, for example in case of extremely high expression levels of these 
receptors and/or at very low ligand concentrations [154]. Alternatively, one might 
expect that the ligand binding affinity values of the decoy receptors should be sig-
nificantly higher compared to those of the death receptors. The first reports deter-
mining binding affinities suggested that all four receptors bind to TRAIL with 
comparable affinities [27, 30]. However, later investigations demonstrated that the 
death receptors possess somewhat higher binding affinity values at physiological 
temperature as compared to the decoy receptors [155, 156], arguing further against 
the importance of the decoy mechanism under (patho)physiological conditions 
in vivo. Together, the idea that the inhibitory effects of TRAIL-R3 and TRAIL-R4 
mainly depends on ligand consumption became hard to accept as a general and 
important mechanism.

2.3.3.2  Formation of Heteromeric Complexes Affected in Signalling

A second possibility for TRAIL-R3 and TRAIL-R4 to interfere with TRAIL- 
mediated apoptosis induction is the formation of heteromeric ligand/receptor com-
plexes. As mentioned TRAIL forms homotrimers capable to bind three receptor 
molecules in the clefts between the individual protomers [12]. In a cell co- expressing 
for example equal levels of TRAIL-R1 and TRAIL-R3, four different initial com-
plexes could be formed upon ligation: TRAIL-(R1)3, TRAIL-(R1)2R3, TRAIL- 
R1(R3)2 and TRAIL-(R3)3. The potential signalling capabilities of the two mixed 
complexes are totally unclear, but if we assume that TRAIL-R3 is incapable to sig-
nal at all, we would end up in any case with a situation of partly inhibited apoptotic 
signalling as compared to a cell line expressing only TRAIL-R1, but no TRAIL-R3. 
Additional constraints exist, however, which could regulate the efficiency of forma-
tion of the different homomeric and heteromeric complexes. First, individual recep-
tors might be enriched in the cell membrane in different compartments, like the 
already mentioned cholesterol-rich microdomains. Taken as an extreme case, in our 
example above TRAIL-R1 and TRAIL-R3 could then be separated totally in dis-
tinct microdomains, which would not allow significant formation of heteromeric 
complexes upon ligand binding at all. Second, TRAIL receptors, like other mem-
bers of the TNF receptor family, possess a homophilic interaction domain allowing 

2 TRAIL-R3/R4 and Inhibition of TRAIL Signalling in Cancer



42

homomultimer formation of the membrane-expressed receptors even in the absence 
of ligand, the PLAD. This domain is located at the membrane distal (partial) first 
CRD (CRD1) of the four TRAIL receptors. Moreover, in the TRAIL receptor sys-
tem, but e.g., not in the TNF receptor system, this domain allows the formation of 
heteromeres [154, 156–158]. The PLAD has been originally detected and described 
in the TNF and the Fas systems [159, 160]. The stoichiometry of PLAD-mediated 
multimer formation is not well defined. The group of Lenardo originally described 
TNF receptor and Fas homotrimers, whereas later studies using TNF receptor chi-
meras suggested homodimers [161]. More recently, we confirmed heteromeric 
TRAIL receptor interactions in the absence of ligand by acceptor photobleaching 
fluorescence resonance energy transfer (FRET) studies and also found predominant 
TRAIL receptor homodimer and heterodimer formation [154]. It cannot be excluded, 
however, that trimer vs. dimer formation might be regulated in a cell type-specific 
manner or is mainly attributable to the chemical cross linker used.

Convincing evidence exists that the PLAD not only serves to mediate multimer 
formation of receptors in the absence of ligand, but also after ligation. Accordingly, 
driven by two different interaction sites which do not sterically interfere with each 
other, the formation of large ligand/receptor clusters is allowed. Originally pro-
posed in the TNF system on the basis of studies with TNF receptor mutants [161], 
the group of Sachs later confirmed the formation of TRAIL-R2 dimers within high 
molecular weight ligand/receptor networks [158]. Further studies of this group with 
TNF-R1 and TRAIL-R2 resulted in an activation model for these receptors. 
According to this model unligated receptor homodimers are in an “OFF” stage 
when homodimerized via PLAD interaction, but are twisted to “ON” when becom-
ing incorporated in large ligand/receptor clusters [162, 163]. In the formation of 
these clusters the initial step is likely the binding of one TRAIL molecule with one 
of its three binding sites on the “back” of the homodimerized receptor molecules 
(Fig. 2.3a). Mathematical modelling studies suggest that the PLAD-PLAD interac-
tion of the receptor dimer then opens to allow binding of the second receptor to one 
of the two other binding sites of the TRAIL molecule as detailed in [164]. These 
initial complexes TRAIL-(TRAIL-R)2 would then further aggregate upon diffusion 
in the membrane.

Affinity data obtained from plasmon resonance studies of purified soluble ECDs 
from TRAIL receptors indicate comparable affinity values for homomeric and het-
eromeric PLAD-mediated interactions and were found to be in the micromolar 
range [165]. These low affinity values determined, however, cannot be taken for the 
“effective” PLAD affinities of membrane-expressed receptor molecules, because 
the latter are oriented and arranged in the cell membrane, whereas one binding part-
ner in the studies by Lee et al. freely diffused in solution, whereas the other partner 
was immobilized (for discussion of this point, see [154]). Notably, no measurable 
affinity values were found for the interaction between the ECD of TRAIL-R2 and 
those of the two decoy receptors. It is unlikely that some molecules in this study 
were simply misfolded, because proper interactions in all other eight ECD combi-
nations could be determined. These data indicate an interesting difference between 
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TRAIL-R1 and TRAIL-R2, the first capable to interact with all four receptors, 
whereas the latter can interact only with TRAIL-R1 and TRAIL-R2. However, in 
contrast to these data FRET and co-immunoprecipitation experiments suggested an 
interaction between TRAIL-R2 and TRAIL-R4 [154, 156]. Having all these facts in 
mind, we end up with a very complex situation: We have up to four different recep-
tors co-expressed in a single cell, which might form up to four different homodi-
mers and four or even five heterodimers (Fig.  2.2), which then react with the 
homotrimeric ligand TRAIL to finally produce large ligand/receptor clusters 
(Fig. 2.3).

2.3.3.3  TRAIL-R3 and TRAIL-R4 Incorporation in Ligand Receptor 
Clusters

Based on initial PLAD data, Clancy and colleagues introduced a new term for 
TRAIL-R4, “regulatory receptor” instead of “decoy receptor”. They claimed that 
the inhibitory action of TRAIL-R4 does not entirely depend on the consumption of 
TRAIL, but is rather mediated by ligand independent formation of mixed com-
plexes with TRAIL-R2 [156]. However, there are conflicting results regarding the 
role of TRAIL in the formation of homomeric and heteromeric complexes, as 
Merino and colleagues concluded that this interaction between TRAIL-R4 and 
TRAIL-R2 is ligand dependent while other studies suggested a ligand independent 
process, mediated by the PLAD [156, 157].

Fig. 2.2 Homotypic and heterotypic interactions between TRAIL receptor dimers. TRAIL receptors 
on the plasma membrane exist as pre-formed dimers in the absence of ligand, although unligated 
receptor trimers have also been proposed. Dimerization is mediated by the PLAD and occurs either 
as a homotypic (left) or a heterotypic (right) interaction between individual TRAIL receptor mono-
mers. Note that TRAIL-R3 might be sequestered in cholesterol-rich membrane microdomains. 
Although heteromeric TRAIL-R3 interactions with TRAIL-R1 or TRAIL-R4 have been reported, 
their existence remains fairly speculative. Similarly, the heteromeric TRAIL-R2/TRAIL-R4 interac-
tion remains inconclusive (see text for detail)
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In a more recent work our group investigated the effects of TRAIL-R4 on 
TRAIL-R1 signalling in detail, aided by mathematical modelling [154]. As expected, 
the experimental data demonstrate that TRAIL-R4 effectively inhibited TRAIL-R1- 
mediated apoptosis induction, but also non-apoptotic signalling like activation of 
NF-κB. Moreover, these effects were not mediated by the cytoplasmic domain of 
TRAIL-R4 (see Sect. 2.3.3.4), i.e., signalling crosstalk, because a cytoplasmatically 
truncated TRAIL-R4 mutant showed comparable effects. In addition, the results 
from mathematical modelling clearly showed that the classical decoy mechanism 
must be neglectable under the experimental conditions chosen. As both, intracellu-
lar signalling by TRAIL-R4 and the decoy mechanism could be ruled out to be 
effective, the formation of heteromeric complexes was proposed to cause the domi-
nant negative effects of TRAIL-R4 on TRAIL-R1 signalling (Fig. 2.3).

Fig. 2.3 Formation of heteromeric ligand-receptor clusters driven by PLAD-mediated receptor- 
receptor and ligand-receptor interaction. According to the current model, binding of TRAIL mol-
ecules (blue) on the “back” of pre-ligated homomeric or heteromeric receptor dimers on the cell 
membrane induces conformational changes of the receptors, results in opening of the PLAD- 
PLAD interaction and subsequent binding of a second TRAIL receptor dimer (a). Formation of 
large ligand-receptor clusters referred to as signalling protein oligomeric transduction structures 
(SPOTS) are shown in hexagonal arrangement. TRAIL-R3- and TRAIL-R4-mediated interference 
with death receptor signalling is based on the reduction of signalling-competent receptor com-
plexes (b)
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2.3.3.4  Activation of Pro-Survival Pathways by TRAIL-R4

TRAIL and its receptors create a highly complex signalling system not only because 
of the presence of multiple receptors, but also caused by the fact that individual 
TRAIL receptors can not only induce apoptosis but are also known to initiate sur-
vival pathways. The induction of survival pathways, like e.g., the activation of 
NF-κB and Akt, has been suggested as an additional mechanism contributing to the 
inhibitory effects of TRAIL-R4, mediated by its truncated DD suggested to be 
incapable to induce apoptosis. There exist conflicting results regarding the role of 
TRAIL-R4 in activation of the transcription factor NF-κB, as initial studies by 
Marsters and colleagues showed that removal of the intracellular domain of 
TRAIL-R4 had no effects on TRAIL-mediated apoptosis induction and NF-κB 
activation. Accordingly, it was proposed that the truncated DD of TRAIL-R4 is not 
functional and does not play any role in the inhibitory function of this receptor [29]. 
However, another group reported that TRAIL-R4, alike TRAIL-R1/R2 is capable 
to activate the NF-κB pathway via its cytoplasmic domain although the precise 
molecular mechanism remained unclear [30]. It was therefore proposed that NF-κB 
activation and subsequent transcription of various anti-apoptotic proteins could 
play a role in TRAIL-R4-mediated resistance against TRAIL. In our experimental 
systems, however, TRAIL-R1-mediated phosphorylation of inhibitor of NF-κB 
(IκBα), a central step in the activation of the classical NF-κB pathway, was inhib-
ited by overexpression of both functional and cytoplasmatically deleted TRAIL-R4 
[154]. Although it is generally accepted that TRAIL is not a potent inducer of 
NF-κB activation, this signalling pathway may be controlled in a cell specific man-
ner similar to the activation of Akt where again conflicting results exist. TRAIL-R4 
expression in HeLa cells was shown to protect from TRAIL-induced apoptosis and 
enhanced cell proliferation and these effects could be reversed by inhibiting Akt 
phosphorylation [166]. Contrary to these results we could not observe any differ-
ence in the phosphorylation of Akt in HeLa cells overexpressing TRAIL-R4 [154].

More recent data open a new facet in the field of negative TRAIL receptor inter-
action. In most studies which have been investigated, the interference between 
apoptotic and non-apoptotic TRAIL receptors took only the amounts of membrane- 
expressed receptor molecules into account. It is now clear, however, that TRAIL 
receptors including TRAIL-R3 and TRAIL-R4 also occur in intracellular compart-
ments and may act there in a still largely undefined manner [5, 96, 119, 167]. It is, 
therefore, possible that the ligand TRAIL may act also as a stimulus to induce a 
relocalization of receptors, thereby shifting their function. Further intricate studies 
will be necessary to verify this hypothesis.

Taken together, three possible mechanisms have been proposed up to now that 
may contribute to TRAIL-resistance being mediated by TRAIL-R3/TRAIL-R4. 
These are the classical decoy mechanism which does occur but has been convinc-
ingly shown to play no major role under typical experimental conditions. In special 
(patho)physiological situations this effect could be of significance. The formation 
of ligand/receptor signalling clusters comprising a mixture of signal competent 
and incompetent receptors (TRAIL-R1/R2 and TRAIL-R3/R4, respectively) as the 
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second proposed mechanism are believed to have a strong impact (Fig.  2.3). 
Molecular interactions and parameters guiding their formation are complex, 
however, including (co)expression levels, distribution in microdomains, PLAD-
mediated interaction and finally ligand/receptor interactions. The third possible 
mechanism, intracellular signal induction mediated by TRAIL-R3 and TRAIL-R4, 
is again believed to occur in a special context only. Whereas a signalling capacity 
by the GPI moiety-anchored TRAIL-R3 appears speculative, the biological func-
tion of the intracellular domain of TRAIL-R4 needs to be further investigated.

2.4  Outlook

Coming to the insight that the TRAIL system is extremely complex and the role of 
TRAIL receptors and their crosstalk in cancer are highly undefined, it is evident that 
we still need much more data from experimental systems and from the clinic. 
Nevertheless, it appears to be a valuable therapeutic approach to induce apoptosis/
necroptosis in tumour cells upon stimulation of TRAIL-R1 and/or TRAIL-R2. To 
successfully follow this pathway, we need strong agonists like targeted, multimer-
ized TRAIL fusion proteins or receptor-specific agonistic antibody constructs. A 
multitude of such molecules has been already tested in animal models and clinical 
studies. In all these approaches it appears beneficial to spare the inhibitory receptors 
TRAIL-R3 and TRAIL-R4, which can be easily obtained using agonistic antibod-
ies, but also by the construction of receptor-selective mutants of TRAIL.
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Chapter 3
IAPs and Resistance to Death Receptors 
in Cancer

Laurence Dubrez and Simone Fulda

Abstract Since their identification in mammal cells, IAPs emerged have as potent 
regulators of death receptor signalling pathways, determining the cell fate in 
response to receptor stimulation. Among IAPs, cIAP1 and cIAP2 are active compo-
nents of receptor-associated signalling complexes able to promote the activation of 
ubiquitin-dependent survival signalling pathways. For its part, XIAP is an important 
regulator of caspase activity, determining the apoptotic signalling pathway engaged 
after death receptor stimulation. The use of IAP antagonists is a promising strategy 
in order to overcome the resistance of tumor cells to death receptor stimulation.

Keywords IAPs • Smac mimetics • NF-κB • Apoptosis • Necroptosis • RIPK1

3.1  Introduction

Inhibitors of apoptosis (IAPs) constitute a family of proteins highly conserved throughout 
evolution. They were discovered in 1993  in baculoviruses because of their capacity to 
prevent apoptosis of infected insect cells, allowing for viral propagation [1]. Then, based 
on functional or structural homologies, IAPs were identified in flies, yeasts, worms, fish, 
and mammals. Eight human members of the IAP family have been described and include 
neuronal apoptosis inhibitory protein (NAIP, also known as BIRC1) [2], cellular  
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IAP1 (cIAP1, also known as BIRC2, HIAP2, or MIHB) [3–5], cIAP2 (also known as 
BIRC3, HIAP1, or MIHC) [3–5], X-chromosome-linked IAP (XIAP, also known as 
BIRC4, hILP, or MIHA) [4–6], survivin (also known as BIRC5 or TIAP) [7], Apollon 
(also known as BIRC6 or Bruce) [8, 9], melanoma IAP (ML-IAP, also known as BIRC7, 
livin, or KIAP) [10–12], and IAP-like protein 2 (ILP2, BIRC8) [13]. Although all of them 
retain the ability to regulate cell death [4, 5, 14, 15], only XIAP appears to be the most 
efficient in inhibiting apoptotic signalling pathways by directly blocking caspases-3, -7, 
and -9 activities (for review, see [16]). The main function of most IAP proteins is not 
related to their anti-apoptotic activity, but to the regulation of ubiquitin- dependent signal-
ling events. cIAPs, XIAP, ML-IAP, and ILP2 harbor a Really Interesting New Gene 
(RING) domain in the C-terminal position that confers to them an E3-ligase activity in the 
ubiquitination reaction. They have the capacity to bind several cell signalling intermediates 
and catalyze the conjugation of ubiquitin chains that modulates the stability and activity of 
protein partners and/or the assembly of multiprotein signalling platforms. Thus, IAPs are 
involved in inflammation, cell differentiation, cell cycle regulation, and cell migration (for 
review, see [17–19]). Since their discovery in 1995 as tumor necrosis factor receptor 
(TNFR)-associated factor (TRAF) partners [3, 20], cIAPs have been linked to death recep-
tor (DR) signalling pathways. Because of their capacity to regulate both cell death and 
nonapoptotic signalling pathways, IAPs have emerged as a central determinant of the 
response of cells to DR stimulation and modulation of IAPs is a very promising strategy to 
sensitize tumor cells to DR-induced cell death [21].

3.2  Structure and Molecular Functions

The IAP family is defined by the presence of at least one conserved domain named 
BIR (baculoviral IAP repeat) (Fig. 3.1) (for review, see [22]). BIR domains contain 
approximately 80 amino-acid residues forming three short-stranded antiparallel 
β-sheets and 4–5 α-helices, stabilized by the presence of Zn2+ atom that coordinates 
three Cys and one His residues [23]. The BIRs are critical for the interaction of IAPs 
with multiple protein partners. Two distinct modes of interaction of the BIRs with 
protein partners have been described. The first one involves a deep hydrophobic 
groove found in the BIR2 and BIR3 domains of cIAPs and XIAP and in the only BIR 
domain of ML-IAP (also referred to as type II BIRs). This pocket specifically anchors 
a conserved short linear motif called IAP-binding motif (IBM) [24–26]. The main 
characteristic of IBMs is the presence of an N-terminal alanine or, for a few of them, 
a serine residue that have to be exposed to get inserted into the BIR pocket [27]. A 
number of mammal IBM-bearing proteins have been identified [27, 28], the best 
characterized of them are the apoptotic caspases-3, -7 and -9 [26, 29, 30] and the IAP 
antagonists second mitochondrial activator of caspases (Smac, also named Diablo 
(Direct IAP binding protein with low pI)) [24, 25, 31, 32] and the high temperature 
requirement protein A2 (HtrA2) [33–37] that compete with caspases for IAP bind-
ing. The IBM is normally hidden in native proteins and requires N-terminal exposure 
for recognition and binding by IAPs. Caspase IBMs, found in the extreme N-terminus of 
active subunits, become exposed upon apoptotic proteolytic processing while the IBM  
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of Smac and HtrA2 is unmasked by removing the N-terminal mitochondrial localiza-
tion signal peptide. IBM-carrying proteins display a differential affinity for specific 
BIRs, depending on the primary sequence of IBM peptide and the dimerization sta-
tus of the client IBM-proteins [38]. For example, the second BIR of XIAP preferen-
tially binds caspase-3 and -7, while the third BIR specifically binds caspase-9. IAP 
antagonists have a higher affinity for the BIR3 than for the BIR2 domain. 
Unconventional IBMs have also been described that extend the spectrum of potential 
IAP interacting partners [39]. The second interacting mode is IBM-independent and 
involves the BIR1 devoid of the IBM- binding pocket (also referred to as type I BIR) 
of cIAPs and XIAP. The BIR1- dependent interaction is devoted to cell signalling 
intermediates. For instance, the BIR1 domain of cIAP1 and cIAP2 allows their inter-
action with TRAF2 [40, 41] and the XIAP BIR1 is required for the binding to TAB1 
(Transforming growth factor-β activated kinase 1 (TAK1) Binding Protein 1) [42], an 
upstream adaptor of TAK1.

Another very important functional domain is the RING domain carried by cIAP1, 
cIAP2, XIAP,  ML-IAP and ILP2 (Fig. 3.1). RING is a well-characterized Zinc fin-
ger domain that confers an E3-ligase activity in the ubiquitination process. 
Ubiquitination consists in a multistep enzymatic cascade involving an ubiquitin- 
activating (E1), an ubiquitin-conjugating (E2) and an E3-ubiquitin ligase, and results 
in a covalent attachment of the small protein modifier ubiquitin to a lysine residue of 
a substrate protein. The Ubiquitin contains seven lysine residues and a free N-terminus 
that can serve as an acceptor site for another ubiquitin, forming a variety of combina-
tions of ubiquitin chains with distinct topologies. At least eight varieties of ubiquitin 

Fig. 3.1 Structure of human IAP proteins. All IAP proteins contain at least one baculoviral IAP 
repeat (BIR) domain. Additional domains are NACHT (domain present in NAIP, MHC class II 
transactivator (CIITA), 20-hydroxyeicosatetraenoic acid synthase (HET-E) and transition protein 1 
(TP1)), leucine-rich repeat (LRR), ubiquitin-associated (UBA), caspase recruitment domain 
(CARD), ubiquitin-conjugating (UBC), and RING
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chains have been described (named M1, K6, K11, K27, K29, K33, K48, and K63) in 
function of the linking residue, each corresponding to a signal that specifically affects 
the protein fate modifying the stability, the localization, the recruitment in the signal-
ling platform and/or the activity of client proteins [43]. The E3 ligases confer sub-
strate specificity. They recruit target proteins and ubiquitin-charged E2 and they 
promote the formation of an isopeptide bond between the ubiquitin’s C-terminal 
glycine and a lysine of the protein substrate. IAPs have been shown to promote the 
conjugation of a single ubiquitin molecule (mono- ubiquitination), K11-, K48- or 
K63-linked polyubiquitin chains to protein partners recruited via the BIR domains.

The E3-ubiquitin ligase activity of IAPs depends on their capacity to dimerize 
via the RING domain [44–47]. In resting conditions, cIAPs are maintained in inac-
tive, monomer conformation because of an intramolecular interaction between the 
BIR3 and the RING domains. The substrate binding to the BIRs modifies the pro-
tein conformation and promotes RING dimerization that is essential for the recruit-
ment of the E2-conjugating enzyme and for the ubiquitin conjugation to the target 
substrate lysine [45, 48]. The IAP E3-ligase activity is controlled by the UBA 
(Ubiquitin-associated) domain that facilitates the recruitment of the ubiquitin- 
charged E2-conjugating enzyme [49] and the CARD (Caspase Recruitment Domain) 
that stabilizes cIAPs in inactive, monomer conformation [49, 50].

3.3  Regulation of DR Signalling Pathways by IAPs

3.3.1  Regulation of RIPK-Dependent Signalling Complex

TNF can bind two related surface membrane receptors: the ubiquitous TNFR1 con-
tains a cytoplasmic death domain (DD) that characterizes DR (for review, see [51]), 
and the TNFR2 devoid of DD, whose expression is restricted mostly to lymphocytes 
and endothelial cells. Stimulation of TNFR1 primarily induces the activation of 
canonical nuclear factor kappaB (NF-κB), JNK (c-jun amino-terminal kinase) and 
p38 signalling pathways that culminate in cytokine, survival, and differentiation fac-
tor gene expression. When the NF-κB signalling is blocked or in the absence of sur-
vival factors, TNFR1 engagement triggers apoptotic or necrotic cell death (for 
review, see [52]). In 1995, Rothe et al. isolated two novel components of the TNFR2 
signalling complex using a GST-hTNFR2 fusion protein affinity column, which they 
named cIAP1 and cIAP2 because of the structural homologies with the baculoviral 
IAPs [3]. cIAPs do not directly interact with TNFR2 but are recruited to the mem-
brane receptor complex through interaction with TRAFs. In the same time, Uren 
et al. [4] used an in silico strategy to identify mammalian homologs of viral IAPs 
which they named MIHA, MIHB, and MIHC (corresponding to XIAP, cIAP1, and 
cIAP2) and confirmed that, in contrast to XIAP, cIAPs are able to bind TRAF1 and 
TRAF2. TRAF2, known as a signalling adaptor, directly interacts with the 
DD-containing adaptor TNFR-associated death domain (TRADD) that specifically 
binds the DD of TNFR1 [53] (Fig. 3.2). The recruitment of cIAP1 along with TRAF2 
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into the TNFR1 signalling complex in response to TNF stimulation has been demon-
strated [54], as well as a function of cIAPs as an inhibitor of TNFR1- mediated caspase-8 
activation [55]. However, the mechanisms involved in the regulation of DR-signalling 
pathways by cIAPs have been deciphered only a decade later thanks to the availability 

Fig. 3.2 TNFR1 signalling pathway. TNFRI engagement leads to the recruitment to its cytoplas-
mic DD of the kinase RIPK1 and the adaptor TRADD that in turn binds TRAF2 and cIAP1/2 
(Complex I). cIAPs mediate the conjugation of different types of ubiquitin chains on cIAPs them-
selves and on RIPK1. Then, the LUBAC composed of Sharpin, HOIP, and HOIL1 is recruited 
thanks to the presence of ubiquitin binding domains on HOIL/Sharpin and adds linear ubiquitin 
chains to complex I components. These different ubiquitin chains are recognized by the ubiquitin 
binding domains of TABs and IKK, allowing the assembly of a signalling platform containing 
LUBAC (linear ubiquitin chain assembly complex), NEMO/IKKs  (NF-κB essential modulator/
IκB kinases), and TABs/TAK1 complexes and leading to NF-kB and MAPK (Mitogen-activated 
protein kinase) signalling pathway activation. In case of blockage of NF-kB signalling pathway, 
TRADD and RIPK1 are released from the complex I and recruit FADD (Fas-Associated protein 
with Death Domain) and caspase-8, forming secondary cytoplasmic complexes named complex II 
that lead to caspase-8 activation and apoptosis. Inhibition of caspase-8 can lead to the assembly of 
necrosome formed of RIPK1/RIPK3 and MLKL (Mixed Lineage Kinase Domain Like Pseudokinase) 
that promotes necroptotic cell death
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of IAP antagonists [56–59] and the demonstration that the Receptor-interacting pro-
tein kinase 1 (RIPK1) is an ubiquitin target of cIAP1 [59, 60]. The importance of IAPs 
in TNFR1 and RIPK regulation has thereafter been strengthened by the combined 
deletion of IAPs in mice showing that embryonic lethality of cIAP1/cIAP2 and cIAP1/
XIAP double knock-out mice was rescued by deletion of TNFR1 or RIPK1 [61].

The mechanism of assembly of the membrane TNFR1-signalling complex I has been 
extensively investigated (for review, see [51, 52]) (Fig. 3.2). TNF engagement triggers 
the TNFR1 oligomerization and the recruitment of the cytosolic adaptor TRADD and 
the kinase RIPK1 via homotypic DD interaction. In turn, TRADD binds TRAF2 that 
serves as an adaptor for the recruitment of cIAP1 and cIAP2. In the complex, cIAPs 
promote the conjugation of K63-, K11-, and K48-linked ubiquitin chains on cIAPs 
themselves and on RIPK1 [59, 60, 62]. These ubiquitin chains allow the recruitment of 
an Ub-E3 complex named Linear Ubiquitin chain Assembly Complex (LUBAC) that 
adds exclusively linear-ubiquitin chains to complex I components [57, 63–66]. The 
ubiquitin chains generated by cIAPs and LUBAC cooperate to form a platform for the 
recruitment of both NEMO/IKKs and TAK/TABs kinase complexes, resulting in NF-κB 
and mitogen-activated protein kinase (MAPK) activation [63, 67, 68] (Fig. 3.2).

When NF-κB signalling is blocked, cell death-induced secondary cytoplasmic 
complexes (known as complexes II) are generated from the TNFR1 complex I [69]. 
Complex II consists in homotypic DD association of either TRADD (complex IIa) 
or RIPK1 (Complex IIb), and the adaptor FAS-Associated via Death Domain 
(FADD), the latter recruiting and activating caspase-8 and/or -10. RIPK1 ubiquiti-
nation prevents the formation of RIPK1-containing complex II (Fig.  3.2). Thus, 
downregulation of cIAPs by using IAP antagonists [56–58, 70], or deficiency in 
cIAP1 [61] or LUBAC components [71–73] in mice promote the formation of the 
RIPK1 kinase activity-dependent caspase-8-activating complex and, therefore, sen-
sitizes cells to TNF-induced apoptosis. In the presence of RIPK3, the RIPK1- 
dependent complex II can also result in necroptosis (for review, see [52, 74]).

In contrast to TNF, CD95L and TNF-related apoptosis-inducing ligand (TRAIL) 
first elicit pro-apoptotic response through the formation of a membrane receptor- 
associated death-inducing signal complex (DISC). CD95L and TRAIL stimulation 
can also trigger pro-inflammatory, proliferative, and pro-migratory signals (for 
review, see [75]) as a result of the release of FADD from the DISC and the recruit-
ment of TRADD, TRAF2, cIAPs, RIPK1 to form the cytoplasmic complex II, lead-
ing to the activation of NF-κB and MAPK [76, 77] (Fig.  3.3). The regulatory 
mechanisms of differential responses to CD95 or TRAIL stimulation are not yet 
fully understood: however, as in the TNFR1 complex I, cIAPs appear to regulate 
RIPK1-dependent signalling events [76, 78].

3.3.2  Regulation of DR-Induced Apoptosis by IAPs

The recruitment of caspase-8 into the DISC upon CD95L or TRAIL stimulation leads 
to the activating oligomerization of caspase-8 to specifically activate, via proteolytic 
processing, effector caspases-3 and -7 and the BH3-only protein from the Bcl-2 
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protein family Bid (Fig. 3.3). In turn, effector caspases cleave a broad spectrum of 
vital intracellular proteins that culminate in cell dismantlement and apoptosis (also 
called type 1 apoptosis). On its part, truncated BID (tBID) generates an amplification 

Fig. 3.3 Regulation of type I and type 2 CD-95-mediated apoptosis signalling pathways by IAPs. 
CD95 or TRAIL stimulation leads to the recruitment of the adaptor TRADD that in turn binds and 
allows the activating oligomerization of caspase-8. In type 1 cells, caspase-8 activates via proteo-
lytic cleavage effector caspase-3 and -7, leading to apoptosis. In type 2, effector caspases are 
neutralized by binding to XIAP. Caspase-8 induces the cleavage of the BH3-protein BID. The 
truncated form of BID activates the release, from the mitochondria intermembrane space to the 
cytosol, of (1) Smac that sequesters XIAP and releases effector caspase-3 and -7; and (2) cyto-
chrome c that engages the formation of apoptosome allowing caspase-9 oligomerization and acti-
vation that in turn activates effector caspases. In some conditions, a secondary cytoplasmic 
complex can be formed from the DISC that contains FADD, RIPKI, TRADD, TRAF2 and cIAP1/2. 
As in complex I TNFR1, cIAPs promote the ubiquitination of RIPK1 and allow NF-κB activation

3 IAPs and Resistance to Death Receptors in Cancer



66

loop of apoptosis (named type 2 apoptosis) in which it activates the release of apopto-
genic factors that include cytochrome c and Smac from the mitochondrial intermem-
brane space to the cytosol. Cytosolic cytochrome c initiates the assembly of the 
caspase-9 activating complex named apoptosome that results in the activation of the 
effector caspases-3 and -7 (Fig. 3.3) while Smac neutralizes XIAP.

Cells can be discriminated into type 1 (e.g., thymocytes and resting T-cells) and 
type 2 (e.g., hepatocytes and pancreatic β-cells) depending on the prevailing acti-
vated apoptotic signalling pathway. The magnitude and kinetics of DISC formation 
and caspase-8 activation, the available activated caspase-8 and the expression levels 
of specific inhibitors such as Bcl-xL and Bcl-2 that block the mitochondrial step of 
apoptosis can partly explain this discrepancy. More recently, a key role in determin-
ing type 1 versus type 2 CD95-mediated apoptotic signalling pathways has been 
attributed to XIAP [79]. Most IAPs have the ability to directly bind caspases-3, -7, 
and -9 [25, 30, 38, 80]; however, only XIAP can directly inhibit their enzymatic 
activity [81–84]. Other IAPs including cIAPs and ML-IAP can indirectly regulate 
caspase activity by sequestering the IAP antagonist Smac and HtrA2, thereby pre-
venting them from inhibiting XIAP anti-caspase activity. In type 2 cells, CD95 
engagement leads to an increase in XIAP protein levels that neutralizes effector 
caspases-3 and -7. Caspase-8-mediated tBID generation activates the mitochondrial 
pathway of apoptosis leading to the release of Smac that competes with caspases for 
XIAP binding thereby releasing caspases-3 and -7 and allowing apoptosis to occur. 
Thus, depletion of XIAP or Smac mimetics can convert type 2 cells into type 1 cells, 
which ultimately results in a sensitization of cells to CD95- and TRAIL-induced 
cell death [79, 85–87].

3.4  Sensitization to Death Receptor-Induced Cell Death 
by Smac Mimetics

3.4.1  Smac Mimetics in Combination with Tumor Necrosis 
Factor (TNF)

The capacity of Smac to block the anti-apoptotic activity of XIAP has been exploited 
to design IAP antagonists named Smac mimetics. Unexpectedly, cell treatment with 
Smac mimetics alone appeared to induce cell death in cancer cells via proteasomal 
degradation of cIAP proteins, followed by NF-κB activation and upregulation of TNFα 
which in turn triggers cell death in an autocrine or paracrine manner [56, 58, 70, 88]. 
There is a strong rationale to combine Smac mimetics with TNFα. Indeed, addition of 
TNFα has been shown to increase the antitumor activity of Smac mimetics in various 
cancer models [56, 58, 70, 88]. A screening of the cytotoxic responsiveness of a diverse 
panel of 51 cancer cell lines showed synergistic effects between the Smac mimetic 
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AEG40730 and TNFα depending on the expression levels of the cellular FLICE 
(FADD-like IL-1β-converting enzyme)-inhibitory protein (cFLIP), and downregula-
tion of cFLIP has been described to enhance cell death induced by AEG40730/TNFα 
cotreatment [89]. Testing of the Smac mimetic birinapant against a panel of childhood 
cancer cells lines revealed that birinapant acted in concert with TNFα to induce cell 
death in acute lymphoblastic leukemia (ALL) as well as in some solid cancer cell lines 
[90]. In addition, birinapant in combination with TNFα has been reported to exhibit a 
strong anti-melanoma effect in  vitro and in  vivo, including melanoma cells with 
acquired resistance to BRAF (V-raf murine sarcoma viral oncogene homolog B1) 
inhibitors [91].

In addition to Smac mimetic-mediated sensitization for apoptosis in combination 
with death receptor ligands, cells depleted of cIAP proteins by treatment with Smac 
mimetics or by genetic knockdown have shown to be sensitized for TNFα-induced 
necroptosis [92]. Synergistic induction of necroptosis by Smac mimetic/TNFα 
cotreatment has been shown to require RIPK3 as a key determinant for cellular 
necroptosis [93]. In apoptosis-resistant ALL cells deficient in key apoptosis regula-
tory proteins such as FADD or caspase-8, Smac mimetics even bypassed apoptosis 
resistance by priming cells for TNFα-induced necroptosis [78], indicating that 
Smac mimetics may overcome at least some types of apoptosis resistance by engag-
ing necroptosis as an alternative form of cell death.

3.4.2  Smac Mimetics in Combination with CD95

Furthermore, several studies showed that Smac mimetics can prime cancer cell 
death induced by CD95 ligation. In childhood acute leukemia, Smac mimetics at 
subtoxic concentrations, but not a structurally related control compound, acted syn-
ergistically with agonistic anti-CD95 antibodies or MegaFasL, a hexameric form of 
CD95 ligand, to induce apoptosis [94]. Importantly, a similar sensitization for 
CD95-induced cell death was found in primary leukemic samples that were freshly 
derived from ALL patients, underscoring the clinical significance of this targeted 
therapy [94]. In contrast, Smac mimetics failed to increase the susceptibility of 
apoptosis-resistant ALL cells with deficiency in FADD or caspase-8 to CD95- 
mediated apoptosis [95]. The combination of Smac mimetics with Fas ligand has 
been described to synergistically stimulate cancer cell death independently of TNFα 
by amplifying the apoptotic signal via caspase-8-mediated activation of Bid and 
subsequent activation of the caspase-9-dependent mitochondrial apoptotic pathway 
[96]. Also, the loss of cIAP proteins has been shown to result in a potent sensitiza-
tion to CD95 ligand (CD95L)-mediated cell death in a RIPK1-dependent manner 
independently of TNFα signalling in squamous cell carcinoma cells [78].
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3.4.3  Smac Mimetics in Combination with TNF-Related 
Apoptosis-Inducing Ligand (TRAIL)

Among the death receptor ligands, TRAIL is considered as the most promising 
candidate for Smac-mimetic-based combination treatments, because it preferen-
tially targets tumor versus nonmalignant cells. An initial proof-of-concept study has 
demonstrated that a cell-permeable Smac peptide mimicking the N-terminal four 
amino acids of Smac can potentiate the antitumor activity of TRAIL against glio-
blastoma in vitro and in vivo, leading to tumor eradication in an orthotopic mouse 
glioblastoma model [78, 97]. Subsequent studies confirmed the cooperative antitu-
mor activity of Smac mimetics together with soluble TRAIL ligand or agonistic 
TRAIL receptor antibodies against glioblastoma cells [98, 99].

In ALL, Smac mimetics at low concentrations have been shown to synergize 
together with TRAIL to trigger apoptosis and to inhibit clonogenic survival of acute 
leukemia cells, whereas they did not affect the viability of normal peripheral blood 
lymphocytes, suggesting some tumor selectivity [87]. This Smac mimetic-mediated 
sensitization to TRAIL has also been found in a panel of primary leukemic samples 
as well as in vivo in a patient-derived ALL mouse model, underlining the clinical 
relevance [87]. This Smac mimetic/TRAIL combination was even able to overcome 
Bcl-2-mediated resistance to TRAIL by enhancing Bcl-2 cleavage and Bak confor-
mational change [87]. Similarly, a series of Smac mimetics has been shown to 
potentiate the antileukemic activity of TRAIL [100]. Also in multiple myeloma, the 
Smac mimetic LBW242 together with TRAIL proved to be a potent combination to 
engage apoptosis [101]. In primary chronic lymphocytic leukemia (CLL) samples, 
Smac mimetics have been shown to synergistically trigger apoptosis in combination 
with TRAIL even in resistant forms and poor prognostic subgroups of CLL, includ-
ing samples from patients with 17p deletion, TP53 mutation, unmutated V(H) genes 
or chemotherapy-refractory disease [94]. Similarly, an XIAP inhibitor has been 
described to act in concert with TRAIL in CLL cases with poor prognosis [102].

In pancreatic cancer, which harbors high expression levels of XIAP, Smac mimet-
ics have been described to synergize with TRAIL to induce apoptosis and to inhibit 
long-term clonogenic survival. Also, Smac mimetics have been shown to cooperate 
with TRAIL to trigger apoptosis and suppress pancreatic carcinoma growth in vivo 
in two preclinical models, which was associated with increased caspase- 3 activation 
and apoptosis induction, as shown by parallel immunohistochemistry of tumor tissue 
under therapy [85]. Besides soluble TRAIL ligand, the agonistic antibody 
Mapatumumab that is directed against TRAIL-receptor 2 (TRAIL-R2/DR5) has 
been shown to cooperate with Smac mimetics to engage  caspase- dependent apopto-
sis in pancreatic cancer cell lines as well as in primary cultured pancreatic carcinoma 
cells derived from tumor samples [103]. By comparison, additional cross-linking 
was required for maximal antitumor activity of the TRAIL- receptor 1 (TRAIL-R1/
DR4) agonistic antibody lexatumumab together with Smac mimetics against pancre-
atic cancer cells [103]. Interestingly, targeting of XIAP by Smac mimetics proved to 
be capable of eliminating the requirement of mitochondrial signalling to  
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TRAIL-triggered apoptosis by converting ‘type 2’, which depends on mitochondrial 
signalling, to ‘type 1’ cells, where death receptor-stimulated apoptosis occurs inde-
pendently of mitochondrial events (Fig. 3.3). This has initially been shown in pancre-
atic carcinoma and ALL, where Bcl-2 failed to protect against TRAIL-induced 
apoptosis in the presence of Smac mimetics [85, 87] and in Bax/Bak double-deficient 
colon carcinoma cells [86].

Smac mimetics or IAP inhibitors have been shown to act in concert with TRAIL 
or TRAIL-R2 antibody in preclinical in vitro models of colon carcinoma [85, 96, 
104]. Autocrine/paracrine TNFα signalling, known to be critical for single agent 
activity of Smac mimetics in various models, has been reported to be dispensable for 
the cooperative induction of cell death by Smac mimetics and the agonistic TRAIL-R2 
antibody drozitumab against colon carcinoma cells [96]. In cholangiocarcinoma, the 
Smac mimetic JP1584 did not sensitize cells to TRAIL-induced apoptosis, but 
reduced TRAIL-stimulated metastatic behavior both in vitro and in vivo [105].

The potency of a combination approach with Smac mimetics together with 
TRAIL in preclinical models of breast cancer has been documented in several stud-
ies. For example, the Smac mimetic SM-164 acted in concert with TRAIL to trigger 
apoptosis not only in TRAIL-sensitive but also in TRAIL-resistant breast cancer 
cell lines [104]. This combination also induced tumor regression in an in vivo model 
of breast cancer [104]. Besides TRAIL the agonistic TRAIL-R2 antibody 
Drozitumab has been shown to cooperate with the Smac mimetic BV6 to elicit 
apoptosis in breast carcinoma cells and to cause tumor growth suppression in an 
in vivo mouse model [96]. A synergistic interaction resulting in increased cytotoxic-
ity has similarly been reported for the Smac mimetic AT-406 and the TRAIL-R2 
antibody TRA-8 [106]. In combinational treatments with TRAIL the Smac mimetic 
compound 3 interacted with TRAIL to induce apoptosis via caspase-3 activation in 
breast carcinoma cells [107].

In ovarian cancer, different Smac mimetics have been shown to strongly syner-
gize with TRAIL or the agonistic TRAIL-R2 antibody lexatumumab in inducing 
apoptosis [108, 109]. A significant inhibition of ovarian cancer growth in vivo by 
Smac mimetic together with TRAIL has been reported by Gatti et al. [110].

A synergistic activity of Smac mimetics together with TRAIL agonists has also 
been reported in pediatric cancers such as neuroblastoma and rhabdomyosarcoma 
or in neck squamous cell carcinoma, nasopharyngeal carcinoma, bladder carcinoma 
or melanoma cells [111–116].

While the function of IAPs in the TNFR signalling pathway has been extensively 
studied, more investigations will be required to improve our understanding of the 
regulation of Fas and TRAIL-dependent signalling pathways, mainly non apoptotic 
signalling pathways, by IAPs. Considering the importance of IAPs in DR signalling 
pathways and the promising results of preclinical analysis, many hopes and expec-
tations are resting on the therapeutic approach combining DR agonists and IAP 
antagonists for cancer treatment. For example, a phase I clinical trial combining the 
DR5 antagonist conatumumab (AMG 655) and birinapant is ongoing in patients 
with relapsed ovarian cancer (ClinicalTrials.gov Identifier: NCT01940172). Future 
clinical trials will reveal the utility of such an approach.
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Chapter 4
Bcl-2 Proteins and TRAIL Resistance 
in Melanoma

Jürgen Eberle

Abstract Melanoma of the skin is still characterized by high mortality, despite the 
recent developments of improved targeted therapies. TNF-related apoptosis- 
inducing ligand (TRAIL) represents a promising and additional antitumor strategy, 
which may also apply to metastatic melanoma. A major problem, however, results 
from inducible TRAIL resistance, which limits its clinical application. Addressing 
this issue, previous work clearly demonstrated that combinations with survival path-
way inhibitors can efficiently sensitize tumor cells for TRAIL-induced apoptosis. 
For melanoma, the dysregulation of antiapoptotic and proapoptotic Bcl-2 proteins 
was identified as particularly critical. Thus, inducible TRAIL resistance in mela-
noma may be explained by three major steps, namely, high levels of antiapoptotic 
Bcl-2 proteins, high levels of inhibitor of apoptosis proteins (cIAPs) and suppressed 
Bax activity. These three barriers can be overcome by combinations of TRAIL and 
pathway inhibitors, to allow an opening for the caspase cascade and efficient induc-
tion of apoptosis, suggestive for combination therapy.

Keywords Melanoma • Bcl-2 • Apoptosis • cIAPs • Resistance • Skin

4.1  Apoptosis Deficiency: A Major Issue in Melanoma 
Therapy Resistance

In contrast to other solid tumors that showed decreased or stabilized incidence in the 
last decades, melanoma incidence still continued to rise [1]. Its high mortality results 
from early metastasis associated with pronounced therapy resistance. Thus, neither 
chemotherapy regimens nor biotherapy (IL-2 and IFN-α) or vaccination protocols 
could significantly improve the fatal situation of metastasized melanoma patients in 
the past [2]. Fortunately, this has changed in the last years due to the development of 
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(1) selective BRAF inhibitors as well as (2) targeted immune modulators such as 
anti-CTLA4 and anti-PD1, resulting in significantly improved survival rates [3, 4]. 
Nevertheless, after initial tumor reduction and clinical improvement, tumor relapse 
and therapy resistance frequently follow within only a few months [5], thus chal-
lenging for combination therapies that may further improve the clinical outcome.

Although different cellular mechanisms do contribute to therapy resistance of 
cancer, apoptosis deficiency appears as the major cause. This may be explained by 
the need to finally eliminate cancer cells through proapoptotic programs, a common 
end path of most anticancer therapies. For example, chemotherapeutic drugs cause 
cellular or DNA damage, which induces cell-intrinsic, proapoptotic pathways [6], 
and also BRAF inhibition has been related to an induction of apoptosis and a sensi-
tization for proapoptotic effectors [7–9]. Finally, immune stimulation results in 
cytotoxic T-lymphocytes, which express death ligands to trigger extrinsic proapop-
totic pathways in target cancer cells [10]. This is suggestive for therapeutic strate-
gies that aim at a more efficient apoptosis induction and/or apoptosis sensitization.

4.2  Control ofApoptosis

Two major proapoptotic pathways (extrinsic/intrinsic) have been reported, which 
are particularly mediated via death receptors and mitochondria, respectively 
(Fig. 4.1). Extrinsic pathways are initiated by binding of death ligands as TNF-α, 
CD95L/FasL or TRAIL (TNF-related apoptosis-inducing ligand) to their respective 
death receptors, leading to the formation of a death-inducing signalling complex 
and activation of initiator caspase-8 [11]. On the other hand, intrinsic pathways are 
initiated by different kinds of cellular dysregulation and DNA damage, which 
results in proapoptotic mitochondrial activation. Key events here are depolarization 
of the mitochondrial membrane potential (Δψm) and the release of proapoptotic 
mitochondrial factors as cytochrome c and Smac (second mitochondria-derived 
activator of caspases).

Cytochrome c activates initiator caspase-9 through the formation of the apopto-
some, a multiprotein complex enclosing Apaf-1. On the other hand, Smac functions 
as antagonist of cIAPs (cellular inhibitor of apoptosis proteins), for example of 
XIAP, which prevents effector caspase activation [12]. Thus, cytochrome c and 
Smac commonly contribute to caspase activation (Fig. 4.1). A cross-link between 
extrinsic and intrinsic pathways results from the activation of Bid through process-
ing by caspase-8 [13]. Initiator caspases activated in both pathways drive the pro-
cessing and activation of effector caspases, such as caspase-3, which cleaves a large 
number of the so-called death substrates to set apoptosis into work [14].

The mitochondrial apoptosis pathways are critically controlled by the large fam-
ily of Bcl-2 proteins, which enclose antiapoptotic proteins (Bcl-2, Mcl-1, Bcl-xL, 
Bcl-w, and A1), proapoptotic multidomain (Bax and Bak) and proapoptotic BH3- 
only proteins (e.g., Bid, Bim, Bad, Puma and Noxa) [15]. Apoptosis deficiency may 
result both from the activation of antiapoptotic factors and from the inactivation of 
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proapoptotic factors. Bcl-2 proteins are particularly involved and are tightly regu-
lated by survival pathways (Fig. 4.1). In normal tissue, homeostasis is maintained 
by a well-balanced equilibrium of cell proliferation and cell death. In this way, 
programmed cell death (apoptosis) is an active cellular process, whose physiologi-
cal endpoint is phagocytosis by macrophages or neighboring cells [16]. Due to this 
key function, apoptosis pathways are tightly regulated. Various cellular options for 
counter-regulation, necessary for the survival of normal cells, also allow tumor cells 
to escape from apoptosis control.

4.3  Aberrant Regulation of Apoptosis: A Hallmark 
in Cancer

As apoptosis serves as an important safeguard mechanism for the elimination of 
potentially harmful cells, defective proapoptotic signalling represents a critical hall-
mark in cancer allowing cancer cells to survive [17]. Thus, apoptosis deficiency 

Fig. 4.1 Proapoptotic signalling pathways. Csp-3, -6, -7, -8, -9, -10, caspases; c-FLIP, cellular 
FLICE-inhibitory protein; Cyt c cytochrome c, Smac second mitochondria-derived activator of 
caspase, cIAPs cellular inhibitor of apoptosis proteins, scissors indicate protease activity, tBid, 
truncated Bid; FADD, Fas-associated death domain, DISC, death-inducing signalling complex. 
Please find further explanations in the text
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initially supports tumor growth and at the end also provides the basis for therapy 
resistance. As for melanoma, its pronounced clinical chemoresistance is highly sug-
gestive for deficient apoptosis programs [7].

Survival pathways as the RAS/RAF/MEK/ERK and the PI3K/AKT/mTOR path-
ways are constitutively active in many tumors, resulting in uncontrolled cell prolif-
eration and resistance to apoptosis [18, 19]. For melanoma, activating mutations in 
N-RAS (10–25%) and BRAF (40–60%) appear of particular importance [20], which 
has resulted in the development of selective BRAF inhibitors as vemurafenib and 
dabrafenib [21, 22]. The downstream kinase MEK represents an additional promis-
ing target, and combinations of inhibitors for the two kinases as well as combina-
tions of BRAF and PI3K/mTOR inhibitors are presently evaluated [23, 24].

4.4  Efficiency of TRAIL in Melanoma Cells but also 
Permanent and Inducible Resistance

Activation of death receptors in cancer cells by the respective ligands represents an 
attractive strategy to trigger apoptosis independently of p53 and may thus overcome 
drug resistance related to p53 inactivation [25]. CD95 ligand and TNF-α may be 
excluded from systemic treatment due to severe side effects such as liver toxicity 
and increased inflammation [26, 27].

In clear contrast, TRAIL induces apoptosis in a variety of cancer cells, while 
normal cells are largely spared [26, 28]. Thus, TRAIL was well tolerated in clinical 
studies [29–31]. In melanoma, TRAIL may induce apoptosis via both agonistic 
receptors, DR4/TRAIL-R1 and DR5/TRAIL-R2. Despite constitutive expression of 
DR5, melanoma cells with sole DR5 expression may also reveal intrinsic TRAIL 
resistance. On the other hand, all melanoma cell lines with additional DR4 expres-
sion reveal initial TRAIL sensitivity [32]. Resistant melanoma cells were character-
ized by elevated levels of XIAP and survivin [33]. Reduced expression of TRAIL 
receptors is seen in resistant cells of small cell lung carcinoma [34], whereas loss of 
caspase-10 and Bid as well as constitutive expression of the caspase-8/-10 inhibitor 
c-FLIP were seen in resistant cutaneous lymphoma cells [35].

Besides intrinsic resistance in some tumor cells, initially sensitive cells may also 
develop an inducible resistance upon TRAIL treatment, as reported for breast, colon 
and ovarian cancer cells [36, 37]. Inducible resistance may explain the only limited 
efficacy of TRAIL or TRAIL receptor agonistic antibodies so far in clinical trials 
performed for solid cancers and non-small cell lung cancer [29–31]. Also, in 
 DR4- positive melanoma cells, inducible TRAIL resistance was found, which cor-
related to downregulation of TRAIL receptors and initiator caspases as well as pro-
apoptotic Bcl-2 proteins as Bax, Bid and Bim [38, 39]. In relation to the role of 
mitochondrial pathways, knockdown of Bax prevented the release of Smac from the 
mitochondria and, thus, prevented an enhancement of TRAIL-induced apoptosis by 
pathway inhibitors [40–42].
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4.5  Multiple Strategies to Sensitize Melanoma Cells 
for TRAIL

Many strategies were evaluated to overcome inducible TRAIL resistance. 
Surprisingly, melanoma cells could be sensitized for TRAIL by clearly distinct 
strategies as chemotherapeutics, irradiation, HDAC inhibitors, signalling inhibitors, 
metabolic inhibitors and ER stress inducers (for review see [43]). These strategies 
also included a number of targeted survival pathway inhibitors, as for BRAF and 
MEK [40, 44], PI3K/Akt [42], ABL [45], ATM [46], PKC [47], and IKK-β [40]. 
The multitude of largely unrelated strategies demanded the unravelling of common 
principles. In melanoma cells, this appeared to be the inhibition of cell proliferation, 
as proven by growing cells at high density and under serum starvation. Thus, the 
common principle of above-listed, different strategies for TRAIL sensitization 
appeared to be cell cycle inhibition [48].

4.6  Importance of Mitochondrial Pathways

In melanoma, activation of mitochondrial pathways is essential for full induction of 
apoptosis by death ligands [7], and mitochondrial activation was found for many 
strategies that resulted in TRAIL sensitization, as by kinase inhibitors. Indicators 
were loss of the mitochondrial membrane potential and release of proapoptotic 
mitochondrial factors (cytochrome c and Smac). However, mitochondrial activation 
alone appeared as not sufficient for apoptosis induction, and the inhibitors them-
selves often only insufficiently induced apoptosis in melanoma cells, as antiapop-
totic Bcl-2 proteins were still active (Fig. 4.2).

Processing of caspase-8 and of Bid are characteristic steps in melanoma cells in 
response to TRAIL and were frequently seen even in resistant melanoma cells. Bid 
may further antagonize Bcl-2, which however also appeared as not sufficient for 
apoptosis induction in resistant cells. Although not sufficient, Bid was essential for 
apoptosis induction by combinations of TRAIL and pathway inhibitors, as shown 
by Bid knockdown [40, 41].

Another critical role in TRAIL resistance of melanoma cells is suspected for 
XIAP (Fig.  4.2). This may be concluded from the frequently seen incomplete 
 processing of caspase-3 upon TRAIL treatment, despite caspase-8 was activated 
[40, 41, 49]. Several strategies for TRAIL sensitization coincided with a downregu-
lation of XIAP as reported for UVB, IFN-β, HDAC inhibitors, chemotherapeutics, 
ADI- PEG, and kinase inhibitors. These drugs in combination with TRAIL then also 
enabled complete processing of caspase-3. In this relation, overexpression of XIAP 
protected melanoma cells from TRAIL-induced apoptosis [40, 41, 50], whereas its 
siRNA-mediated knockdown could sensitize melanoma cells for TRAIL [51].

As XIAP is antagonized by Smac, release of Smac should represent a critical step 
in TRAIL sensitivity. The important role of the Smac/XIAP rheostat was demonstrated 
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in pancreatic and bladder cancers by using small molecule inhibitors for XIAP or Smac 
mimetics, which both enhanced TRAIL sensitivity [52, 53]. In melanoma cells, the 
essential role of Smac for enhancement of TRAIL-induced apoptosis was proven by 
knockdown strategies [43].

4.7  The Critical Contribution of Bcl-2 Proteins

According to generally accepted models, the mitochondrial gate is controlled by a 
rheostat of proapoptotic and antiapoptotic Bcl-2 proteins, and also TRAIL-induced 
apoptosis is blocked by Bcl-2 overexpression [40–42, 50, 54]. In aggreement, 
downregulation of antiapoptotic Bcl-2 proteins (Bcl-2, Mcl-1, and Bcl-xL) is seen in 
melanoma cells upon treatment with different sensitizing strategies as chemothera-
peutics, HDAC, metabolism and kinase inhibitors [43].

On the other hand, proapoptotic BH3-only proteins are frequently upregulated in 
the course of TRAIL sensitization. Particularly important roles are attributed to Bim 
and Puma, as both may interact with all antiapoptotic Bcl-2 family members [55]. 
Of note, these proteins were upregulated in the course of TRAIL sensitization by 
HDAC, BRAF, and cell cycle inhibition [8, 40, 48, 56]. The relation of Bim and 

Fig. 4.2 Relevant pathways for TRAIL sensitization in melanoma. DR4/5, death receptors 4 and 5; 
Csp-3, -8, caspases; Smac, second mitochondria-derived activator of caspase; XIAP, X-linked inhib-
itor of apoptosis protein; ROS, reactive oxygen species. Please find further explanations in the text
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MAP kinases is based on ERK-mediated phosphorylation of Bim, which triggers its 
proteasomal degradation [57]. Considering the large number of other BH3-only 
proteins that have not been sufficiently investigated in most studies, one may expect 
even more impact from these important triggers in apoptosis in future studies.

4.8  Bax: A Master Regulator of TRAIL Sensitivity 
in Melanoma Cells

Sensitization of melanoma cells for TRAIL-induced apoptosis appeared as particu-
larly dependent on Bax. Thus, mitochondrial Bax translocation was observed by 
different combinations of TRAIL and pathway inhibitors as imatinib, TRAM-34, 
HDAC inhibitors, U0126, wortmannin, and BMS-345541. In addition, Bax confor-
mational changes, characteristic for its activation (Bax-NT), were seen after treat-
ment with inhibitors for HDACs, PI3K/AKT, BRAF, and IKK.  Of note, Bax 
activation is usually seen as an initial, early event (within 1–2 h), thus not reflecting 
induced apoptosis but clearly suggesting a mechanism that allows mitochondrial 
activation in melanoma cells and sensitization for TRAIL-induced apoptosis [43].

In agreement with its critical role, siRNA-mediated Bax knockdown abrogated 
apoptosis induction in melanoma cells by combinations of TRAIL and the different 
inhibitors [40, 42]. For the regulation of Bax, an inactivating phosphorylation at 
Ser-184 as well as an activating phosphorylation at Thr-167 had been reported [58, 
59]. By using Bax phosphorylation-specific antibodies and flow cytometry, we 
could prove that Bax activation by IKK, PI3K, and AKT inhibitors was correlated 
with suppressed Ser-184 phosphorylation and enhanced Thr-167 phosphorylation. 
Both changes appeared as immediate effects (within 1–2 h) and were independent 
of induced apoptosis [40, 42].

The inhibitory phosphorylation at Ser-184 has been previously related to AKT 
activity [59], whereas the activating phosphorylation at Thr-167 was related to JNK, 
p38, and ERK pathways [58, 60]. For melanoma cells, we proved that Thr-167 
phosphorylation in the course of PI3K inhibition was dependent on the production 
of intracellular reactive oxygen species (ROS). Thus, antioxidants prevented Thr- 
167 phosphorylation and partially rescued melanoma cells from wortmannin/
TRAIL-induced apoptosis [42]. The significance of ROS for apoptosis regulation in 
melanoma cells has been previously reported [61, 62], and ROS was also involved 
in sensitization for TRAIL by cell cycle inhibition [48].

4.9  Conclusions

TRAIL appears as a promising antitumor strategy, which may also accomplish tar-
geted therapies for melanoma. Many investigations therefore aimed at the sensitiza-
tion of melanoma cells for TRAIL-induced apoptosis. These data provide a suitable 
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basis for the identification of common principles that mediate TRAIL resistance in 
melanoma cells. Four critical steps were identified, namely, death receptor down-
regulation, high Bcl-2 expression, Bax inactivation, and high levels of XIAP.

In response to TRAIL, caspase-8 is activated and Bid is cleaved. However, cas-
pase- 3 activation is prevented by XIAP, and the antagonizing effect of Bid on Bcl-2 
is not sufficient for opening the mitochondrial gate, as Bax is still inactive. This 
changes under conditions of combination treatments. Now Bax is activated by path-
way inhibitors in addition of Bcl-2 inactivation through Bid. This finally opens the 
mitochondrial gate for Smac release, which then can angagonize XIAP. Now, cas-
pase- 3 can also be completely processed and activated to efficiently induce apopto-
sis (Fig. 4.2). This understanding throws new light on the mechanisms of targeted 
therapeutic strategies in melanoma cells that may activate Bax and sensitize for 
TRAIL. This should finally lead to the development of new combination strategies.
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Chapter 5
Regulation of Caspase-Mediated Apoptosis 
by the Tumor Suppressor Par-4

James Sledziona and Vivek M. Rangnekar

Abstract The Prostate Apoptosis Response-4 gene Par-4 encodes a tumor suppressor 
protein, which can act through a number of intrinsic and extrinsic apoptotic path-
ways. Extracellularly, Par-4 can interact with cell-surface GRP-78 and trigger apop-
tosis through membrane-bound GRP-78. Intracellularly, Par-4 can downgrade the 
activities of pro-survival pathways like NF-κB, promote translocation of Fas and 
FasL to the plasma membrane or inhibit topoisomerase activity.

The dual discoveries that Par-4 is secreted in response to various stimuli and can 
selectively induce apoptosis in tumor cells, without harming normal cells, have gen-
erated great interest in its therapeutic potential as a novel antitumor agent.

Keywords Par-4 • PAWR • Apoptosis • Fas • SAC • Death receptors • GRP-78

5.1  Introduction

Despite many decades of therapeutic research and prevention efforts, cancer remains 
the second leading cause of death in the USA [1]. According to the World Health 
Organization, 2012 saw 8.2 million cancer-related deaths and approximately 14 
million new cases worldwide [2]. While therapeutic advances have significantly 
improved prognoses for multiple types of malignancies such as leukemia, lym-
phoma, and some solid tumors, overall progress remains plodding and iterative.

J. Sledziona 
Graduate Center for Toxicology and Cancer Biology, University of Kentucky,  
561 Biopharm Complex, 789 South Limestone St, Lexington, KY 40536, USA 

V.M. Rangnekar (*) 
Graduate Center for Toxicology and Cancer Biology, University of Kentucky,  
561 Biopharm Complex, 789 South Limestone St, Lexington, KY 40536, USA 

Department of Radiation Medicine, University of Kentucky, Lexington, KY, USA 

Department of Microbiology, Immunology and Molecular Genetics, University of Kentucky, 
Lexington, KY, USA 

Lucille Parker Markey Cancer Center, University of Kentucky, Lexington, KY, USA
e-mail: vmrang01@email.uky.edu

mailto:vmrang01@email.uky.edu


92

Historically, treatment has focused upon some combination of surgical resection 
(where applicable), chemotherapy, or ionizing radiation. This approach typically 
generates moderate-to-severe side effects upon the patient. Discovery of useful che-
motherapeutic agents was described by one researcher in 1945 as: “... almost as hard 
as finding some agent that will dissolve away the left ear … yet leave the right ear 
unharmed: so slight is the difference between the cancer cell and its normal ances-
tor” [3]. Despite this, improved survival rates with less harsh side effects have been 
achieved through application of targeted therapies.

Targeted therapies were borne of the finding that certain cancers might display 
increased expression or activity of specific biomarkers required for cellular prolif-
eration, survival, or migration, compared to normal cells. These biomarkers are 
classified as oncogenes; commonly cited examples include EGFR, Ras, and Src. 
Therapeutically countering the activities of oncogenes may involve such strategies 
as monoclonal antibodies (e.g., herceptin/trastuzumab) against solid tumors by 
blocking growth factor receptor-ligand binding. Research into cancer biology also 
revealed that cancerous cells may also carry deletions for or downregulate a series 
of genes which serve to monitor or repair genetic damage, restrict cell proliferation 
or trigger programmed cell death (apoptosis). As cancer may result from loss of 
these factors, they are classified as tumor suppressors; classic examples include 
BRCA1/2, Retinoblastoma (Rb), and p53.

Cancer, given its huge range of types and subtypes, appropriately requires a 
range of therapeutic approaches. Obviously, one approach is to specifically exploit 
the tumor suppressors and activate the cells’ apoptotic pathway. Such methods as 
radiation or chemotherapy, through DNA damage, enhance the intrinsic apoptotic 
pathway and depend upon wholly internally expressed factors. Another approach is 
to activate the extrinsic apoptotic pathway, which exploits externally triggered path-
ways- generally a receptor-ligand interaction at the cell membrane to trigger apop-
tosis. Classically, the membrane expressed Fas receptor (CD95), paired with its 
ligand, FasL (CD95L) is used by immune cells to destroy virus-infected or cancer-
ous cells. Clinically, side effects like apoptotic liver damage have limited the thera-
peutic value of this pathway, and many cancers also appear highly resistant to 
Fas-mediated apoptosis [4]. However, research is continuing to explore Fas’ utility 
as part of a combination therapeutic regemin [5].

5.2  Par-4

The effort to discover new tumor-suppressor genes to exploit therapeutically has led 
to the discovery of Prostate apoptosis response-4 (Par-4). The role of Par-4 in apop-
tosis was first published in 1994 by Stephen Sells [6] upon the discovery that Par-4 
expression is upregulated during the apoptosis of rat prostate cells in response to 
androgen ablation [6]. Under normal conditions, Par-4 displays cytoplasmic local-
ization but will translocate to the nucleus in the event of an apoptotic insult [7]. 
Additional experiments would demonstrate that Par-4 is not upregulated upon 
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necrosis or growth arrest [6], further cementing its role as a tumor suppressor or 
apoptosis-associated gene.

As a direct indicator of the relevance of Par-4 in oncology, Par-4 has been found 
to be mutated and/or downregulated in renal cell carcinoma, neuroblastoma, endo-
metrial cancer, and breast cancer [7]. In fact, Cook et al. found that 74% of renal cell 
carcinomas (RCCs) sampled were negative for Par-4 staining [8]. Likewise, analy-
sis of endometrial carcinomas showed Par-4 downregulation in about 40% of sam-
ples [9]. Of these, 32% display silencing of Par-4 via promoter hypermethylation or 
a nonsense mutation in exon 3.

Par-4 activity is also positively correlated with cancer treatment prognosis. 
Alvarez et al. have found that low Par-4 expression is predictive of breast cancer 
recurrence and chemotherapeutic response. Recurrent breast tumors sampled were 
found to have significantly reduced Par-4 expression compared to primary tumors, 
likely rendering subsequent rounds of therapy far less effective [10]. Likewise, 
researchers have reported that increased Par-4 expression increases radiosensitivity 
and chemosensitivity of colon cancer cells [11] as well as breast tumor cells [12].

Experimentally, Par-4 knockout mice have been created and appear developmen-
tally normal. However, they are subject to spontaneous tumors of the endometrium, 
lungs, liver, and bladder, resulting in significantly reduced average life spans com-
pared to wild-type mice (19 months versus 25 months, respectively) [13].

Apoptosis involves multiple pathways and many factors; however, what makes 
Par-4 unique as a tumor suppressor is its ability to selectively induce apoptosis in 
cancer cells while leaving normal or immortalized cells unaffected. Intrinsically, 
Par-4 activates apoptotic pathways while concurrently suppressing cell-survival 
pathways. This intrinsic activity requires nuclear entry. Par-4-induced apoptosis can 
be p53 independent [14], rendering it of interest for treating the 50% of tumors with 
silenced, deleted or downregulated p53. While Par-4 certainly can act in a wholly 
intracellular manner, one major discovery is the fact that Par-4 can be secreted into 
the extracellular compartment under conditions of endoplasmic reticulum (ER) 
stress, p53 activation or inhibition of NF-κB transactivation potential. This finding 
implies that Par-4 selectively induces apoptosis in tumor cells in a paracrine and 
possibly autocrine manner. This novel finding is covered in greater detail later in 
this chapter.

5.2.1  Par-4 Structure

Human Par-4 is a 340-amino acid [15] protein of ~40 kDa that is ubiquitously 
expressed across most bodily tissues. This is encoded by the PAWR (Par-4) gene, 
located on human chromosome 12q21. The gene is comprised of seven exons and 
six introns [7].

Par-4 possesses a number of conserved functional domains (Fig.  5.1). These 
include two N-terminal nuclear localization sequences (NLS1 and NLS2), a 
C-terminal leucine zipper domain (LZ) and a C-terminal nuclear export sequence 
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(NES) [7]. Another domain is the “Selective for Apoptosis of Cancer Cells” (SAC) 
domain. This SAC domain has been found to be critical to Par-4-mediated 
apoptosis.

In addition to the functional domains, there are a number of key conserved resi-
dues which can be phosphorylated by kinases PKC, PKA, and AKT. The phosphory-
lation state of these residues can affect the localization and activity of Par-4 [7].

5.2.2  The SAC Domain

Structure–function analysis studies performed by El-Guendy et al. to evaluate the 
significance of Par-4’s domains revealed that nuclear localization of Par-4 corre-
lated with apoptosis induction in cancer cells. By transiently transfecting cell lines 
with constructs containing specific regions of rat Par-4 and observing any resultant 
apoptotic activity, the authors identified the core domain composed of amino acids 
137–195 as the minimal functional region required for apoptosis [16].

Fig. 5.1 Functional domains of human, rat, and mouse Par-4, showing the two Nuclear 
Localization Sequences (NLS1, and NLS2), the SAC domain, and Leucine Zipper (LZ). Source: J 
Cell Physiol. 2012 Dec;227(12): 3715–3721. Used with permission
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The critical SAC domain is 59 amino acids in length. Although the starting 
position varies between species (Fig. 5.1), the actual sequence is fully conserved 
between mice, rats, and humans [7]. As it has been noted that Par-4-induced apop-
tosis requires both nuclear localization of Par-4 from the cytoplasm and phos-
phorylation of the T155 residue, it happens that the SAC domain encompasses 
both T155 and NLS2. This renders the SAC domain indispensable for Par-4-
mediated apoptotic activity.

Phosphorylation of T155 by cAMP Activated Protein Kinase A-I (PKA type I) 
is a requirement of Par-4-mediated apoptosis [17]. This is evidenced by the finding 
that substitution of this threonine residue with alanine would fail to induce apopto-
sis in PC-3 prostate cancer cells. T155 resides in a phosphorylation consensus site 
for PKA, and inhibition of endogenous PKA activity using the inhibitory peptide 
PKI resulted in the significant reduction of GFP-Par-4-mediated apoptotic activity 
[17]. Additionally, phosphorylation of T155 and apoptotic activity mediated by 
Par-4 and SAC were proportional to the expression of PKA in the cell lines inves-
tigated. The significance of the SAC domain is apparent in light of evidence that 
expression of Type I PKA is elevated in human primary tumors as well as in experi-
mentally transformed human cell lines. Additionally, PKA upregulation is associ-
ated with proliferative cells [18]. Cho et al. have incidentally found evidence that 
PKA is secreted by multiple cancer cell lines and is markedly increased in the 
serum of cancer patients [18]. From these studies, it is argued that Par-4 can be 
activated via phosphorylation as a defense mechanism against cancer-associated 
PKA. This in turn would partially account for the specific apoptotic activity of 
Par-4 in cancer cells.

5.2.3  Leucine Zipper and Nuclear Localization Sequence 
Domains

The leucine zipper domain of Par-4 binds to and interacts with the zinc finger (ZF) 
region of other proteins. One such factor is protein kinase C-zeta (ζPKC) [19]. 
Under stress conditions, ζPKC promotes NF-κB activity by phosphorylating the 
inhibitory peptide IκB—marking it for proteosomal degredation [20]. When I-κB is 
released, the p50 and p65 NF-κB subunits can enter the nucleus to promote gene 
transcription. Par-4LZ-ZF interaction with ζPKC in the cytoplasm has been found 
to downgrade NF-κB transcriptional activity [19]. This inhibition of NF-κB is one 
of the requisite steps in Par-4-mediated apoptosis. Moreover, ζPKC can phosphory-
late FADD (Fas-Associated protein with Death Domain) and thereby interfere with 
the formation of a Fas-mediated Death-Inducing Signaling Complex or DISC [21, 
22]. Thus, Par-4–ζPKC interactions may promote Fas-dependent apoptosis.

Other LZ binding partners of Par-4 include Wilms’ tumor protein (WT-1) [23], 
THAP1, ZIP-kinase (ZIPK), and Topoisomerase I (TOPO-I). THAP1 is a nuclear 
proapoptotic protein component of promyelocytic nuclear bodies. While these 

5 Regulation of Caspase-Mediated Apoptosis by the Tumor Suppressor Par-4



96

nuclear bodies appear to recruit multiple tumor suppressor proteins, the significance 
of these interactions with Par-4 is unclear [24]. However, WT-1 is known to tran-
scriptionally induce the anti-apoptotic factor Bcl-2 [25] and TOPO-1 activity is 
greatly increased in proliferative cell populations in order to support increased DNA 
replication and transcription rates (hence the use of topoisomerase I/II inhibitors in 
chemotherapy). However, when bound to TOPO-I through its LZ, Par-4 prevents 
TOPO-I DNA binding and thereby attenuates DNA replication and transcription, 
but this interaction does not induce apoptosis [26]. Thereby, it may be assumed that 
the LZ of Par-4 is not indispensable for apoptosis, but may rather have a negative 
regulatory role through interactions with WT-1 and ζPKC. This may explain the 
finding that the SAC domain can induce apoptosis against a broader range of tumor 
cells compared to full-length Par-4. For example: LNCaP, MDA 2b, A549, and 
MCF-7 cells are resistant to apoptosis in response to Par-4 overexpression but not to 
SAC overexpression [16].

The nuclear localization signal NLS2 is necessary for the nuclear entry of Par-4 
or SAC-and is therefore necessary for Par-4-mediated apoptosis [16]. The N-terminal 
NLS 1 domain, by contrast does not appear to affect Par-4 nuclear localization. 
As deletion of this region does not affect apoptosis, its actual role is yet to be 
determined.

5.2.4  AKT, K-Ras, and Src—Subcellular Ruffians

Par-4 also appears to be a prerequisite for Phosphatase and Tensin Homolog 
(PTEN)-mediated apoptosis. The PTEN phosphatase, which is frequently missing 
or downregulated in cancers counters the PI3K-AKT pathway and thereby attenu-
ates cellular proliferation. Immunoprecipitation experiments performed by 
Goswami et al. demonstrated that endogenous AKT1 is a binding partner of Par-4, 
binding and phosphorylating at serine249 in rat Par-4 (analogous to S230 in human 
Par-4) [27]. When AKT phosphorylates S249, Par-4 activity is reduced [27]. This 
AKT-dependent sequestration of Par-4 underlies reduced Par-4 activity observed in 
prostate cancer, for which Par-4 is not found to be downregulated, silenced or 
mutated [27]. Additional experiments have shown that using PI3K inhibitors or 
AKT1 siRNA would induce apoptosis in Par-4 wild-type PC-3 or LNCaP prostate 
cancer cells, but not cells transfected with Par-4 shRNA. Mechanistically, confocal 
microscopy indicated co-localization of GFP-Par-4 and myristoylated AKT con-
structs at the plasma membrane and cytoplasm—without any evidence of nuclear 
Par-4 [27]. This AKT-dependent cytoplasmic sequestration of Par-4 seems to be 
mediated by the chaperone protein 14–3-3. 14–3-3 has been previously observed 
binding, and sequestering AKT substrates [28]. When the Par-4 S249 residue is 
replaced with alanine, Par-4 and 14–3-3 are no longer associated [27]. In summary, 
when PTEN is depleted, AKT activity increases, Par-4 is phosphorylated, promot-
ing binding between Par-4 and 14–3-3, and subsequent cytoplasmic sequestration of 
Par-4 (Fig. 5.2).
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Besides mutational or epigenetic changes, Par-4 is downregulated by major 
oncogenes like k-RAS and src. The c-src proto-oncogene has been found to co- 
immunoprecipitate with Par-4, phosphorylates Par-4 and promotes binding to 
14–3-3 to prevent nuclear translocation. These experiments however did not con-
clude whether this activity was AKT dependent [29].

The Ras family of small GTPases is responsible for the regulation of a wide array 
of cellular processes, including cell growth, proliferation, migration, and apoptosis. 
Consequently, Ras mutations may be highly oncogenic and transformative. In fact, 
about 30% of human tumors screened have been found to carry some form of Ras 
mutation. In particular, oncogenic K-Ras mutations were found in 25–30% of 
screened tumor samples [30]. This oncogenic Ras promotes growth and prevents 
apoptosis predominantly through activation of the PI3K/AKT signaling axis as well 
as downstream MAP kinases MEK and ERK. Furthermore, oncogenic Ras will also 
activate the pro-survival transcription factor NFκB. Experimentally, transformation 
of epithelial cells can be achieved through activation of the MAPK pathway. This 
pathway activates the DNA methyltransferase DNMT1, which has been found to 
hypermethylate and silence the Par-4 promoter, leading to transformation [31].

Experiments by Qiu et al. found that the transformation of fibroblasts with Ras 
or activating an inducible oncogenic H-Ras construct would result in greatly 
reduced levels of Par-4 protein and Par-4 RNA compared to controls. Experiments 

Fig. 5.2 Downregulation of Par-4 activity. Oncogenic Ras (KRas) can increase AKT kinase activ-
ity. When Par-4 is phosphorylated by AKT or c-src, it becomes a target for binding by 14–3-3, 
preventing Par-4 nuclear translocation. Also, active NFκB increases transcription of UACA, which 
binds Par-4, preventing secretion of Par-4. This activity can however be countered by p53
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focusing upon inhibition of the PI3K-AKT and the Raf-MEK-ERK pathways 
indicated that this downregulation of Par-4 expression is likely due to the actions 
of ERK2 (although not necessarily exclusive) [32]. One possible mechanism for 
this was found by Pruitt et  al.; methylation-specific PCR showed hypermethyl-
ation of the Par-4 promoter in Ras transformed cells. An additional experiment 
demonstrated that adminstration of the DNA methyltransferase inhibitor azadeox-
ycytidine to Ras transformed RIE-1 cells restored Par-4 RNA and protein expres-
sion levels. The implication is that Ras-mediated Par-4 downregulation may be 
attributed to the hypermethylation of the Par-4 promoter [31]. While Par-4 is 
downregulated by oncogenic Ras, further observations show that restoration of 
Par-4 levels via addition of ectopic Par-4 was able to prevent oncogenic Ras-
mediated foci. Therefore, Par-4 downregulation is a prerequisite for cellular trans-
formation by oncogenic Ras [32].

5.3  Par-4 and Death Receptors

One of the earliest mechanisms by which Par-4 was found to trigger apoptosis, was 
the finding that it can interact with surface death receptors, triggering an extrinsic 
apoptotic cascade [33]. Briefly, this pathway is characterized by the oligomerization 
of such surface death receptors as Fas/CD95 or TNFα-R. These receptor complexes 
recruit adaptor proteins like FADD and TRADD, resulting in the activation of cas-
pase- 8. This combination of receptor, FADD, and caspase 8 form a Death-Inducing 
Signalling Complex, or DISC. Caspase 8 can then cleave caspase 3 and/or cleave 
the Bcl-2 family protein Bid. This culminates in the release of mitochondrial cyto-
chrome- c and formation of the apoptosome [34, 35]. Of particular relevance to 
Par-4 is the role of Fas.

Chakraborty, et al. discovered that Par-4 overexpression through transfection of 
prostate cancer cell lines can trigger translocation of Fas/ FasL to the cancer cell 
surface [36] as demonstrated through Western blotting of surface membrane frac-
tions and immunocytostaining. Inhibition of the classical secretory pathway through 
addition of brefeldin-A (BFA) was found to prevent this translocation. However, 
this Par-4-mediated translocation is not universal as, thus far, it has only been 
observed in the androgen-independent prostate cancer cell lines PC-3, and DU-145 
[36]. By contrast, neither the androgen-independent prostate tumor line LNCaP nor 
normal prostate epithelial cells undergo Fas/ FasL surface translocation and apopto-
sis in response to Par-4 overexpression. In further support of this, Chakraborty 
et al., injected PC-3 prostate cells into the flanks of nude mice to generate solid 
tumors. Injection of a Par-4 containing adenoviral construct caused regression of the 
tumors. Immunostaining of the tumor sections showed that Fas was highly expressed 
at the cell membranes of the tumors transduced by Par-4 containing adenoviruses. 
However, xenografts generated from PC-3 cells overexpressing p65 did not undergo 
regression.
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Par-4 can also affect Fas activity via a secondary mechanism. ζPKC interferes 
with FasL-induced apoptosis by interfering with the formation of the DISC and 
downstream caspose-8 processing [21]. As Par-4 binds to ζPKC with its LZ, Par-4 
can sequester ζPKC and protect the Fas pathway from the inhibitory effects [16].

In addition to the translocation of Fas, there has been found a concurrent down-
regulation of NF-κB by Par-4 which reduces transcription of anti-apoptotic prod-
ucts [36]. Nuclear translocation of Par-4 has been found to be necessary for this 
activity [37]. The authors conclude that the inhibition of p65 (an NFκB transcription 
factor)-dependent transcription is necessary but insufficient by itself to trigger Par- 
4- mediated apoptosis in prostate cancer cells. Experimental abrogation of the Fas 
signaling pathway in PC-3 and DU-145 cells resulted in inhibition of Par-4-inducible 
apoptosis. Thereby, the concurrent Fas/FasL translocation and NF-κB downregula-
tion appear to be necessary for Par-4-mediated tumor regression [36].

5.3.1  Par-4 Secretion and GRP-78

While the relationship between Par-4 and Fas/FasL is certainly important in the 
context of extrinsic apoptotic activity, there has been an abundance of interest 
regarding Par-4 as an extracellular signaling protein. Burikhanov et al. noted that 
induction of endoplasmic reticulum (ER) stress in PC-3 cells using tunicamycin or 
thapsigargin resulted in extracellular secretion of Par-4 and subsequent apoptotic 
response in a BFA-dependent manner. The Par-4 secretory response was subse-
quently replicated in diverse cell lines. Excitingly, conditioned medium collected 
from PC-3 cells transfected with Par-4 constructs were able to induce apoptosis in 
nontransfected control PC-3 cells [38]. As this effect was neutralized with co- 
addition of anti-Par-4 antibodies, it is demonstrably Par-4 dependent.

Subsequent pulldown experiments using GST-tagged-Par-4 against PC-3 cell 
lysates showed that Par-4 had a 78-kDa binding partner that was identified as GRP- 
78 [38]. This was further verified through immunoprecipitation experiments. 
Subsequent co-immunoprecipitation experiments demonstrated that Par-4 interacts 
with GRP-78 at the SAC domain and GRP-78 would co-immunoprecipitate with 
SAC-GFP constructs, further highlighting the critical nature of SAC.  Moreover, 
Par-4 and GRP-78 co-localize at the cell surface, as well as in the ER [38].

GRP-78 (also referred to in the literature as BiP) is a chaperone protein which is 
described as a central regulator for managing ER stress and the unfolded protein 
response (UFP) [39]. GRP-78 can be transcriptionally activated by ER stress 
brought on by misfolded protein accumulation, or calcium ion efflux. While GRP- 
78 is normally found in the ER lumen, it is sometimes found to be expressed on the 
cell surface. Cell surface expression of GRP-78 is particularly noticeable after 
exposure to ER stressing agents [40] and intriguingly, basal surface GRP-78 
expression is specific to tumor cells [41, 42], and not to the surrounding normal 
cells or tissue. The cancer-specific surface expression of GRP-78 further explains 

5 Regulation of Caspase-Mediated Apoptosis by the Tumor Suppressor Par-4



100

how extracellular Par-4 specifically targets tumor cells for apoptosis. Therapeutic 
evidence for this comes from induction of apoptosis in triple-negative breast cancer 
by pharmacologically inducing cell-surface expression of GRP-78. The investiga-
tors were able to prevent apoptosis by blocking with an anti-GRP-78 antibody, 
lending additional credence to this hypothesis [40]. By contrast, cell lines lacking 
surface GRP-78, such as A549 lung adenoma cells, are resistant to extracellular 
Par-4 or SAC.

Later experiments by the same group have found that Par-4 secretion can be 
induced through treatment with the IKK inhibitor PS1145 (leading to NF-κB inhibi-
tion) [43], or the addition of Nutlin-3a, a compound which stabilizes p53 by block-
ing MDM2 [44]. Hypothesizing that Par-4 may have a binding partner which 
prevents its secretion (as opposed to the aforementioned 14–3-3 that prevents 
nuclear translocation), yeast-two hybrid and co-IP studies, identified the 163 kDa 
protein UACA as a binding partner. UACA is transcriptionally upregulated by 
NFκB [43], and secretion of Par-4 and GRP-78 was observed to be tightly associ-
ated with NFκB activity. This mechanism would be extended to include p53. The 
coding region for UACA has a p53 binding site, and chromatin immunoprecipita-
tion confirmed that p53 activation with Nutlin-3a promotes binding of p53 to the 
UACA sequence, with correspondingly reduced UACA expression. This inhibition 
was found to be NFκB independent. Thus, NF-κB and/or p53 could transcription-
ally promote or inhibit UACA and vary Par-4 mediated apoptotic acivity by modu-
lating sequestration of Par-4 and GRP-78 in the cytoplasm (Fig. 5.2).

To summarize the mechanism, Par-4 colocalizes at the SAC domain with 
GRP78 in the ER, but under stress conditions, the paired proteins are relocated to 
the membrane, where Par-4 is released but GRP-78 is left at the surface. When cir-
culating Par-4 binds the membrane GRP-78, the complex is believed to recruit 
FADD, which in turn recruits and cleaves procaspase 8, cleaving in turn caspase 3, 
and triggering an apoptotic cascade (Fig. 5.3).

5.3.2  Par-4 and TRAIL

TRAIL (TNF-Related Apoptosis Inducing Ligand) is a secreted death ligand that 
has been investigated for its antitumor potential. TRAIL can be secreted by most 
cells in the body in response to such signals as interferon or retinoic acid [45, 46]. 
Binding of trimeric TRAIL to the membrane-bound receptors TRAIL-R1 and -R2 
induces receptor trimerization and DISC formation. Like Fas, this complex will 
recruit and activate caspases-8 and -10 to promote the classical extrinsic apoptotic 
pathway [47].

Although, to date, TRAIL has not been successfully exploited in clinical trials, it 
may be linked to other useful pathways. Treatment of PC-3 cells with TRAIL has 
been found by Burikhanov et al. to promote secretion of Par-4 via a BFA-sensitive 
pathway [38]. Additional experiments demonstrated that TRAIL would induce 
intracellular and plasma membrane expression of GRP-78. Co-treatment of PC-3 
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cells with TRAIL and neutralizing antibodies for either Par-4 or GRP-78, inhibited 
TRAIL-mediated apoptosis. These observations indicated that Par-4 secretion is 
necessary for TRAIL-mediated apoptosis [38].

5.4  SAC Transgenic Mice

As the SAC domain of Par-4 lacks the negative regulatory LZ region, apoptotic 
activity is not downgraded by WT, ζPKC, or AKT. In vitro, SAC overexpression 
proved highly effective at apoptotis induction with a wide variety of tumor cells. 
Zhao and colleagues tried to replicate this in vivo. This group cloned a construct 
containing GFP-tagged SAC domain of rat Par-4 into a pCAGGS vector. This vector 

Fig. 5.3 Par-4 colocalizes at the SAC domain with GRP78 in the ER (a), Under stress conditions, 
the paired proteins are relocated to the plasma membrane, where Par-4 is released, leaving GRP-78 
at the surface (B), When circulating Par-4 binds the membrane GRP-78, the complex (C), Recruits 
FADD, which in turn recruits and cleaves procaspase 8, cleaving in turn procaspase 3, and trigger-
ing an apoptotic cascade (D)
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contained both a β-actin promoter and a CMV enhancer. The new SAC constructs 
were injected into the pronuclei of B6C3F1 mouse embryos and allowed to develop. 
The resulting animals ubiquitously expressed the SAC-GFP transgene and exhib-
ited normal fertility, viability, and aging [39]. Primary fibroblasts grown from these 
embryos (MEFs), as well as GFP transgene control littermates were transfected 
with constructs containing c-Myc or oncogenic Ras in an attempt to transform the 
MEFs. The SAC expressing MEFs were found to be highly resistant to transforma-
tion as demonstrated by lack of foci in culture and underwent apoptosis at a rate 
nearly ten times that of the control MEFs.

However, these effects were not limited to culture, as the resulting animal turned 
out to be essentially a tumor-resistant mouse. B6C3F1 mice are known to spontane-
ously develop lymphoma and liver tumors. While these tumors manifested in the 
GFP control mice at around 18 months, the SAC mice remained normal and necrop-
sies showed normal hepatic and splenic architecture, highly resistant to spontaneous 
tumor formation [37]. Crossing the SAC mice with prostate-cancer prone TRAMP 
mice significantly reduced the likelihood of prostatic adenocarcinoma formation. A 
subsequent experiment in which Lewis-Lung Carcinoma (LLC) cells were injected 
into the flanks of SAC-transgenic and control mice also demonstrated a high degree 
of resistance to tumor formation in SAC transgenic mice [48].

This cancer resistant phenotype has been found to be transferable. By transplant-
ing bone marrow from the SAC-overexpressing mice to irradiated control mice, 
serum samples obtained would induce apoptosis in cultured LLC cells. By contrast, 
this effect was not observed through administration of serum from control mice. As 
this suggested that the resistant phenotype was due to circulating SAC, the investi-
gators proceeded to a metastasis model. Wild type mice were first injected with 
LLC1 cells (which are expected to generate lung tumors), followed by recombinant 
Par-4 protein, recombinant SAC protein or protein tag. While Par-4 treated animals 
exhibited a significantly reduced tumor load in the lungs upon sacrifice, SAC-treated 
mice would show an even greater reduction. This series of experiments indicate 
further therapeutic potential for Par-4 or SAC against tumors.

5.5  Future Directions

Par-4 represents an endogenous factor which can be secreted and specifically 
induces apoptosis in cancer cells, while leaving normal cells unaffected. This makes 
Par-4 an ideal candidate for development against cancer.

Baseline secretion of Par-4 is insufficient to promote widespread apoptosis of 
tumor cells, therefore, it would be useful to elevate circulating Par-4 concentra-
tions—at least as an adjuvant to conventional therapies. Nutlin-3 and PS1145 have 
already been mentioned for their in  vitro effects. Based upon the structure of 
Nutlin-3, Burikhanov et al. synthesized and screened a library of chemical com-
pounds bearing halogenated aromatic rings for their ability to induce secretion of 
Par-4. The group found that fluorinated 3-arylquinolines were particularly effective 
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in this regard, and focused upon a compound designated Arylquin-1. Administration 
of Arylquin-1 was able to induce Par-4 secretion in vitro, with subsequent specific 
apoptosis of tumor cells, in a BFA-dependent manner. Administration of this com-
pound to mice led to a fivefold increase in plasma Par-4 levels compared to baseline 
concentrations. Taking this one step further, serum from mice treated with 
Alylquin-1, but not vehicle treated animals, were also able to induce ex vivo cancer 
cell apoptosis. As this effect is abrogated through the addition of anti-Par-4 anti-
body, it is Par-4-dependent [49]. Discovery of such secretagogues is an area of 
active investigation.

Besides promoting extracellular secretion of Par-4, it would be useful to induce 
Par-4 to act intracellularly to increase Fas signaling or inhibit TOPO-1 activity. One 
possibility is to test methyltransferase inhibitors to prevent silencing of the Par-4 
promoter. This would be a topic for future research.

5.6  Summary

• Par-4 is a tumor suppressor that can act through intracellular and extracellular 
pathways.

• Intracellularly, Par-4 can act through inhibition of NF-κB dependent transactiva-
tion and TOPO-1.

• Intracellularly, Par-4 activity requires nuclear translocation and inhibition of 
NF-κB dependent transactivation.

• Extracellularly, Par-4 stimulates translocation of Fas to the cell surface.
• Par-4 secretion can be induced through ER stress, p53 activation, or NF-κB 

inhibition.
• The SAC domain of Par-4 is the minimal region required for Par-4 to induce 

apoptosis.
• Inducing secretion of Par-4 and/or SAC show therapeutic promise.

References

 1. FastStats—Leading causes of death
 2. WHO cancer
 3. EiC May 2008—Feature—Fighting cancer—the early years
 4. Peter ME, Hadji A, Murmann AE, Brockway S, Putzbach W, Pattanayak A, Ceppi P (2015) 

The role of CD95 and CD95 ligand in cancer. Cell Death Differ 22(4):549–559. doi:10.1038/
cdd.2015.1033

 5. Symes JC, Kurin M, Fleshner NE, Medin JA (2008) Fas-mediated killing of primary prostate 
cancer cells is increased by mitoxantrone and docetaxel. Mol Cancer Ther 7(9):3018–3028. 
doi:10.1158/1535-7163.MCT-3008-0335

 6. Sells SF, Wood DP, Joshi-Barve SS, Muthukumar S, Jacob RJ, Crist SA, Humphreys S, 
Rangnekar VM (1994) Commonality of the gene programs induced by effectors of apoptosis 
in androgen-dependent and -independent prostate cells. Cell Growth Differ 5(4):457–466

5 Regulation of Caspase-Mediated Apoptosis by the Tumor Suppressor Par-4

http://dx.doi.org/10.1038/cdd.2015.1033
http://dx.doi.org/10.1038/cdd.2015.1033
http://dx.doi.org/10.1158/1535-7163.MCT-3008-0335


104

 7. Shrestha-Bhattarai T, Rangnekar VM (2010) Cancer-selective apoptotic effects of extracellular 
and intracellular Par-4. Oncogene 29(27):3873–3880. doi:10.1038/onc.2010.141

 8. Cook J, Krishnan S, Ananth S, Sells SF, Shi Y, Walther MM, Linehan WM, Sukhatme VP, 
Weinstein MH, Rangnekar VM (1999) Decreased expression of the pro-apoptotic protein 
Par-4 in renal cell carcinoma. Oncogene 18(5):1205–1208. doi:10.1038/sj.onc.1202416

 9. Moreno-Bueno G, Fernandez-Marcos PJ, Collado M, Tendero MJ, Rodriguez-Pinilla SM, 
Garcia-Cao I, Hardisson D, Diaz-Meco MT, Moscat J, Serrano M, Palacios J (2007) Inactivation 
of the candidate tumor suppressor Par-4 in endometrial cancer. Cancer Res 67(5):1927–1934. 
doi:10.1158/0008-5472.CAN-06-2687

 10. Alvarez JV, Pan T-C, Ruth J, Feng Y, Zhou A, Pant D, Grimley JS, Wandless TJ, Demichele 
A, Chodosh LA (2013) Par-4 downregulation promotes breast cancer recurrence by prevent-
ing multinucleation following targeted therapy. Cancer Cell 24(1):30–44. doi:10.1016/j.
ccr.2013.05.007

 11. Contract D, Mackley H, Irby RB (2011) Par-4 sensitizes human colon cancer cells to chemo-
radiotherapy. J Cancer Ther 2:542–547. doi:10.4236/jct.2011.24074

 12. Pereira MC, de Bessa-Garcia SA, Burikhanov R, Pavanelli AC, Antunes L, Rangnekar VM, 
Nagai MA (2013) Prostate apoptosis response-4 is involved in the apoptosis response to 
docetaxel in MCF-7 breast cancer cells. Int J Oncol 43(2):531–538

 13. Garcıa-Cao I, Duran A, Collado M, Carrascosa MJ, MartÃın-Caballero J, Flores JM, Diaz- 
Meco MT, Moscat J, Serrano M (2005) Tumour-suppression activity of the proapoptotic regu-
lator Par4. EMBO Rep 6(6):577–583. doi:10.1038/sj.embor.7400421

 14. Rangnekar VM (1998) Apoptosis mediated by a novel leucine zipper protein Par-4. Apoptosis 
3(2):61–66

 15. Chaudhry P, Singh M, Parent S, Asselin E (2012) Prostate apoptosis response 4 (Par-4), a novel 
substrate of caspase-3 during apoptosis activation. Mol Cell Biol 32(4):826–839. doi:10.1128/
MCB.06321-11

 16. El-Guendy N, Zhao Y, Gurumurthy S, Burikhanov R, Rangnekar VM (2003) Identification of 
a unique core domain of Par-4 sufficient for selective apoptosis induction in cancer cells. Mol 
Cell Biol 23(16):5516–5525

 17. Gurumurthy S, Goswami A, Vasudevan KM, Rangnekar VM (2005) Phosphorylation of Par-4 
by protein kinase a is critical for apoptosis. Mol Cell Biol 25(3):1146–1161. doi:10.1128/
MCB.25.3.1146-1161.2005

 18. Cho YS, Park YG, Lee YN, Kim MK, Bates S, Tan L, Cho-Chung YS (2000) Extracellular pro-
tein kinase a as a cancer biomarker: its expression by tumor cells and reversal by a myristate- 
lacking Calpha and RIIbeta subunit overexpression. Proc Natl Acad Sci U S A 97(2):835–840

 19. Sanz-Navares E, Fernandez N, Kazanietz MG, Rotenberg SA (2001) Atypical protein kinase 
Czeta suppresses migration of mouse melanoma cells. Cell Growth Differ 12(10):517–524

 20. Moscat J, Rennert P, Diaz-Meco MT (2006) PKCzeta at the crossroad of NF-kappaB and Jak1/
Stat6 signaling pathways. Cell Death Differ 13(5):702–711. doi:10.1038/sj.cdd.4401823

 21. Leroy I, de Thonel A, Laurent G, Quillet-Mary A (2005) Protein kinase C zeta associates with 
death inducing signaling complex and regulates Fas ligand-induced apoptosis. Cell Signal 
17(9):1149–1157. doi:10.1016/j.cellsig.2004.12.013

 22. Zhang J, Zhang D, Hua Z (2004) FADD and its phosphorylation. IUBMB Life 56(7):395–401. 
doi:10.1080/15216540400008929

 23. Johnstone RW, See RH, Sells SF, Wang J, Muthukkumar S, Englert C, Haber DA, Licht JD, 
Sugrue SP, Roberts T, Rangnekar VM, Shi Y (1996) A novel repressor, Par-4, modulates tran-
scription and growth suppression functions of the Wilms' tumor suppressor WT1. Mol Cell 
Biol 16(12):6945–6956

 24. Roussigne M, Cayrol C, Clouaire T, Amalric F, Girard J-P (2003) THAP1 is a nuclear proapop-
totic factor that links prostate-apoptosis-response-4 (Par-4) to PML nuclear bodies. Oncogene 
22:2432–2442. doi:10.1038/sj.onc.1206271

 25. Cheema SK, Mishra SK, Rangnekar VM, Tari AM, Kumar R, Lopez-Berestein G (2003) Par-4 
transcriptionally regulates Bcl-2 through a WT1-binding site on the bcl-2 promoter. J Biol 
Chem 278(22):19995–20005. doi:10.1074/jbc.M205865200

J. Sledziona and V.M. Rangnekar

http://dx.doi.org/10.1038/onc.2010.141
http://dx.doi.org/10.1038/sj.onc.1202416
http://dx.doi.org/10.1158/0008-5472.CAN-06-2687
http://dx.doi.org/10.1016/j.ccr.2013.05.007
http://dx.doi.org/10.1016/j.ccr.2013.05.007
http://dx.doi.org/10.4236/jct.2011.24074
http://dx.doi.org/10.1038/sj.embor.7400421
http://dx.doi.org/10.1128/MCB.06321-11
http://dx.doi.org/10.1128/MCB.06321-11
http://dx.doi.org/10.1128/MCB.25.3.1146-1161.2005
http://dx.doi.org/10.1128/MCB.25.3.1146-1161.2005
http://dx.doi.org/10.1038/sj.cdd.4401823
http://dx.doi.org/10.1016/j.cellsig.2004.12.013
http://dx.doi.org/10.1080/15216540400008929
http://dx.doi.org/10.1038/sj.onc.1206271
http://dx.doi.org/10.1074/jbc.M205865200


105

 26. Goswami A, Qiu S, Dexheimer TS, Ranganathan P, Burikhanov R, Pommier Y, Rangnekar VM 
(2008) Par-4 binds to topoisomerase 1 and attenuates its DNA relaxation activity. Cancer Res 
68(15):6190–6198. doi:10.1158/0008-5472.CAN-08-0831

 27. Goswami A, Burikhanov R, de Thonel A, Fujita N, Goswami M, Zhao Y, Eriksson JE, Tsuruo 
T, Rangnekar VM (2005) Binding and phosphorylation of Par-4 by akt is essential for cancer 
cell survival. Mol Cell 20(1):33–44. doi:10.1016/j.molcel.2005.08.016

 28. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden KC, Blenis J, 
Greenberg ME (1999) Akt promotes cell survival by phosphorylating and inhibiting a forkhead 
transcription factor. Cell 96(6):857–868. doi:10.1016/S0092-8674(1000)80595-80594

 29. Kline CLB, Irby RB (2011) The pro-apoptotic protein prostate apoptosis response pro-
tein- 4 (Par-4) can be activated in colon cancer cells by treatment with Src inhibitor and 
5-FU. Apoptosis 16(12):1285–1294. doi:10.1007/s10495-011-0648-3

 30. Fernandez-Medarde A, Santos E (2011) Ras in cancer and developmental diseases. Genes 
Cancer 2(3):344–358. doi:10.1177/1947601911411084

 31. Pruitt K, Ülkü AS, Frantz K, Rojas RJ, Muniz-Medina VM, Rangnekar VM, Der CJ, Shields 
JM (2005) Ras-mediated loss of the pro-apoptotic response protein Par-4 is mediated by DNA 
hypermethylation through Raf-independent and Raf-dependent signaling cascades in epithelial 
cells. J Biol Chem 280(24):23363–23370. doi:10.1074/jbc.M503083200

 32. Qiu SG, Krishnan S, el-Guendy N, Rangnekar VM (1999) Negative regulation of Par-4 
by oncogenic Ras is essential for cellular transformation. Oncogene 18(50):7115–7123. 
doi:10.1038/sj.onc.1203199

 33. Zhao Y, Rangnekar VM (2008) Apoptosis and tumor resistance conferred by Par-4. Cancer 
Biol Ther 7(12):1867–1874

 34. Beere HM (2005) Death versus survival: functional interaction between the apoptotic and 
stress-inducible heat shock protein pathways. J Clin Invest 115(10):2633–2639. doi:10.1172/
JCI26471

 35. Kaufmann T, Strasser A, Jost PJ (2012) Fas death receptor signalling: roles of bid and 
XIAP. Cell Death Differ 19(1):42–50. doi:10.1038/cdd.2011.121

 36. Chakraborty M, Qiu SG, Vasudevan KM, Rangnekar VM (2001) Par-4 drives trafficking and 
activation of Fas and FasL to induce prostate cancer cell apoptosis and tumor regression. 
Cancer Res 61(19):7255–7263

 37. Zhao Y, Burikhanov R, Qiu S, Lele SM, Jennings CD, Bondada S, Spear B, Rangnekar VM 
(2007) Cancer resistance in transgenic mice expressing the SAC module of Par-4. Cancer Res 
67(19):9276–9285. doi:10.1158/0008-5472.CAN-07-2124

 38. Burikhanov R, Zhao Y, Goswami A, Qiu S, Schwarze SR, Rangnekar VM (2009) The 
tumor suppressor Par-4 activates an extrinsic pathway for apoptosis. Cell 138(2):377–388. 
doi:10.1016/j.cell.2009.05.022

 39. Lee AS (2005) The ER chaperone and signaling regulator GRP78/BiP as a monitor of endo-
plasmic reticulum stress. Methods 35(4):373–381. doi:10.1016/j.ymeth.2004.10.010

 40. Raiter A, Yerushalmi R, Hardy B (2014) Pharmacological induction of cell surface GRP78 
contributes to apoptosis in triple negative breast cancer cells. Oncotarget 5(22):11452–11463. 
doi:10.18632/oncotarget.2576

 41. Arap MA, Lahdenranta J, Mintz PJ, Hajitou A, Sarkis AS, Arap W, Pasqualini R (2004) Cell 
surface expression of the stress response chaperone GRP78 enables tumor targeting by circu-
lating ligands. Cancer Cell 6(3):275–284. doi:10.1016/j.ccr.2004.1008.1018

 42. Zhang Y, Liu R, Ni M, Gill P, Lee AS (2010) Cell surface relocalization of the endoplas-
mic reticulum chaperone and unfolded protein response regulator GRP78/BiP. J Biol Chem 
285(20):15065–15075. doi:10.1074/jbc.M109.087445

 43. Burikhanov R, Shrestha-Bhattarai T, Qiu S, Shukla N, Hebbar N, Lele SM, Horbinski C, 
Rangnekar VM (2013) Novel mechanism of apoptosis resistance in cancer mediated by extra-
cellular PAR-4. Cancer Res 73(2):1011–1019. doi:10.1158/0008-5472.CAN-12-3212

 44. Burikhanov R, Shrestha-Bhattarai T, Hebbar N, Qiu S, Zhao Y, Zambetti GP, Rangnekar 
VM (2014) Paracrine apoptotic effect of p53 mediated by tumor suppressor Par-4. Cell Rep 
6(2):271–277. doi:10.1016/j.celrep.2013.12.020

5 Regulation of Caspase-Mediated Apoptosis by the Tumor Suppressor Par-4

http://dx.doi.org/10.1158/0008-5472.CAN-08-0831
http://dx.doi.org/10.1016/j.molcel.2005.08.016
http://dx.doi.org/10.1016/S0092-8674(1000)80595-80594
http://dx.doi.org/10.1007/s10495-011-0648-3
http://dx.doi.org/10.1177/1947601911411084
http://dx.doi.org/10.1074/jbc.M503083200
http://dx.doi.org/10.1038/sj.onc.1203199
http://dx.doi.org/10.1172/JCI26471
http://dx.doi.org/10.1172/JCI26471
http://dx.doi.org/10.1038/cdd.2011.121
http://dx.doi.org/10.1158/0008-5472.CAN-07-2124
http://dx.doi.org/10.1016/j.cell.2009.05.022
http://dx.doi.org/10.1016/j.ymeth.2004.10.010
http://dx.doi.org/10.18632/oncotarget.2576
http://dx.doi.org/10.1016/j.ccr.2004.1008.1018
http://dx.doi.org/10.1074/jbc.M109.087445
http://dx.doi.org/10.1158/0008-5472.CAN-12-3212
http://dx.doi.org/10.1016/j.celrep.2013.12.020


106

 45. Dhandapani L, Yue P, Ramalingam SS, Khuri FR, Sun S-Y (2011) Retinoic acid enhances 
TRAIL-induced apoptosis in cancer cells by upregulating TRAIL receptor 1 expression. 
Cancer Res 71(15):5245–5254. doi:10.1158/0008-5472.CAN-10-4180

 46. Miura Y, Tsujioka T, Nishimura Y, Sakaguchi H, Maeda M, Hayashi H, Dong M, Hyodoh 
F, Yata K-I, Wada H, Sugihara T, Otsuki T (2006) TRAIL expression up-regulated by 
interferon- gamma via phosphorylation of STAT1 induces myeloma cell death. Anticancer Res 
26(6B):4115–4124

 47. Lemke J, von Karstedt S, Zinngrebe J, Walczak H (2014) Getting TRAIL back on track for 
cancer therapy. Cell Death Differ 21(9):1350–1364. doi:10.1038/cdd.2014.81

 48. Zhao Y, Burikhanov R, Brandon J, Qiu S, Shelton BJ, Spear B, Bondada S, Bryson S, 
Rangnekar VM (2011) Systemic Par-4 inhibits non-autochthonous tumor growth. Cancer Biol 
Ther 12(2):152–157

 49. Burikhanov R, Sviripa VM, Hebbar N, Zhang W, Layton WJ, Hamza A, Zhan C-G, Watt DS, 
Liu C, Rangnekar VM (2014) Arylquins target vimentin to trigger Par-4 secretion for tumor 
cell apoptosis. Nat Chem Biol 10(11):924–926. doi:10.1038/nchembio.1631

J. Sledziona and V.M. Rangnekar

http://dx.doi.org/10.1158/0008-5472.CAN-10-4180
http://dx.doi.org/10.1038/cdd.2014.81
http://dx.doi.org/10.1038/nchembio.1631


107© Springer International Publishing AG 2017 
O. Micheau (ed.), TRAIL, Fas Ligand, TNF and TLR3 in Cancer, Resistance to 
Targeted Anti-Cancer Therapeutics, DOI 10.1007/978-3-319-56805-8_6

Chapter 6
Stem Cell Regulation by Death Ligands 
and Their Use in Cell Therapy

Andrea Mohr and Ralf Zwacka

Abstract Stem cells are an essential to repair damaged tissues. Their functions, 
proliferation and differentiation need to be tightly controlled, as impairments can 
lead to various diseases including cancer. Induction of apoptosis is one way to con-
trol the number of stem cells and to eliminate rogue and/or precancerous cells. One 
way of triggering apoptosis, and probably the physiologically most important one, 
is via binding of death ligand to their cognate receptors. The death receptor–ligand 
family encompasses five pairs: FAS/FASL; TNF-R1/TNF; DR3/TL1A and 
TWEAK; DR4 and DR5/TRAIL; and DR6/unknown ligand. Of these, FASL and 
TRAIL and to a lesser extent TNF are strong inducers of apoptosis, whereas the 
others possess relative weak cell-death-inducing activity. Interestingly, these death 
receptors and ligands also have non-canonical functions and in specific cellular and 
molecular contexts can regulate cell proliferation, differentiation, chemokine pro-
duction and inflammatory responses. Some of these non-apoptotic functions have 
been shown to be of relevance in stem and progenitor cells.

Stem cells have also been used as part of cell therapies in connection with deliv-
ery of death ligands to target their respective receptors, in particular in experimental 
anti-cancer therapies. Stem cells, at least some types, are attractive in these 
approaches because they are capable to infiltrate certain tissues including tumours 
to deliver their therapeutic payload. This way of cellular delivery can be more effi-
cacious and specific compared to recombinant proteins or direct gene therapy.

This chapter summarises our current understanding of stem cell regulation by 
death receptor–ligand signalling and in the second part how certain types of stem 
cells have been used to deliver death-ligand gene therapies in the laboratory and 
increasingly in clinical trials.
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6.1  Introduction

Apoptosis can be distinguished into two different forms, intrinsic or stress-induced 
apoptosis and extrinsic cell death, respectively. The latter is triggered by activation 
of death receptors including FAS (CD95), TNF-RI (TNFR55), DR3 (TRAMP), 
DR4 (TRAIL-R1), DR5 (TRAIL-R2) and DR6 (CD353) by their respective ligands 
[1]. Death receptors are members of the tumour necrosis factor receptor superfamily 
(TNFRSF) characterised by a ligand specific ectodomain and a cytoplasmic part 
known as death domain that is essential for conveying signals from the outside of a 
cell to the intracellular apoptosis machinery. Death receptors are activated by bind-
ing of their cognate ligands (ligand–receptor: FASL/FAS [2–4], TNF/TNF-R1 [5–
7], TL1A and TWEAK/DR3 [8–10], TRAIL/DR4 and DR5 [11–13], unknown/DR6 
[14]). These ligands belong to the tumour necrosis factor superfamily (TNFSF). 
While FASL, TRAIL and to a lesser extent TNF are potent inducers of programmed 
cell death, the others have at best weak apoptosis-triggering activity. The death 
ligands initiate signalling via receptor oligomerisation, which firstly leads to the 
recruitment of specialised adaptor proteins (TRADD and/or FADD), followed by 
the initiator caspase, caspase-8. Within this death-inducing signalling complex 
(DISC) caspase-8 is activated though oligomerisation and autocatalysis. Activated 
caspase-8 gives rise to apoptosis via two parallel pathways. It can then either directly 
cleave and activate caspase-3, or process Bid, a pro-apoptotic BH3-only protein of 
the Bcl-2 family, to truncated Bid (tBid). The tBid protein translocates to the mito-
chondria, inducing the release of pro-apoptotic factors such as cytochrome c and 
Smac/DIABLO into the cytosol, leading to sequential activation of caspases-9 and 
-3 and/or blocking of the anti-apoptotic protein XIAP, respectively. However, more 
recent results point to additional, non-apoptosis signalling pathways that are con-
trolled by death receptors and its ligands, including cell proliferation and differen-
tiation, chemokine production, inflammatory responses and tumour-promoting 
activities.

As stem cells are an essential source for new cells needed to repair damaged tis-
sues and replace worn-out cells, these death receptor–ligand-mediated biological 
mechanisms have potential roles in the regulation of their activities and functions. 
At the same time some of the characteristics of stem cells, such as their potential to 
home to certain tissues even when exogenously administered, make them attractive 
cell therapy vehicle for the treatment of degenerative diseases as well as cancer. 
Therefore, this chapter starts with a summary of our current understanding of stem 
cell regulation by death receptor–ligand signalling and reviews in the second part 
how certain types of stem cells have been used to deliver death-ligand gene thera-
pies in the laboratory and increasingly in clinical trials.
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6.2  Regulation of Stem Cell Activity

Stem cells are defined by the capacity to self-renew and the ability to produce dif-
ferentiated cells. They can generate either identical daughter cells (self-renewal) or 
give rise to progeny with restricted potential to further differentiate with very spe-
cific functions (differentiated cells). Generally, we distinguish between pluripotent 
embryonic stem cells (ESCs) and usually multipotent adult stem cells. ESCs are 
essential for the development of multicellular organisms. In the 3- to 5-day-old 
embryo, called a blastocyst, the cells of the inner cell mass, from which ESCs are 
derived, give rise to all adult tissues, including all of the many specialised cell types 
and organs such as the heart, lungs, skin, sperm, eggs and other tissues. Adult stem 
cells such as haematopoietic stem cells (HSCs) are undifferentiated cells with a 
more limited differentiation range, found in many tissues or organs. Aside from 
being able to self-renew, these adult stem cells are believed to differentiate to yield 
some or all of the major specialised cell types of the tissue or organ they reside in. 
Thus, their main role is to maintain and repair the tissue in which they are found. In 
some organs, such as the gut and bone marrow (BM), stem cells regularly divide to 
repair and replace exhausted or damaged cells. In other organs, however, such as the 
pancreas and the heart, stem cells only divide under special conditions. However, 
some types of adult stem cells can be mobilised from their regular sites of residence 
and infiltrate distal tissues where they assist in repair and regeneration processes. In 
these different environments, milieus and contexts stem cells encounter members of 
the TNFSF family including death ligands that regulate the fate of differentiated 
cells. Given their value it is thought that stem cells are resistant to the apoptosis- 
inducing activities of these factors. However, worn-out stem cells might need to be 
removed and apoptosis might be a clean and elegant way to achieve this. Furthermore, 
there are other biological processes such as proliferation or differentiation that can 
be controlled by death ligands and members of the wider TNFSF family. As stem 
cells offer new approaches for treating diseases such as diabetes and heart diseases 
it is of relevance to understand such regulatory pathways in stem cells in order to 
optimise their application in regenerative medicine. Additionally, as there is an 
increasing body of evidence that some stem cells types have utility in cancer treat-
ment owing to their recruitment to tumour tissues it is important to identify, which 
death ligands/TNFSFs can be safely and efficaciously be used in such approaches.

6.2.1  Regulation by TNF

Most stem cells, including haematopoietic stem cells (HSCs), are considered to be 
resistant to the apoptosis-inducing effects of death ligands under normal physiologi-
cal conditions. Various mechanisms account for this resistance and include lack of 
death receptor expression and/or expression of apoptosis-inhibiting factors such as 
the caspase-8 splice variant caspase-8 L [15]. However, there are other pathways 
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that can be affected. In particular, TNF has been shown in many different cellular 
contexts to possess non-apoptotic functions. TNF is the first identified member of 
the TNF family. TNF exerts its effects by interacting with two different receptors: 
TNF-R1 and TNF-R2, of which TNF-R1 is able to initiate apoptosis pathways, 
while TNF-R2 is only able to convey to non-apoptotic signals [16].

Multipotent self-renewing HSCs are needed for reconstitution of all blood cell 
lineages. Thus, the survival of HSCs is a requisite for life, but uncontrolled expan-
sion of HSCs might enhance the propensity for leukaemia development. Early stud-
ies implicated TNF signalling through TNF-R1 in reduced maintenance of murine 
and human HSCs in vitro and in vivo [17–19]. Zhang et al. found that the number 
of murine primitive HSCs (Lin-Sca-1+ c-kit+) was significantly increased in TNF- R1 
deficient mice compared to wild-type mice without affecting the overall BM cellu-
larity. In several in vitro assays, TNF was able to block the proliferation of wild-type 
mouse-derived HSCs in response to a combination of stimulatory growth factors 
(G-CSF plus SCF or IL-3 plus SCF). It also gave rise to a G0/G1-S-phase arrest in 
stimulated HSCs. In contrast, TNF failed to affect growth and cell cycle progression 
of HSCs from TNF-R1 knock-out mice suggesting that TNF-α, via signalling 
through TNF-R1, is an important regulator of haematopoiesis by inhibiting the 
growth of both primitive stem and more committed Lin-Sca-l-c-kit+ progenitor cells 
[19].

In human HSCs (CD34+ CD38-), derived from cord blood and adult bone mar-
row, it was shown that they were capable of proliferation in the presence of TNF 
before ultimately becoming sensitive to TNF-induced growth inhibition [18]. 
Furthermore, cycling human HSCs exposed to TNF were severely compromised in 
their ability to reconstitute NOD-SCID mice and long term cultures. These effects 
were limited to cycling HSCs as cells cultured in the presence of thrombopoietin 
(TPO) alone, which promotes survival rather than proliferation under the specific 
experimental culturing conditions, were not adversely affected by TNF. Using TNF- 
mutants that were specific for TNF-R1 or TNF-R2 revealed that the inhibition was 
affected by signalling through TNF-R1 with little or no contribution from TNF-R2. 
Apoptosis measurements and addition of FASL neutralising antibodies showed that 
the effects of TNF were not caused by cell death induction nor were they triggered 
indirectly via induced production of FASL and subsequent engagement of its recep-
tor FAS.  Furthermore, TNF did not alter the cell cycle distribution of cultured 
human HSCs. However, TNF appeared to stimulate myeloid differentiation and 
might therefore regulate HSC fate by promoting their differentiation rather than 
self-renewal [18]. Interestingly, despite the lack of a role for induced FASL in TNF- 
treated HSC cultures, the same group reported that murine Lin-Sca-1+c-kit+ stem 
cells, which were induced to undergo self-renewal by c-kit ligand, IL-3 and IL-6 
acquired high FAS expression levels in the presence of TNF. Consequently, colony 
formation was inhibited in these cells when additionally treated with the FAS ago-
nistic antibody Jo2 [17]. In summary, HSCs constitutively express little or no FAS, 
and only enforced cycling in combination with TNF leads to FAS expression ren-
dering them susceptible to FAS-mediated suppression. As there is ample evidence 
for an involvement of excessive TNF and FAS activities in various BM failure 
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 syndromes and graft-versus-host disease (GvHD) [20, 21], these findings indicate 
that self-renewing HSCs are likely targets for TNF- and FAS-induced BM 
suppression.

6.2.2  Regulation by FASL

FAS signalling has been linked to normal stem cells and is identified as a candidate 
stem cell marker (similar to other well-established stem cell markers such as Lin28, 
Oct4, Nanog and Sox2) in a serial analysis of gene expression (SAGE) profiling of 
human embryonic stem cells [22].

In one of the studies linking FAS signalling to regenerative activity and thereby 
stem cell functions, it was shown that partial hepatectomy, not only protected mice 
against the lethal effects of FAS-specific antibodies and prevented hepatocyte apop-
tosis, but also accelerated liver regeneration. Mutant lpr mice that have decreased 
cell surface expression of FAS exhibited delayed liver regeneration, whereas regen-
eration was not affected in lpr-cg mutant mice, which harbour a FAS mutation that 
prevents apoptosis but not FAS-dependent growth stimulation. These results point 
to a role for FAS in (stem) cells that are involved in regenerating or healing tissues 
[23].

Further functional evidence of a prosurvival function of FAS signalling in stem 
cells came from studies that showed that the stimulation of FAS signalling in neu-
ronal stem cells did not lead to cell death, but rather increased the survival of neu-
ronal stem cells. These effects were mediated by the activation of the Src/PI3K/
AKT/mTOR pathway, ultimately giving rise to an increase in protein translation. 
While lack of hippocampal FAS resulted in a reduction in neurogenesis and work-
ing memory deficits, forced expression of FASL in the adult subventricular zone 
had the opposite effect. Induction of neurogenesis by FAS was further confirmed in 
the ischaemic CA1 region, in the naive dentate gyrus and following global isch-
aemia, after which FAS-mediated brain repair rescued behavioural impairment [24].

As normal stem cells are often the origin of cancer stem cells (CSCs), these data 
were suggestive that FAS may also have a non-apoptotic function in CSCs. To this 
end, it was recently demonstrated that FAS is required for the survival of CSCs and 
allows new CSCs to emerge [25]. This reprogramming or retro-differentiation activ-
ity of FAS was independent of its apoptosis-inducing function and CSCs derived 
from highly apoptosis-sensitive cancer cells became resistant to FAS-mediated 
apoptosis. Overall, stimulation of FAS not only increased the number of cancer cells 
with stem cell traits but also prevented differentiation of CSCs, suggesting that FAS 
expression on cancer cells maintains the CSC pool [25]. A similar connection 
between FAS and CSCs was also recently reported in pancreatic cancer, in which 
FAS expression strongly correlated with stemness and EMT markers. Consequently, 
inhibition of FASL decreased tumour growth and metastasis development [26].

In the context of mesenchymal stem cells (MSCs), cells that were selected by 
FACS for high FASL expression showed remarkable inhibitory effects on multiple 
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myeloma (MM) growth and dissemination in an MM mouse model. The injected 
MSCs were able to extend the mouse survival rate and inhibit tumour growth, bone 
resorption in the lumbus and collum femoris, as well as reduce MM cell metastasis 
to lungs and kidneys. Thus, these results suggest that FAS/FASL-induced apoptosis 
in MM cells plays a crucial role in the observed MSC-based inhibition of MM 
growth [27, 28], and also offer new directions for therapeutic interventions [29]. To 
this end, it is noteworthy that it was recently reported that licochalcone A, which can 
be isolated from the roots of Glycyrrhiza glabra (liquorice), up-regulated FASL in 
MSCs and strengthened bone formation and increased bone mass [30]. This effect 
was mediated by ERK phosphorylation, leading to GSK-3β inactivation and conse-
quent β-catenin stabilisation in MSCs giving rise to enhanced or recovered function 
of osteogenic differentiation of damaged cells both in vivo and in vitro.

FASL was also found to promote proliferation of MSCs in vitro and to inhibit 
their differentiation into adipocytes. MSCs treated with low concentrations of FASL 
proliferated more rapidly than untreated cells without apoptosis, inducing ERK1/2 
that was phosphorylated and upregulating survivin in these cells. When MSCs were 
cultured in adipogenic medium, FASL reversibly prevented differentiation into fat 
cells by modulating peroxisome proliferator-activated receptor gamma (PPARγ) 
and expression of the adipocyte binding protein FABP4/aP2 [31]. These results 
demonstrate that the FASL/FAS system has a potential role in MSC biology via 
regulation of both proliferation and adipogenesis, and may have clinical importance 
because circulating FASL levels decline with age and several age-related condi-
tions, including osteoporosis, that are characterised by adipocyte accumulation in 
the bone marrow.

On MSC-derived pre-osteoblasts FASL appeared to have a conventional 
apoptosis- inducing activity owing to increased FAS levels, whereas differentiating 
adipocytes underwent a reduction in FAS expression and became resistant to FASL- 
induced cell death [32]. As MSC cell death and consequent loss of cells post- 
implantation is seen as a major obstacle to the utility in regenerative medicine, the 
authors assessed the effect of the growth factor EGF, and in particular EGF tethered 
onto a two-dimensional surface (tEGF), on responses of MSCs. They found that 
tEGF gave rise to sustained activation of EGFR and promoted survival from FASL- 
induced cell death pointing to a possible approach to assist MSCs to survive in the 
inflammatory wound milieu and increase their regenerative potential.

Another role for FASL was described in liver transplantation in a mouse model. 
Infusion of MSCs markedly ameliorated liver graft injury and improved survival 
post-transplantation and suppressed Kupffer cell apoptosis, Th1/Th17 immune 
responses, chemokine expression, and inflammatory cell infiltration. In vitro, PGE2 
secreted by MSCs inhibited Kupffer cell apoptosis via regulation of the TLR4- 
ERK1/2-FAS/FASL-caspase-3 axis [33]. This study points to a potential option for 
the clinical application of MSC administration to protect liver grafts and prolong 
post-transplant survival in the future.
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6.2.3  Regulation by TRAIL

CD34+ HSCs cells do not express TRAIL-receptors and are protected from TRAIL- 
induced apoptosis [34–36]. However, there is accumulating evidence that points to 
a role for TRAIL in the BM in the pathophysiology of a number of haematological 
disorders including aplastic anaemia, Fanconi anaemia, and myelodysplastic syn-
dromes. Very severe aplastic anaemia (vSAA) is characterised by a hypoplastic BM 
due to destruction of CD34+ stem cells by autoreactive T cells. Investigation of the 
pathomechanism by patient-specific gene expression analysis revealed that the 
apoptosis-inducing death ligand TRAIL was strongly up-regulated in CD34+ cells 
of patients with vSAA [37]. However, CD34+ cells from vSAA patients showed no 
changes in the expression of TRAIL-R1 and -R2 when compared to healthy con-
trols. In contrast, TRAIL-R3 was up-regulated in CD34+ cells of vSAA patients. 
TRAIL-R3 lacks the cytoplasmic region that contains the death-inducing protein 
domain and is not capable of triggering apoptosis. It is understood to act as a decoy 
receptor and protects cells from TRAIL-induced cytotoxicity by competing with 
other TRAIL receptors for ligand binding. The authors of this study speculated that 
up-regulation of a decoy receptor for TRAIL ligand may enable CD34+ stem cells 
from vSAA patients to kill infiltrating effector lymphocytes through TRAIL while 
remaining resistant themselves. This resembles protective mechanisms found in 
some solid tumours that induce massive death of cytotoxic T cells by producing 
soluble and membrane-bound TRAIL [38–41]. TRAIL may also participate in the 
pathological suppression of erythropoiesis in SAA patients, since immature eryth-
roblasts are sensitive to TRAIL owing to the expression of TRAIL-R1 and 
TRAIL-R2 [42]. Therefore, these precursors might be depleted leading to reduced 
numbers of mature erythrocytes. In addition, elevated TRAIL levels in the BM may 
also play a key role in other BM failure syndromes, such as Fanconi anaemia and 
myelodysplastic syndrome [43, 44].

In the context of survival, expansion and differentiation of erythroid progenitors 
it was discovered that the Bruton’s tyrosine kinase (Btk) was phosphorylated by 
SCF also known as Kit-ligand, a factor that together with erythropoietin (EPO) is 
essential in the control of afore mentioned biological processes. Phosphorylation of 
Btk causes association with TRAIL-R1 and in the absence of Btk, erythroid pro-
genitors are hypersensitive to TRAIL. Thus, Btk regulated signalling in erythroid 
progenitors that enhances survival and expansion of these cells which is, in part, 
afforded by providing resistance to TRAIL [45]. Interestingly, in patients with 
chronic lymphocytic leukaemia developing resistance to Btk-inhibition with 
Ibrutinib, a haplo-insufficiency of TRAIL-R was discovered. This is a consequence 
of del(8p) observed in 3 out of 5 patients, resulting in TRAIL insensitivity, which in 
turn may contribute to Ibrutinib resistance [46].

In summary, TRAIL and its receptors are either not detectable or expressed at 
very low levels in human haematopoietic progenitors under steady-state conditions; 
therefore, these cells are largely unaffected by this signalling pathway [34]. This is 
supported by results from infusion studies of recombinant TRAIL into rodents that 
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did not show any gross abnormalities in haematopoiesis [47]. The only part of hae-
matopoiesis that appeared affected when TRAIL was administered, not to rodents, 
but to nonhuman primates, was erythropoiesis evident by the mild anaemia that 
developed in these animals [69].

6.3  Use of Stem Cells to Deliver Death Ligands

While there are many different stem cell types there are only a few for which utility 
as cell therapeutic vehicle has been demonstrated. Most of the studies have been 
conducted with MSCs, while far fewer have tested other types such as HSCs and 
induced pluripotent stem (iPS)-derived stem cells.

6.3.1  Mesenchymal Stem Cells

MSCs are non-haematopoietic cell precursors initially found in the bone marrow, 
but actually present in many other tissues such as umbilical cord blood, placenta or 
adipose tissue. The International Society of Cellular Therapy (ISCT) used three 
criteria to define MSCs [48]. Firstly, MSCs can adhere to plastic under standard 
culture conditions; secondly, MSCs express cell surface markers including CD105, 
CD73 and CD90 with no expression of other contaminating endothelial, haemato-
poietic, or immunological cell markers such as CD45, CD34, CD14, CD11b, 
CD79α, CD19 and HLA-DR; thirdly, MSCs have the ability to differentiate into 
osteoblasts, adipocytes and chondroblasts when exposed to the appropriate stimuli 
[49]. Studies have shown that MSCs from different sources may vary in their dif-
ferentiation capacity even if cultured under exactly the same conditions. BM-derived 
MSCs have the highest degree of lineage plasticity as they are capable of giving rise 
to virtually all cell types after being implanted into early blastocysts [50, 51]. The 
capacity of MSCs to differentiate into various cell lineages and proliferate in vitro 
makes them attractive targets for regenerative medicine applications [52]. Moreover, 
MSCs can be readily transduced by a variety of vectors such as adenovirus, lentivi-
rus and adeno-associated virus and can maintain transgene expression after in vivo 
differentiation [53]. MSCs are also immune-privileged owing to the lack of co- 
stimulatory molecules present on the cell surface including B7–1, B7–2, CD40 and 
CD40 ligand [54]. MSCs also secrete prostaglandin E2 (PGE2), transforming 
growth factor ß (TGF-ß) and hepatocyte growth factor (HGF), which regulate the 
immune response of T cells to novel antigens, thereby decreasing the chances of a 
cytotoxic T cell response to the transduced MSCs. In addition to suppressing cyto-
toxic T cell functions, MSCs are also able to inhibit the differentiation of dendritic 
cells and regulate the production of proinflammatory cytokines [55–57]. All these 
features are important in protecting MSCs from immune responses. Therefore, 
MSCs possess immune-regulatory functions. Another well-established function of 
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MSCs is the ability to migrate to damaged tissues, ischaemia and tumour microen-
vironments. Also, MSCs are capable of extravasating towards tumours when intro-
duced into the organism via the local blood stream [58]. Although the mechanisms 
behind the migration of MSCs are still not fully understood, studies have shown that 
the migration is regulated by various cytokines and their corresponding receptors, 
i.e., SDF-1/CXCR4, HGF/c-Met, VEGF/VEGFR, PDGF/PDGFR, MCP-1/CCR2, 
and HMGB1/RAGE [59]. In summary, the fact that MSCs can be easily transduced, 
have immune-regulatory properties, and their capacity for tumour-directed migra-
tion, makes MSC therapy a promising new approach for the treatment of cancer.

6.3.2  Targeting Death Receptors with MSCs

Currently, an innovative strategy in tumour therapy is the activation of apoptosis 
through the binding of death ligands to their corresponding death receptors and to 
have the ligands delivered by stem cells. Signalling through death receptors is one 
way to directly induce apoptosis, thereby circumventing chemotherapeutic resis-
tance. Integration of the TNF in such stem cell systems has been tested using MSC- 
mediated delivery and showed a strong suppressive effect on gastric tumour growth 
in immune-deficient nude mice [60]. However, it is generally recognised that TNF 
as a (cancer) therapeutic agent has limited therapeutic efficacy and substantial side 
effects, and can only be applied in very restricted circumstances such as the treat-
ment of metastases from melanoma and sarcoma by hyperthermic-isolated limb 
perfusion [61]. Therefore, the focus turned to other members of the TNF superfam-
ily. LIGHT is another member of this family, which is naturally expressed on imma-
ture dendritic cells (DCs) and activated T cells [62]. LIGHT normally binds to two 
functional receptors, HVEM and lymphotoxin β receptor (LTβR); the former is 
broadly expressed on the surface of T cells, NK cells, and monocytes while the lat-
ter is mainly expressed on stromal cells and monocyte cells [62]. Owing to its regu-
latory activity on immune cells, LIGHT has a priming role in anti-tumour immunity 
and has therefore attracted considerable attention as it could be an important ele-
ment in tumour immune therapies [62, 63]. In one study, MSC delivery of LIGHT 
enhanced T cells infiltrating into tumours and reversed the local suppressive envi-
ronment and resulted in tumour regression [64]. Similarly, MSCs expressing LIGHT 
possessed an obvious anti-tumour effect in a gastric tumour xenograft mouse model 
[65]. Thus, therapeutic strategies centred on LIGHT signalling hold great promise, 
but the complexity of this system makes therapeutic inhibition strategies less 
straightforward than for other inhibitory receptors or ligands such as PD1/PDL1 or 
CTLA4/CD80 and CD86 (also called B7–1 and B7–2, respectively).

Among the different TNF members, the most promising one appears to be 
TRAIL for adoption to a stem cell delivery system, and in fact a clinical trial has 
been initiated with the goal to treat lung cancer patients with MSCs that express 
TRAIL at University College London. TRAIL is a type 2 transmembrane protein 
and is composed of 281 amino acids [66]. It can induce apoptosis in cancer cells 
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while sparing normal cells although the molecular basis for the tumour-selective 
activity of TRAIL remains to be fully defined [67]. In addition, unlike conventional 
chemotherapeutics, TRAIL can induce apoptosis in a p53-independent manner. 
Since p53 is frequently inactivated in human tumours, TRAIL may have the ability 
to induce apoptosis in those cancer cells. These features make TRAIL a promising 
agent for anti-cancer therapy. Although TRAIL is a very promising anti-tumour 
agent, there are a number of limitations to its use as a recombinant protein including 
the resistance of various human cancers, especially some highly malignant tumours, 
to this death receptor pathway [66]. Moreover, repeated application of TRAIL can 
result in selection and expansion of TRAIL-resistant cells leading to acquired resis-
tance [68]. The success of TRAIL treatments can also be hampered by the short 
half-life and instability in vivo [69]. While not all of these issues can be addressed 
by stem cell-based delivery, in particular MSC engineered to express TRAIL (MSC- 
TRAIL) have been shown to overcome some of the described limitations. To this 
end, a number of studies have shown the therapeutic efficacy of such MSCs in vari-
ous cancer models and treatment schedules both in vitro or in vivo (Table 6.1) [70–
81]. For example, MSCs with expression of TRAIL exert apoptosis-inducing 
activity in vitro, including cervical carcinoma, pancreatic cancer and colon cancer 
[75]. MSC-TRAIL were able also to inhibit the growth of glioma in nude mice and 
prolong the survival of glioma-bearing mice compared with controls after intratu-
moural injection [71, 72]. In addition, delivery of MSC-TRAIL could inhibit lung 
tumour growth and even eliminate lung tumour metastases [73, 76]. Most of the 
earlier MSC-TRAIL studies used full-length TRAIL (aa1-aa281) which is expressed 
as a membrane-bound protein restricting the apoptosis-inducing activity to neigh-
bouring cancer cells. Since then a number of improvements have been made to 
increase the reach of the MSC-produced TRAIL and its cancer cell-killing activity. 
This was achieved by engineering and using an expression cassette of soluble and 
trimeric form of TRAIL (sTRAIL) [82, 83]. Using sTRAIL (aa114-aa281) instead 
of full-length membrane bound TRAIL, enables TRAIL to also on act distant cells. 
This independency from MSC-tumour-cell interaction increases the efficiency of 
MSC-TRAIL-based therapies as it principally requires a lower number of TRAIL 
expressing MSCs in the tumour tissue. Furthermore, forcing trimerisation of 
secreted TRAIL by inclusion of an isoleucine zipper in the sTRAIL expression cas-
sette has been shown to increase the potency compared to full-length TRAIL [71, 
76, 84, 85]. Another approach was to include specific point mutations in the TRAIL 
sequence to render them TRAIL receptor-specific [86–89]. These TRAIL variants 
were designed by computer modelling and specifically target TRAIL-R1 or 
TRAIL-R2 and have shown improved anti-tumour effects in vitro and in vivo as 
recombinant protein [90–94] as well as when delivered by MSCs [84].

Notwithstanding, some tumours remain insensitive to TRAIL-induced apoptosis 
[95, 96] and MSC expressing TRAIL alone may be ineffective. Therefore, combina-
tions of MSCs expressing TRAIL with other approaches like chemotherapeutic 
agents, irradiation, down-regulation of anti-apoptotic protein or co-expressed with 
other proteins have been tested and shown to overcome resistance and to enhance 
efficacy (Table  6.2) [75–77, 79, 81, 84, 97, 98]. Such combined approaches are 
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mostly based on results obtained with recombinant TRAIL over the last 15 years. 
TRAIL has been administered together with a variety of agents and several of these 
co-treatments could sensitise otherwise resistant tumour cells to TRAIL-induced 
apoptosis. For example, Doxorubicin, 5-Fluorouracil, Etoposide and irradiation have 
been shown to up-regulate DR4 and/or DR5 and synergise with TRAIL [98–101]. 
Down-regulation of c-FLIP levels can also enhance the sensitivity to TRAIL in vari-
ous cancer cells [102, 103]. In some cells, the process of apoptosis is subjected to the 
regulation of Bcl-2 family members. Various agents have been used in combination 
with TRAIL to overcome resistance through modulation of Bcl-2 family members. 
For example, topoisomerase I inhibitor CPT-11  in combination with TRAIL 
increased Bax and reduced Bcl-XL expression and resulted in a synergistic cytotoxic 
effect [104]. Bortezombib, a proteasome inhibitor, was shown to enhance TRAIL 

Table 6.1 Selected MSC-TRAIL experimental studies (in chronological order of publication)

MSCs 
sources

Transduction 
vectors Outcome/summary Citations

Human bone 
marrow

Adenoviral 
vector

MSCs-TRAIL inhibited the tumour growth of 
lung cancer model in vivo

[70]

Human 
umbilical 
cord blood

Adenoviral 
vector

MSCs-TRAIL inhibited tumour growth and 
prolonged the survival of glioma-bearing mouse.

[71]

Human bone 
marrow

Lentiviral 
vector

MSC-sTRAIL have anti-tumour effects on both 
malignant and invasive primary gliomas in vivo

[72]

Human bone 
marrow

Lentiviral 
vector

MSC-TRAIL can reduce breast tumour cells 
growth and eliminate metastases in vivo

[73]

Human bone 
marrow

rAAV vector MSC-TRAIL can prolong the survival of 
brainstem glioma-bearing mouse

[74]

Human 
adipose

Retroviral 
vector

MSC-TRAIL can induce apoptosis in various 
cancer cells in vitro and reduce tumour growth 
of cervical carcinoma in vivo

[75]

Mouse bone 
marrow

Adenoviral 
vector

MSC-TRAIL combined with silencing of XIAP 
resulted in tumour regression and inhibition of 
metastasis of pancreatic cancer in vivo

[76]

Human 
umbilical 
cord blood

Adenoviral 
vector

MSC-TRAIL combined with irradiation 
synergistically inhibited tumour growth in a 
xenograft glioma mice model

[77]

Human bone 
marrow

Lentiviral 
vector

MSC-TRAIL inhibited the growth of selected 
TRAIL-resistant colorectal carcinoma cells both 
in vitro and in vivo

[78]

Human 
adipose

Retroviral 
vector

MSC-TRAIL can induce apoptosis in multiple 
myeloma cells in vitro

[79]

Human 
pancreas

Plasmid MSC-TRAIL inhibit the growth of pancreatic 
cancer cells in vitro

[80]

Human bone 
marrow

Adenoviral 
vector

MSC-TRAIL in combination with lipoxygenase 
inhibitor MK886 resulted in prolonged delivery 
of TRAIL both in vitro and in vivo, and resulted 
in significantly enhanced apoptosis orthotopic 
mouse models of glioma

[81]
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apoptosis-inducing activity through decreasing Bcl-2 and Bcl-XL levels in  vitro 
[105]. To date, several Bcl-2 inhibitors are being tested in clinical trials and the 
results are promising [106]. For example, the small molecular Bcl-2 inhibitor HA14–
1 was able to restore TRAIL-induced apoptosis in colon cancer cells with high Bcl-2 
expression levels [107, 108]. ABT-737 (A-779024, Abbott Laboratories) is a small 
molecule BH3 mimetic that binds to and antagonises Bcl-2/Bcl-XL, thereby promot-
ing Bax and Bak oligomerisation and apoptosis [109]. ABT-737 could enhance 
TRAIL-induced apoptosis in human pancreatic cancer cells and glioblastoma cells 
through the augmentation of intrinsic pathway activation [110, 112]. Interestingly, 
ABT-737 could also up-regulate DR5 thereby increasing apoptosis through the 
extrinsic pathway induced by TRAIL in renal, prostate, and lung cancer cells [112].

XIAP is a potent and broad inhibitor of cell death. XIAP inhibitors have been 
extensively studied in combination with TRAIL or TRAIL receptor agonists in vari-
ous cancer cells. XIAP inhibitors were shown to synergise with TRAIL to induce 
apoptosis in breast cancer cells and leukaemic T cells [113, 114]. Pancreatic cancer 
cells that have high expression levels of XIAP often show resistance to 
TRAIL. Silencing of XIAP in combination with TRAIL can overcome this resis-
tance and suppress carcinoma growth both in  vivo and in  vitro [115, 116]. Our 
group also showed that apoptosis induced by TRAIL was significantly increased 

Table 6.2 Selected combination MSC-TRAIL studies

Approaches Effects Citations

MSC were engineered to 
co-express herpes simplex 
virus thymidine kinase 
(HSV-TK) with TRAIL

MSC delivery of both HSV-TK and TRAIL 
exerted stronger apoptotic response than MSC 
expressing HSV-TK or TRAIL alone in renal 
cancer cells both in vitro and in vivo

[97]

Down-regulation of XIAP MSC-TRAIL together with XIAP down- 
regulation suppresses metastatic growth of 
pancreatic carcinoma

[76]

Irradiation Irradiation enhance the MSC-TRAIL induced 
apoptosis in xenograft glioma mice model

[77]

Proteasome inhibitor 
bortezomib

Combination use of MSC-TRAIL with 
Bortezomib significantly increases apoptosis in 
TRAIL-resistant breast cancer cells

[75]

Lipoxygenase inhibitor 
MK886

Lipoxygenase inhibitor MK886 combined with 
MSC-TRAIL significantly enhanced apoptosis 
and prolonged delivery of TRAIL both in vitro 
and in orthotopic mouse models of glioma

[81]

Proteasome inhibitor 
bortezomib

MSC-TRAIL in combination with bortezomib 
significantly induced more apoptosis in 
myeloma cells

[79]

Histone-deacetylase inhibitor 
MS-275

MSC-TRAIL combined with MS-275 could 
overcome TRAIL-resistant in medulloblastomas 
both in vitro and in vivo

[98]

5-FU MSC-TRAIL combined with 5-FU induced 
more apoptosis in colorectal cancer cells both 
in vitro and in vivo

[84]
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with concomitant knockdown of XIAP by RNAi in pancreatic cancer cells both 
in vitro and in vivo [76]. TRAIL receptor agonistic antibodies also cooperate with 
XIAP inhibitors to induce apoptosis in pancreatic carcinoma cells [117]. Moreover, 
IAP inhibitor enhanced the anti-tumour effect of TRAIL in a human malignant gli-
oma xenograft model in  vivo and, although XIAP inhibitors do not sensitise 
Cholangiocarcinoma (CCA) cells to apoptosis, they reduce TRAIL-stimulated inva-
sion and metastasis [118, 119]. Taken together, combination with IAP inhibitors 
may be a good option to increase the efficacy of TRAIL therapy.

TRAIL signalling does not only activate the apoptotic pathways but also non- 
apoptotic cellular signalling pathways like NF-κB and PKB/Akt that could in turn 
affect the TRAIL sensitivity [120]. Agents such as 17-AAG (17-allylamino-17- 
demethoxygeldanamycin) can enhance TRAIL-induced apoptosis through inhibi-
tion of NF-κB [120]. The NF-κB specific inhibitors PS-1145 or AS602868 have 
been found to sensitise TRAIL-induced apoptosis in pancreatic cancer cells and 
myeloma [121, 122]. PKB/Akt is a PI3-kinase activated protein kinase that belongs 
to the cAMP-dependent protein kinase (AGC) superfamily [123]. Inhibition of 
PKB/Akt could sensitise human umbilical vein endothelial cells to TRAIL-mediated 
apoptosis [124]. Perifosine, an inhibitor of Akt, could synergise with TRAIL to 
induce apoptosis in acute myelogenous leukaemia (AML) cells [125]. Another Akt 
inhibitor named Triciribine could also sensitise prostate tumour cells to TRAIL- 
induced apoptosis [126]. The Myc pathway also appears to be able to affect TRAIL 
sensitivity. Myc was found to sensitise cells to TRAIL-induced apoptosis by inter-
fering with the TRAIL-dependent NF-κB-induced expression of anti-apoptotic 
genes such as Mcl-1 and cIAP2 [127]. HDAC inhibition (HDACi) is an apoptosis- 
inducing strategy that can activate both extrinsic and intrinsic pathways [128]. The 
combined use of HDACi and TRAIL exhibited strongly enhanced apoptosis- 
inducing activity in haematological and solid tumours both in vitro and in vivo [129, 
130].

Thus, stem cell-based treatments might eventually become part of targeted com-
bination treatments, in which more conventional treatment types such as chemo-
therapeutic drugs or radiation are used to render cancer cells vulnerable followed by 
stem cells effectively delivering a therapeutic payload to exploit such induced 
“Achilles’ heels”.

6.3.3  Targeting Death Receptors with Other Stem Cell Types 
(HSCs, ESCs)

In one study, the full-length mouse TRAIL (mTRAIL) gene was transduced into 
mouse BM cells by retroviral transduction in vitro, and these cells were then trans-
planted into lethally irradiated mice of the same strain. It was found that the trans-
genic TRAIL expression was limited to the haematopoietic cells of the BM recipient 
mice. This has several advantages in that the major cell population overexpressing 
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TRAIL, namely haematopoietic cells, including immune cells and other leukocytes, 
are known to infiltrate tumour tissues and are seen as the major cellular force in 
anti- tumour activity in the body. Indeed, the overexpression of TRAIL could signifi-
cantly inhibit the growth of EMT6.5 and 4 T1.2 syngeneic tumours in BALB/c mice 
without causing a toxic effect on normal tissues in vivo [131]. The authors of this 
study commented that although tumour inhibition was clearly seen in TRAIL- 
transduced mice, these animals still succumbed to their tumours eventually suggest-
ing that TRAIL could only partially inhibit tumour growth. Combining TRAIL with 
other antitumor agents may be more effective than using TRAIL alone; for example, 
increasing TRAIL expression combined with inhibition of angiogenesis might be a 
more effective approach to tumour inhibition.

In a model of glioma, a usually very aggressive and difficult to treat type of brain 
tumour, researchers tested the ability of ESCs to deliver TRAIL. For this, malignant 
glioma A172 cells were used to establish heterotopic xenografts in nude mice. 
Subsequently, ESC-derived astrocytes conditionally expressing TRAIL were 
injected into the xenografts. Following external gene induction, a significant reduc-
tion in tumour volume was detected in the experimental groups. Terminal dUTP 
nick end labelling (TUNEL) revealed apoptotic responses in tumour cells in the 
TRAIL treated cohort. Seven days after injection, the tumours showed signs of 
severe necrosis, with only scattered residual tumour cells at the periphery [132]. 
These results suggest that ESC derived astrocytes expressing TRAIL should be con-
sidered as potential delivery vehicle for the treatment of glioma.

Thus, while MSCs are currently the preferred stem cell type to deliver death 
receptor targeting therapies, other stem cell types might offer specific advantages in 
particular neoplastic diseases and will have to undergo further analysis. Going for-
ward, stem cells derived from iPS cells might be able to replace the often difficult to 
source stem cell types. For example, induced MSCs (iMSCs) are transpiring as an 
attractive source for MSCs because they offer autologous cells for treatment and 
could be considered as an inexhaustible source of MSCs that could be used to meet 
the unmet clinical needs [133, 134].
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Chapter 7
Atypical Immune Functions of CD95/CD95L

Amanda Poissonnier and Patrick Legembre

Abstract The receptor CD95 (also named Fas or APO-1) is a member of the tumor 
necrosis factor receptor (TNF-R) superfamily. Its cognate ligand, CD95L, is impli-
cated in immune homeostasis and immune surveillance. Mutations of this receptor 
or its ligand lead to autoimmune disorders such as systemic lupus erythematosus 
(SLE) and to cancers; hence, CD95 and CD95L were initially classified as having a 
tumor suppressor role. However, more recent data indicate that, in different patho-
physiological contexts, CD95 can evoke nonapoptotic signals, promote inflamma-
tion, and contribute to carcinogenesis. We show that, because CD95L can exist in 
two different forms, a transmembrane and a soluble metalloprotease-cleaved ligand 
(cl-CD95L), CD95 can implement apoptotic or nonapoptotic signalling pathways, 
respectively. In this chapter, we discuss the roles of CD95 on the modulation of 
immune functions.

Keywords Carcinogenesis • Cytokine • Dendritic cell • Fas • Inflammation • T-cell

7.1  Introduction

The immune system consists of specialized cells protecting the body from infection 
and cell transformation. Antigen (Ag)-presenting cells (APCs) survey tissues for 
non-self-Ags. They capture pathogenic agents, process Ags, and present them at the 
cell surface in the context of major histocompatibility complex (MHC) molecules. 
Like macrophages and B-lymphocytes, dendritic cells (DCs) are professional APCs. 
APCs present Ags within MHC class II molecules, and these cells not only partici-
pate in activating non-self-Ag-recognizing T-cells, but also contribute to the elimi-
nation of immune cells recognizing self-Ags with a too strong affinity, a process 
called peripheral tolerance. The variability of the αβ T-cell receptor (TCR) expressed 
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by T-cells assures that a small subset of activated T-cells will exhibit high affinity 
towards antigenic peptides and differentiate and proliferate to eliminate Ag-expressing 
cells. Defining two distinct immune functions, αβ T-cells display either CD4 or CD8 
on their surface. While CD4+ helper T-cells (Th) bind Ag presented in the context of 
MHC class II molecules expressed by professional APCs and produce cytokines 
structuring the immune response, CD8+ lymphocytes recognize antigenic peptides 
presented by MHC class I molecules expressed at the surface of all cells (apart from 
some transformed or infected cells) and this interaction leads to the elimination of 
these target cells.

The list of Th subset lineages being discovered is growing continuously, showing 
the complexity of the mechanisms developed by the immune system to respond to 
the diversity of infections and cancers. Polarization of these CD4+ subsets occurs 
through external stimuli inducing the expression of different transcription factors 
such as STAT1, STAT4, and T-bet for Th1 cells, STAT6 and GATA-3 for Th2 cells, 
FoxP3 for regulatory T-cells (Tregs), Bcl6 for follicular T-helper cells (TFH) [1], 
RORγt, RORα, and STAT3 for Th17 cells, T-bet and AhR for Th22 cells [2], and 
PU-1 for Th9 cells (Fig. 7.1) [3]. These T-cells will express a set of cytokines that 
will organize the whole immune system (innate and adaptive immune cells) to 
respond adequately or not to infection and transformation. Accordingly, identifica-
tion of the immune architecture cannot only serve as a prognostic marker to evaluate 
the risk of disease progression but can also help clinicians to predict the efficiency 
or failure of chemotherapeutic/radiotherapeutic treatments.

On the other hand, CD8+ cytotoxic lymphocytes destroy target cells and spare 
bystanders. For a long time, because TCR aggregation was shown to implement 
CD95L expression by CD8+ lymphocytes, this ligand was only seen as a weapon at 
the disposal of these cells to kill target cells [4–6]. Based on recent data, CD95 is in 
fact a non-apoptotic receptor with pro-inflammatory functions and the role of the 
CD95–CD95L pair appears to be definitively more complex than expected. This 
review discusses the emerging roles of CD95/CD95L in the immune response.

To simplify, APCs present Ags to CD4+ Th cells, which in turn orchestrate the 
activation of the immune response through a cellular (Th1/Th17) or humoral (Th2) 
response or by down-regulating the intensity/kinetics of the adaptive immune 
response by promoting the differentiation of Tregs. Once the immune function has 
been achieved, effector T-cells have to be eliminated through molecular mecha-
nisms relying on death receptors (DRs) or BH3-only factors (i.e., BIM) according 
to the affinity with which cells have been stimulated by the Ags (low vs. high affin-
ity) [7] while some Ag-specific memory T-cells persist.

CD4+ Th cells are the conductors of the adaptive immune response requiring the 
use of a variety of CD4+ Th subsets including Th1, Th2, Th9, and Th17 cells and 
Tregs to finely tune the response to a variety of infections and cancer cells. In addi-
tion, the efficiency of the immune response relies on the ability of these cells to 
cross blood vessels and migrate within the inflamed or transformed tissue to reach 
the target. Selectins, integrins, and chemokine receptors have a central role in T-cell 
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extravasation involving different steps including cell arrest, spreading, crawling, 
and transendothelial migration. Our recent data demonstrate that CD95/CD95L can 
participate in this cellular process to fuel inflammation in lupus patients [8]. 
Therefore, deregulation of T-cell differentiation, proliferation, transmigration, or 
death will be responsible for chronic inflammatory and autoimmune disorders.

Lpr (for lymphoproliferation) and gld (for generalized lymphoproliferative dis-
ease) mice harboring mutations in the CD95 and CD95L genes, respectively, have 
provided valuable insights into the pivotal role played by the CD95–CD95L pair in 
lymphocyte homeostasis. However, it is noteworthy that most, if not all, of the stud-
ies using these mice focused on the consequence of apoptotic deregulation and 
neglected the nonapoptotic signalling pathways induced by this receptor–ligand pair.

Fig. 7.1 Development of T lymphocytes. -presenting cells (APCs) present antigens (Ags) to naïve 
T-cells. T-lymphocytes proliferate and differentiate into effector and memory T-cells. Effector 
T-cells, both CD8 (cytotoxic T lymphocytes or CTL) and CD4 (T helper cells or Th) traffic to 
peripheral tissues where they mount the immune response. Memory T-cells can develop into effec-
tor memory cells (TEM) migrating to peripheral tissues or central memory T-cells (TCM) that flow 
through lymphoid organs. Activated CD4+ T-cells differentiate into different phenotypes according 
to the cytokine cocktail present in the microenvironment. These CD4 subsets are discriminated 
based on the expression of cell surface markers, the expression of different cytokines and the acti-
vation of different transcription factors. NK natural killer cell, TSCM stem memory T-cell
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7.2  Apoptosis: Mainly Two Ways to Die

Apoptosis consists of two main signalling pathways distinguished by the origins of 
the signals. While the interaction of the apoptotic ligands to their respective DRs at 
the cell surface of the cells activates the extrinsic signalling pathway, the intrinsic 
signalling pathway is provoked by accumulation of DNA damages, oncogene over-
expressions, deregulation of mitochondrial functions, reticulum endoplasmic 
stresses and/or viral infections. These pathways are interconnected, and both con-
verge on activation of a family of cysteine proteases designated the caspases recog-
nizing in a set of proteins a sequence of four amino acids, which will be cleaved 
after their fourth amino acid corresponding to an aspartic acid residue [9]. The 
apoptotic role of the mitochondrion is associated with a reduction in its transmem-
brane potential and the loss of its extracellular membrane integrity, leading to the 
release of various apoptogenic factors into the cytosol. It is noteworthy that intrinsic 
and extrinsic signalling pathways share a common feature; both require the aggre-
gation of initiator caspases (caspases-8 and -10 for death receptors and caspase-9 
for the mitochondria) as an early event. During interactions with their respective 
ligands, members of the DR superfamily recruit adaptor proteins such as Fas- 
associating protein with a death domain (FADD) [10, 11] or tumor necrosis factor 
(TNF) receptor 1-associated death domain protein (TRADD) [12], resulting in the 
aggregation and activation of initiator caspases (caspase-8 and -10) to form the 
death-inducing signalling complex (DISC) [13]. In a similar manner, the release of 
cytochrome c and ATP from the mitochondria promotes the formation of the apop-
tosome (along with cytosolic APAF-1) [14], resulting in the aggregation and activa-
tion of the initiator caspase-9, which in turn cleaves caspase-3 [15].

The DRs CD95 [16], TNFR1 [17], DR4 [18], DR5 [19], and DR6 [20] were all 
originally cloned based on their ability to elicit apoptosis. The latter statement is 
important to keep in mind in order to understand why some of these receptors are 
still considered as pure death receptors despite the fact that this is not the case 
[21–24]. Although soon after these genes were cloned, they were also found to be 
involved in nonapoptotic functions [25, 26], most if not all studies on these proteins 
have been performed to characterize the molecular events leading to cell death. 
Revealingly, several agonistic molecules were developed to kill cancer cells and 
none achieved satisfactory results in clinical trials. For instance, a recombinant 
CD95L (APO010) exhibiting a hexameric stoichiometry killed tumor cell lines and 
reduced tumor growth in animal models [27, 28] but a phase I clinical trial planned 
in 2007 in patients with solid tumors has never been carried out. Meanwhile, new 
concepts emerged suggesting that the use of CD95 antagonists could be attractive 
therapeutic options to treat certain cancers and patients affected by chronic inflam-
matory disorders such as lupus. For instance, a combination of an antagonist of 
CD95 with radiotherapy in patients affected by glioma showed promising results in 
a Phase II clinical trial [29]. The unique vision of CD95 as a DR has therefore 
changed as evidence has accumulated showing that DR-mediated nonapoptotic 
 signalling pathways contribute to the progression of chronic inflammatory disorders 
and carcinogenesis.
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In the late eighties, Krammer’s laboratory identified a monoclonal antibody, they 
named “anti-apoptosis antigen 1 (APO-1),” able to bind a plasma membrane recep-
tor and trigger an apoptotic signalling pathway leading to the death of tumor cells [30]. 
Nagata’s team cloned Fas as the receptor recognized by APO-1 in 1991 [16], and its 
ligand FasL in 1993 [31]. Based on the antitumor assay that identified APO- 1, most 
of the future studies on CD95 focused on (1) understanding the molecular ordering 
of the apoptotic signal, (2) deciphering if the concentration of this receptor–ligand 
pair was deregulated in tumor and inflammatory disorders or if some mutations 
could prevent the implementation of the apoptotic signal in patients affected by 
inflammatory disorders or cancers and (3) developing therapeutic molecules to acti-
vate this receptor to kill tumor cells. The latter approach remains a huge disappoint-
ment in terms of clinical trials (as aforementioned) probably due to the fact that 
CD95 is not per se a DR and that its inhibition instead of its activation corresponds 
to a more attractive therapeutic option to cure patients suffering from certain can-
cers and chronic inflammatory disorders.

CD95 simultaneously implements apoptotic and nonapoptotic signalling path-
ways, and, although the molecular ordering of the apoptotic signal is well under-
stood, it remains to be determined how CD95 implements the nonapoptotic 
signalling pathways (i.e., NFκB, MAPK, PI3K). For instance, a crucial question 
that has to be addressed is if these pathways stem from the death domain (DD) or if 
they rely on different regions in CD95 to be initiated. In the latter option, it will be 
possible to engineer inhibitors selective of the nonapoptotic signalling pathways 
that thereby may prevent the implementation of the pro-inflammatory/oncogenic 
cues without affecting the apoptotic signalling pathway contributing to the antitu-
mor and anti-infectious responses [7].

Unlike membrane-bound (i.e., transmembrane) CD95L, its metalloprotease- 
cleaved counterpart fails to trigger cell death but induces the PI3K signalling path-
way [32, 33]. We hypothesize that a difference in the kinetics of the CD95 
aggregation, internalization, and membrane distribution processes may account for 
the induction of one signalling pathway being favored over the other. This differ-
ence could be the result of ligand stoichiometry; the metalloprotease-processed 
CD95L is mainly found as a homotrimer [34] while its membrane-bound counter-
part is detected multi-aggregated and polarized at the membrane of cells in the pro-
cess of killing [35].

It is noteworthy that we did not observe any correlation between the intensity of 
the nonapoptotic signalling pathways and the resistance of the cells to the apoptotic 
signal, ruling out that the CD95-mediated nonapoptotic signalling pathway counter-
acts its apoptotic counterpart [36]. In agreement with this initial observation, Martin 
Seamus and colleagues showed that, in cells undergoing apoptosis in the presence 
of membrane-bound (cytotoxic) CD95L, induction of the nonapoptotic signalling 
pathway causes the production of cytokines including MCP-1 and IL-8 that recruit 
phagocytes through a cellular inhibitor of apoptosis (cIAP)-1- and cIAP-2-driven 
molecular mechanism [37]. This interplay between apoptotic and nonapoptotic 
 signalling pathways promotes the accumulation of macrophages and phagocytes 
that engulf dying cells, eliciting an adaptive immune response.
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7.3  TNF Receptor Family

The DRs TNFR1, CD95, DR3, DR4, DR5, and DR6 belong to the TNF receptor 
(TNFR) superfamily. These type I transmembrane proteins share common features 
including extracellular amino-terminal cysteine-rich domains (CRDs) [38, 39] con-
tributing to both ligand specificity [40] and receptor pre-association [41–43], and 
the DD, a conserved 80-amino acid sequence located in the cytoplasmic tail, which 
implements the apoptotic signal through protein protein interactions (PPIs) [44, 45]. 
Receptors of the TNFR superfamily do not possess any enzymatic activity on their 
own, and therefore rely on PPI formation for signalling. Among the adaptor proteins 
interacting with DD, TRADD and FADD are instrumental in the implementation of 
cell death processes [10–13].

An important feature of TNF family members is that these ligands can be pro-
cessed by metalloproteases and released into the bloodstream as soluble ligands [21]. 
Due to the difference in their stoichiometry (a homotrimeric soluble ligand versus a 
multi-aggregated homotrimeric membrane-bound counterpart), these ligands are 
able to implement different signalling pathways upon binding to their receptor [21]. 
TNF-α is synthesized as a 26-kDa transmembrane type II protein (m-TNF-α) of 233 
amino acids [46], which can be cleaved by the metalloprotease TACE [47, 48] to 
release the 17 kDa soluble form of the cytokine (sTNF-α). Whereas sTNF-α only 
activates TNFR1, m-TNF-α can bind and activate both TNFR1 and TNFR2 [49]. 
Activation of TNFR1 induces cellular processes ranging from cell death (apoptosis 
or necroptosis) to cell proliferation, migration, and differentiation; the implementa-
tion of these cellular responses reflects the dynamic formation of molecular com-
plexes following receptor activation [50].

The transmembrane CD95L (CD178/FasL) is mainly expressed at the surface of 
activated lymphocytes [51] and natural killer (NK) cells [52], where it is involved in 
the elimination of transformed and infected cells. However, CD95L can also be 
detected on the surface of neurons [53], corneal epithelia and endothelia [54, 55], 
and Sertoli cells [56], where it can prevent the infiltration of immune cells and 
thereby inhibit the spread of inflammation in sensitive organs (i.e., brain, eyes, and 
testis, respectively), commonly referred to as “immune-privileged” sites. Of note, 
the graft of CD95L-expressing colon carcinoma cells (i.e., CT-26 cells) leads to a 
more rapid rejection than parental cells because of a massive accumulation of neu-
trophils in the transplanted area [57]. Interestingly, the presence of TGFβ in this 
microenvironment prevents tumor rejection [57] strongly supporting that the cyto-
kine cocktail present in the organ modulates the CD95L-driven immunologic 
tolerance.

Following the description of its role in the immune privilege, two groups inde-
pendently described that CD95L can be overexpressed by malignant cells and that 
this ligand contributes to the elimination of infiltrating T-lymphocytes, thus estab-
lishing what they call a “tumor counterattack” [58, 59]. Nonetheless, these observa-
tions are controversial. Firstly, because other experiments revealed, using ectopic 
expression of CD95L in allogeneic transplant of β-islets [60, 61] and in tumor cell 
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lines [57], an accelerated elimination of these cells relative to control cells, at least 
in part due to increased infiltration of neutrophils and macrophages endowed with 
antitumor activity; and secondly, because all anti-CD95L antibodies used in the 
immunohistochemical analyses in the original studies have since been reported to 
be nonspecific and thus cannot allow us to conclude with certainty that CD95L is 
present in these tissues [62]. Also, contrary to the concept of “immune counterat-
tack,” CD95L-expressing cells can supply T-cells with a survival signal [63]. Indeed, 
CD95L-expressing β-islets enhance CD8+ activation that leads to organ damage and 
NOD mice backcrossed with MRLlpr/lpr mice, exhibiting a loss of CD95 (see below), 
do not develop diabetes [64]. Although accumulating evidence emphasize that 
CD95L can behave as a chemoattractant for neutrophils, macrophages [57, 61, 65], 
T lymphocytes [33], and malignant cells in which the CD95-mediated apoptotic 
signal is nonproductive [66, 67], the biological role of this soluble CD95L must be 
further clarified.

7.4  Two Different CD95Ls Able to Trigger Different 
Signalling Pathways

CD95L is a transmembrane cytokine whose ectodomain can be processed close to 
the plasma membrane by metalloproteases such as MMP3 [68], MMP7 [69], MMP9 [70], 
and ADAM-10 [71, 72], and then released into the bloodstream as a soluble ligand 
(Fig. 7.2). Based on data showing that hexameric CD95L represents the minimal 
level of self-association required to signal apoptosis [73], and that cleavage by 
metalloproteases releases a homotrimeric ligand [34, 73], this soluble ligand has 
long been considered to be an inert molecule only competing with its membrane- 
bound counterpart to antagonize the death signal [34, 74]. However, recent work 
demonstrated that this metalloprotease-cleaved CD95L (cl-CD95L) actively aggra-
vates inflammation and autoimmunity in patients affected by systemic lupus erythe-
matosus (SLE) by inducing NF-κB and PI3K [33, 75] signalling pathways (Fig. 7.3). 
Unlike transmembrane CD95L whose interaction with CD95 leads to formation of 
the apoptotic complex DISC, cl-CD95L leads to the formation of a molecular com-
plex devoid of FADD and caspase-8 that instead recruits and activates the src kinase 
c-yes by the presence of NADPH oxidase 3 and ROS production [33, 67]; this 
unconventional receptosome was designated the motility-inducing signalling com-
plex (MISC) [32, 33]. Although we do not detect any trace of caspase-8  in the 
MISC, this enzyme participates in cell migration. Indeed, the protease activity of 
caspase-8 can be abrogated by its phosphorylation at tyrosine 380 (Y380) by src 
kinase [76] and this phosphorylation allows the recruitment of the PI3K adaptor p85 
alpha subunit inducing the activation of the PI3K signalling pathway [77]. 
Nonetheless, it is noteworthy that CD95-induced migration and invasion seem to 
occur through a DD-independent mechanism (reviewed in [78]), suggesting that a 
caspase-8-independent mode of cell migration exists in cells exposed to 
CD95L.  Because tyrosine kinase receptor (RTK) EGFR can induce the tyrosine 
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phosphorylation of caspase-8 and this RTK is recruited by CD95 in triple-negative 
breast cancer cells stimulated with cl-CD95L, we hypothesize that Y380 phosphor-
ylation of caspase-8 may prime certain cancer cells to become unresponsive to the 
apoptotic signal triggered by cytotoxic CD95L, and meanwhile promotes cell 
migration, an essential step in cancer cell metastasis. In triple-negative breast cancer 
cells exposed to cl-CD95L, we observed a CD95-driven recruitment of EGFR, 
which in combination with c-yes promotes MISC formation, and this RTK orches-
trates the activation of PI3K in an EGF-independent manner. These data are in 
accordance with a recent study showing that another RTK, PDGFR-β is recruited by 
CD95 in colon cancer cells exposed to CD95L to trigger cancer cell metastasis [79]. 
These findings emphasize that RTK recruitment by CD95 corresponds to an ordinary 
process that simultaneously inhibits the apoptotic signal by phosphorylating cas-
pase-8, and promotes cell motility by activating the PI3K signalling pathway.

Different forms of soluble CD95L exist. Although the soluble form of CD95L 
generated by MMP7 (by cleavage inside the 113ELR115 sequence of the CD95L stalk 
region) induces apoptosis [69], its counterpart cleaved between serine 126 and leu-
cine 127 does not [33, 34, 75]. We speculate that different quaternary structures can 

Fig. 7.2 Diagram of human CD95L protein (hCD95L). CD95L is a type II transmembrane mol-
ecule of 281 amino acids. The transmembrane region encompasses amino acids 82–102. Amino 
acids involved in the interaction with CD95 are indicated. Three different metalloprotease cleavage 
sites (indicated in red) have been described in CD95L, inside its juxtamembrane region (called the 
stalk region). The region responsible for CD95L self-assembly is depicted. Oxidation of methio-
nine residues (indicated in blue) in positions 224 and 225 increases the aggregation level of 
CD95L, and at methionine 121 inhibits the metalloprotease-mediated cleavage of CD95L
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exist for the naturally processed CD95L molecules, which can account for the 
induction of opposite signalling complexes. Consistent with this notion, soluble 
CD95L incubated in the bronchoalveolar lavage (BAL) fluid of patients suffering 
from acute respiratory distress syndrome (ARDS) undergoes oxidation at methio-
nines 224 and 225, promoting aggregation of the soluble ligand and boosting its 
cytotoxic activity [80]. The same study found that the stalk region of CD95L, cor-
responding to amino acids 103–136 and encompassing all metalloprotease cleavage 
sites described in the literature (Fig. 7.2), participates in CD95L multimerization, 
accounting for the damage to the lung epithelium that is observed in ARDS patients [80]. 
Of note, in ARDS BAL fluid, additional oxidation occurs at methionine 121, pre-
venting the cleavage of CD95L by MMP7, and thereby potentially explains why 
this cytotoxic ligand keeps its stalk region and contributes to the pathology [80]. 
Nonetheless, preservation of this region in soluble CD95L raises the question of 
whether an yet unidentified MMP7-independent cleavage site exists in the juxta-
membrane region of CD95L, near the plasma membrane, or whether the ligand 
detected in ARDS patients corresponded in fact to the full-length form of CD95L 

Fig. 7.3 Immunological roles of CD95–CD95L pair. The presence or absence of CD95 can imple-
ment pro-apoptotic or pro-survival signalling pathways, depending on CD95L (membrane-bound 
or soluble), the cell, and/or the microenvironment. CD95 triggers apoptosis. A death by neglect 
exists and is designated Death-induced by CD95/CD95L. This observation indicates that CD95 
expression implements cell survival signals and thereby the loss of the receptor induces a death by 
neglect. CD95 also orchestrates the differentiation of Th17 lymphocytes and the maturation of 
memory T-cells. The metalloprotease-cleaved CD95L can promote trafficking of IL17-expressing 
cells in inflamed organs of systemic lupus erythematosus patients. TSCM stem memory T-cell, 
TEM effector memory T-cell, TCM central memory T-cell
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embedded in exosomes [81, 82]. Indeed, exosome-bound CD95L can be expressed 
by human prostate cancer cells (i.e., the LNCaP cell line), and it evokes apoptosis in 
activated T-lymphocytes [83].

Overall, these findings emphasize the importance of finely characterizing the 
quaternary structure of naturally processed CD95L from the sera of patients affected 
by cancers or chronic/acute inflammatory disorders. Such investigations will 
improve our understanding of the molecular mechanisms set in motion by this 
ligand, and thus our appreciation of its downstream biological functions.

Transmembrane CD95L is a pivotal weapon at the disposal of immune cells to 
eliminate pre-tumor cells. Therefore, pre-tumor cells that escape immune surveil-
lance will tend to be selected according to their ability to resist the CD95-mediated 
apoptotic signalling pathway, a process termed immunoediting [84]. Accordingly, 
most tumor cells are resistant to the CD95-induced apoptotic signalling pathway but 
these cells do not lose expression of the receptor [85]. This observation suggests 
that the remaining wild-type CD95 allele contributes to carcinogenesis. Indeed, 
tumor cells resistant to the CD95-mediated apoptotic signal can still migrate in the 
presence of CD95L [66] confirming that CD95 can behave as an oncogene. Also, 
patients suffering from an autoimmune disorder called autoimmune lymphoprolif-
erative syndrome (ALPS) type Ia exhibit a mutation in their CD95 gene associated 
with a loss of the apoptotic function [86–88], but most of them retain a wild-type 
CD95 allele [89]. Similarly to cancers, we showed that, although the remaining 
wild-type CD95 allele failed to implement the apoptotic signalling pathway, its 
presence was sufficient and necessary to trigger the nonapoptotic signalling path-
ways [90]. These data strongly support that the activation threshold of the CD95- 
mediated nonapoptotic signalling pathway is lower than that necessary to trigger an 
apoptotic cue. In keeping with this, different studies have demonstrated that it is not 
only the default of apoptosis that is responsible for the progression of the pathology 
in autoimmune disorders such as lupus but also the chronic activation of the CD95 
nonapoptotic signalling pathways, which contribute to fueling inflammation in 
these patients [33, 75].

In summary, although the CD95–CD95L interaction can eliminate malignant 
cells by promoting formation of the DISC, it can also promote carcinogenesis by 
sustaining inflammation and/or inducing metastatic dissemination [33, 65–67, 75, 91, 92]. 
The molecular mechanisms underlying the switch between these different signal-
ling pathways remain enigmatic. An important question to be addressed is how the 
magnitude of CD95 aggregation regulates the formation of “Death”- versus 
“Motility”-ISCs. Answering these questions will lead to the development of new 
therapeutic agents with the ability to prevent the spread and chronicity of 
 inflammation or to impinge on carcinogenesis, at least in pathologies associated 
with increased soluble CD95L, such as cancers (e.g., pancreatic cancer [93], large 
granular lymphocytic leukemia, breast cancer [94], and NK-cell lymphoma [95]) or 
autoimmune disorders (e.g., rheumatoid arthritis and osteoarthritis [96], and graft-
versus-host disease [97, 98] or SLE [33, 99]).
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7.5  CD95 and CD95L: Cell Signalling Pathways

Similar to the TNFR [100], CD95 is pre-associated at the plasma membrane as a 
homotrimer, and this quaternary structure is mandatory for transmission of apop-
totic signals in the presence of CD95L [42, 43]. Homotrimerization of CD95 occurs 
mainly through homotypic interactions involving the CRD1 [41–43]. Binding of 
CD95L or agonistic anti-CD95 mAbs to CD95 alters the receptor’s conformation 
and the extent to which the receptor is multimerized at the plasma membrane [101]. 
The intracellular region of CD95 DD consists of six antiparallel α-helices [102]. 
Upon addition of CD95L, CD95 undergoes conformational modification of the DD, 
inducing a shift of helix 6 and fusion with helix 5, promoting both oligomerization 
of the receptor and recruitment of the adaptor protein FADD [103]. One conse-
quence of the opening of the globular structure of CD95 is that the receptor becomes 
connected through this helix bridge, which increases the extent of its homo- 
aggregation. This long helix allows stabilization of the complex by recruitment of 
FADD. The CD95-DD:FADD-DD crystal structure provides several insights into 
the formation of the large CD95 clusters observed by imaging or biochemical meth-
ods in cells stimulated with CD95L.  In addition, the structure also confirms that 
alteration in the conformation of CD95 plays an instrumental role in signal induc-
tion [103]. However, the idea of an elongated C-terminal α-helix favoring the cis- 
dimerization of CD95-DD was challenged by Driscoll et al., who did not observe 
the fusion of the last two helices at a more neutral pH (pH 6.2) than the acidic condi-
tions (pH  4) used by Scott et  al. in the study that initially resolved the CD95- 
DD:FADD-DD structure [103]. At pH  6.2, association of CD95 predominantly 
interacts with FADD in a 5:5 complex via a polymerization mechanism that involves 
three types of asymmetric interactions, but without major alteration of the DD glob-
ular structure [104, 105]. It is likely that the low pH conditions used by Scott et al. 
altered the conformation of CD95, resulting in the formation of nonphysiological 
CD95:FADD oligomers [103]. Nonetheless, we cannot rule out the possibility that 
a local decrease in intracellular pH affects the initial steps of the CD95 signalling 
pathway in vivo, for example, by promoting the opening of the CD95-DD and even-
tually contributing to formation of a complex that elicits a sequence of events dis-
tinct from that occurring at physiologic pH.  We recently observed that, in the 
presence of cl-CD95L, CD95 activates the Na+/H+ exchanger 1 (NHE1) through an 
Akt and RhoA-driven molecular mechanism [106]. NHE1 is a pH regulator that can 
extrude proton outside the cell and thereby modulates pH at the plasma membrane [106]. 
While the presence of cl-CD95L activates NHE1, no such modulation is observed 
in cells stimulated with a cytotoxic, multi-aggregated CD95L, suggesting that an 
acid pH may surround the intracellular region of CD95  in cells stimulated with 
cytotoxic CD95L as compared to CD95 in cells exposed to cl-CD95L [106]. This 
observation is a plausible explanation for an alteration in pH close to CD95 favoring 
a receptor conformation that promotes or prevents implementation of the apoptotic 
signalling pathway.

Once docked onto CD95-DD, FADD self-associates [107], and binds procaspases-
 8 and -10, which are autoprocessed and released in the cytosol as active caspases. 
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Activated caspases cleave many substrates, ultimately leading to the execution of the 
apoptotic program and cell death. The CD95/FADD/caspase-8/-10 complex is the so-
called DISC [13]. Due to the importance of DISC formation to cell fate, it is not sur-
prising that numerous cellular and viral proteins have evolved to hamper the formation 
of this structure; for example, both FLIP [108, 109] and PED/PEA-15 [110] interfere with 
the recruitment of caspase-8/-10.

7.6  What Mouse Models Can Teach Us

Three mouse models exist in which either CD95L affinity for CD95 is reduced (due 
to the germline mutation F273L in CD95L, which decreases CD95L binding to 
CD95, referred to as gld (for generalized lymphoproliferative disease) mice [51, 111]; 
the level of CD95 expression is down-regulated (due to an insertion of a retrotrans-
poson in intron 2 of the receptor gene, referred to as lpr (for lymphoproliferation) 
mice [112–114]), or DISC formation is hampered (due to a spontaneous mutation 
inside the CD95 DD replacing valine 238 by asparagine, referred to as lprcg (for lpr 
gene complementing gld) mice [115].

These mice harboring mutation in CD95 and CD95L, respectively, develop 
lupus-like symptoms and they have provided valuable insights into the pivotal role 
played by CD95–CD95L pair lupus pathogenesis by modulating the homeostasis of 
different immune cells. Nonetheless, it is noteworthy that most, if not all, of the 
studies using these mice focused on the consequence of the apoptotic deregulation 
and neglected the nonapoptotic signalling pathways induced by this couple.

These mice have provided valuable insights into the pivotal role played by CD95 
and CD95L in immune surveillance and immune tolerance [7]. In an attempt to 
simplify, some authors associated the phenotypes observed in these lpr, lprcg, or gld 
mice with the complete loss of CD95 or CD95L [116]. However, conclusions must 
be drawn with caution. Indeed, the interpretation of the clinical signs in lprcg mice 
can be rendered complex because DD mutation in these mice does not totally abro-
gate FADD recruitment but merely reduces it [117]. Furthermore, CD95 can still 
interact with CD95L harboring the gld mutation, albeit somewhat more weakly than 
wild-type CD95L [118]. Finally, lpr, lprcg, and gld mice overexpress CD95L relative 
to their wild-type counterparts [4]. Using T-lymphocytes from ALPS type Ia patients 
or lpr mice, we observed that far less intact CD95 is required to activate NF-κB than 
to induce apoptosis; therefore, although a single wild-type allele cannot restore cell 
death induction in these cells, it is sufficient to transduce NF-κB and MAPK cues [36, 90]. 
Overall, these observations support the notion that the biological roles ascribed to 
the CD95–CD95L pair, based on the analysis of these patients and mouse models, 
correspond to the additive effects of the receptor’s inability to induce cell death and 
its tendency to implement nonapoptotic signals.

In agreement with the notion that the maintain of a wild type allele is pivotal in 
the pathogenesis of cancers and chronic inflammatory disorders, elimination of the 
remaining CD95 allele leads to the induction of a cell death program called “death 
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induced by CD95R/L elimination” (DICE) (Fig. 7.3) [119]. These data highlight 
that stimulating DICE by eliminating CD95 expression, is a novel and promising 
approach to killing tumor cells and more specifically cancer stem cells, which are 
defined as resistant to the classical cell death programs. However, how DICE is 
induced and the identity of the molecules contributing to this signal remains to be 
addressed. Nonetheless, because DICE is not affected by inhibitors of several types 
of cell death (autophagy, necroptosis, and apoptosis), downregulating CD95 in can-
cer patients may be an attractive therapeutic approach.

7.7  Immune Cells and CD95/CD95L

7.7.1  CD95L Is a Chemoattractant for Immune Cells

Although initially there was some expectation that transplanted organs could be 
protected by making them express CD95L, seminal experiments with β-islet cells 
[61] and colon cancer cells [57] revealed that ectopic expression of this ligand 
enhanced the pace with which the cells were rejected, mainly through the attraction 
of host neutrophils. Similarly, injection of DCs engineered to express CD95L 
induces an inflammatory response involving granulocytes, Th1 cells and cytotoxic 
CD8+ T-lymphocytes [120]. Indeed, these CD95L-expressing DCs cause severe 
lung granulomatous vasculitis sharing many features of human Wegener granulo-
matosis [120]. In these studies, the authors did not evaluate whether the accumula-
tion of activated neutrophils in transplanted tissues was due to the presence of 
metalloproteases responsible for the generation of cl-CD95L, or whether the pres-
ence of its membrane-bound counterpart killed cells such as fibroblasts in the trans-
planted microenvironment, which in dying secrete soluble chemoattractant factors. 
Indeed, recent data show that, in parallel to the apoptotic signal, dying tumor cells 
exposed to cytotoxic CD95L trigger an c-IAP1/2-dependent signalling pathway that 
promotes the synthesis of pro-inflammatory mediators, such as IL-6, IL-8, CXCL1, 
MCP-1, and GMCSF [37]. Production of these cytokines not only promotes chemo-
taxis of phagocytes but also stimulates their ability to phagocyte and to clear apop-
totic cells and subsequently mount an adaptive immune response. This study reveals 
that caspase-8 is instrumental in this c-IAP1/2–RIPK1–NFκb signalling pathway as 
a scaffold molecule, because inhibition of its activity does not alter this nonapop-
totic signalling program. In accordance with these findings, caspase-8 is in fact a 
highly complex regulator of cell fate, protecting cells through inhibition of the 
necroptotic signal [121–123]; promoting cell migration [77, 124] and tissue inflam-
mation independently of its proteolysis activity; and evoking apoptosis [13, 125, 126], 
via its enzymatic activity, in cells exposed to death ligands such as CD95L.

CD95 engagement is also able to affect the posttranslational modifications of 
inflammatory cytokines such as IL-1β and IL-18 [127]. Indeed, this process occurs 
in myeloid cells through caspase-8 activation [127]. In addition to mediating inflam-
mation via the production and maturation of cytokines and chemokines, CD95 can 
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also directly enhance cell migration of immune cells such as neutrophils [128]. 
CD95 also contributes to the recruitment of myeloid cell within inflammatory sites [65]. 
This chemoattractant action occurs through recruitment of the tyrosine kinase syk 
by CD95 and PI3K activation.

7.7.2  Dendritic Cells

Activation of CD95  in immature DCs induces their maturation, including the 
expression of MHC class II, B7, and DC-lysosome-associated membrane protein 
molecules and the secretion of proinflammatory cytokines, in particular interleukin 
IL-1β and TNF-α [129]. On the other hand, stimulation of pattern recognition recep-
tors in DCs increases in the expression level of CD95 and, by doing so, promotes 
the elimination of APCs by CD95L-expressing activated T-lymphocytes [130]. In 
agreement with these data, selective knockout of CD95 in DCs in mice causes auto-
immunity due to the resistance of these cells to the CD95L-mediated apoptotic sig-
nal and their consecutive accumulation in inflamed tissues [130]. A seminal paper 
from Karray’s group showed that the genetic deletion of CD95L in T- and B-cells 
not only impairs elimination of autoimmune T-cells but also of APCs such as B-cells 
and DCs, and thereby causes autoimmunity in these mice [131]. The finely tuned 
regulation of activated CD95+ APCs (i.e., B-cells and DCs) by CD95L-expressing 
T-cells [75, 132] is clearly demonstrated by the degree to which loss of the CD95- 
mediated apoptotic signal in these conditional tissue-selective knockout experi-
ments contributes to the etiology of autoimmune pathologies. Viral infection induces 
elimination of DCs through a CD95-dependent mechanism leading to a sustained, 
chronic infection. Indeed, mice genetically engineered to express CD95-deficient 
DCs, or transfer of CD95-deficient DCs to normal mice, clear persistent viral infec-
tion more rapidly than mice carrying wild-type CD95-expressing DCs [133]. It 
seems that the main resistance of DCs to the CD95-mediated apoptotic signalling 
pathway relies on the overexpression of the anti-apoptotic factor BclxL [134].

In summary, CD95 participates in recruiting and activating APCs in inflamed 
organs and, later, eliminating mature DCs. By doing so, CD95 contributes to the 
mounting of an efficient and transient immune response essential to clear infections 
and to prevent autoimmunity. On the other hand, APCs with a deregulated CD95- 
mediated signalling pathway will contribute to autoimmunity.

7.7.3  CD95 and T- and B-Cells

7.7.3.1  T-Cells and Activation-Induced Cell Death (AICD)

Activated peripheral T-cells are eliminated by apoptosis to terminate the immune 
response, a cellular process designated immune contraction [135]. Indeed, most of 
activated T-cells (apart from memory T-cells) enter a deletion phase called 

A. Poissonnier and P. Legembre



145

activation- induced cell death (AICD). Initially, this AICD was reported to rely on 
CD95/CD95L [136, 137] but this is now known to be only true for T-cells recogniz-
ing self-Ags (see below).

CD95L is not found at the surface of naïve T-cells, but this ligand is rapidly 
expressed after TCR activation [136]. TCR activation is also associated with a rapid 
cleavage of caspase-8, which has been suggested as an essential step in T-cell acti-
vation. This caspase-8 activation apparently occurs via CD95 engagement [138], 
raising the hypothesis that, during the activation process, T-cells can only proliferate 
if their apoptotic machinery is functional. Caspase-8 activation is also instrumental 
in extinguishing the activation of the necroptotic signalling pathway induced by 
RIPK1 and RIPK3 [122, 123, 139]. Hence, it is difficult to decipher whether cas-
pase- 8 orchestrates T-cell activation by promoting cell proliferation, by abrogating 
its necrotic death or by doing both.

Although the pro-apoptotic Bcl2 member Bim does not participate in the CD95- 
mediated apoptotic signalling pathway [140], this apoptotic factor contributes to 
AICD by eliminating 80% of the activated T-lymphocytes in mice injected with the 
superantigen staphylococcal enterotoxin B (SEB). In agreement with these data, 
while CD95 is involved in the elimination of activated T-lymphocytes responding to 
weak auto-Ags and chronic infections [133], it fails to eliminate T-cells activated by 
strong Ags [141] generated by acute infections or cancer cells.

7.7.3.2  B-Cells

Despite the fact that the CD95–CD95L pair is dispensable in the elimination of 
autoreactive B-cells, this couple suppresses IgE antibody production in mice [142]. 
This observation is confirmed in human, because, although IgE accumulation was 
not described as a clinical symptom in ALPS patients, a recent analysis showed that 
25% of ALPS patients exhibit high concentrations of IgE in their serum [142]. The 
study found that CD95 controls the emergence of a germinal center B-cell popula-
tion the authors designate as germinal center rogue cells (GCrs), which do not fol-
low the selection rules of normal B-cells, and undergo somatic mutations leading to 
the production of autoantibodies. The CD95L-expressing cells that kill GCrs remain 
yet to be identified, but this elimination does not occur through an autocrine pro-
cess, Follicular B helper T-cells may contribute to this process.

7.7.3.3  Memory T-Cells

The role of CD95 in T-cell activation/maturation has been recently highlighted by 
elucidating the molecular mechanism involved in the deleterious effect of memory 
T-cells in the antitumor response mediated by adoptive cell transfer (ACT). In mixed 
T-cell populations, T memory cells accelerate the maturation of naïve T-cells 
exposed to Ags through the induction of a CD95-dependent PI3K signalling path-
way [143]. This CD95 nonapoptotic response accelerates the differentiation/matu-
ration process in naïve T-cells. Of note, inhibition of the CD95 signalling pathway 
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improves the magnitude of the antitumor response exerted by ACT. This immune 
process has been designated “precocious differentiation” and occurs in both CD4+ 
and CD8+ naïve cells [143]. Primed naïve T-cells undergoing precocious differentia-
tion do not generate T memory stem cells or T central memory populations, but 
instead produce T effector memory cells showing reduced proliferation and antitu-
mor capacities. Of note and counter intuitively, high expression level of CD95 is 
considered a robust marker of these pluripotent T memory stem cells [144]. This 
collective decision induced by CD95L-expressing T memory cells may correspond 
to a cellular mechanism to synchronize the immune response and thereby may rep-
resent a way to extinguish it once the antitumor or anti-infectious response has been 
conducted.

7.7.3.4  Th17 Cells

Th17 cells orchestrate inflammation and the elimination of extracellular patho-
gens [145]. Among 22 “Th17-positive factors” involved in Th17 differentiation, 
Regev’s group identified that the loss of CD95 leads to failure of Th17 differentia-
tion of activated T-cells bathed in a medium complemented with TGFβ1 and IL-6 
[146]. The authors showed that CD95, as a target of STAT3 and BATF transcription 
factors, is overexpressed early during Th17 differentiation and loss of CD95 pro-
motes Th1 differentiation (IFNγ-R1) over that of Th17 cells.

7.7.4  T-Cell Activation

Soon after the cloning of CD95L, it was shown that simultaneous aggregation of 
CD95 with CD3 enhanced T-cell proliferation [25]. Moreover, CD95/TCR activa-
tion seems to be required to promote T-cell proliferation through the caspase- 8- 
driven synthesis of IL2. In this cellular context, caspase-8 activation leads to the 
cleavage of a different subset of substrates from that processed in dying T-cells [138]. 
For instance, TCR/CD95-driven caspase-8 activation does not cause the cleavage of 
poly(ADP-ribose) polymerase (PARP) and caspase-3, both of which are processed 
in dying cells. Nonetheless, the exact role of CD95 in T-cell activation remains to be 
clarified. Indeed, unlike simultaneous stimulation of CD95 and TCR, the sequential 
activation of CD95 and TCR (CD95 aggregation performed 1 h prior to T-cell acti-
vation) prevents TCR activation [147]. This inhibitory process occurs through 
CD95-mediated ceramide/sphingosine production, which in turn inhibits the Ca2+ 
response and IL2 production [147].

Viruses also hijack the CD95/CD95L pathway to survive and spread. For 
instance, HIV infection of APCs induces CD95L expression, which prevents the 
initial steps of TCR activation in naïve T-cells such as the distribution of their recep-
tor into lipid rafts [148]. These studies indicate that CD95 stimulation during or 
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prior to TCR activation leads to the suppression of the immune response that may 
correspond to clonal anergy.

Although TCR engagement in T-cells induces de novo expression of CD95L 
[136, 149], activated T-cells fail to respond to the CD95-mediated apoptotic signal-
ling pathway unless they undergo restimulation promoting the redistribution of 
CD95 into lipid rafts [150]. The redistribution of CD95 into these plasma membrane 
subdomains favors the implementation of the apoptotic signalling pathway [150, 151]. 
This restimulation induced cell death (RICD) ensures the clonotypic elimination of 
chronically stimulated T-cells that may have a pivotal role in killing T-cells specific 
for auto-Ags.

After cleavage by metalloprotease, soluble CD95L (that we call cl-CD95L to 
differentiate it from the soluble exosome-bound CD95L) is detected in serum. This 
naturally processed ligand activates through the implementation of PI3K and a Ca2+ 
signalling pathways the endothelial transmigration of activated T-cells, which accu-
mulate in enflamed organs of systemic lupus erythematosus (SLE) patients [33]. 
This initial study raised the question of whether all T-cell subsets respond to cl- 
CD95L or whether only pro-inflammatory Th cells potentially involved in the SLE 
pathology progression, such as Th17 cells, respond to the accumulation of cl- 
CD95L associated with the aggressiveness of the pathology. IL-17-expressing cells 
such as Th17 cells are involved in kidney damage and in the pathology progression 
in SLE patients [152, 153]. A potential explanation for the accumulation of Th17 
cells in damaged organs of SLE patients is that an abnormal level of Th17 traffick-
ing occurs in these patients, promoting inflammation and tissue damage. Nonetheless, 
the mechanism of Th17 cell accumulation in damaged SLE organs remained unex-
plained. In cancer [32, 154] and lupus [8], endothelial cells covering blood vessels 
ectopically express membrane-bound CD95L [8, 33, 154]. Of note, we demonstrated 
that accumulation of cl-CD95L in lupus patients promotes a selective Th17/Th1-cell 
recruitment in inflamed organs, a cellular process conserved in both mouse and 
humans that causes organ damage in lupus patients. Another parameter appears to 
be involved; Th17 cells exposed to cl-CD95L upregulate expression of the adhesion 
molecule PSGL-1, which not only promotes tethering of lymphocytes to endothelial 
cells and subsequent rolling, but when highly expressed on T-cells also provokes the 
secretion of effector cytokines [155]. Therefore, cl-CD95L may also fuel the inflam-
matory process by altering the pattern of cytokine release in inflamed tissues. The 
sphingosine 1 phosphate (S1P) signalling pathway is a critical regulator of many 
normal and pathophysiological processes [156]. Unlike Treg cells, Th17 cells 
exposed to cl-CD95L upregulate S1P. Activation of the S1P signalling  pathway in 
Th17 cells exposed to cl-CD95L provides a molecular mechanism to explain how 
Th17 cells migrate in the presence of this soluble ligand. The successful develop-
ment of the S1P analogue FTY720, as a useful drug for treatment of multiple scle-
rosis [157] has proven that it is possible to specifically target S1P signalling in 
humans. These findings indicate that use of such S1P antagonists would be a poten-
tial therapeutic approach to prevent CD95-mediated Th17 transmigration in SLE 
patients.
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Like many proteins, CD95 shows a “day job” and acts as a “night killer”; this 
schizophrenic attitude may be associated to the preservation of the collectivity and 
thereby molecules involved in the high pace of immune cell proliferation are also 
responsible for stopping the reaction and killing cells. The interplay between the 
apoptotic and nonapoptotic signalling pathways is still poorly understood and the 
characterization of the molecular mechanism controlling switch between these sig-
nals may provide pivotal data to resensitize tumor cell to death and also to prevent 
the lost control of the T-cells due to an increased cell proliferation and/or reduced 
cell death.
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Chapter 8
TLR3 Is a Death Receptor Target in Cancer 
Therapy

Yann Estornes, Toufic Renno, and Serge Lebecque

Abstract TLR3 is a pattern-recognition receptor specialized in detecting extracel-
lular double-stranded RNAs (dsRNAs) that sign the presence of virus. Accordingly, 
TLR3 triggers a Type I-IFN dominated inflammatory response in immune and non-
immune normal cells. Remarkably, TLR3 behaves also as a death receptor activat-
ing the extrinsic pathway of apoptosis in a broad variety of human epithelial cancer 
cells. In addition, TLR3 is highly expressed by myeloid dendritic cells that undergo 
maturation in the presence of Poly(I:C), a synthetic dsRNA that mimics viral 
dsRNA. In particular, the BDCA3+ subset of human dendritic cells that is special-
ized in antigen cross-presentation express the highest level of TLR3. Therefore, the 
double activity of TLR3 ligand to trigger apoptosis and inflammation of epithelial 
cancer cells and to initiate dendritic cells maturation suggests that TLR3 ligand may 
provide simultaneously the two components required for tumor autovaccination: the 
tumor-associated antigens released in immunogenic apoptotic bodies and the adju-
vant to enhance their cross-presentation by dendritic cells to T cells. Here, we 
review the rationale for targeting TLR3  in cancer and for its combination with 
immune-checkpoint inhibitors.
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8.1  Introduction

Toll-like Receptor 3 (TLR3) is one of the ten human members of the TLR family of 
Pattern Recognition Receptor (PRR) that participates to the innate immune response 
against viral infection through recognition of dsRNA. However, beside triggering 
inflammation, TLR3 can also behave as a Death Receptor (DR) and cause the 
demise of cells through direct activation of the extrinsic pathway of apoptosis. 
DRs are a subset of the Tumor Necrosis Factor (TNF) Receptor superfamily of 
plasma membrane receptors characterized by a cytoplasmic sequence of ~80 amino 
acids known as the death domain (DD) [1] In human, 8 DRs have been identified: 
TNFR1, CD95/Apo1/Fas, Apo2/TRAIL receptors DR4 (TNFSF10A) and DR5 
(TNFRSF10B), Apo3/LARD/TNFRSF25, DR6/TNFRSF, ectodysplasin A receptor 
(EDAR), and p75 neurotrophin receptor (NGFR). Triggering of DR leads to the 
activation of three main signal transduction pathways: NF-kB-mediated inflamma-
tion, mitogen-associated protein kinase-mediated stress response and caspase 
8/10-mediated apoptosis. Selective triggering of DR-mediated apoptosis in cancer 
cells, in particular through TRAIL receptors is a novel approach in cancer therapy 
that has shown impressive preclinical results, but clinical trials with TRAIL recep-
tor agonists have been disappointing [2]. Here we review the features of apoptosis, 
cell activation, and inflammation triggered by TLR3 that make this receptor a 
promising target for cancer therapy.

8.2  TLR3 is a PRR that Recognizes dsRNA

8.2.1  The TLR3 Gene and Protein

Human TLR3 is a type 1 transmembrane receptor of 906 aa consisting of an extra-
cellular domain (ECD) made of 23 leucine-rich repeat (LRR) motifs, a transmem-
brane (TM) domain, and an intracellular Toll and IL-1R (TIR) domain. The ECD of 
TLR3 forms a horseshoe-shaped fold with one face devoid of glycosylation and 
belongs to the single-domain fold because, as shown in the X-ray structure [3, 4], its 
LRR domain has uniform β-sheet angles and a continuous asparagine network [5]. 
Three distinctive features put TLR3 somehow apart from the nine other members of 
the human Toll-like receptor family of PRR: first, the TLR3 gene located on chro-
mosome 4q35.1 is composed of 5 exons, in contrast to the other TLRs that contain 
only one exon; second, a comparison of the TLRs from 96 species revealed that the 
LRR domains of TLR3 and TLR7 are the most highly conserved [6] and one of the 
four intracellular human TLRs (TLR3, TLR7, TLR8, and TLR9) that have evolved 
under the strongest purifying selection throughout human history [7]. TLR3 recog-
nizes dsRNA [8], and it was therefore thought that TLR3 acted as a sentinel against 
viruses. It has been speculated that the extreme conservation of TLR3 ECD may 
result from the concurrent constraints imposed by the protection against viruses and 
the danger of autoimmune disease potentially triggered by self RNA [7]; third, in 
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contrast with the nine other human TLRs that all use MYD88, TLR3 signaling path-
way is mediated exclusively by the TIR domain- containing adapter inducing IFN-β 
(TRIF) also called Toll-interleukin 1 receptor domain (TIR)-containing adaptor 
molecule (TICAM-1) which is recruited to TLR3 by interaction with the TIR 
domains of TLR3 dimers [9, 10]. Crystallization studies have shown that TLR3 
binds to dsRNA of at least 45 bp in length through two sites located at the N- and 
C-terminal ends of the ECD, and intermolecular contacts between the C-terminal 
domains of two TLR3-ECDs coordinate and stabilize the TLR3 dimer [4, 11, 12]. 
However, shorter dsRNA appear to bind TLR3 ECD, especially at low pH (<5.0) 
[13]. Thus, the binding of dsRNA to the TLR3-ECD with an affinity that increases 
with buffer acidity and, to some extent, with ligand size, represents the first key step 
in TLR3 signaling, and the minimal signaling unit appears to be one TLR3 dimer 
[14, 15].

8.2.2  Expression of TLR3 in Normal Tissues and Their 
Response to TLR3 Activation

The strongest expression of TLR3 is observed in myeloid and epithelial cells. At the 
mRNA level, monocyte-derived DC (mDC) were initially reported to be the resting 
human leukocytes to express the largest amount of TLR3 mRNA, and maturation of 
mDC by inflammatory signal such as TNF-α, LPS, or IL-1 was associated with the 
downregulation of TLR3 mRNA level [16, 17]. In mice however, macrophages dis-
play the strongest expression of TLR3 mRNA [8, 18]. In both species, TLR3 expres-
sion was further increased after viral infection or treatment with IFN-I [19, 20]. 
Among DC subpopulations, the CD8α+ [20] and BDCA3+ subsets that represent the 
most effective cross-presenting DC in mouse and human, respectively, were found 
to express the highest level of TLR3. Moreover, in situ hybridization confirmed the 
expression of the receptor by DC present in the T cell-dependent areas of human 
lymph nodes while Langerhans cells were negative [16] or weakly positive [21]. In 
addition, both human and mouse mast cells express a functional TLR3 [22].

The expression of TLR3 has been reliably demonstrated in many types of pri-
mary human epithelial cells including keratinocytes [23], trophoblasts [24, 25], 
bronchial epithelial cells [19, 26], pancreatic islet cells [27], kidney glomerular 
mesangial and tubular cells [28], uterine epithelial cells [29, 30], endothelial cells 
[31], human retinal pigment epithelial cells [32], hepatocytes [33], ileal and colonic 
epithelial cells [34], nasal epithelial cells [35], cervical epithelial cells [36], corneal 
epithelial cells [37], smooth muscle cells of mid-sized arteries [38], synovial lining 
fibroblasts [39], and skin fibroblasts [40]. In CNS, TLR3 mRNA is expressed by 
primary cultures of both human microglia cells and astrocytes [41, 42] and detected 
in neurons by immunohistochemistry [43]. Noticeably, the expression of TLR3 can 
be upregulated in several cell types so as that they become responsive to Poly(I:C) 
after either viral infection or pretreatment with type I IFN [31]. Regarding the con-
trol of TLR3 expression, IRF3 and p53 were shown to enhance TLR3 transcription 
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[44], while E2F1 has an inhibitory activity [45]. TLR3 is found exclusively in the 
intracellular endocytic compartment and/or in the Golgi apparatus, except in lung 
fibroblasts where TLR3 expression on the cell surface has been reported [40]. 
Figure 8.1 compares the TLR3 mRNA expression in normal vs. cancer tissues.

The common activities of TLR3 in normal cells reflect the signaling pathways 
that appear to concur to trigger an antiviral immune response through activation of 
IRF3, NF-kB, and AP1 transcription factors. Like other nucleotide-sensing TLRs 
(TLR7, TLR9), TLR3 is recruited from the endoplasmic reticulum to endosomes by 
the transmembrane protein UNC93B1 [46]. However, in contrast with TLR7 or 9, 
the constitutive cleavage by cathepsins of the majority of TLR3 in resting cells sug-
gests that its trafficking to endolysosome is independent of ligand binding [47, 48]. 
Unlike other TLRs, phosphorylation of Tyr759 and Tyr858  in the cytoplasmic 
domain of TLR3 is required to activate downstream signaling. The recruitment of 
the epidermal growth factor receptor (EGFR) by dsRNA-bound TLR3 leading to 

Fig. 8.1 Relative expression of TLR3mRNA in cancer vs. normal human tissues. The results 
shown here are based on data generated by the TCGA Research Network: http://cancergenome.
nih.gov/. The figure and information regarding the cohorts of cancers can be directly retrieved 
from the TCGA website at http://firebrowse.org/viewGene.html?gene=TLR3#
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Tyr858 phosphorylation is an early event of the signaling process [49], which is fol-
lowed by Src recruitment and Tyr759 phosphorylation [50]. In addition, phos-
phoinositide 3-kinase [51] and Bruton’s tyrosine kinase [52] have been implicated 
in TLR3 phosphorylation, which is a prerequisite for TRIF recruitment. An alanine 
that replaces the conserved proline residue present in the BB-loop of most TLRs’ 
TIR domains appears to be responsible for the direct recruitment of TRIF rather 
than MyD88 to initiate signaling [53]. The N-terminal domain of TRIF mediates the 
formation of a signalosome complex containing key molecules, such as NAP1 [54] 
and TRAF3 [55]. The signalosome drives the recruitment and activation of the 
kinases IKKε and TBK-1, which in turn phosphorylates IRF3 [56, 57], enabling its 
dimerization, nuclear translocation and transcription of IFN-β. Full activation of 
IRF3 appears to require its additional PI3K-dependent phosphorylation [51]. 
Autocrine IFN-β activates the transcription factors signal transducer and activator of 
transcription (STAT) 1 and 2, resulting in the transcription of type-1 IFN target 
genes and subsequent antiviral responses [58]. IRF3 signaling is under the negative 
feedback control of the TLR3-induced and NF-kB-dependent deubiquitinase A20 
[59]. The same N-terminal region of TRIF also recruits the K63-linked ubiquitin E3 
ligase TRAF6, thereby activating TAK1, a member of the MAPKKK family that 
activates canonical IKKs (IKKα and IKKβ), allowing NF-kB to translocate to the 
nucleus [60]. TAK1 simultaneously activates the MAPK (JNK, p38, and ERK) 
pathway, leading to activation of members of the AP-1 family of transcription fac-
tors. The C-terminal region of TRIF contains a receptor-interacting protein (RIP) 
homotypic interaction motif (RHIM), which associates with the receptor-interacting 
protein kinases RIPK1 and RIPK3. cIAP1/2 mediated K63- linked polyubiquitina-
tion triggers the recruitment of TRAF6 and transforming growth factor-beta acti-
vated kinase 1 (TAK1), which enhance both NF-kB and MAPK activation [61]. As 
a result of activating the IRF3, NF-kB, and AP1 transcription factors, TLR3 triggers 
a strong inflammatory response in non- transformed human epithelial cells with no 
apparent cytotoxicity [59, 62–64]. Type I IFN, RANTES, IP-10, IL-6, IL-8, TNF-α, 
GM-CSF, Mip-3a, and serum amyloid A represent the secreted proteins most fre-
quently reported in response to TLR3 activation. Importantly, a large number of 
negative and positive regulators of TLR3 signaling that target TRIF, TRAF3, RIPK1, 
and TRAF6 have been described (reviewed in [65]). Beside eliciting an inflamma-
tory response, whether TLR3 can trigger the death of non-transformed cells remains 
unclear. Overexpression of exogenous TRIF leads to the RHIM domain-dependent 
recruitment of RIPK1 and RIPK3, FADD and caspase-8, resulting in cell apoptosis. 
However, normal human cells of different origins were found to be resistant to the 
cytotoxicity of Poly(I:C). In contrast, mouse peritoneal macrophages underwent 
TRIF-dependent apoptosis when exposed to Poly(I:C) together with the proteasome 
inhibitor MG132 [66], but the autocrine role of TNF-α had not been ruled out. 
Likewise, primary mouse β-pancreatic cells exposed to IFN-I or II [67, 68] and 
primary porcine retinal pigment epithelium cells [69] were shown to undergo 
apoptosis following Poly(I:C) treatment, but again the role of TLR3 was not directly 
established. The same is true for the ability of dsRNA isolated from rotavirus to kill 
mouse primary intestinal epithelial cells [70]. In vivo, small intestinal injury, which 
represent the limiting toxicity of Poly(I:C) in mice, has been attributed to a direct 
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apoptotic effect of TLR3 on normal intestinal epithelial cells (IECs). However, 
TLR3 signaling was found to induce IECs to express Rae1, which mediates epithe-
lial destruction and mucosal injury by interacting with the activating receptor 
NKG2D expressed on intestinal intraepithelial NK cells [71]. Lastly, mouse neuro-
nal precursor cells undergo TLR3- dependent apoptosis when exposed to Poly(I:C), 
but the death of the cells might be triggered indirectly via Fas [72]. In summary, 
TLR3 is expressed by a large variety of non-transformed immune and epithelial 
cells where it triggers inflammation without clear evidence of direct cytotoxicity. 
However, it remains possible that normal cells infected by some viruses might 
become sensitive to TLR3-triggered apoptosis.

8.3  TLR3 Activation by Pathogen-Derived and Self dsRNAs

All the natural TLR3 ligands identified up to now are dsRNAs coming from patho-
gens or from endogenous sources. TLR3 has the theoretical ability to play a key role 
of sentinel against viral infection, as dsRNA may represent either the genome of 
some viruses or the intermediates of their replication generated during most viral 
infections [73]. The exact nature of dsRNA produced during viral infection that 
stimulates TLR3 is generally missing, except for poliovirus-derived single-stranded 
RNA segments harboring stem structures with bulge/internal loops [74]. Epstein–
Barr virus (EBV)-encoded small RNA (EBER) released from human EBV-infected 
cells represent a second example of well-defined viral ligand that activates signaling 
from TLR3 [75].

Studies of experimental viral infection with TLR3 KO mice have revealed the 
role of the receptor in defense against many RNA viruses. However, several param-
eters such as the strain of the TLR3 KO mice, the dose and mode of inoculation of 
the virus and the readouts must be considered to interpret the published data. TLR3 
KO mice are more susceptible to death following challenge with encephalomyo-
carditis virus, coxsackievirus group B3 (CVB3), CVB4, and poliovirus, and they 
show impaired control of infection by respiratory syncytial virus, but also of infec-
tion of the CNS by herpes simplex virus 2 (HSV-2), a DNA virus (reviewed in [76]). 
In human, the importance of TLR3 in viral protection has been strikingly demon-
strated by the discovery that mutations affecting not only TLR3 but also UNC93B1, 
TRIF, TRAF3, or TBK1 can all be associated with life- threatening childhood 
HSV-1 encephalitis while remaining normally resistant to other common viruses 
[77–81]. Incidentally, it has been reported that dsRNA from helminth schistosoma 
activates TLR3 in DC [82].

Regarding self-RNAs that are tenfold more abundant than DNA in cells, they 
represent a potential source of natural ligands for TLR3. Indirect evidence for 
endogenous ligand comes from the observation that TLR3 is a negative regulator 
of embryonic neural progenitor cell proliferation during mouse development, even 
though the trigger was not identified [83]. It was first described that endogenous 
mRNA, which is single-stranded but contains double-stranded regions and is released 
from necrotic cells, can activate TLR3 [84]. However, in contrast to in vitro-transcribed 
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mRNA that activates TLR3, the poly-A tail and nucleoside modifications present on 
in vivo transcribed mammalian mRNA suppress this activation [84–86]. RNA 
released by necrotic cells in rheumatoid arthritis synovial fluid was the first descrip-
tion of an endogenous TLR3 ligand potentially involved in pathologic inflammation 
[39]. Similarly, RNA liberated by necrotic neurons [87], necrotic neutrophils [88] 
necrotic keratinocytes [89], and dying retinal cells [90] appears to be involved in 
TLR3-triggered inflammation. It was later reported that U1-snRNA is liberated by 
ultraviolet-damaged cells and drives skin inflammation through TLR3 activation 
[91]. Composed of 164 nucleotides and characterized by stretches of double-
stranded RNA U1-snRNA (the defining part of U1-RNP) is the most abundant small 
nuclear RNA in eukaryotic cells and has been shown to activate TLR3 [92]. In cells 
undergoing apoptosis, U1-snRNA is concentrated in apoptotic bodies, and thus can 
activate TLR3 found in the endosomes of phagocytes during efferocytosis [93]. 
Recently, tumor exosomal snRNA has been shown to promote lung premetastatic 
niche formation by activating alveolar epithelial TLR3 in mouse tumor models [94].

8.4  Synthetic Ligands for TLR3

All TLR3 agonist that have been described are dsRNA, and while their sequences 
do not appear to play a dominant role, their length and structure are important for 
TLR3 binding and activation. In particular long dsRNAs are more potent inducers 
of TLR3 signaling than short ones. Synthetic poly(I:C) is the most often used 
ligand, although it is a nonspecific agonist of TLR3 [8]. Indeed, Poly(I:C) has an 
undefined chemical structure and very poor homogeneity, being composed of a mix 
of single- stranded and double-stranded RNA molecules ranging from about 1.5 to 8 
kb [95] that are imperfectly annealed. As a consequence Poly(I:C) can also activate 
the cytosolic dsRNA receptors MDA5 and RIG-I [95–97]. Poly-ICLC (Hiltonol® 
from Oncovir), a form of Poly(I:C) stabilized with polylysine and carboxymethyl-
cellulose activates TLR3 and is a potent inducer of serum type I IFN [98]. However, 
the capacity of polylysine to enhance cell transfection suggests that Poly-ICLC 
could activate not only TLR3 but also cytosolic sensors such as MDA5, the 2′-5′- 
oligoadenylate synthetase (OAS) and the p68 protein kinase PKR. Nevertheless, 
Phase I/II clinical trials with local administration of Hiltonol as adjuvant indicate 
that low doses of Hiltonol are not particularly toxic. PolyI:polyC12U (Ampligene® 
from Hemispherix) is another modification of Poly(I:C) where uracil replaces every 
12th cytosine in order to decrease the toxicity (and the potency) of Poly(I:C) and to 
insure the TLR3 specificity [99]. Poly(A:U) is also a synthetic ligand which appears 
to be more specific for TLR3, at least in human, but which has substantially lower 
potency than poly(I:C) [100] possibly due to decreased ligand uptake and/or stabil-
ity. Nevertheless, Poly(A:U) has been shown to have beneficial effect when injected 
in gastric and breast cancer patients [101, 102]. Recent publications have reported 
the activation of TLR3 by the short (23-bp) dsRNA BM06, but experimental evi-
dence of TLR3 specificity is still missing [103, 104]. Seya et al. have developed 
an original and TLR3-specific chimeric ligand (ssODN-dsRNA) named ARNAX. 
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It consists of a viral ssRNA spontaneously folding into dsRNA stretches covalently 
linked to a short phosphorothioate ODN required for recognition by scavenger 
receptors at the cell surface and internalization [105, 106]. Lastly, RGC100 pro-
duced by Riboxx is a new ligand specific for TLR3 with a defined chemical struc-
ture, homogenous length (100 bp) and high resistance to RNAses [107]. Of note, 
the requirement for receptor multimerization through cross-linking of mAb directed 
to recombinant TLR3 expressed at the cell membrane [15, 100] and the acidic con-
dition in endosomes/lysosomes where the endogenous receptor resides can explain 
the failure so far to generate agonistic anti-TLR3 mAb. In contrast, blocking anti-
TLR3 mAbs have been generated and found to be active in vitro [40, 108].

8.5  Sides Effects of TLR3 Ligand

Intravenous injection of Poly(A:U) elicits only mild side effects. However, the man-
ifestations of acute toxicity following systemic administration of different formula-
tions of Poly(I:C) that activates non only TLR3, but also RIG-I and MDA5, included 
fever, hypotension, myalgia, and arthralgia [109] that likely resulted from massive 
cytokines release [110, 111]. In contrast to Poly(I:C), a selective TLR3 ligand does 
not trigger systemic cytokinemia following i.p. injection in mice [105]. Activation 
by TLR3 ligands of mDC, macrophages and epithelial cells suggests that they 
should be able to induce and/or exacerbate some autoimmune diseases. Indeed, 
viral infections can trigger disease activity in autoimmunity in general, and elevated 
IFN-I levels promote the progression of autoimmune tissue injury in systemic lupus 
erythematous. Thus, when short (34-bp) viral dsRNA was injected i.v. in lupus- 
prone MRLlpr/lpr mice, it was found to accumulate in glomerular mesangial cells 
which responded to Poly(I:C) by secreting IFN-β, IL-6, and CCL2 in vitro. 
Furthermore, repeated i.p. injections of Poly(I:C) in MRLlpr/lpr mice increased the 
secretion of CCL2 and CCL5 which both recruit leukocytes in the kidney, and 
markedly aggravated the glomerulonephritis associated with severe tubulo- 
interstitial injuries [28]. In conclusion, while acute toxicity appears to be significantly 
reduced for TLR3-specific ligands compared with Poly(I:C), long term exacerbation 
of autoimmune manifestations is intrinsically associated with the potent adjuvant 
activity of dsRNA.

8.6  Expression of TLR3 by Cancer Cells and Their Response 
to TLR3 Activation

Tumor data available online from the Broad institute (Fig.  8.1) show that TLR3 
mRNA is highly expressed in a high proportion of epithelial tumors, in particular 
kidney, pancreas and ovarian cancers. The expression of TLR3 by tumor cells them-
selves has been confirmed by IHC in nasopharyngeal adenocarcinoma cells [112], 
oesophageal squamous cell carcinomas, cervical squamous cell carcinomas [113], 
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oral squamous cancer cells [114–116], colon carcinoma [117], hepatocellular carci-
noma [118, 119], papillary thyroid cancer cells [120], prostate cancer [121], ovarian 
cancer [122], esophageal cancer [123], breast cancer [102], mesothelioma cells [124], 
cervical cancer [113], endometrial carcinoma [125], and lung small cells and non-
small cell cancers and adenocarcinomas (our submitted data). Data from the Human 
Protein Atlas available online (http://www.proteinatlas.org/ENSG00000164342-
TLR3/cancer) confirm those observations and illustrate the expression of TLR3 in 
pancreatic, endometrial, melanoma, and urothelial cancer cells. Those analyses 
have revealed the heterogeneity of TLR3 staining in tumors, and it would be inter-
esting to determine whether this might reflect, at least in part, different status of 
cancer cells (i.e., cancer cells’ stemness, epithelial–mesenchymal transition, or 
senescence). The therapeutic importance of targeting TLR3 expressed by tumor 
cells themselves was suggested by a retrospective analysis of a clinical trial wherein 
breast cancer patients had been treated with Poly(A:U) injections. It was indeed 
shown that the clinical benefit was strictly limited to patients whose tumor cells 
expressed TLR3 [102].

TLR3 ligands have been found to decrease the proliferation of cancer cells 
through the autocrine effect of type I IFN signaling and blockade of cell cycle 
through combined downregulation of cyclin D1 and upregulation of cyclin- 
dependent kinase inhibitor p27 [126]. In addition, the first direct pro-apoptotic 
activity of TLR3 ligand has been demonstrated in cancer cells wherein TLR3 
behaves like a death receptor [127]. Figure  8.2 summarizes the data from the 
literature showing that many types of human epithelial cancer cells undergo 
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apoptosis upon TLR3 activation. Occasional reports have implicated PKC-alpha-
dependent mechanism [128], or survivin [129], but the generality of these obser-
vations remains to be confirmed.

TLR3 mediates apoptosis through the recruitment and activation of caspase-8 
into an atypical death complex, and initiates the extrinsic pathway of apoptosis in a 
similar way as the DRs of the TNF-R superfamily. dsRNA triggers the formation of 
a multiprotein death complex containing TLR3, the adapter TRIF, RIPK1, cellular 
FLICE-Like Inhibitory Protein (cFLIP), and procaspase-8/procaspase-10. Hence, 
TLR3-mediated death complex resembles the Death-Inducing Signaling Complex 
(DISC) initiated by the TRAIL-R, Fas, TNF-R1, and CD40. The DISC formation 
mediated by DRs relies on a homotypic interaction between the Death Domain 
(DD) within the DR and the adaptor FADD which then recruits Death Effector 
Domain (DED)-containing procaspase-8/procaspase-10. Activation of procas-
pase-8/procaspase-10 within TRAIL-R- and Fas-associated DISC relies on DED-
mediated chain formation to drive procaspase dimerization, and activation 
[130–133]. Activated caspase-8/caspase-10 then initiate the extrinsic pathway of 
apoptosis and caspases cascade. However, TLR3 is devoid of a cytosolic DD, and 
the current model proposes that TLR3 engagement by dsRNA triggers the recruit-
ment of the adapter TRIF via a homotypic interaction between the RHIM domain 
within the receptor and TRIF. TRIF then recruits RIPK1 which contains a RHIM 
domain, but also a DD allowing the recruitment of FADD, and subsequently procas-
pase-8/procaspase-10 [134–137]. Due to its dependence on RIPK1, this death plat-
form associated to TLR3/TRIF is also called Ripoptosome [135, 138]. Several 
negative regulators of the stability and/or activity of TLR3-death complex have 
been reported. Cellular Inhibitor of APoptosis (cIAP) 1 and 2 ubiquitin ligases limit 
the formation/stabilization of the TLR3 death complex probably via RIPK1 polyu-
biquitylation [134, 135, 139, 140], as reported for TNF-R1 signaling [141, 142]. 
Consistent with this hypothesis, TRAF2 and TRADD are also detected within 
TLR3 death complex to form the ubiquitin ligase complex TRAF2-TRADD-cIAPs 
[134]. c-FLIP, a well- known regulator of caspase-8, is also detected within TLR3 
death complex [134, 135]. cFLIP potently inhibits the pro-apoptotic activity of this 
atypical DISC, potentially in a similar way as described downstream the DRs. The 
preferential formation of c-FLIPL/caspase-8 heterodimer [143] has a limited but 
selective catalytic activity toward proximal substrate like RIPK1, which leads to the 
liberation of caspase-8 pro-apoptotic p10-p20 fragments [130, 144]. Hence, 
c-FLIPL, when expressed above a certain threshold, prevents caspase-8 pro-apop-
totic activity, and can also destabilize the ripoptosome [135].

In humans, apoptosis induction via TLR3 is limited to tumor cells, suggesting 
that sensitivity to apoptosis is somehow acquired during transformation. However, 
the molecular determinants of this differential sensitivity remain unclear. Although 
the expression of the receptor and the existence of a functional signaling pathway to 
caspase-8-dependent apoptosis are clearly required for cancer cells to die following 
TLR3 activation, the level of TLR3 expression does not appear to dictate the cell 
fate in the presence of dsRNA, at least in vitro. In addition, one study reported that 
TLR3 overexpression by tumor cells in prostate carcinoma was associated with 
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poor clinical outcome, but another publication showed no evidence for correlation 
between TLR3 expression and either clinical grade or prognosis in oesophageal 
cancer [123]. As observed with TNF, inhibition of protein synthesis with cyclohexi-
mide sensitizes cancer cells to TLR3-triggered apoptosis [145, 146]. The role of 
c-IAP2  in the resistance to TLR3-triggered apoptosis was first demonstrated in 
EBV-associated nasopharyngeal carcinomas [119]. We recently observed that 
c-FLIP, a protein with a short half-life whose expression is critically dependent on 
NF-kB-driven transcription, represents the major regulator of TLR3-driven apopto-
sis in human lung and head-and-neck cancer cells (manuscript submitted). Recently, 
the linear ubiquitin chain assembly complex (LUBAC) has been shown to partici-
pate in the NF-kB and MAPK signaling pathway downstream of TLR3 and to be 
required to prevent TLR3-triggered apoptosis of the human transformed keratino-
cyte cell line (HaCaT) [147]. Consistent with this, the increased sensitivity of meta-
static vs. primary Head and Neck Squamous Cell Carcinoma (HNSCC) cells has 
been ascribed to the inability of the former to activate NF-kB activation in response 
to TLR3 ligand [63]. Altogether, these data suggest that differences in TLR3 signal-
ing complexes that remain to be identified but lead to differential activation of 
NF-kB and MAPK could explain why human tumors epithelial cells frequently 
succumb to TLR3 ligand while normal cells are resistant. One study has suggested 
that reduced RIPK1 expression sensitizes HNSCC cells to TLR3- triggered apopto-
sis, but simultaneously promotes several other pro-tumorigenic properties of the 
cells [148].

In the presence of chemical or viral caspase inhibitor, or following caspase-8 
genetic ablation, DRs have also been shown to induce another form of regulated cell 
death, with features of necrosis, called necroptosis. Mechanistically, necroptosis 
depends on the formation of a cytosolic signaling platform called necrosome which 
contains the key components RIPK1, RIPK3, and mixed lineage kinase domain-like 
(MLKL) ([149–151], and see for review [152]). MLKL then undergoes a 
conformational change that relies on RIPK3-dependent phosphorylation, and 
translocates to the plasma membrane, leading to its permeabilization [153–156]. It 
has also been reported that TLR3 mediates necroptosis in transformed and non- 
transformed cells. Mouse Macrophages [157, 158], rat and mouse microglia [159], 
mouse fibroblasts [158, 160, 161], but also mouse colon cancer CT26 cells [161] 
massively die by necroptosis upon treatment with Poly(I:C) in condition of caspases 
inhibition by Z-VAD.  Although the requirement of RIPK3 and MLKL for 
 TLR3- mediated necroptosis has been well demonstrated by chemical and genetic 
approaches [157–160], the role of RIPK1 remains to be clarified. TRIF can bind 
RIPK1 and/or RIPK3 via homotypic interaction between their respective RHIM 
domains [157, 162]. However, while RIPK1 allosteric inhibitor necrostatin-1 [163] 
blocks TLR3-mediated necroptosis in murine cells [158, 159, 161], it has no effect, 
together with RIPK1 knockdown, in mouse fibroblasts [158]. Like for apoptosis 
induction, necroptosis induced by Poly(I:C) is fully dependent on TLR3/TRIF, and 
independent of the TNFR pathway [158, 161]. It is important to notice that RIPK3 
is frequently downregulated in human transformed cells, at least in part through the 
methylation of RIPK3 genomic DNA, hence limiting the possibility of inducing 
necroptosis through TLR3 targeting in human cancers [164, 165].
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In contrast, the possibility that TLR3 activation in cancer cells might favor tumor 
progression is suggested by some reports. Indeed, TLR3 ligand was found to reduce, 
although modestly, the spontaneous apoptosis of two human breast cancer cell lines 
and to induce c-Myc-dependent cell proliferation in human head-and-neck cancer 
cell lines in vitro [166, 167]. TLR3 triggering was also found to enhance the prolif-
eration of 1 out of 7 human multiple myeloma cell lines analyzed [168]. In addition, 
it has been suggested that activation of TLR3 in tumor cells may enhance metastasis 
of pharyngeal and papillary thyroid cancer [120, 169] and facilitate evasion of 
immune surveillance through the secretion of chemokines with immunosuppressive 
effects [170]. Altogether, the published data suggest that TLR3 activation 
mostly inhibits the growth of many types of epithelial cancer cells, mostly through 
the induction of apoptosis accompanied by inflammation, although a role of necrop-
tosis cannot be excluded.

8.7  Combotherapy with TLR3 Ligands

Several approaches have been explored to increase the ability of TLR3 to inhibit cell 
tumor growth. Upregulation of TLR3 expression with IFN-I sensitizes resistant 
melanoma cell lines to the apoptosis triggered by dsRNA [145]. Similarly, the 
DNA-damaging reagent 5-fluorouracil was found to upregulate in a p53-dependent 
manner the expression of TLR3, thereby increasing the apoptosis triggered by 
Poly(I:C) in human colon carcinoma HCT116 cells [171]. Similar p53-dependent 
synergy between doxorubicin and Poly(I:C) has been reported in HCT116 cells 
[172]. The synergy with doxorubicin was confirmed in breast cancer cell lines 
[173], and extended to paclitaxel [174], 5-FU and methotrexate [175], gemcitabine 
[176], and carboplatin [177]. Regarding the mechanisms of synergy with chemo-
therapeutic agents, we found that the suppression of c-FLIP expression by pacli-
taxel is required for enhancing the apoptosis of cancer cells triggered by TLR3 
(manuscript submitted). A similar mechanism has been reported to explain the syn-
ergy between IL-24 and influenza A virus for inducing TLR3-dependent apoptosis 
of human cancer cells [137]. DR-dependent apoptosis is highly sensitive to NF-kB 
blocking agents, which downregulate the expression of three anti-apoptotic pro-
teins, cIAP1/2 and cFLIP. Thus, cIAPs have been successfully targeted with Smac 
mimetics to enhance the apoptosis triggered by TNF and TRAIL [178], and FasL 
[179]. The possibility to sensitize tumor cells to TLR3 ligand by Smac-mimetics 
was supported by the observation that cIAP overexpression protects EBV-related 
nasopharyngeal carcinoma cells from death triggered following activation of TLR3 
by EBER. Indeed, suppression of cIAP2 with a smac mimetic strongly synergized 
with Poly(I:C) to kill nasopharyngeal carcinoma cells [180], while normal nasopha-
ryngeal cells remained resistant to the combination [112]. Bernardo et  al. have 
reported yet another mechanism of synergy between retinoic acid and TLR3 ligand 
to kill human cancer cells through the upregulation and apoptotic signaling of 
TRAIL [181]. Obviously, the synergy of anticancer drugs may also involve other 
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anticancer activities of TLR3 ligand. For example, the adjuvant activity of poly-ICLC 
and the indirect activation of NK cells potentiate the antitumor effects of the anti-
EGFR cetuximab against head-and-neck cancer cells [182]. Likewise, combination 
of the multi-kinase inhibitor sorafenib with a synthetic dsRNA was shown to reduce 
hepatocellular carcinoma tumor growth through direct induction of tumor cell 
death, activation of host T cells, NK cells, macrophages and DC, and restoration of 
tumor cells’ immunogenicity in the local microenvironment [183, 184]. Changes in 
the microenvironment were also invoked to explain how Poly(I:C) potentiates 
Bacillus Calmette-Guérin immunotherapy for bladder cancer [185]. The immuno-
genic activity of TLR3 likely contributes to the synergy reported into tumor-bearing 
mice between Poly(I:C) and localized irradiation [186] or anti- PD- L1 mAb [187]. 
In conclusion, several chemotherapeutic agents as well as ionizing radiations appear 
to synergize with TLR3 ligand to kill cancer cells directly and/or through an indirect 
effect mediated by the immune cells.

8.8  TLR3 and Tumor Autovaccination

The superior efficacy of Poly(I:C) in combination with peptide as an adjuvant for 
tumor vaccination in mice has been amply demonstrated, and result from the com-
bined direct effects on different types of immune and nonimmune cells, including 
tumor cells themselves, and indirect effects through the production of IFN-I and 
other cytokines and chemokines [188]. Regarding the adaptive immune response, a 
subset of human DCs that highly express TLR3 exhibits a better capacity for cross-
presenting apoptotic and necrotic cells-derived antigens to CD8 T cells after TLR3 
stimulation. In fact, the use of TLR3 ligands as adjuvants in vaccine therapy is 
based in part on the selective high expression of TLR3 in human BDCA3+ CD141+ 
DCs and mouse CD8a+ DC subsets [189]. Importantly, IFN-α initiates a positive 
feedback on DC by enhancing their expression of TLR3, TRIF, and IRF3, thereby 
augmenting their secretion of IFN-I and IFN-λ (IL-28 and IL-29) in response to 
TLR3 agonist [190]. In mice, Poly(I:C) acts on splenic CD8α+ DC to cross-prime T 
cells and on intratumoral DC and macrophages to secrete chemokines (including 
CCL5, CXCL9, and CXCL10) that attract CTLs [191]. Moreover, after i.v. injec-
tion of B16-F10 cells, activation of DCs with Poly(I:C) led to the production of IFN 
type I and generated an effective CTL response against metastatic lung cancer pro-
gression [192]. Indeed, the CTLs activated by TLR3-stimulated DC show increased 
IFN-γ and TNF-α production and they are relatively protected against apoptosis 
during the contraction phase of the primary response [193]. Moreover, when used 
as vaccine adjuvant, Poly(I:C) stimulates the production of IL-12 by mDC (and 
macrophages), thereby favoring a TH1-biased CD4 T cell-mediated protective 
response [194]. Lastly, ligation of TLR on DC was shown to block the suppressor 
activity of regulatory T cells via the secretion of IL-6. Considering the innate 
immune response, two populations of myeloid cells present at the tumor site do 
express TLR3 as well: the Myeloid Derived Suppressor Cells (MDSCs), whose 
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frequency and immunosuppressive function are decreased in tumor-bearing mice 
treated with Poly(I:C) [195] and the Tumor Associated Macrophages (TAMs) that 
Poly(I:C) converts from M2 tumor-supportive to tumoricidal M1 cells [196]. In 
addition, dsRNA activates DC and macrophages but also TLR3+ tumor and normal 
epithelial cells, as well as endothelial cells to secrete type I IFNs that directly sup-
press tumor cell replication and reduce tumor growth via antiangiogenic properties. 
Moreover, type I IFNs stimulate DC to cross-present tumor-associated antigen 
[197], support the clonal expansion and effector differentiation of CD8+ T cells 
[198], augment NK cell-mediated tumor lysis and enhance the tumoricidal effects 
of macrophages and pDC (reviewed in [199]).

Beside the powerful adjuvant activity of TLR3 ligand described above, the dis-
covery that activation of TLR3 directly triggers simultaneously the apoptosis and an 
inflammatory response in human epithelial cancer cells expressing the receptor 
opens the promising possibility to reach tumor autovaccination without the need for 
identifying and injecting patient-individualized Tumor-Associated Antigens 
(TAAs). While dying, TLR3-targeted cancer cells release apoptotic bodies 
containing an optimized form of TAA for autovaccination: TAAs have been shown 
to accumulate in apoptotic bodies, and apoptotic bodies-associated dsRNA may 
represent an even more powerful ligand than free dsRNA for TLR3+ CD8α+/
BDCA3+ mDC that will engulf them [200]. As a result, in cell-associated form of 
poly(I:C), very low levels of antigen were sufficient to induce robust cross-priming 
responses in naive mice, further supporting the proposal made a decade ago that 
“Tumour cells loaded with dsRNA could therefore constitute potent vaccines for 
cancer immunotherapy” [200]. Importantly, tumor autovaccination based on TLR3- 
dependent apoptosis has not been addressed properly in mice yet, as, in contrast to 
human cancer cells, mouse cancer cell lines are resistant to cell death when exposed 
to TLR3 ligand (our unpublished data). However, when CT26 tumor-bearing mice 
were treated with Poly(I:C) and the caspase inhibitor zVAD, the necroptotic death 
of cancer cells contributed to their elimination by CTLs [161]. Of note, in the 
absence of decription of human cancer cells undergoing necroptosis, it remains 
uncertain whether such type of cell death could participate in the inflammatory 
demise of human cancer cells in response to TLR3 ligand, as can occur in mouse 
tumor [161].

Tumor autovaccination generated by TLR3 ligand would represent useful prim-
ing before administration of immune checkpoint inhibitors directed against CTLA-
4, PD-1/PD-L1, LAG3, IDO and the additional ones to be confirmed (Fig.  8.3). 
Indeed, despite the striking efficacy of immune checkpoint inhibitors in an ever- 
extending variety of cancers, <25% of patients show a prolonged survival. Several 
factors that have been demonstrated to limit their therapeutic activity, including a 
low level of expression of the targeted molecules (PD1, PD-L1, CTLA4), a low load 
of somatic mutations in tumor cells, and the accumulation of MDSC at the site of 
the tumor. However, the first reason for failure of T cell-targeted immune check-
point inhibitors currently in the clinic appears to be the absence of tumor-specific 
CD8+ T cells within the tumor, a situation referred to as “immunological desert” at 
the tumor site. Therefore, it has become urgent to design innovative vaccine strate-
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gies for generating a broad repertoire of tumor-specific CD8+ T cells and for driving 
them in the tumor, two benefits that can be expected from treatment with TLR3 
ligand. The rationale for combining TLR3 targeting with immune checkpoint inhib-
itors is further supported by the observation that TLR3 triggering regulates PD-L1 
(CD274) expression in human neuroblastoma cells [201]. Interestingly, the correla-
tion between the inflammatory signature resulting from endogenous retrovirus tran-
scription and immune checkpoint inhibitors response in cancer patients provides 
indirect evidence for the importance of TLR3 activation in the context of tumor 
immunotherapy [202]. Several clinical trials using either local injection of Hiltonol® 
as adjuvant for peptide-based cancer vaccine, or i.p./i.v. administration of Ampligen® 
in cancer patients in combination with DC-based vaccination are presently under-
way [203]. However, little attention has been paid so far to the expression and the 
sensitivity of cancer cells to TLR3-triggered apoptosis that will be required for trig-
gering tumor autovaccination.

Fig. 8.3 Schematic model of tumor autovaccination by targeting TLR3 in cancer. At the tumor 
site, TLR3 (represented by red question marks) is mainly expressed by DC, by epithelial cancer 
cells and by myeloid cells (TAM and MDSC). TLR3 ligand will trigger the “inflammatory apop-
tosis” of cancer cells and the secretion of chemokines (blue crosses) and cytokines (pink crosses), 
and apoptotic bodies will be taken up by tumor-infliltrating DC which, following their activation, 
will cross-present the full repertoire of TAAs to naïve CD8+ T cells. Effector CTLs will be gener-
ated and attracted to the tumor site by the chemokines released by TLR3-activated tumor cells 
while memory T cells will be generated that could fight back in case of cancer relapse. Through the 
direct activation by TLR3 ligand, tumor-supportive myeloid cells will be converted into tumor- 
suppressive cells, while activated DC will indirectly enhance the cytotoxicity of NK cells. Type-I 
IFNs will assist many aspects of the antitumor activity (see details in the text)
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8.9  Conclusions

TLR3 ligands have long been considered as attractive adjuvants for cancer vaccine, 
but the finding that they trigger directly the death of various types of epithelial can-
cer cells and the recent characterization of potent, specific, and well-defined dsRNA 
agonists has renewed interest in their clinical potential. Indeed, accumulated evi-
dences suggest that, through the simultaneous provision of TAAs for presentation 
by DC and activation of various immune cells, TLR3 ligands could trigger tumor 
autovaccination. The benefit that TLR3 ligands would bring to tumor therapy can be 
the result of several activities: (1) the “inflammatory apoptosis” of cancer cells that 
express the receptor; (2) the intratumoral production and action of Type I IFNs on 
immune cells, most particularly on TAA cross-presenting DC and on NK cells, and 
on  nonimmune cells, while avoiding the side effects associated with systemic 
administration of these cytokines; (3) the local secretion of cytokines and chemo-
kines that boost and recruit effector and memory tumor-specific CTLs and TH17 to 
the tumor site; (4) the inhibition of Tregs; and (5) the enhancement of the innate 
antitumor response and the repolarization of tumor infiltrating myeloid cells, includ-
ing the activation of their cytotoxicity [204]. At a time when immune checkpoint 
inhibitors are changing the way we envision cancer treatment, TLR3 appears as a 
promising target for generating tumor-specific CTLs, for driving them to the tumor 
site and eventually for enhancing the frequency of patients that could benefit from 
tumor immunotherapy.
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Chapter 9
Fas/CD95, Lipid Rafts, and Cancer

Faustino Mollinedo and Consuelo Gajate

Abstract Cholesterol/sphingolipid-rich membrane domains, known as lipid rafts, 
are critical for the compartmentalization of signalling processes. Initially, lipid rafts 
were found to host signalling pathways related to cell survival and the immune sys-
tem, but with the advent of the new millennium, lipid rafts were also found to host 
Fas/CD95 death receptor and to be involved in cell death signalling. In the last 15 
years it has become clear that lipid rafts are crucial for the triggering of apoptosis 
mediated by Fas/CD95. Accumulating evidence has led to the notion that lipid rafts 
serve as scaffolds for the recruitment and clustering of Fas/CD95 death receptor and 
downstream signalling molecules, thus leading to the formation of the so-called 
clusters of apoptotic signalling molecule-enriched rafts (CASMERs) that could be 
pharmacologically modulated. Despite the molecular mechanisms that regulate the 
recruitment of Fas/CD95 in lipid rafts remain to be unraveled, a number of protein 
modifications, together with additional proteins and signalling pathways have been 
suggested to play a role in both Fas/CD95-mediated apoptosis as well as death 
receptor association with lipid rafts. In this chapter, we discuss the involvement of 
lipid rafts in the regulation of Fas/CD95-induced apoptosis and its implications as a 
promising avenue for cancer therapy.

Keywords Fas • CD95 • Apoptotic molecules • Apoptotic signalling • Non- apoptotic 
signalling • Lipid rafts • Cancer • Anticancer drugs • Chemotherapy • CASMER

9.1  Introduction

Fas (CD95/APO-1) is the prototype of “death receptors” in the tumor necrosis factor 
(TNF) receptor superfamily [1, 2]. Studies on Fas/CD95 have focused primarily on 
its role in apoptosis, which were greatly supported by the fact that specific muta-
tions in Fas/CD95 and FasL/CD95L led to the lack of apoptosis in lymphocytes 
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leading to massive lymphadenopathy and autoimmune lymphoproliferative syn-
drome in lpr (lymphoproliferation),  and gld (generalized lymphoproliferative 
disease) mice, respectively, causing autoantibody formation with autoimmune man-
ifestations, and the accumulation of abnormal double negative T cells [3–5]. The 
equivalent human disorder is known as autoimmune lymphoproliferative syndrome 
(ALPS), which is characterized by immune dysregulation mainly due to defective 
Fas/CD95-mediated apoptosis that leads to a defect in lymphocyte apoptosis, and 
patients develop lymphadenopathy, splenomegaly, increased risk of lymphoma, and 
autoimmune disease with an abnormal accumulation of double negative T cells 
[6–12]. However, despite Fas/CD95 have long viewed as a death receptor mediating 
apoptosis induction in a wide range of apoptosis-based physiologic processes (e.g., 
T-cell-dependent cytotoxicity, deletion of autoreactive T and B cells, activation- 
induced cell death, tumor surveillance, immune privilege) and pathologic degenera-
tive diseases (e.g., autoimmunity, fulminant hepatitis, and neurodegeneration) 
[13–15], Fas/CD95 has also been shown to have multiple non-apoptotic and tumor- 
promoting activities [16–20], making difficult to discern the role of Fas/CD95 death 
receptor as a friend or a foe in cancer.

Since the first demonstration of the clustering of Fas/CD95 in lipid rafts in 2001 
[21], a wide number of studies have been focused on the association of Fas/CD95 
with lipid rafts and its functional relevance in apoptotic cell death [12, 22–25]. Lipid 
rafts have been defined as “small (10–200 nm) heterogenous, highly dynamic, ste-
rol- and sphingolipid-enriched domains that compartmentalize cellular processes” 
[26]. Because the lipid and protein composition of membrane rafts differs from that 
of the surrounding membrane, rafts provide an additional level of compartmental-
ization, serving as sorting platforms and hubs for signal transduction proteins. 
Accumulating evidence indicates that a high local concentration of Fas/CD95 can 
be achieved in lipid rafts, the latter serving as platforms for coupling adaptor and 
effector proteins required for Fas/CD95 downstream signalling, thus facilitating and 
amplifying signalling processes by transient local assembly of various cross- 
interacting molecules [12, 22, 23, 25, 27]. This is of particular importance in Fas/
CD95-mediated signal transduction because death receptors lack enzymatic activity 
and the subsequent apoptotic signalling pathway is triggered and transmitted by 
protein–protein interactions [12, 23, 25, 28].

9.2  Fas/CD95 Death Receptor and Apoptosis

Human mature CD95 (aka as Fas or APO-1) is a 45–48 kDa (319 amino acids) 
single spanning transmembrane receptor, and a prototypical death receptor of the 
TNF receptor (TNFR), that contains: a 157-amino acid N-terminal extracellular 
region, comprising three cysteine-rich domains (CRDs), which binds to its cognate 
ligand FasL/CD95L; a 17-amino acid transmembrane domain, and a C-terminal 
cytoplasmic domain of 145 amino acids that harbors a “death domain” (DD) 
required to transmit apoptotic signals (Fig.  9.1) [25, 29–32]. This DD contains 
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about 88 amino acids (Fig. 9.1), is homologous to other DDs present in additional 
death receptors, and plays a critical role in transmitting death signalling from the 
cell surface to the interior of the cell [25, 32–34]. Fas/CD95 does not possess enzy-
matic activity, but acts by binding to other proteins through its DD, which is a pro-
tein–protein interaction domain that enables Fas/CD95 and other DD-containing 
death receptors to interact by homotypic binding with the bipartite DD adapter pro-
tein Fas-associated death domain protein (FADD) [35, 36]. Following physiological 
Fas/CD95 activation by its cognate ligand FasL/CD95L, the death receptor under-
goes a conformational change in the intracellular domain of the receptor that results 
in receptor aggregation at the cell membrane and the recruitment of FADD through 
interaction between the DDs of FADD and the clustered Fas/CD95 receptors [35, 
37–39]. FADD also contains a “death effector domain” (DED) that binds to an 
analogous DED domain repeated in tandem within the zymogen form of 
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Fig. 9.1 Primary sequence and schematic diagram of human CD95 death receptor, highlighting 
the amino acid residues and signatures involved in raft localization and posttranslational protein 
modification. Human CD95 contains a signal peptide (SP; amino acid residues 1–16), and thus the 
mature CD95 protein consists of 319 amino acids (aas) with a N-terminal extracellular domain of 
157 aas, a short (17 aas) transmembrane region (TM) and a C-terminal cytoplasmic domain of 145 
aas. Relevant domains and amino acid residues for CD95 binding to lipid rafts (lysine-rich region, 
LRR, C199 and C304), tyrosine phosphorylation (Y232 and Y291), and apoptotic activity (death 
domain, DD, and C-terminal negative regulatory domain, NRD) are indicated. See text for further 
details
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procaspase- 8 [40], leading to its recruitment and self-activation, which in turn 
activates downstream effector caspases and signalling processes that eventually 
lead to apoptosis [41]. Thus, Fas/CD95-mediated apoptosis involves the formation 
of the so-called “death inducing signalling complex” (DISC) [42], composed of 
Fas/CD95, FADD and procaspase-8.

In addition to the apoptotic response, Fas/CD95 has been also shown to promote 
necroptotic cell death through the DD-containing kinase receptor interacting pro-
tein (RIP1) [43, 44], as well as autophagy in cells with low levels of caspase-8 [45] 
or following the participation of distinct kinases [46, 47]. Nevertheless, CD95/Fas 
behaves mainly as an apoptosis-inducing receptor expressed on many tissues and 
tumor cells. During tumor progression CD95 is frequently downregulated, and 
tumor cells lose apoptosis sensitivity. Dysregulation and mutations have been 
reported in Fas/CD95 in several malignant cells of various histological origins, with 
most of the mutations distributed within the DD domain, thus leading to resistance 
to Fas/CD95-mediated apoptosis [48–51]. Reduced Fas/CD95-mediated apoptosis 
is a well-established factor in tumor cell survival, and expression of Fas/CD95 is 
decreased in several different tumor types [52–59]. However, the fact that the Fas/
CD95 mutation rate is not usually high in cancer, and the increasing evidence for a 
Fas/CD95 engagement in transmitting non-apoptotic signals, thus leading to tumor- 
promoting activities [19, 60, 61], suggests that other additional factors apart from 
primary structure are going to play a critical role in the final outcome regarding cell 
death triggering. Interestingly, accumulating evidence has shown that Fas/CD95 
signalling cascades are often disrupted in tumor cells, leading to the triggering of 
Fas/CD95-mediated pro-survival, rather than apoptotic pathways [50, 62–65]. 
These non-apoptotic functions of Fas/CD95 contribute to tumor-promoting pheno-
types [19, 66–70], and Fas/CD95 knockout in tumor cell xenografts was found to 
prevent tumor growth, thus suggesting that Fas/CD95 has a growth-promoting role 
during tumorigenesis [17]. The regulatory factors that switch the role of Fas/CD95 
towards either cell death or cell survival remain to be elucidated, but it could be 
envisaged that these regulatory factors might include the particular location of the 
death receptor in certain membrane domains where it could interact with distinct 
proteins, generating altogether a molecular microenvironment predisposed to 
launch either an apoptotic or non-apoptotic signalling.

9.3  Fas/CD95 Non-apoptotic Signalling

Despite Fas/CD95 is a major molecule in triggering and modulating receptor- 
mediated cell death, it is now well accepted that CD95 is a receptor with pleiotropic 
functions, including apoptotic and non-apoptotic signals. Recent studies have 
shown an increasing number of non-apoptotic responses emanating from Fas/CD95. 
The Fas/CD95-FasL/CD95L system has now been involved in a wide variety of 
functional non-apoptotic responses, including migration and invasion, particularly 
in apoptosis-resistant malignant cells [16, 18, 71–73], inflammation [66, 74, 75–78, 
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79–82], neurite sprouting and outgrowth [14, 83–85], as well as cell proliferation 
[64, 86–88]. Fas/CD95 can trigger the three main mitogen-activated protein kinase 
(MAPK) pathways p38, JNK1/2, and ERK1/2 [83, 88–90], tyrosine protein kinase 
signalling [16, 91, 92], as well as the transcription factor NF-κB [93], leading to the 
abovementioned Fas/CD95-mediated non-apoptotic responses [20, 64, 94].

However, a major unresolved question is to identify how the Fas/CD95 system 
switches between apoptotic and non-apoptotic responses. This switch seems to 
occur at different levels of signalling transduction, ranging from how the death 
receptor is located in specific membrane domains, thus allowing different interac-
tions with signalling molecules, to cross-talk with other signalling pathways, which 
could lead to distinct and even opposite cellular outcomes [2, 20].

Interestingly, Fas/CD95 stimulation has been shown to lead to the activation of 
the phosphatydilinositol-3-kinase (PI3K) pathway in glioblastoma multiforme [16], 
as well as to tyrosine phosphorylation through Src family kinases in different cell 
types [95, 96], which are recruited to Fas/CD95 [91, 97]. Stimulation of Fas/CD95 
has also been shown to result in tyrosine phosphorylation of the receptor [98, 99], 
which contains a tyrosine-containing motif YXXL within the DD of Fas/CD95, 
similar to the canonical immunoreceptor tyrosine activation motifs (ITAMs) or 
immunoreceptor tyrosine inhibitory motifs (ITIMs). This link between the Fas/
CD95 system and the PI3K pathway or tyrosine phosphorylation could explain, at 
least in part, the involvement of Fas/CD95 in survival signalling. In this context, It 
has been recently demonstrated that phosphorylation of Y232 and Y291, within the 
DD, is critical to FasL/CD95L-induced non-apoptotic signalling of Fas/CD95 and 
is regulated by Src family kinases and the protein tyrosine phosphatase SHP-1 
[100]. On these grounds, it could be envisaged that Fas/CD95 signalling outcome 
might be determined by the tyrosine phosphorylation status of its DD.

9.4  Proteins Affecting Fas/CD95-Mediated Apoptotic 
Signalling with Implications in Fas/CD95-Mediated 
Chemotherapeutic Regimens

A number of proteins affecting the Fas/CD95 apoptotic activity through their inter-
action with the death receptor (Daxx, FAF1, FAIM, FAP-1, FIST/HIPK3, Lifeguard, 
Sentrin/SUMO-1, Ubc9) or with DISC constituents (FLASH, FLIP, TOSO) have 
been previously reviewed [33]. The cellular FADD-like interleukin-1β-converting 
enzyme (FLICE)-inhibitory protein (c-FLIP) negatively regulates apoptotic signal-
ling downstream of death receptors, being a key inhibitor of procaspase-8 activation 
in the Fas/CD95-DISC apoptotic signalling. c-FLIP plays a major role as a master 
switch in determining life/death cell fate decisions, behaves as a guardian of the 
threshold of extrinsic apoptosis, and the amount of c-FLIP in the cell at the moment 
of death receptor stimulation defines the timing of cell death; its function having 
been largely discussed in previous reviews [101–104]. c-FLIP expression has been 
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detected to be increased in certain tumors, and c-FLIP overexpression results in 
tumor cell escape from T-cell immunity [105]. In addition to the role of c-FLIP in 
the pathogenesis of hematologic cancers [105–108], further proteins (Fig. 9.2) have 
been reported to influence the Fas/CD95 apoptotic signalling pathway by affecting 
its cell surface expression and pro-apoptotic activity. Several of these proteins are 
suggested to play a role in cancer development and progression [33], and other pro-
teins affecting Fas/CD95-mediated apoptosis, which are not so frequently reviewed 
in their relation to cancer, are discussed below. Moreover, the human intracellular 
serine protease inhibitor (serpin), protease inhibitor 9 (PI9), has been shown to 
inhibit FasL/CD95L-mediated apoptosis in some cell lines in a cell type-specific 
manner by binding to the intermediate active forms of caspase-8 (p43/41) and cas-
pase- 10 (p47/43), thereby preventing further activation of the downstream target 
caspase-3 and execution of apoptosis [109].

9.4.1  FAP-1

The protein-tyrosine phosphatase Fas-associated phosphatase-1 (FAP-1), aka 
PTPL1, PTPN13, PTP1E, and PTP-BAS, capable of interacting with the cytosolic 
carboxyl terminal 15 amino acid-domain of Fas/CD95, which is a negative 
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regulatory domain (C-terminal 15 amino acids) of Fas/CD95 [30], shows its highest 
expression in tissues and cell lines that are relatively resistant to Fas/CD95-mediated 
cytotoxicity [110, 111]. FAP-1 is one of the largest known non-receptor protein- 
tyrosine phosphatases PTPases (about 250 kDa), comprising 2485 residues [112], 
and is mutated in a significant number of colorectal tumors [113, 114]. There are 
three major structural characteristics of FAP-1 action: a leucine zipper, a membrane- 
binding domain, and 6 PDZ domains [110]. The binding of the third PDZ domain 
(PDZ3) of FAP-1 to the inhibitory domain of Fas/CD95 [115] could be the underly-
ing basis for the action of FAP-1 as a negative regulator of Fas/CD95-mediated 
apoptosis. Because FAP-1 negatively regulates Fas/CD95-mediated apoptosis in 
several tumors, including pancreatic adenocarcinoma [116, 117] and melanoma 
[118]; it has been suggested to positively regulate tumorigenesis, thus becoming a 
potential therapeutic target [119]. Gene transfer-mediated elevations in FAP-1 par-
tially abolish Fas/CD95-induced apoptosis in T-cell leukemia Jurkat cells [110, 
111] as well as in other cancer cells, including ovarian, pancreatic, and colon cancer 
cells [111, 116, 120, 121]. FAP-1 is also suggested to inhibit Fas/CD95-mediated 
apoptosis in colon cancer [121], head and neck cancer [122], hepatocellular carci-
noma [123], and ovarian cancer [120]. In addition, FAP-1 is highly expressed in 
Ewing’s sarcoma [124] and has been identified as a target of EWS-FL1, modulating 
Ewing’s sarcoma tumorigenesis [125]. Silencing FAP-1 expression increases the 
efficacy of chemotherapy for colon carcinoma with oxaliplatin [126]. miR-200c 
microRNA regulates Fas/CD95-mediated apoptosis by targeting FAP-1 [127], 
which could explain the reduction in sensitivity of cells to Fas/CD95-mediated 
apoptosis observed in the context of reduced miR-200 expression during tumor pro-
gression. Interaction of FAP-1 with Fas/CD95 inhibits Fas/CD95 export to the cell 
surface, thus reducing cell surface Fas/CD95 levels, and increases the intracellular 
pool of Fas/CD95 within the cytoskeleton network [118], as well as the co- 
localization of Fas/CD95-FAP-1  in the Golgi complex [116], hence preventing 
translocation of Fas/CD95 from intracellular stores to the cell surface. In contrast, 
dynamin-2 facilitates Fas/CD95 protein translocation from the Golgi apparatus via 
the trans-Golgi network to the cell surface [128]. Interestingly, FasL/CD95L has 
been shown to induce tyrosine phosphorylation of Fas/CD95 in astrocytoma cells, 
and FAP-1 dephosphorylates Tyr-275  in the C-terminus of the mature Fas/CD95 
form [129]. Mutation in amino acid 275 of mature Fas/CD95 results in decreased 
association of Fas/CD95 with FAP-1, and greater export of Fas/CD95 to the cell 
surface in melanomas and normal fibroblasts [118]. On the other hand, recent evi-
dence has shown that autophagy modulates Fas/CD95-induced cell death through 
the selective autophagy-mediated degradation of FAP-1 via its interaction with the 
adapter protein p62/Sequestosome-1 (SQSTM1) in Fas/CD95-mediated cell death 
[130]. These data, together with those described in the previous section, further sup-
port that reversible phosphorylation can regulate Fas/CD95 function [91, 96, 97, 
100, 131–133].
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9.4.2  FAIM

Fas apoptosis inhibitory molecule (FAIM) was first cloned as an evolutionary con-
served protein that antagonizes Fas/CD95-mediated apoptosis of mature B cells, 
through a differential display strategy to detect cDNAs present in B cells rendered 
Fas/CD95 resistant, but absent in those rendered Fas/CD95 sensitive [134]. FAIM 
exists in two alternatively spliced forms: the broadly expressed FAIM-S and the 
tissue-specific FAIM-L [135–137]. FAIM seems to act upstream of Akt during 
T-cell receptor (TCR) signalling and overexpression of FAIM leads to increased 
amount of Akt in lipid rafts and thereby its activation [138]. Thus, FAIM seems to 
modulate the localization of Akt to lipid rafts, but no interaction between FAIM and 
Akt has been detected following co-immunoprecipitation experiments [138]. In 
addition, faim−/− B cells and thymocytes exhibit increased sensitivity to Fas/CD95- 
triggered apoptosis in  vitro, and faim−/− mice show exacerbated liver damage in 
response to Fas/CD95 engagement in  vivo [139]. The lack of FAIM results in 
decreased expression of c-FLIPL (about 55 kDa), the long isoform of c-FLIP [140], 
and c-FLIPR (about 24 kDa), the only short c-FLIP isoform expressed in mice [141], 
as well as in increased association, and subsequent activation, of caspase-8 with 
Fas/CD95 [139]. Genetic deletion of faim also results in elevated levels of apoptotic 
molecules such as Nur77, Bak and Bax, which have been involved in thymocyte 
apoptosis [138]. FAIM has been shown to play a major role in modulating TCR- 
induced and Fas/CD95-mediated apoptosis of thymocytes [138], as well as in neu-
ron protection [142] and cell death in non-small lung cancer [143] and multiple 
myeloma [144]. The anti-apoptotic protein FAIM is a target for miR-133b, which in 
turn is suggested to have a role in prostate cancer [145].

9.4.3  Nucleolin

Following screenings of primary lymphoma cell extracts for Fas/CD95-associated 
proteins that have the potential to regulate Fas/CD95 signalling, an activation- 
resistant Fas/CD95 complex selectively included nucleolin [146]. Nucleolin-Fas/
CD95 complexes were detected in B-cell lymphoma cells and primary tissues, but 
not in B-lymphocytes from healthy donors. Cell surface nucleolin binds Fas/CD95 
and prevents induction of Fas/CD95-mediated apoptosis by inhibiting ligand bind-
ing in B-cell lymphomas [146]. Nucleolin knockdown sensitized BJAB human 
Burkitt B-lymphoma cells to FasL/CD95L- and Fas/CD95 agonistic antibody- 
induced apoptosis through enhanced ligand binding, suggesting that nucleolin 
blocks the FasL/CD95L–Fas/CD95 interaction. Nucleolin is a multifunctional 
nucleolar phosphoprotein that was first identified in ribosomal RNA processing, but 
its localization is altered in highly proliferating cells, being translocated into the 
cytoplasm and onto the plasma membrane, where it exerts pro-survival functions, 
including stabilization of Bcl-2, Bcl-xL, and IL-2 mRNAs [147–151]. Nucleolin is 
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highly expressed on the surface of several types of cancer cells, where it has been 
shown to serve as a receptor for hepatocyte growth factor and P-selectin, as well as 
a transport protein [152–154]. Extranuclear nucleolin is also involved in regulating 
multiple apoptosis-related molecules contributing to the survival and anti-apoptotic 
pathways of cancer cells [155, 156]. Nucleolin expression is suggested to be regu-
lated by miR-194 and miR-206 [157]. In addition, nucleolin expression is positively 
regulated by human antigen R (HuR) and negatively regulated via competition with 
miR-494 [158].

9.4.4  CD74

Berkova et al. [159] have recently found that the B-lymphoma cell line BJAB with 
suppressed CD74, a MHC class II chaperone [160] that has been implicated in 
malignant B-cell proliferation and survival [161, 162], is more sensitive to FasL/
CD95L-induced apoptosis and Fas/CD95 signalling-dependent chemotherapies, 
such as edelfosine (aka ET-18-OCH3) and doxorubicin, than control CD74- 
expressing cells. Expression of full-length CD74  in liver protected mice from a 
lethal challenge with agonistic anti-Fas/CD95 antibody Jo2, whereas the absence of 
CD74 promoted Fas/CD95 upregulation at the cell surface and increased cleavage/
activation of procaspase-8 [159]. Pretreatment with the fully humanized anti-CD74 
monoclonal antibody milatuzumab sensitized BJAB cells to Fas/CD95-mediated 
apoptosis [161]. These data suggest that CD74 modulates Fas/CD95 signalling in 
lymphomas by decreasing the levels of Fas/CD95 receptor on the cell surface 
through mechanisms that still remain unclear [159]. Specific targeting of the CD74 
on the cell surface seems to sensitize CD74-expressing cancer cells to Fas/CD95- 
mediated apoptosis, and thus this could be an approach to increase effectiveness of 
Fas/CD95-mediated chemotherapy regimens for hematologic malignancies. A 
number of trials testing different treatment schedules of milatuzumab in different 
hematologic malignancies, including chronic lymphocytic leukemia (CLL), non- 
Hodgkin lymphoma (NHL), mantle cell lymphoma (MCL), and multiple myeloma 
(MM), are underway and show no severe adverse effects [163–165]. CD74 expres-
sion is rather limited in normal human tissues, but it was found to be overexpressed 
in over 85% of NHL, CLL and a majority of MM cells [161, 166, 167]. Cell surface 
levels of CD74 are higher in CLL patient-derived B cells than in normal B cells, and 
CD74 activation by macrophage migration inhibitory factor (MIF) activates NF-κB 
and induces secretion of IL-8, which promotes cell survival and tumor progression 
[167, 168]. MIF fosters cell survival and proliferation [169] and has been shown to 
be a ligand of CD74 [170], which generates a complex with CD44 acting as a recep-
tor for MIF, and where CD44 is an integral member of the CD74 receptor complex 
required for signal transduction [171]. Thus, CD74-mediated proliferative and pro- 
survival signalling can initiate or contribute to pro-carcinogenic events and enhance 
the survival of cancer cells. CD74 expression has been associated with poor prog-
nostic markers in breast cancer [172], but intriguingly, recent reports have also 
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associated CD74 expression with a favorable survival for melanoma [173] and 
mesothelioma [174]. Engagement of CD74 leads to the activation of extracellular 
signal-regulated kinase-1/2 (ERK1/2) MAP kinase (MAPK) cascade and cell pro-
liferation [170]. CD74 is internalized from the plasma membrane into the endocytic 
compartment, where intramembrane cleavage releases the intracellular cytosolic 
domain (CD74-ICD) that enters the nucleus and activates NF-κB p65/RelA, con-
trolling B cell differentiation [160, 175]. In addition, CD74-ICD promotes the 
expression of TAp63 transcription factor, which subsequently upregulates Bcl-2 and 
promotes survival of B cells [176].

Accumulating evidence suggests that CD74 is a novel target for immunotherapy 
of neoplasms expressing this antigen. Anti-CD74 naked antibody or conjugated to 
isotypes, drugs or toxins synergizes with other chemotherapeutic agents and elicits 
significant antitumor effects in vitro and in vivo. In this regard, in vitro and preclini-
cal data show that the humanized antibody milatuzumab, alone or in combination 
therapy with additional anticancer agents, is a promising approach to treat B-cell 
malignancies, including NHL, CLL, MCL, and MM [164, 177–184]. Because 
CD74 regulates Fas/CD95 death receptor signalling by decreasing the levels of Fas/
CD95 on the cell surface [159], with a major role in B-cell malignancies, and co- 
clustering of Fas/CD95 and lipid rafts have been involved in a novel approach for 
the treatment of some B-cell malignancies [185–187], it is tempting to envisage a 
putative combination therapy involving agents that affect both phenomena. In this 
regard, the ether lipid edelfosine has been found to induce Fas/CD95-mediated 
apoptosis in a wide number of hematological cancer cells through the recruitment 
of Fas/CD95 in raft platforms [21, 185–188], and recent evidence shows that the 
B-lymphoma BJAB cells lacking CD74 are sensitized to edelfosine [159].

9.5  Compartmentalization of Fas/CD95 Apoptotic Signalling 
in Lipid Rafts

With the advent of the second millennium, it was found that apoptosis mediated by 
the death receptor Fas/CD95 involved its recruitment in specific domains at the 
plasma membrane, particularly in clusters of cholesterol- and sphingolipid-rich 
membrane domains, termed lipid rafts [21, 188–192]. The apoptosis response 
induced by a synthetic ether lipid called edelfosine was mediated by the recruitment 
of Fas/CD95 death receptor in lipid rafts, and the disruption of raft domains by 
cholesterol depletion led to the inhibition of apoptosis [21], thus leading to the first 
compelling evidence for the involvement of lipid rafts in Fas/CD95-mediated apop-
tosis. Edelfosine is considered the prototype of a family of synthetic antitumor 
drugs collectively known as alkylphospholipid analogs [193–195], and it is a stark 
example of how a chemical tool can reveal novel molecular processes in cell death 
regulation. Soon after the finding of the edelfosine-induced Fas/CD95 recruitment 
in rafts [21], the natural ligand FasL/CD95L was also found to promote Fas/CD95 
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clustering in lipid rafts [196]. Thus, it seems clear that the antitumor drug edelfosine 
makes use of physiological processes, exacerbating them and offering new ways to 
promote cell death in cancer cells. Later on, we also found that the adaptor protein 
FADD and procaspase-8 were also recruited into lipid rafts, forming the DISC, as 
well as additional downstream signalling molecules during the apoptotic response 
induced by edelfosine [185, 188, 197, 198]. Taken together, these data led to the 
conclusion that lipid rafts act as scaffolds where molecules of the Fas/CD95 signal-
ling pathway are concentrated, providing a limited physical space where protein–
protein interactions are highly facilitated, thus forming a kind of a linchpin from 
which a potent death signal is launched. On these grounds, the co-clustering of lipid 
rafts and Fas/CD95 signalling provides a new framework in the triggering of death 
receptor-mediated apoptosis.

Redistribution of Fas/CD95 in lipid rafts together with downstream signalling 
molecules lead to a new concept of apoptosis regulation by membrane compartmen-
talization. Thus, redistribution of death receptors and signalling molecules in lipid 
rafts and non-raft regions may regulate different signalling responses, segregating 
molecules with opposite functional activities and putting together molecules that 
share and yield the same final outcome. Thus, recruitment of death receptors and 
downstream signalling molecules in lipid rafts could potentiate protein–protein 
interactions and signalling cross talk, which ultimately would lead to the triggering 
of cell death signalling. In this regard, the recruitment of death receptors and down-
stream apoptotic signalling molecules in clustered raft platforms has led us to coin 
the word CASMER as an acronym for “cluster of apoptotic signalling molecule- 
enriched rafts” [22, 27, 28, 188, 198, 199]. CASMER refers to the recruitment of 
death receptors together with downstream apoptotic signalling molecules in 
clustered rafts or raft platforms [22, 27]. CASMER represents a novel raft-based 
supramolecular entity, acting as death-promoting platforms where death receptors 
and downstream signalling molecules are brought together, thus facilitating pro-
tein–protein interactions (Fig. 9.3). CASMER formation represents a way to regu-
late apoptosis by creating a kind of large islands enriched in pro-apoptotic molecules, 
from which apoptotic signalling is launched. Fas/CD95-DISC assembly in lipid 
rafts has been visualized by electron microscopy [198] (Fig. 9.4). Moreover, the 
edelfosine-induced recruitment of Bid in lipid rafts further highlights the impor-
tance of CASMERs in cell death modulation by acting as linkers between the 
extrinsic death receptor- and intrinsic mitochondria-related signalling pathways in 
apoptosis [28, 185, 188, 199, 200].

Because death receptors can lead to either cell death or survival signalling, it is 
tempting to envisage that the above compartmentalization of signalling pathways in 
lipid rafts could be critical to promote either an apoptotic or a non-apoptotic 
response, and therefore lipid rafts might play a key role in determining the final 
outcome, cell death or survival.

Moderate traumatic brain injury has been shown to result in rapid recruitment of 
tumor necrosis factor receptor 1 (TNFR1) to lipid rafts, altered associations with 
signalling intermediates and subsequent recruitment of caspase-8, leading to apop-
tosis [201]. Tumor necrosis factor (TNF)-related apoptosis ligand (TRAIL) has 
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Fig. 9.3 CASMER formation. A number of apoptotic signalling molecules, including CD95, 
FADD and procaspase-8, forming the DISC, and downstream apoptotic signalling molecules are 
recruited and brought together in close proximity in large lipid raft platforms or raft clusters to 
generate the CASMER supramolecular entity. See text for further details. (From [27], © Future 
Science Group)

Fig. 9.4 Visualization of DISC in a lipid raft platform. Electron microscopy image of edelfosine- 
treated Jurkat cells showing DISC formation in lipid rafts. Sections of edelfosine-treated cells were 
labeled with the raft marker GM1 using cholera toxin B subunit (6-nm gold) (asterisk), anti-Fas/
CD95 antibody (10-nm) (closed arrowhead), anti-FADD antibody (15-nm) (arrow), and anti- 
procaspase- 8 antibody (20-nm) (open arrowhead). Lipid rafts were labeled on the external face of 
the membrane, whereas DISC components were located in the internal face of raft-enriched mem-
brane domains. Bar, 400 nm. (From [198], © Public Library of Science)
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been shown to induce apoptosis in TRAIL-sensitive non-small cell lung carcinoma 
(NSCLC) cells through the induction of DISC assembly in lipid rafts of plasma 
membrane, leading to caspase-8 activation and subsequent apoptosis [202]. In con-
trast, the formation of DISC in the non-raft phase of the plasma membrane leads to 
the inhibition of caspase-8 cleavage and the activation of the survival NF-κB and 
ERK1/2 signalling pathways in TRAIL-resistant NSCLC cells [202]. This DISC 
assembly in non-rafts is suggested to be mediated by receptor-interacting protein 
(RIP) and c-FLIP. Selective knockdown of either RIP or c-FLIP with interfering 
RNA leads to redistribution of DISC from non-raft to raft membrane domains fol-
lowing TRAIL incubation, thereby switching the DISC downstream signals from 
NF-κB and ERK1/2-mediated survival to caspase-8-initiated apoptosis [202]. In 
this regard, the treatment of NSCLC A549 cells with cis-diaminedichloroplatinum 
II (CDDP or cisplatin) decreased c-FLIP expression, enhanced TRAIL-induced 
apoptosis, and redistributed DISC in rafts [202]. TRAIL-induced redistribution of 
death receptors DR4 and DR5 in lipid rafts contributed to the sensitivity to TRAIL 
in the TRAIL-sensitive NSCLC H460 cell line [203]. These data support that che-
motherapeutic agents that enhance TRAIL-DISC redistribution in lipid rafts poten-
tiate the apoptotic effect of TRAIL in cancer cells [202]. However, the lack of death 
receptor redistribution in lipid rafts negatively impacts DISC assembly, which at 
least partially leads to the development of acquired resistance to death receptors in 
distinct tumor cells [204]. On these grounds, it could be envisaged that location of a 
death receptor in lipid rafts could lead to a DISC-mediated apoptosis, likely through 
CASMER formation, whereas RIP and c-FLIP-mediated assembly of the DISC in 
non-rafts could represent a critical upstream event in death receptor resistance and 
the triggering of non-apoptotic responses. Thus, death receptor distribution within 
the plasma membrane may have a pivotal impact on modulation of cell sensitivity/
resistance to apoptotic signals.

9.6  Ceramide and Lipid Rafts

The early noughties were really a time of burst of activity and advances in raft and 
Fas/CD95 studies. Thus, in the early 2000s, the physiological lipid molecule 
ceramide was involved in the clustering of Fas/CD95 into ceramide-rich rafts [191, 
192, 205, 206]. Addition of natural C16-ceramide completely restored the apoptotic 
response to agonistic anti-Fas/CD95 antibody in acid sphingomyelinase−/− hepato-
cytes, but per se did not trigger Fas/CD95 clustering or induce apoptosis in the 
absence of an agonist anti-Fas/CD95 antibody or FasL/CD95L [191, 206]. Thus, 
ceramide seems to act as a mediator of the death receptor clustering process, ampli-
fying the primary Fas/CD95 signalling events, but not as an initiator of the process. 
The current view agrees with the following sequence of events: upon FasL/CD95L 
stimulation, the FasL/CD95L-Fas/CD95 complexes are suggested to be translo-
cated into small membrane rafts, leading to a primary formation of the DISC and a 
subsequent and slight caspase-8 activation, which in turn activates caspase-7, 
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leading to the proteolytic activation of acid sphingomyelinase and its translocation 
to small lipid rafts on the plasma membrane, where sphingomyelinase generates 
ceramide from raft-located sphingomyelin, thus promoting lipid raft coalescence 
[12, 191, 192, 205, 207, 208]. Direct incorporation of ceramide and enzymatic 
hydrolysis of sphingomyelin by sphingomyelinase have been shown to promote the 
enlargement of the initial ordered domains in model raft membranes [209, 210], 
suggesting the clustering and coalescence of small raft domains to form large raft 
platforms. Because sphingomyelin is highly abundant in rafts, in as much as 70% of 
all cellular sphingomyelin [211], the generated ceramide might promote coales-
cence of elementary rafts [212]. On these grounds, sphingomyelinase and ceramide 
serve to amplify the signalling of Fas/CD95 at the membrane level after the initial 
FasL/CD95L–Fas/CD95 interaction, leading to the formation of large patches con-
taining FasL/CD95L-Fas/CD95 complexes that would further potentiate DISC for-
mation and Fas/CD95 signalling. This notion is supported by biophysical studies 
showing that, by increasing membrane order, ceramide reduces the lateral diffusion 
of membrane proteins and lipids, leading to their trapping and clustering [213]. 
However, ceramide does not alter the preferred localization of the Fas/CD95 trans-
membrane domain in liquid disordered non-raft membrane region, and thereby nei-
ther the Fas/CD95 transmembrane domain membrane organization nor its 
conformation is affected by ceramide [214]. Nevertheless, diffusion of Fas/CD95 
oligomer would be reduced in membrane domains containing ceramide, thus mini-
mizing receptor translocation out of ceramide-rich domains [214], and favoring the 
formation of large and stable apoptotic Fas/CD95 clusters that could enhance apop-
tosis signalling.

On the other hand, ceramide has been reported to recruit a reduced number of 
sphingomyelin molecules forming very small highly ordered gel domains, sur-
rounded by liquid-ordered phase rafts, without the formation of large platforms or 
the coalescence of small rafts [215]. Thus, ceramide has been shown to induce 
neither the formation of large platforms in raft model membranes nor raft coales-
cence, but instead it may induce the formation of small gel nanodomains, which 
could lead to strong changes in the membrane biophysical properties [215]. Because 
lipid rafts are rich in cholesterol, and cholesterol and ceramide compete for associa-
tion with sphingomyelin, driving the formation of liquid-ordered and gel phases 
respectively, it might be suggested that ceramide/sphingomyelin-rich domains 
should be in a gel- like phase and exclude cholesterol, thus leading to raft collapse 
rather than to raft coalescence [215]. The above changes would likely lead to a 
severe reorganization of the membrane domain with consequences in cell signal-
ling. The competition between ceramide and cholesterol in their association with 
rafts, together with the fact that ceramide displaces sterols from rafts [216–218], is 
likely to have a marked effect on raft structure and function, altering liquid ordered 
properties as well as molecular composition, including the lipid raft proteome. 
Taken together, these results suggest the presence of distinct membrane domains, 
either more enriched in ceramide or in cholesterol that could lead to distinct protein 
composition and function.
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Interestingly, incubation of tumor cells with the synthetic ether lipid edelfosine 
has been shown to promote Fas/CD95 clustering and recruitment in lipid rafts, as 
well as subsequent apoptosis, independently of FasL/CD95L or agonist Fas/CD95 
antibody, in the absence of sphingomyelinase activation and ceramide generation 
[21, 188, 189]. Further studies showed that raft disruption by cholesterol depletion 
inhibited drug-mediated killing in cancer cells, while cholesterol replenishment 
restored cancer cell ability to undergo drug-induced apoptosis [186]. Ceramide 
addition displaced cholesterol from rafts, and inhibited edelfosine-induced apopto-
sis [186]. These results suggest that cholesterol-rich lipid rafts play a major role in 
Fas/CD95-mediated apoptosis, and particularly in cancer chemotherapy.

9.7  S-Palmitoylation and Additional Posttranslational 
Modifications or Signatures Regulating Fas/CD95 
Localization in Lipid Rafts

A number of posttranslational modifications and signatures have been found to 
affect Fas/CD95 recruitment in lipid rafts (Fig.  9.1). S-palmitoylation of Fas/
CD95 in the membrane proximal intracellular region at the cysteine residue 199 for 
human (Fig. 9.1) and 194 for mouse Fas/CD95 is required for the localization of the 
death receptor in lipid rafts [219, 220]. S-palmitoylation leads to the formation of 
sodium dodecyl sulfate (SDS)-stable Fas/CD95 aggregates that accumulate in lipid 
rafts, due in part to an increase in the amount of FADD and processed caspase-8 
[220]. These SDS-stable Fas/CD95 aggregates, which are SDS- and 
β-mercaptoethanol-resistant on SDS–polyacrylamide gel electrophoresis migrate in 
the range of 90–200 kDa depending on the cell type [42, 221]. Inhibition of protein 
palmitoylation with the palmitate analog 13-oxypalmitate [222] inhibits the incor-
poration of [3H]palmitate into Fas/CD95 and cell death after FasL/CD95L engage-
ment [219]. The palmitoylation inhibitor 2-bromo-palmitic acid inhibits Fas/CD95 
internalization and formation of SDS-stable Fas/CD95 aggregates [220]. This 
thioester linkage of the 16-carbon saturated fatty acid palmitate to cysteine residues 
(S-palmitoylation) is a reversible posttranslational modification catalyzed by 
membrane- bound palmitoyl acyltransferases [223], and regulates raft affinity for 
the majority of integral raft proteins [224]. Reversible S-palmitoylation is dynami-
cally regulated by two opposing types of enzymes that add (palmitoyl acyltransfer-
ases) or remove (acyl protein thioesterases) palmitate from proteins, thus allowing 
proteins to shuttle between intracellular membrane compartments [225]. The palmi-
toyl acyltransferase DHHC(aspartate-histidine-histidine-cysteine)7 has recently 
been found to regulate Fas/CD95 palmitoylation and stability [226].

On the other hand, additional signatures for Fas/CD95 localization in lipid rafts 
include nitric oxide (NO)-induced S-nitrosylation at cysteine 304 [227], and a 
lysine-rich region (LRR) in the cytoplasmic membrane-proximal region of Fas/
CD95 [228] (Fig. 9.1).
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Another modification affecting Fas/CD45 death receptor-induced apoptosis is 
sialylation [229–231]. The ST6Gal-I sialyltransferase, which is dynamically regu-
lated in immune and cancer cells, adds an α2-6 linked sialic acid to Fas/CD95, thus 
inhibiting receptor internalization and DISC formation and shutting off apoptosis 
[232]. On the other hand, the addition of this sugar does not simply inhibit apopto-
sis, but also promotes survival signalling [232]. In this regard, it has been found and 
suggested that plasma membrane-localized Fas/CD95 may send pro-survival sig-
nals, whereas receptor internalization is required for apoptosis induction [233–236]. 
Thus, the α2-6 sialylation-dependent retention of Fas/CD95 at the cell surface could 
serve as a mechanism to control the switch between cell survival and cell death, and 
could regulate: (a) Fas/CD95 clustering, (b) receptor tertiary conformation, and/or 
(c) localization of the receptor to lipid rafts [232].

9.8  Signalling Pathways and Proteins Affecting Fas/CD95 
Recruitment in Lipid Rafts

Despite little is still known about the molecular mechanisms regulating the recruit-
ment of Fas/CD95 in lipid rafts, some insights involving signalling pathways and 
proteins have been achieved and discussed below.

9.8.1  PI3K/Akt Signalling

The PI3K/Akt pathway is pivotal for cell survival [237], and has a multiple-step 
activation process [238–240]. Akt is recruited to the plasma membrane through 
interaction of its pleckstrin homology (PH) domain with phosphatidylinositol-
3,4,5- trisphosphate (PIP3), generated by phosphatidylinositol 3-kinase (PI3K)-
mediated phosphatidylinositol-4,5-bisphosphate (PIP2) phosphorylation. Then, Akt 
is activated at the plasma membrane through phosphorylation at two key residues, 
Thr308 by phosphoinositide-dependent kinase 1 (PDK1), and Ser473 by mamma-
lian target of rapamycin (mTOR) [240–242]. Membrane domains, likely lipid rafts, 
have been shown to play a crucial role in the triggering of the PI3K/Akt signalling 
pathway by facilitating Akt recruitment and activation in the plasma membrane 
[243–248]. A number of mechanisms, including JNK signalling, reactive oxygen 
species, and actin cytoskeleton, have been proposed to be involved in Fas/CD95 
clustering in rafts [28, 33, 219, 228], but strong evidence suggests that PI3K/Akt 
signalling can play a major role in modulating Fas/CD95 localization in lipid rafts 
[249]. Inhibition of PI3K signalling induces the rapid formation of Fas/CD95 clus-
ters and the redistribution of Fas/CD95 into lipid rafts [249]. Interestingly, the ether 
lipid edelfosine displaces PI3K/Akt signalling from lipid rafts in human mantle cell 
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lymphoma cells, thus preventing its proper activation [250]. The alkylphospholipid 
analogs edelfosine and perifosine inhibit Akt signalling and promote Fas/CD95 
recruitment into rafts [185, 187, 250], further supporting the involvement of PI3K/
Akt signalling inhibition in Fas/CD95-raft co-clustering and subsequent cell killing. 
The PI3K/Akt signalling pathway is constitutively activated in many tumor cells, 
and one of its actions in promoting cell survival might include the inhibition of Fas/
CD95 clustering in rafts required for apoptosis triggering, in addition to the well- 
known effects in suppressing apoptosis by phosphorylation of pro-apoptotic pro-
teins, such as Bad (Bcl-2-associated death promoter) and procaspase-9 [251]. In this 
regard, CD3-mediated PI3K activation in Th2 cells blocks Fas/CD95 aggregation 
and procaspase-8 cleavage through the effects of PI3K upon actin cytoskeleton, thus 
affecting Fas/CD95 lateral diffusion and aggregation [252, 253]. The alkylphospho-
lipid perifosine induces apoptosis in CEM-R (R, resistant), a variant of the 
T-lymphoblastic CEM cell line characterized by both overexpression of 
P-glycoprotein and constitutive PI3K/Akt signalling upregulation, involving JNK, 
lipid rafts and a rapid and complete dephosphorylation of Akt at Ser473, whereas 
slight phosphorylation of Thr308 was still observable [254]. Similarly, edelfosine 
induces a total dephosphorylation of Akt at Ser473, while Thr308 phosphorylation 
was still detected in mantle cell lymphoma cells [250].

9.8.2  Semaphorin 3A

Semaphorin 3A (Sema3A), a prototype member of secreted semaphorins of class 3, 
has been shown to trigger a pro-apoptotic program that sensitizes leukemic T cells 
to Fas/CD95-mediated apoptosis, through translocation of Fas/CD95 into lipid raft 
microdomains before binding with agonistic antibody or FasL/CD95L [255]. 
Sema3A coreceptor neuropilin-1 (NP-1) is mostly located in lipid rafts, whereas 
Fas/CD95 is not found in rafts in unstimulated T-cell leukemia Jurkat cells, but fol-
lowing a 60-min treatment with Sema3A, a marked proportion of Fas/CD95 as well 
as plexin-A1 are recruited into lipid rafts, thus co-localizing plexin-A1 and NP1 
with Fas/CD95 in Sema3A-treated Jurkat cells as assessed by immunofluorescence 
microscopy [255]. Furthermore, Sema3A-induced translocation of Fas/CD95 to 
lipid rafts requires actin cytoskeleton, and the actin-linking protein ezrin as well as 
the actin dynamics regulatory proteins, such as RhoA and RhoGDI, are redistrib-
uted to lipid rafts upon Sema3A stimulation [255]. These data show that Sema3A/
NP1/plexin signalling rearranges membrane rafts, promoting Fas/CD95 clustering 
and redistribution in raft domains. The transient axonal glycoprotein-1 (TAG-1), 
also known as contactin-2 (CNTN2), a 135 kDa GPI-anchored protein that is 
expressed on neurons and glial cells, plays a central role in the localization of 
NP-1 in lipid rafts and in the trafficking of NP-1 into distinct endocytic pathways, 
which appears necessary for Sema3A signal generation [256].
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9.9  Chemotherapy and Lipid Raft-Mediated Fas/CD95 
Apoptotic Signalling in Cancer

At the end of 2001, we found that the ether lipid edelfosine induced apoptosis 
through the recruitment and clustering of Fas/CD95 death receptor in lipid rafts 
[21]. This was the first time that an antitumor drug was found to promote cell death 
through this raft-Fas/CD95 clustering and opened up a novel raft-mediated mecha-
nism by which an anticancer drug could lead to tumor cell demise, thus constituting 
the first evidence for the involvement of membrane rafts in cancer chemotherapy 
and the beginning of a new avenue for cancer treatment. Since this seminal publica-
tion, there have been an increasing number of reports in the literature showing that 
different antitumor drugs promote recruitment of death receptors in lipid rafts. 
Table 9.1 shows an update of the distinct antitumor drugs that have been reported so 
far to promote death receptor recruitment in rafts.

Because edelfosine-induced apoptosis is independent of FasL/CD95L [188, 
189], the synthetic ether lipid edelfosine seems to put in motion and exacerbate a 
series of physiological processes that otherwise would remain dormant in the cancer 
cell, thus offering a novel way to promote cell death in tumor cells. Moreover, edel-
fosine was found to promote recruitment of Fas/CD95 in rafts and subsequent apop-
tosis in a number of cells that were resistant to the action of FasL/CD95L. On these 
grounds, it might be envisaged that pharmacological activation of Fas/CD95 system 
might bypass certain processes that could block  the physiological death receptor 
stimulation, thus leading to a better response in cells showing resistance to Fas/
CD95 death receptor triggering. As shown in Table  9.1, additional studies have 
shown that an increasing number of antitumor agents promote apoptosis, at least in 
part, through the recruitment of death receptors in lipid rafts. However, so far, edel-
fosine can be considered as the lead compound and gold standard in the search for 
chemical agents promoting Fas/CD95 system recruitment in rafts.

Recruitment in lipid rafts of additional death receptors other than Fas/CD95, 
such as TNFR1 (CD120a) [28, 201, 257] and the TRAIL receptors TRAIL-R1 
(DR4) and TRAIL-R2 (DR5) [28, 185, 258], has been shown to be required to initi-
ate apoptosis. Interestingly, fluorescence resonance energy transfer (FRET) experi-
ments have shown a molecular interaction between ganglioside GM3, abundant in 
lymphoid cells and lipid rafts [259–262], and DR4 that was related to TRAIL 
susceptibility of B-cell cancer cells, whereas this association was negligible in 
non- transformed cells [258].

Cisplatin has been previously shown to induce Fas/CD95 redistribution in lipid 
rafts and to potentiate Fas/CD95-induced apoptosis in HT29 human colon cancer 
cells [263]. Interestingly, cisplatin was shown to inhibit Na+/H+ membrane 
exchanger-1 (NHE1), leading to intracellular acidification and acidic sphingomye-
linase (aSMase) activation, which was concomitant with an increase in membrane 
fluidity and aggregation of membrane lipid rafts in HT-29 human colon cancer cells 
[264]. In addition, cisplatin augments Fas/CD95-mediated apoptosis through lipid 
rafts in WR19L mouse T-cell lymphoma cells [265]. Altogether, these findings sug-
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Table 9.1 Recruitment of death receptors and downstream signalling molecules into lipid rafts by 
anticancer drugs or chemical entities in cancer cells

Anticancer drug Cancer cells

Death receptors (and 
downstream signalling 
molecules) recruited  
in rafts References

Akt signalling inhibition (Akt 
inh-VIII)

Jurkat Fas/CD95 [286]

Anandamide Mz-ChA-1 Fas/CD95 [287]
Aplidin Jurkat Fas/CD95, DR5, 

TNF-R1 (FADD, 
procaspase-8, 
procaspase-10, JNK, 
Bid)

[28]

Avicin D Jurkat Fas/CD95 (FADD, 
procaspase-8, 
procaspase-7, Bid)

[288]

Bufalin MCF-7, 
MDA-MB-231

DR4, DR5 [289]

Cationic amphipathic lytic  
peptide, KLA (HHHHHKLAKL 
AKKLAKLAKC)

LNCaP DR5 [290]

Ceramidea Jurkat Fas/CD95 [191, 192, 
207]

Cisplatin HT-29 Fas/CD95 (FADD, 
procaspase-8)

[263]

Cisplatin, platinum(IV) complex 
LA-12

PC-3 DR4, DR5 [291]
HCT116 DR4, DR5

Cryptocaryone PC-3 Fas/CD95, DR4, DR5 
(FADD, procaspase-8)

[292]

Depsipeptide FR901228 DU-145 DR4, DR5 [293]
Doxorubicin coupled to cell 
penetrating peptides (Dox-CPPs)

MDA-MB-231 DR4, DR5 [294]

Edelfosine Jurkat Fas/CD95 (FADD, 
procaspase-8, 
procaspase-10, JNK, 
Bid)

[21, 188, 
198]

MM144 Fas/CD95, DR4,  
DR5, TNF-R1  
(FADD, procaspase-8, 
procaspase-9, 
procaspase-10, JNK, 
Bid, cytochrome c, 
APAF-1)

[185, 186, 
199]

Epirubicin MGC-803 DR4, DR5 [295]
Oxaliplatin MGC-803 DR4, DR5 [296]
Perifosine MM144 Fas/CD95, DR4,  

DR5 (FADD, 
procaspase-8, Bid)

[185]

(continued)
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Table 9.1 (continued)

Anticancer drug Cancer cells

Death receptors (and 
downstream signalling 
molecules) recruited  
in rafts References

PI3K signalling inhibition 
(LY294002, wortmannin)

Jurkat, CEM Fas/CD95 [249, 286]

Quercetin HT-29 DR4, DR5 [297]
Resveratrol HT-29 Fas/CD95, DR4,  

DR5 (FADD, 
procaspase-8)

[298]

Jurkat Fas/CD95, DR5 
(FADD, procaspase-8, 
procaspase-10, JNK, 
Bid)

[200]

MM144 Fas/CD95, DR4,  
DR5 (FADD, 
procaspase-8, 
procaspase-10,  
JNK, Bid)

[200]

SW480 CD95 (FADD, 
procaspase-8)

[299]

Rituximab Ramos Fas/CD95 (FADD, 
procaspase-8)

[300]

Stichoposide D K562, HL-60, 
primary human 
leukemia cells

Fas/CD95  
(ceramide synthase  
6, p38 kinase, 
caspase-8)

[301]

TSWU-BR23 (a synthetic 
bichalcone analog)

HT-29 Fas/CD95 [302]

Ultraviolet light M624 Fas/CD95 (FADD, 
procaspase-8)

[303]

Ursodeoxycholic acid (UDCA) SNU601, 
SNU638 

DR5, Fas/CD95 [304, 305]

CEM, human acute T-cell leukemia cell line; DR4, death receptor 4 (also known as TRAIL recep-
tor 1);DR5, death receptor 5 (also known as TRAIL receptor 2); DU-145, human prostate cancer 
cell line; HCT116, human colon carcinoma cell line; HL-60, human myeloid leukemia cell line; 
HT-29, human colon carcinoma cell line; Jurkat, human acute T-cell leukemia cell line; K562, 
human chronic myelogenous leukemia cell line; LNCaP, human prostate cancer cell line; M624, 
human melanoma cell line; MCF-7, human breast cancer cell line; MDA-MB-231, human breast 
cancer cell line; MGC-803, human gastric carcinoma cell line; MM144, human multiple myeloma 
cell line; Mz-ChA-1 cells, human cholangiocarcinoma cell line; PC-3, human prostate cancer cell 
line; Ramos, human Burkitt's lymphoma cell line; SNU601, human gastric cancer cell line; 
SNU638, human gastric cancer cell line; SW480, human colon carcinoma cell line; TSWU-BR23, 
(E)-1-(3-((4-(4-acetylphenyl)piperazin-1-yl)methyl)-4-hydroxy-5-methoxyphenyl)-3-(pyridin- 
3- yl)prop-2-en-1-one.
aActing not as an inducer, but as an amplifier of a previous triggering of Fas/CD95 response by its 
cognate ligand or agonistic antibodies
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gest that the apoptotic pathway triggered by cisplatin involves a very early NHE1- 
dependent intracellular acidification leading to aSMase activation and changes in 
membrane fluidity that might affect lateral diffusion of membrane proteins. In addi-
tion, early after the onset of cisplatin treatment, ezrin co-localized with Fas/CD95 at 
the cell membrane and was redistributed with Fas/CD95, FADD and procaspase-8 
into membrane lipid rafts, together with an early small GTPase RhoA activation, 
Rho kinase (ROCK)-dependent ezrin phosphorylation and actin microfilaments 
remodeling [266]. Interestingly, Fas/CD95 silencing by RNA interference abrogates 
cisplatin-induced ROCK-dependent ezrin phosphorylation, actin reorganization and 
apoptosis, thus suggesting that Fas/CD95 is a key regulator of cisplatin-induced 
actin remodeling and apoptosis [266].

It is worth to note that the initial redistribution of Fas/CD95 in lipid rafts not only 
facilitates caspase-8 activation and apoptosis, but in turn could be favored by a 
caspase-8-mediated positive feed-forward loop, involving ceramide formation 
through caspase-8-activated aSMase that promotes the capping of Fas/CD95  in 
large patches in the plasma membrane [2, 189, 191, 192, 207]. The latter process is 
supported by a reduction in Fas/CD95–lipid raft association and Fas/CD95 capping 
in sphingomyelin synthase-defective cells [267].

As mentioned above, despite FasL/CD95L induces translocation to rafts and 
activation of Fas/CD95-mediated apoptosis, it is clear that Fas/CD95 translocation 
to lipid rafts and Fas/CD95-mediated apoptosis can proceed in the absence of its 
physiological ligand [28, 32–34, 188, 189, 269, 268]. This is of particular impor-
tance in cancer chemotherapy, raising the possibility to modulate cell death pharma-
cologically. Importantly, the antitumor drug edelfosine is taken up in a rather 
selective way by cancer cells [185, 188, 270], and once inside the cancer cell the 
ether lipid drug initiates a series of not yet well characterized processes leading to 
the recruitment of Fas/CD95 and downstream signalling molecules in lipid rafts, 
followed by the formation of DISC and the triggering of apoptosis independently of 
FasL/CD95L [28, 185, 188, 199]. Thus, edelfosine kills tumor cells from within the 
cell, and this aspect is of major importance because it avoids the necessity to acti-
vate death receptor-mediated apoptosis through the use of the cognate ligand, which 
could lead to the death of normal cells and therefore to severe side effects to normal 
tissues. As a matter of fact, systemic administration of TNF causes a severe inflam-
matory response syndrome that resembles septic shock [271], and administration of 
agonistic antibody to Fas in mice is lethal because of liver failure through massive 
hepatocyte apoptosis [272, 273], thus hampering the clinical usefulness of exoge-
nous activation of some death receptors, particularly TNF and Fas/CD95, and mak-
ing clinicians and researchers to be aware and conscious about putative problems 
that might arise following death receptor-targeted therapy [33, 274–276]. However, 
TRAIL is the ligand that has sparked growing interest in cancer therapy due to its 
ability to selectively trigger cell death in cancer cells, but not in normal cells, and to 
its lack of significant toxicity in animal models [276–281], in spite of the fact that 
TRAIL has been reported to induce apoptosis in human hepatocytes [282].

As mentioned above, the rather selective uptake of edelfosine in cancer cells 
leading to their cell death, while sparing normal cells, together with the intracellular 
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activation of Fas/CD95, as opposed to exogenous activation through its cognate 
ligand, is crucial to avoid the side effects that could be raised by a systemic exoge-
nous activation of Fas/CD95. Thus, edelfosine oral administration in murine animal 
models lacked any significant toxicity [193, 283], pointing out the notion that a 
selective activation of Fas/CD95 from within the cell is a promising approach to 
implement Fas/CD95-targeted therapies in the treatment of cancer. In addition, the 
recruitment of death receptors and downstream signalling molecules into lipid rafts 
induced by edelfosine, including Fas/CD95 and TRAIL receptors [185, 186], not 
only leads to apoptosis, but also facilitates and potentiates further induction of 
apoptosis by the subsequent addition of their respective ligands. Thus, pretreatment 
of multiple myeloma MM144 cells with edelfosine potentiated significantly the 
antitumor responses to the extracellular engagement of death receptors by the action 
of their ligands (FasL/CD95L and TRAIL) or the agonistic cytotoxic anti-Fas/CD95 
CH-11 antibody [185]. In this regard, edelfosine has also been reported to enhance 
TRAIL-mediated apoptosis in gastric cells by DR5 upregulation in lipid rafts [284]. 
On the other hand, incubation of LM7 and CCH-OS-D osteosarcoma cells with 
histone deacetylase inhibitor MS-275 increased the localization of Fas/CD95  in 
lipid rafts, likely through downregulation of c-FLIP, and sensitizes these cells to 
FasL/CD95L-induced apoptosis [285].

9.10  Concluding Remarks

Following the first identification of the recruitment of Fas/CD95 in lipid rafts as a 
major regulatory step in the induction of death receptor-mediated apoptosis, which 
in turn could be pharmacologically modulated [21], further insights in characteriz-
ing this pro-apoptotic process have been provided in the last 15 years. Additional 
downstream signalling molecules can also be recruited into lipid rafts together with 
the death receptor, thus forming the DISC at the raft domain and facilitating interac-
tion with other signalling routes leading to an affective apoptosis [185, 188, 198, 
199]. This concentration of death receptors and downstream signalling molecules in 
raft platforms facilitates and potentiates protein–protein interactions. This accumu-
lation of death receptors and downstream signalling molecules in raft clusters led to 
the concept of CASMER as a cluster of rafts enriched in apoptotic signalling mol-
ecules [12, 22, 23, 25, 27, 28], which serves as a linchpin from which apoptotic 
signals are launched. Thus, CASMERs act as hubs in death receptor-mediated apop-
tosis, and their formation represents a new and promising target in cancer chemo-
therapy. Our data suggest that the sorting and concentration of apoptotic molecules 
in lipid rafts, being segregated from survival signalling molecules, promote a dra-
matic local change in the apoptosis/survival signalling ratio in a specific and 
restricted area that eventually triggers a cell death response [24]. Direct activation 
of the cancer cell apoptotic machinery constitutes an appealing approach to kill 
cancer cells, and the formation of CASMERs is an elegant and efficient way to turn 
a dispersed array of apoptotic molecules into a more compact and tight pro- apoptotic 
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area where molecules are highly facilitated to interact each other, thus resulting in a 
much easier and efficient way to trigger and transmit pro-apoptotic signal transduc-
tion. The notion of the formation of CASMERs, highlighting the importance of lipid 
rafts in generating specific areas of cell membrane enriched in pro-apoptotic signal-
ling molecules, represents an innovative paradigm shift in cancer therapy, so far 
more focused in inhibiting survival pathways than in potentiating the activity of 
pro-apoptotic routes leading to cancer cell self-destruction.

The fact that Fas/CD95 can also trigger non-apoptotic signalling, including sur-
vival or proliferation signalling, makes the unveiling of the mechanisms responsible 
for the switch to either cell death or cell survival/proliferation an urgent issue to deal 
with. Although these mechanisms are not yet well understood, a putative rationale 
might lie in the localization of Fas/CD95 in specific membrane domains where it 
might interact with either pro-apoptotic or pro-survival downstream signalling mol-
ecules, thus leading to opposite outcomes. On these grounds, modulation of survival 
and apoptotic signalling through rafts could be a promising and appealing approach 
in cancer therapy, and increasing evidence shows the potential of rafts as a novel 
therapeutic target in cancer therapy [12, 23, 24, 33].

What are the mechanisms involved in the recruitment of Fas/CD95 and down-
stream signalling molecules in lipid rafts? What are the mechanisms that switch 
Fas/CD95 from a pro-apoptotic (tumor suppressor) to a pro-survival (tumor pro-
moter) signalling? Do these switches on the involvement of Fas/CD95 in apoptosis 
or survival signalling require different raft platforms? These are some questions that 
should be answered in the upcoming years to fully understand the role of Fas/CD95 
and lipid rafts in determining cell fate decision, which should be of paramount 
importance for the development of novel anticancer therapies.
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Chapter 10
Role of Sphingolipids in Death Receptor 
Signalling

Fatima Bilal, Michaël Pérès, Nathalie Andrieu-Abadie, Thierry Levade, 
Bassam Badran, Ahmad Daher, and Bruno Ségui

Abstract Sphingolipids (SLs) are sphingoid base-containing lipids, which are 
enriched in plasma membrane microdomains. Some SLs behave as bioactive mol-
ecules, modulating cell signalling in various pathophysiological contexts. Whereas 
ceramide triggers apoptosis and impairs cell migration, sphingosine-1-phosphate 
(S1P) induces the opposite effects. CD95/Fas, TRAIL-R1 (DR4), and TRAIL-R2 
(DR5) are death receptors (DRs) and members of the TNF-R1 superfamily. DRs 
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trigger apoptosis of various cell types, including cancer cells. Over the last two 
decades, a growing body of evidence indicates that SLs modulate DR signalling. 
DR stimulation triggers the generation of SLs, including ceramide, sphingosine, 
and gangliosides. Ceramide has been reported to facilitate DR clustering into lipid 
rafts upon pro-apoptotic DR agonists. Moreover, ceramide and its metabolites 
likely contribute to the mitochondrial route of apoptosis. More recently, SLs have 
been shown to modulate CD95-mediated cell migration of triple negative breast 
cancer cell lines and Th17 lymphoid cells in response to a nonapoptotic form of 
CD95L. Herein, we review the role of SLs in DR signalling, including apoptotic 
and migration pathways.

Keywords Death receptors • CD95 • Sphingolipids • Apoptosis • Migration

10.1  Sphingolipid Metabolism at a Glance

Sphingolipids (SLs) are one of the most complex and structurally diverse classes of 
lipids. They are defined by an aliphatic amino alcohol sphingoid backbone called 
sphingosine. Modification of this core results in the formation of a multitude of SLs 
that play important roles in membrane biology and signal transduction.

SL metabolism begins with the “de novo” biosynthesis pathway of ceramide. 
This reaction occurs on the cytosolic surface of the endoplasmic reticulum (ER) 
membrane, via the condensation of l-serine and palmitoyl coenzyme A (palmitoyl- 
CoA) into 3-ketodihydrosphingosine (3-KDS), catalyzed by the enzyme serine pal-
mitoyltransferase (SPT) [1]. 3-KDS is subsequently reduced to form 
dihydrosphingosine (sphinganine), which is then N-acylated to generate dihydroc-
eramide (dhCer) by the action of six mammalian dhCer synthases [also known as 
LASS or ceramide synthases (CerS)], each of which synthesizes dhCer with a spe-
cific chain length fatty acyl CoA. dhCer desaturase next desaturates dhCer to give 
ceramide, the central molecule in SL metabolism [2] (Fig. 10.1).

Following transport to the Golgi apparatus, ceramide can then serve as a precur-
sor for the biosynthesis of sphingomyelin (SM) and glycosphingolipids (GSLs), by 
the addition of various polar head groups. SM synthases (SMS) 1 and 2 transfer a 
phosphocholine headgroup from phosphatidylcholine to ceramide, thereby generat-
ing SM and diacylglycerol (DAG) [3]. On the other hand glucosylceramide syn-
thase (GCS) attaches glucose to ceramide, thus generating glucosylceramide 
(GlcCer). Ceramide can also be glycosylated by galactosylceramide synthase 
(GalCerS) to galactosylceramide (GalCer) at the ER. GlcCer and GalCer are the 
precursors of the hundreds of the most complex GSLs including gangliosides, 
which are with SM the major plasma membrane lipid raft components. There, SM 
can be hydrolyzed by acid sphingomyelinase (aSMase) (on the outer leaflet) and 
neutral sphingomyelinases (nSMase) (on the inner leaflet) to produce ceramide. SM 
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can be also catabolized to ceramide in the lysosomal compartment by aSMase. 
Another important source of ceramide is provided by the hydrolysis of GSLs by 
specific β-glucosidases and galactosidases [4] (Fig. 10.1).

By the action of ceramide kinase, ceramide can be phosphorylated to form 
ceramide-1-phosphate (C1P), which in turn can be recycled by a C1P phosphatase 
[5]. Ceramide can be also deacylated by ceramidases to sphingosine, which in turn 
can be phosphorylated to sphingosine-1-phosphate (S1P) by sphingosine kinases 1 
and 2 [6]. Ceramidases are also distinguished according to their optimum pH and 
subcellular localization. Neutral ceramidase is located at the plasma membrane, 
acid ceramidase is lysosomal, and the alkaline ceramidase is located at the ER and 
Golgi apparatus. Ceramidase has been shown to be also present in the mitochon-
dria [7].

Various alterations of SL catabolism due to gene mutations lead to lysosomal 
storage diseases. For instance, aSMase deficiency is responsible for type A and B 
Niemann-Pick diseases (NPD), the type A being the most severe form associated 
with the strongest loss of aSMase enzyme activity and lysosomal accumulation of 
SM [8]. Moreover, human genetic disorders of SL biosynthesis have been recently 
described in patients [9].

Fig. 10.1 Subcellular compartmentalization of sphingolipid metabolism. Whereas most of the 
sphingolipid synthesis occurs in the endoplasmic reticulum and Golgi apparatus, most of the 
sphingolipid catabolism takes place in the lysosomes. Sphingolipid metabolism also occurs at the 
plasma membrane
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10.2  Role of Sphingolipids in CD95-Mediated Cell Apoptosis

10.2.1  Ceramide-Mediated CD95 Clustering in Lipid Rafts

The cell membrane of eukaryotic cells consists of a lipid bilayer containing pre-
dominantly SLs, cholesterol and glycerophospholipids with embedded proteins. 
Hydrophilic interactions between the polar head groups of SLs on one hand, and 
interactions between SLs and cholesterol on the other hand, result in the separation 
of cholesterol and SLs from the other lipids within the bilayer of the cell membrane 
and the formation of distinct microdomains named lipid rafts [10]. These small 
domains can float freely within the cellular membrane bilayer or assemble together 
to form large ordered platforms that play a central role in many cellular processes, 
including CD95-mediated apoptosis [11]. An important early event at the plasma 
membrane following the initiation of CD95-mediated apoptosis involves the clus-
tering of CD95 in these lipid rafts for efficient and rapid transmembrane signalling 
[12] (Fig. 10.2). One should note, however, that CD95 constitutively resides or not 
in lipid rafts depending on the cell type. Indeed, CD95 was located in lipid rafts in 
type I cells but not in type II cells [13]. Whereas disruption of lipid rafts impaired 
CD95-induced apoptosis in type I cells [13], forced distribution of CD95 in rafts 

Fig. 10.2 Sphingolipids in CD95L-induced apoptosis. Binding of Membrane-bound CD95L 
(m-CD95L) to its cognate receptor CD95 leads to the activation of sphingomyelinase (SMase). 
SMase catalyzes the hydrolysis of membrane sphingomyelin to ceramide, thus forming ceramide- 
enriched plasma membrane platforms that facilitate CD95 clustering in lipid rafts and DISC for-
mation. m-CD95L/CD95 interaction rises also the intracellular ceramide level through different 
pathways. Whereas it enhances ceramide synthesis by the de novo pathway, it inhibits the metabo-
lism of ceramide to sphingomyelin by inactivating sphingomyelin synthase 1 (SMS 1). Ceramide, 
sphingosine (So), and ganglioside 3 (GD3) activate the mitochondrial pathway leading to 
apoptosis
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enhances type II cell death [14], arguing that CD95 location in lipid rafts is impor-
tant for potent apoptosis signalling initiation.

CD95 engagement triggers a rapid translocation of the aSMase from intracellular 
stores to the plasma membrane outer surface. ASMase is one of the enzymes 
expressed by the mammalian cells that are responsible for catalyzing the hydrolysis 
of SM to phosphocholine and ceramide. The SMases are characterized by their 
optimal pH: acid, neutral, or alkaline [15]. Of these enzymes, the aSMase is rapidly 
activated, within a few seconds to minutes, upon stimulation via CD95 [12]. ASMase 
showed strong activity with an optimum pH of 5.0, however, it can be active even at 
a neutral or slightly acidic pH. Indeed, an increase of the pH lowers the enzyme’s 
affinity for its substrate, while the activity of the enzyme remains unaffected. Since 
SM is essentially, but not exclusively, located in the anti-cytosolic leaflet of biologi-
cal membranes, translocated aSMase, which localizes to SL-rich rafts, catalyzes the 
breakdown of SM to ceramide at the cell surface. Extracellularly orientated cerami-
des self-associate with each other and, therefore, induce the transformation of small 
existing rafts into large active signalling platforms called ceramide-enriched mem-
brane domains that mediate selective clustering of CD95 and transmit the apoptotic 
stimulus from outside into the cell [12].

The formation of ceramide-enriched membrane platforms has been demonstrated 
in vitro by the treatment of SM-containing liposomes with immobilized SMase onto 
micro-beads [16] and in cellulo by the use of confocal microscopy employing anti- 
ceramide antibodies [17]. One should note, however, that the specificity of the anti- 
ceramide antibodies has not been firmly established, and the possibility that 
antibodies cross-react with complex SLs cannot be ruled out. The significance of 
these membrane platforms for CD95 signalling was indicated by the finding that the 
disruption of rafts using methyl-β-cyclodextrin, a compound that extracts choles-
terol from the cell membrane, the neutralization of surface ceramides by treatment 
with anti-ceramide antibody or aSMase deficiency, prevented CD95 clustering and 
apoptosis. Moreover, providing cells with natural exogenous ceramide rescued 
aSMase-deficient cells and restored CD95 clustering and apoptosis [12]. Another 
interesting observation further argues that SLs in rafts play a critical role in CD95 
pro-apoptotic signalling pathway activation. Indeed, SMS deficiency in murine leu-
kemia cells, which altered plasma membrane composition and properties through 
SM depletion, impaired CD95 location into lipid rafts and conferred partial resis-
tance to CD95-mediated apoptosis [18]. It is tempting to speculate that SM deple-
tion impairs apoptosis because of the lack of substrate for aSMase-dependent 
ceramide generation in response to CD95 engagement.

The molecular mechanisms leading to aSMase activation and translocation to the 
cell surface upon CD95 stimulation have been investigated. FADD and caspase-8 
are both required for CD95-induced aSMase activation [19] and overexpression of 
FADD (Fas-associated protein with death domain) or caspase-8 triggers ceramide 
production [20]. Upon CD95/CD95L interaction, the adaptor protein FADD is 
recruited to the CD95 death domain. Next, FADD activates a limited pool of cas-
pase- 8, which would be sufficient for the activation of aSMase and the mobilization 
of intracellular aSMase-containing vesicles to fuse with the cell membrane,  resulting 
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in the secretion or the exposure of the enzyme on the extracellular leaflet [21]. It was 
demonstrated that aSMase inactive mutants still translocate to the cell surface, indi-
cating that aSMase cell surface exposure is independent on the enzyme activation 
[22]. This translocation is mediated by an exocytosis phenomenon implicating the 
t-SNARE protein Syntaxin 4 and requires an intact cytoskeleton [23, 24]. Following 
SM breakdown to ceramide, CD95 clustering, which results in a very high receptor 
density in the cell membrane, may stabilize the death-inducing signalling complex 
(DISC), leading to potent FADD-dependent caspase-8 activation and amplifying 
CD95-mediated cell death signalling [25].

Several studies have documented the significance of aSMase as a general requi-
site for the induction of CD95-mediated apoptosis. ASMase knockout mice were 
partially, yet significantly, resistant to fulminant hepatitis induced by the injection 
of anti-CD95, as compared to their wild-type counterparts [26]. Exogenous natural 
ceramide overcame resistance of aSMase-deficient hepatocytes towards CD95 ago-
nist [27]. Furthermore, genetic studies employing lymphoblastoid cell lines (LCL) 
from NPD patients, which suffer from an in-born defect of aSMase, showed LCL 
resistance to apoptosis induced by an anti-CD95 agonist, while aSMase-positive 
control cells rapidly underwent programmed cell death. CD95-induced apoptosis 
was restored in aSMase-deficient cells by the addition of exogenous ceramide or 
aSMase [28]. However, others and we have questioned the role of aSMase in CD95- 
mediated cell death. Indeed, thymocytes, activated T and B cells derived from both 
aSMase-deficient and wild-type mice were equally sensitive to anti-CD95 or CD95L 
[26]. Moreover, LCL as well as SV40-transformed human fibroblasts deficient for 
aSMase died upon CD95 stimulation. Caspase-3 activation as well as ceramide pro-
duction occurred to a similar extent in aSMase-deficient and -proficient cells in 
response to CD95 engagement [29, 30]. Thus, aSMase is not essential for the induc-
tion of CD95-induced apoptosis and ceramide increase. In this context, ceramide 
can be generated by different pathways including ceramide de novo synthesis [31], 
activation of nSMase [30], and inhibition of SM synthesis [32, 33].

10.2.2  Relationship Between Ceramide and Caspases in CD95- 
Induced Apoptosis

The molecular connection between ceramide and caspases in CD95 signalling has 
been essentially documented in type II Jurkat leukemia T cells, in which CD95 stimu-
lation triggers ceramide accumulation concomitantly to apoptosis induction [33–36]. 
Ceramide increase was prevented by the broad-spectrum caspase inhibitor zVAD-
fmk [34, 36], arguing that CD95-mediated ceramide accumulation occurs in a cas-
pase-dependent manner. One should note, however, that the effector caspase inhibitor 
DEVD-CHO, which completely prevented CD95-mediated apoptosis, failed to block 
ceramide increase. Thus, whereas CD95-induced ceramide increase is caspase-
dependent, it occurs upstream of effector caspase activation and is unlikely a mere 
consequence of apoptosis induction [37]. Rather, ceramide may be instrumental in 
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CD95 pro-apoptotic signalling pathway since exogenous short- chain ceramides 
potently activate caspase-3 and trigger apoptosis in Jurkat T cells [36–38].

The role of initiator caspases in ceramide generation upon CD95 stimulation has 
been investigated by diverse groups. Caspase-8 deficiency abolished anti-CD95- 
induced ceramide increase [35]. Moreover, caspase-8 and caspase-10 doubly defi-
ciency totally abolished ceramide production in response to CD95L [38], further 
arguing that apical caspases are required for ceramide generation in CD95 signalling. 
In contrast, neither the caspase-9 inhibitor zLEHD-fmk [34] nor caspase-9 deficiency 
[38] impaired CD95-induced ceramide production. Accordingly, Bcl-xL overexpres-
sion, which impairs cytochrome c release from the mitochondria, did not impair 
CD95-induced ceramide production [36]. Thus, CD95-induced ceramide increase 
likely occurs in between the activation of apical caspases-8/-10 and mitochondrial 
events leading to cytochrome c release, which is required for caspase-9 activation.

10.2.3  Sphingolipids in CD95-Induced Intrinsic Pathway 
Activation

A growing body of evidence in the literature indicates that ceramide is instrumental 
in the activation of the intrinsic pathway, which involves cytochrome c release from 
the mitochondria and subsequent caspase-9 activation (Fig.  10.2). Cuvillier and 
coworkers have documented that treatment of Jurkat cells with exogenous ceramide 
and sphingosine led to cytochrome c release from the mitochondria and caspase-9 
activation [36]. More recently, we have shown that exogenous ceramide-induced 
apoptosis of Jurkat cells occurred in a caspase-9-dependent manner [38]. Indeed, 
caspase-9-deficient Jurkat cells, which potently resisted CD95-mediated apoptosis 
[39], were also resistant towards C2- and C16-ceramides. Our data are in good 
agreement with the resistance of neuronal cells towards C2-ceramide conferred by 
caspase-9 pharmacological inhibition or overexpression of a dominant negative 
form of caspase-9 [40]. Of note, caspase-9 inhibition did not compromise exoge-
nous ceramide-induced apoptosis in K562 leukemia cells [41], indicating that the 
role of caspase-9 might be dependent on the cell type or the experimental condi-
tions. As a matter of fact, we observed that caspase-9 deficiency failed to confer 
resistance of Jurkat cells upon incubation with a high C2-ceramide concentration 
(i.e., 20 μM), which triggered necrosis rather than apoptosis [38]. We have also 
illustrated the role of endogenous ceramide in CD95L-induced caspase-9 activation 
in Jurkat cells. Indeed, SMS1 knockdown not only facilitated ceramide accumula-
tion due to the reduced conversion of ceramide to SM but also enhanced cytochrome 
c release from the mitochondria and caspase-9 activation upon CD95L [38]. 
Moreover, the tricyclodecan-9-yl-xanthogenate D609, which inhibited SM synthesis 
and, albeit to a lesser extent, GlcCer synthesis in Jurkat T cells and in PHA-activated 
human T cells, increased endogenous ceramide levels and significantly enhanced 
caspase activation and apoptosis in response to CD95L. Interestingly, D609 not only 
overcame zVAD-fmk-conferred resistance to CD95L but also bypassed RIP 
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deficiency. Mitochondrial events were likely involved, since Bcl-xL overexpression 
abolished D609 effects. Thus, the inhibition of ceramide conversion to SM enhanced 
CD95L-induced both caspase-dependent and -independent cell death in T cells [42].

The molecular mechanisms by which ceramide enhances CD95-induced mito-
chondrial pathway activation are not yet completely elucidated. Exogenous cerami-
des triggered mitochondrial outer-membrane permeabilization (MOMP) on purified 
mitochondria, most likely via ceramide channel formation. Moreover, SLs likely 
cooperated with canonical pathways, which involve pro-apoptotic Bcl-2 family 
members (Bid, Bax, Bad). Indeed, the cleavage of Bid by apical caspases-8 and 
-10 in response to CD95L [43] triggers cytochrome c release from the mitochondria 
in a Bax/Bak-dependent manner. Exogenous ceramides synergistically cooperated 
with Bax to induce the MOMP on purified mitochondria [44]. Moreover, the 
ceramide catabolites, S1P and hexadecenal, a product of S1P degradation by 
sphingosine- 1-phosphate lyase, cooperated with Bak and Bax, respectively, to 
enhance tBid-induced MOMP on purified mitochondria [45]. Moreover, ceramide, 
which inhibits the PI3K/Akt pathway, likely facilitates the activation of Bad, another 
pro-apoptotic member of the Bcl-2 family involved in MOMP [46]. Finally, another 
interesting hypothesis is to consider that ceramide triggers an alternative splicing of 
the mRNA encoding caspase-9 and Bcl-xL, leading to pro-apoptotic caspase-9 and 
Bcl-x(s) expression [47].

Testi and coworkers have provided evidence that CD95 engagement led to GD3 
ganglioside production, which disrupted mitochondrial transmembrane potential in 
hematopoietic cells. Pharmacological and epigenetic approaches inhibiting GD3 
synthesis, impaired CD95-induced apoptosis [48]. The mechanism of GD3 produc-
tion upon CD95 engagement remains a matter of debate. Whereas aSMase has been 
initially described as required for GD3 production in CD95 signalling [28], others 
did not confirm aSMase involvement [49]. Alternatively, GD3 production is due to 
an enhanced GD3 synthase gene expression as a consequence of NF-κB activation 
following CD95 engagement [50]. An intriguing point to consider is how a raft 
component (i.e., GD3) migrates to mitochondria upon CD95 stimulation. Interaction 
between GD3 and microtubules via CLIPR-59, a CLIP-170-related protein, has 
been shown to facilitate the redistribution of GD3 from rafts to mitochondria [51, 
52]. GD3 is unlikely the only ganglioside produced in CD95 signalling. Moreover, 
the role of gangliosides in CD95-induced cell death has been challenged by the 
observation that inhibiting glucosylceramide synthase, which critically contributes 
to ganglioside production, did not abrogate the apoptotic process [49].

10.3  Role of Sphingolipids in cl-CD95L-Mediated Cell 
Motility

Even though to date CD95/CD95L is one of the best characterized apoptosis- 
inducing receptor–ligand system, it can also trigger, in different pathophysiological 
contexts, nonapoptotic signalling [53]. Such signalling ranges from inflammation to 
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carcinogenesis and even increased cell motility, which, in case of breast cancer, 
enables cancer cells to migrate and form metastatic tumors. In this context, it was 
shown that the level of the soluble form of CD95L is higher in the blood of patients 
with triple negative breast cancer (TNBC) than that of patients affected with other 
breast cancer subtypes, and was associated with increased risk of developing distant 
metastases [54].

CD95L is a transmembrane member of the TNFα superfamily whose extracel-
lular domain can be cleaved by metalloproteases or cathepsins, to produce a soluble 
ligand released into the connective tissue and the bloodstream [55]. This soluble 
form was initially described as an inert ligand competing with its membrane-bound 
and pro-apoptotic counterpart (m-CD95L) for binding to CD95, thus acting as an 
antagonist of the death signal [56, 57]. More recent studies have shown that, unlike 
m-CD95L, the metalloprotease-cleaved CD95L (cl-CD95L) fails to trigger apopto-
sis, but instead may exert nonapoptotic functions by promoting the survival and 
motility of cancer cells, and can also aggravate inflammation in chronic inflamma-
tory disorders [54, 58].

From a molecular standpoint, binding of m-CD95L to CD95 leads to receptor 
clustering, which is crucial to promote the formation of DISC [59]. In contrast, cl- 
CD95L fails to induce DISC formation and instead promotes the formation of an 
atypical pro-migratory CD95-containing complex called motility-inducing signal-
ling complex (MISC), which is devoid of both FADD and caspase-8/-10 but con-
tains the src kinase c-yes [60]. TNBC cells exposed to metalloprotease-cleaved 
CD95L showed enhanced cell migration demonstrated by using the Boyden cham-
ber assay. In these cells, MISC formation induces Nox3 (nicotinamide adenine 
dinucleotide phosphate oxidase 3)-driven reactive oxygen species (ROS) genera-
tion. ROS activate Src kinase c-yes, which in turn implement Orai1-mediated 
increase of intracellular calcium levels and recruits and activates EGF receptor 
(EGFR) in an EGF-independent manner, leading to PI3K signalling [61]. Moreover, 
in a very recent study it was shown that cl-CD95L activates NHE1, the Na+/H+ 
plasma membrane transporter whose main function is to regulate intracellular pH 
and cell volume, which thereby enhances cell spreading and migration [62].

Together with Legembre et al. and Micheau et al., we have shown, using electron 
paramagnetic resonance, that cl-CD95L treatment induced plasma membrane fluid-
ity increase in TNBC cells and this phenomenon is impaired by C16-ceramide [63]. 
Our findings raise the possibility of an instrumental role played by some SLs in 
CD95-mediated pro-migratory signalling pathway owing to their role as essential 
plasma membrane components and/or bioactive molecules (Fig. 10.3).

At the plasma membrane, in contrary to SM and GSLs, ceramide is not the major 
component. It can be generated via hydrolysis of SM by SMases or via ceramide 
synthase (CerS)-mediated de novo ceramide biosynthesis. The latter pathway 
involves acylation of sphinganine with fatty acyl-CoAs of chain lengths ranging 
from C14 to C26 to produce dihydroceramide. Alternatively, CerS can synthesize 
ceramide by the salvage pathway through direct acylation of sphingosine, which is 
derived from sphingolipid catabolism [64]. Ceramide synthesis is orchestrated by 
six mammalian CerS proteins, each of which produces ceramides with restricted 
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acyl chain lengths [65]. Accumulation of ceramides, with N-acyl chain longer than 
C12, rigidifies the plasma membrane [66]. Accordingly, incubation of TNBC with 
exogenous C16-ceramide increases plasma membrane rigidity [63]. Furthermore, 
an increased membrane fluidity was observed in CerS2-null mice which was directly 
associated with changes in SL composition [67].

The epithelial–mesenchymal transition (EMT) allows epithelial cells to acquire 
features of mesenchymal cells, increasing cell motility and invasiveness properties. 
EMT is associated with changes in SL metabolism, and SL metabolites, such as 
gangliosides, modulate EMT [68]. In this context, an integrative analysis of gene 
expression in National Cancer Institute (NCI) tumor cell lines revealed that the 
expression of CerS6 decreased during EMT. As a matter of fact, CerS6 expression 
was lower in cancer cell lines, which exhibit a mesenchymal gene signature such as 
TNBC cell lines, than in cancer cells having an epithelial gene signature. In epithe-
lial cells, TGFβ-induced EMT was associated with a significant reduction of CerS6 
transcript levels [63]. We next established that downregulation of CerS6 expression 
during EMT is instrumental in increasing plasma membrane fluidity and cell motil-
ity in response to cl-CD95L. Indeed, pharmacological and epigenetic approaches 
aiming at inhibiting CerS6 expression/activity in breast cancer cells with epithelial 
gene signature not only reduced the level of C16-ceramide but also increased plasma 
membrane fluidity and cell motility in response to cl-CD95L. Conversely, overex-
pression of CerS6 in TNBC cell lines, which exhibit mesenchymal-like gene signa-
ture, increased C16-ceramide levels, rigidified plasma membrane, and impaired 
cl-CD95L-induced cell motility [63]. Thus, we identified CERS6 as a novel EMT- 
regulated gene, which impairs cell migration in response to cl-CD95L.

Fig. 10.3 Modulation of CD95L-induced cell motility by sphingolipids. Binding of cleaved CD95L 
(cl-CD95L) to CD95 promotes MISC (motility inducing signalling complex) formation, plasma 
membrane fluidity increase and calcium signalling, which triggers cell migration. Whereas sphingo-
sine-1-phosphate receptor 3 (S1PR3) signalling is involved in cell migration triggered by cl-CD95L, 
the interconnection between plasma membrane fluidity increase, S1PR3 signalling and MISC 
remains to be evaluated. Cl-CD95L-triggered cell motility is blocked by C16:0 Ceramide (C16-Cer), 
which is produced by ceramide synthase 6 (CerS6) and increases plasma membrane rigidity
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More recently, Legembre and coworkers have demonstrated the involvement of 
the S1P receptor 3 (S1PR3) in cl-CD95L-induced T-cell helper 17 (Th17) endothe-
lial transmigration [69] (Fig. 10.3). In this study, cl-CD95L likely facilitated the 
secretion of S1P, which stimulated S1PR3, thereby increasing migration properties 
of Th17 cells and contributing to autoimmune disorders in a CD95-driven lupus 
mouse model. Future studies are needed to decipher the molecular mechanisms by 
which cl-CD95L triggers S1P production. Considering that EGFR, which is part of 
the MISC complex, is known to activate both sphingosine kinase 1 and 2 [70], it is 
tempting to speculate that cl-CD95L-induced S1P production occurs in an EGFR- 
dependent manner. Moreover, it would be of interest to determine whether the S1P 
pathway is involved in the motility of cancer cells in response to cl-CD95L. The 
latter tenet gets further credence considering that sphingosine kinases 1 and 2 are 
both involved in breast cancer cell motility [70, 71].

10.4  Role of Sphingolipids in TRAIL Signalling

Tumor-necrosis-factor related apoptosis-inducing ligand (TRAIL) belongs to the 
tumor necrosis factor (TNF) superfamily. Also known as Apo2L, TRAIL plays an 
important role in multiple cellular processes including proliferation, differentiation, 
and apoptosis. A growing body of evidence in the literature indicates that TRAIL 
has a remarkable property: it is able to trigger apoptosis in a broad range of cancer 
cell types, while having no or little cytotoxicity to most of the normal cells and tis-
sues [72]. Clinical trials indicate that TRAIL may serve as a potent anti-cancer 
molecule [72]. However, different molecular events impair TRAIL-induced apopto-
sis in cancer cells [73–75], thereby limiting the use of TRAIL or TRAIL analogs in 
oncology.

TRAIL is a type II transmembrane protein, which is expressed at the cell surface 
of different leukocyte populations, including T lymphocytes and natural killers [76, 
77]. TRAIL can be secreted as a consequence of a proteolytic cleavage, leading to 
the generation of a soluble form [77]. Five TRAIL receptors have been identified so 
far [78]. Three receptors are type I transmembrane proteins, two of them being ago-
nistic receptors [TRAIL-R1 (DR4) and TRAIL-R2 (DR5)] with a functional intra-
cellular death domain, similar in structure to that of CD95. The third one, TRAIL-R4 
(dcR2), contains a truncated and nonfunctional death domain, which is unable to 
trigger apoptotic signalling, and thus behaves as a decoy receptor [79, 80]. Another 
decoy receptor, TRAIL-R3 (dcR1), is associated to the plasma membrane via a 
glycosyl phosphatidyl inositol (GPI) anchor. Finally, osteoprotegerin is a soluble 
TRAIL receptor known to neutralize TRAIL.

TRAIL triggers apoptosis through interacting with its receptors on the cell sur-
face of target cells. Once bound to agonistic receptors (DR4 and DR5), TRAIL 
induces receptor oligomerization followed by the formation of the DISC, leading to 
intrinsic and extrinsic apoptotic signalling pathway activation [81].
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SLs are also putative biologically active molecules in TRAIL signalling [8, 82, 
83]. Cellular levels of ceramide and its metabolites are highly regulated by several 
SL-metabolizing enzymes (see Sect. 10.1) that may participate in regulating apop-
totic responses to TRAIL [79]. For instance, aSMase, as for CD95L signalling path-
way (see Sect. 10.2.1), plays a key role in TRAIL-induced apoptosis, through its 
ability to hydrolyze SM into ceramide. Upon TRAIL, aSMase translocates onto the 
cell surface via lysosome trafficking and fusion, enabling ceramide-enriched mem-
brane platforms that contain DR4 and DR5 clusters. This process was impaired in 
aSMase-deficient splenocytes and coronary arterial endothelial cells (CAECs) iso-
lated from aSMase knockout mice [79, 80].

Taking into account the various alterations of SL metabolism in cancer cells [84], 
it is tempting to speculate that some SL changes contribute to resistance of cancer 
cells to TRAIL-induced apoptosis. For instance, acid ceramidase, which is fre-
quently overexpressed in cancer, catabolizes ceramide and prevents TRAIL-induced 
cytotoxicity in the murine fibrosarcoma L929 cell line [85]. One should note that 
TRAIL-induced L929 cell death is associated with necrosis features rather than 
apoptosis, indicating that ceramide is likely involved in TRAIL-induced necroptosis 
in this cell type. Furthermore, CerS6 is weakly expressed in SW620 colon cancer 
cells, which are resistant to TRAIL, and expressed at high levels in SW480 colon 
cancer cells, which are sensitive to TRAIL [86]. Whereas downregulation of CerS6 
by siRNA in SW480 conferred resistance to TRAIL-induced apoptosis, the overex-
pression of this enzyme in SW620 had the opposite effect [86]. More recently, sub-
toxic doses of docosahexaenoic acid (DHA), a fish oil fatty acid, which enhanced 
C16-ceramide intracellular contents, sensitized SW620 metastatic colon cancer 
cells to TRAIL. This effect was reduced by fumonisin B1, which prevented de novo 
ceramide synthesis [87]. One should note however that CerS6 knock-down or over-
expression in breast cancer cell lines failed to modulate DR-mediated cell death 
[63], indicating that CerS6 function in DR apoptotic signalling cannot be general-
ized to all cancer subtypes.

Other studies argue that targeting sphingolipid metabolism sensitizes cancer cells 
to TRAIL. For instance, incubation of cells with exogenous ceramides enhanced 
TRAIL-induced apoptosis in different cell lines and restored sensitivity of resistant 
cancer cells to TRAIL [79, 88]. More recently, sphingosine kinase 2 was reported to 
be overexpressed in TRAIL resistant non-small cell lung cancer cell lines (NSCLC). 
Targeting sphingosine kinase 2 with the selective inhibitor ABC294640 or by siRNA 
strategy is associated with a significant sensitization of NSCLC cancer cell lines to 
TRAIL. This phenomenon is associated with an increase of DR4 and/or DR5 expres-
sion at the cell surface via unknown mechanisms [89]. Similar findings have been 
reported upon treatment of cancer cells with FTY720, a sphingosine analog used in 
the clinic to treat multiple sclerosis. FTY720 potently synergizes with TRAIL to 
trigger apoptosis in various cancer cell lines (renal, breast, and colon carcinoma) 
[90]. Mechanistically, FTY720 downregulates the anti-apoptotic Bcl-2 family mem-
ber Mcl-1 and upregulates DR5. Moreover, renal carcinoma tumor growth in nude 
mice is abolished with FTY720 and TRAIL association [90]. Whereas the combina-
tion of FTY720 with TRAIL in cancer patients seems to be a promising therapeutic 
strategy, FTY720 is a potent immunosuppressor, which prevents lymphocyte egress 
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from thymus and lymph nodes. Thus, FTY720-based therapy should be adapted 
with caution to avoid tumor progression due to immunosuppression.

10.5  Concluding Remarks

The role of SLs in CD95L- and TRAIL-mediated apoptosis has been intensively 
investigated during the last two decades. CD95L and TRAIL trigger the activation 
of different metabolic pathways, including SMase activation, ceramide de novo syn-
thesis increase, and SMS inhibition. Early ceramide production likely facilitates DR 
redistribution in lipid rafts and DISC formation. A growing body of evidence indi-
cates that ceramide and possibly its metabolites contribute to the DR-mediated 
intrinsic signalling pathway. More recently, SLs have emerged as being involved in 
the modulation of CD95-induced cell migration. Deciphering the molecular mecha-
nisms by which SLs modulate DR-driven cell motility and cell death may help bet-
ter clarifying the role of SLs in cancer and autoimmune diseases. Interfering with 
SL metabolism may represent an interesting therapeutic strategy to limit cell motil-
ity and stimulate apoptosis triggered by DR.
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Chapter 11
Posttranslational Modifications and Death 
Receptor Signalling

Olivier Micheau

Abstract Members of the TNF family are key players of the immune system. Their 
ability to trigger a wide variety of signalling pathways leading, but not limited, to 
inflammation, survival, differentiation, or cell death, makes them effective host 
defense tools to control and eradicate pathogens or unwanted malignant cells. 
Binding of these ligands to their cognate receptors induces the formation of a mac-
romolecular complex, through protein–protein interactions, enabling the activation 
of a myriad of signalling pathways. The molecular and regulatory events activated 
downstream of most of these receptors are fairly understood. However, the impact 
of posttranslational modifications (PTMs) on the early events, including glycosyl-
ations or proteolytic cleavage of these receptors and ligands, is less known. This 
book chapter aims at providing an overview of the main PTMs and their importance 
in the regulation of apoptosis by TNF receptors.

Keywords TNF family • Receptors • Glycosylation • Apoptosis • Signalling • 
Posttranslational modifications
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11.1  Introduction

11.1.1  TNF Family

11.1.1.1  TNFSF

Ligands of the tumor necrosis factor superfamily (TNFSF) transduce a plethora of 
signalling pathways leading to cell growth, cell survival, differentiation, inflamma-
tion, or cell death [1–6]. Members of this family were originally identified owing to 
their homology with the carboxy-terminal domain of TNF [7]. TNFSF ligands are 
type II transmembrane glycoproteins [8] whose expression is mostly restricted to 
immune cells [9–12]. EDA-A1 and TL1A are probably the sole exceptions, as these 
ligands are expressed in epithelial cells during embryonic skin development and 
endothelial cells, respectively [13, 14]. TNFSF is composed of 19 ligands (Fig. 11.1), 
many of which play a central role during acquired or innate immunity [15–17]. 
Dysregulation of their expression or mutation events targeting the ligands them-
selves, their cognate receptors or downstream signalling partners can result in auto-
immune and autoinflammatory diseases [18–21], dysplasias [22, 23], as well as 
cancers [24–31].

11.1.1.2  TNFRSF

TNFSF ligands have the ability to bind to cognate TNF receptors (TNFRSF). 
Among the 29 receptors identified (Table 11.1), so far, all TNFRSF receptors, but 
DcR3 and OPG which are secreted, are expressed at the cell surface (Fig. 11.1). 
With the exception of DcR1, these receptors are bound to the cell surface owing to 
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a hydrophobic transmembrane-spanning domain. DcR1 sits in the outer leaflet of 
the lipid bilayer and faces the extracellular environment thanks to its anchored gly-
cosylphosphatidylinositol (GPI) carboxyl terminus [32, 33]. Their expression is 
generally less restricted than their cognate ligands [34, 35]. TNFSFs and TNFRSFs 
display a complex set of interactions. Except RELT, DR6 and NFGR, all receptors 
of the family are able to interact with at least one TNFSF ligands [36]. Some TNFSF 
ligands bind a single cognate receptor while others bind 2–6 distinct receptors 
(Fig. 11.1). On the other hand, DR6 and NGFR interact with several non-TNFSF 
ligands (Fig. 11.2a). NGFR binds low affinity ligands of the neurotrophin family 
(NGF, BDNF and neurotrophins) and transduces cell death as well as survival path-
ways in neuronal cells [37–39]. The binding of beta-amyloid precursor protein 
(APP) to DR6 also induces neuronal cell death [40], while the binding of S5a in 
monocytes induces NF-κB activation and their differentiation to macrophages [41].

In addition to their cognate ligands, other receptors of the family have also been 
found to interact with unrelated TNFSF ligands (Fig. 11.2b). Binding of B and T 
lymphocyte attenuator (BTLA) to LIGHTR, for example, represses both antigen- 
driven T cell activation [92] and proliferation of dendritic cells [107]. Moreover, 
some viruses are able to thwart the immune system, or enter the host cells by target-
ing TNFRSF receptors. Early on, it was found that LIGHTR, also coined HVEM or 
HveA for herpesvirus entry mediator or herpesvirus entry mediator A, respectively, 

Fig. 11.2 Schematic representation of non-conventional TNFSF/TNFRS ligands and receptors 
interactions. Nonconventional ligands binding (a) TNFSF orphan DR6 and NGFR receptors and 
(b) TNFRSF the non-orphan receptors LIGHTR, DR5, DR4, TNFR1, TNFR2, TRAMP, and 
RANK. Heteromeric interactions of TNFRSF receptors with non-TNFRSF receptors induced by 
(c) TNFSF ligands or (d) non-TNFSF ligands. Main structural domains are described in the inset

11 Posttranslational Modifications and Death Receptor Signalling
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is able to bind herpes simplex virus glycoprotein D (gD), acting as a co-receptor for 
virus entry [108, 109]. Human cytomegalovirus (HCMV) was next found to avoid 
death receptor mediated immune clearance not only because it can inhibit TNFRSF 
downstream signalling events during infection but also because it can induce the 
loss of TNFR1 [110], Fas [111], DR4 and DR5 [74] from the cell surface of the host 
cells. Interestingly enough, the HCMV glycoprotein UL141, which is responsible 
for the sequestration of DR5 in the intracellular compartments of the host cell, was 
found to be able to bind to DR4 and DR5 directly with high affinity [73, 74]. Similar 
to LIGHTR and the herpes simplex virus glycoprotein D [112], binding of UL141 
to DR4 and DR5 is believed to be due to its “immunoglobulin-like” fold [113]. 
Other nonconventional bindings have been described. Likewise, Emilin2, an extra-
cellular matrix glycoprotein, is also able to interact with DR4, and to a lesser extent 
with DR5 [69]. Contrary to UL141, though, binding of Emilin2 to DR4 and DR5 
was found to trigger apoptosis in several cancer cell lines [69]. In other situations 
nonconventional TNFRSF binding partners were shown to enhance or inhibit 
TNFSF ligand’s function. Henceforth, CCN2, a connective tissue growth factor, 
was found to bind RANK and to enhance osteoclast differentiation induced by 
RANKL [114]. Binding of the growth factor progranulin (PGRN) with TNFR1, 
TNFR2 or TRAMP, on the other hand, prevents signalling induced by TNF [115] or 
TL1A [116], respectively.

TNFSF ligands usually bind their cognate receptors as homotrimers, but het-
eromers have also been described to dictate receptor binding and signal transduc-
tion, including LTβ/α or BAFF/APRIL [117–119]. Conversely, heteromers of 
TNFRSF receptors can also contribute to the fine-tuning of signalling pathways, as 
evidenced with TRAIL [120–124]. Likewise, DR4 and DR5 are able to form 
homomers or heteromers upon TRAIL stimulation and trigger apoptosis in tumor 
cells [123, 125]. DR4 and DR5 can also form heteromers with DcR2 [123, 122]. But 
since DcR2 is devoid of DD, its interaction with DR4 and DR5 limits caspase-8 
recruitment and thus apoptosis (see also Pollack and collaborators, Chap. 2).

In a limited number of studies, several TNFRSF receptors have also been dem-
onstrated to be able to interact with unrelated receptors (Fig. 11.2c). Likewise, it has 
been demonstrated that heteromerization of IL-17RD with TNFR2 is required for 
TNF-induced NF-κB activation in renal epithelial cells [126]. These findings were 
proposed to explain the contribution of TNFR2 in renal dysfunction [127]. Similarly, 
co-recruitment of EGFR with Fas has been found to be required for Fas-ligand 
induced cell death [128–130]. Conversely, heteromerization of Fas, and DR4 or 
DR5 with cMET was found to inhibit apoptosis induced by FasL and TRAIL, 
respectively [131–133]. Last but not least some receptors of the TNFRSF heterom-
erize with unrelated TNFRSF receptors and contribute to TNFSF-independent sig-
nalling pathways (Fig. 11.2d). Likewise, recruitment of TAJ and NGFR with NgR1 
and LINGO-1 in the Nogo-receptor complex has been demonstrated to contribute to 
RhoA-mediated inhibition of axonal regeneration [134, 135].
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11.2  Signal Transduction of Death-Containing Receptors

With the exception of OPG, DcR1, and DcR3, all TNFRSF receptors are able to 
trigger the canonical NF-kB pathway, to a variable extent, but only 12 of these 
receptors (LTbetaR, p75TNFR, OX40, CD40, CD30, CD27, 4-1BB, RANK, 
LIGHTR, BCMA, TACI, and GITR) trigger the noncanonical NF-κB pathway 
[136]. Several TNF family receptors harbor a peculiar intracellular motif, sufficient 
and necessary to trigger cell death [137–139]. This domain, coined death domain 
(DD) is composed of six amphipathic α helices [140–142]. Receptors harboring a 
DD include TNFR1 [137], Fas or CD95 [55], TRAIL-R1 [68], TRAIL-R2 [32, 70–
72], TRAMP [143–145], DR6 [103], NGFR [93], and EDAR [105]. The DD allows 
homotypic protein–protein interactions with the adaptor protein FADD [146, 147] 
and leads to the formation of the so-called DISC (Death-Inducing Signalling 
Complex) after Fas ligand or TRAIL stimulation (Fig.  11.3a and [148–150]). 
Provided that the activation of the caspase-8 is sufficient, apoptosis can occur 
directly through cleavage of the effector caspase-3 (Fig. 11.3b). In so-called type II 
cells, however, caspase-8 activation is weaker, but apoptosis can still occur thanks 
to an amplification loop involving Bid cleavage by the caspase-8 [151]. Cleavage of 
this BH3-only protein leads to the activation of Bax/Bak, mitochondrial permeabi-
lization, release of the cytochrome c [152] and to the formation of the apoptosome 
[153], a soluble receptor platform allowing activation of caspase-9 (Fig.  11.3b). 
Similar to the initiator caspase-9 [154], activation of procaspase-8, within the DISC, 
is triggered by proximity-induced dimerization [155, 156]. Its activation is also 
tightly dependent on receptor aggregation and caspase-8 chain formation ((Fig. 
11.3c) and [157–162]).

While TNFR1 also harbors a DD, its engagement by TNF primarily induces 
NF-κB activation and survival [163]. TNFR1 can nonetheless induce apoptosis pro-
vided that protein synthesis is inhibited [164] or that NF-κB signalling is defective 
[163]. Resistance induced by NF-kB activation is mainly due to an early transcrip-
tional regulation of the caspase-8 inhibitor c-FLIP [165, 166]. However, and con-
trary to Fas or TRAIL receptors, despite the fact that FADD was known to be 
required for TNF-induced apoptosis, since the late 90s [167], TNFR1 is unable to 
recruit FADD and caspase-8 directly to the plasma membrane ([168, 169], Fig. 11.4). 
Binding of TNF to TNFR1 primarily induces the recruitment of the adaptor protein 
TRADD, RIPK1, and TRAF2 as well as other proteins such as cIAP-1 and cIAP2, 
and IKKs (see also Dubrez and Fulda, Chap. 3 for a detailed description). TNF trig-
gers within seconds NF-κB activation from this membrane-bound complex [168–
174]. This primary complex, coined complex I (Fig. 11.4) was found to give rise to 
a soluble complex, coined complex II, within which FADD and caspase-8 are 
recruited, allowing triggering of apoptosis [169]. How complex II arises after TNF 
stimulation has remained an open question until McCarthy and collaborators found 
out that the transition from complex I to complex II involves extensive posttransla-
tional modifications of TNFR1. Likewise, it was found that the formation of com-
plex II required shedding of the TNFR1 extracellular domain by TACE (TNF-Alpha 
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Fig. 11.3 Schematic representation of FasL- and TRAIL-induced apoptosis. (a) Binding of FasL 
or TRAIL to their cognate pro-apoptotic receptors induces receptor multimerization, recruitment 
of the adaptor protein FADD and initiator caspases-8 and -10, through death domain (DD) or death 
effector domain (DED) homotypic interactions, respectively, leading to the formation of the Death- 
Inducing Signalling Complex (DISC), which triggers apoptosis. (b) From the DISC, apoptosis is 
directly induced by caspase-8, in type I cells but requires an amplification loop in type II cells, 
owing to the fact that caspase-8 is not sufficiently activated. Amplification of the signal in these 
cells is mediated by a caspase-8-dependent cleavage of the BH3-only pro-apoptotic Bcl-2 member 
Bid. The resulting product (tBid) in turn translocates to mitochondria, allowing Bax/Bak activa-
tion, permeabilization of the mitochondrial outer plasma membrane, release of cytochrome c, and 
formation of a second macromolecular scaffold coined apoptosome (see also Eberle et al., Chap. 4 
for a detailed description). The latter enables activation of the pro-caspase-9, another initiator 
caspase, which like caspase-8, cleaves the effector caspase-3. (c) Schematic representation of 
events leading to efficient caspase-8 activation after FasL or TRAIL stimulation (see text for 
details). Main signalling components and domains are described in the inset

Converting Enzyme) also known as ADAM17, internalization of complex I through 
a clathrin-dependent mechanism and post-processing of the receptor by the 
γ-secretase to release the intracellular domain of TNFR1 bound to TRADD, TRAF2, 
and RIPK1, among others proteins ([175], see also Fig. 11.4). The release of com-
plex I to the cytosol subsequently allows recruitment of FADD and caspase-8 [175], 
leading to the formation of complex II [169], from which apoptosis can be initiated, 
provided that c-FLIP is not fueled by NF-κB activation [163, 165, 166].

TRAMP also primarily triggers NF-κB activation ([104, 143] and (Fig. 11.5)) via 
the recruitment of TRADD/RIP/TRAF2 after TL1A stimulation [176]. However, 
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Fig. 11.4 Schematic representation of TNFR1-induced signal transduction. See text for details

Fig. 11.5 Schematic representation of TRAMP- and DR6-induced signal transduction. See text 
for details

contrary to TNFR1 [177], recruitment of TRADD to TRAMP requires prior associa-
tion of TRAF2 and RIP [178]. While it still remains unknown how TRAMP induces 
apoptosis [143], it has early on been demonstrated that a deficiency in FADD [167] 
or the overexpression of c-FLIP [179] would impair its triggering,  suggesting that 
TRAMP-mediated apoptosis might be closely related to TNFR1- induced cell death 
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(Fig. 11.5). In the same vein, DR6 was first evidenced to induce NF-κB activation, 
to recruit TRADD and to trigger apoptosis [103, 104, 180]. However, contrary to 
TRAMP or TNFR1, DR6 may trigger apoptosis regardless of FADD or caspase-8 
(Fig. 11.5), since neither a deficiency in Bid nor caspase-8 impairs cell death induced 
by DR6 [181]. In the same line, although antibodies targeting the extracellular 
domain of the low affinity NGFR have been shown to mediate apoptosis in cultured 
sympathetic neurons [182], the precise underlying signalling cascades have been 
difficult to dissect. Despite the fact that it also contains a DD, NGFR was suggested 
by an earlier study, using the yeast two hybrid approach, to be unable to interact with 
any DD-containing adaptor proteins known to contribute to TNFSF signalling, such 
as FADD or TRADD [183]. Consistently, cell death induced by NGFR in striatal 
neurons was shown to occur regardless of FADD, TRADD or caspase-8 [184]. Yet 
in this study, the authors also found that the viral homolog of c-FLIP, E8, could 
rescue cell death induced by NGFR [184]. More recently, however, TRADD was 
found to be recruited to NGFR and to be required for NGF-induced NF-κB activa-
tion in the breast cancer cell line MCF7 [185], suggesting that it might nonetheless 
be able to recruit TRADD. Moreover, beta- amyloid peptides as well as prion protein 
fragment PrP (106–126) were shown to bind NGFR and to trigger apoptosis in neu-
roblastoma cells [186]. Apoptosis induced by NGFR in these cells was found to 
require NGFR’s DD and was also closely correlated with caspase-8 activation [186], 
suggesting again that the molecular mechanisms leading to NGFR-mediated cell 
death are likely to resemble those involved after TNF stimulation.

While the molecular mechanisms governing apoptosis-induced by DR6 and 
NGFR remain uncertain, EDAR is the sole receptor of the family with a DD, whose 
inability to trigger apoptosis is the less controversial. This receptor is involved dur-
ing the development in hair follicle, nails, teeth, and sweat gland morphogenesis 
[187, 188]. Although it possesses a DD, EDAR is unable to recruit FADD or 
TRADD upon EDA binding [189]. Instead EDAR recruits another adaptor protein 
coined EDARADD [190] through which it transduces NF-kB activation via TRAF6, 
TAB2, and TAK1 [191].

Besides NF-κB and apoptosis, several DD-containing TNFRSF receptors, such 
as TNFR1, Fas, or TRAIL receptors, are also able to transduce necroptosis [192–
196], a programmed form of necrosis orchestrated by RIPK1 and/or RIPK3, whose 
execution involves disruption of lysosomal, plasma and mitochondrial membranes 
[197–201].

Activation of apoptosis or necrosis by DD-containing receptors is tightly con-
trolled by a limited number of adaptor proteins, most of which are shared among 
TNFRSF receptors, as described above. The outcome of the signal and its transduc-
tion, though, also rely on the metabolic and cellular environment of the target cell 
that affect inherent sensitivity to apoptosis [196, 202–205], but also on posttransla-
tional modifications (PTMs) of components of the core machinery, including Bid 
and caspase-8 [206–209], or ligands and receptors themselves [210–215].
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11.3  Posttranslational Modifications

In addition to the metabolic and cellular environment, pathogens and cancer cells 
are able to subvert TNFSF/TNFRSF signalling pathways. Almost all ligands and 
receptors of the TNFSF/TNFRSF family may be targeted. Since most of them con-
tribute to innate or adaptive immunity, alteration of their signalling pathways is 
mandatory skill for viruses and cancer cells to thwart the immune system [216]. 
Early studies demonstrated that viral proteins could directly interfere with apoptosis- 
induced by DD-containing receptors [217]. These include viral homologs of the 
caspase-8 inhibitor c-FLIP, found in herpes viruses (HHV-8, EHV-2, BHV-4), the 
Kaposi sarcoma-associated herpes virus (KSHV), as well as in the molluscum con-
tagiosum virus (MCV) [179, 218]. Like c-FLIP, these viral proteins harbor a Death- 
Effector- Domain (DED) and are either devoid of the caspase-like domain or contain 
a domain that lacks the catalytic cysteine that confers caspase’s proteolytic activity. 
Their recruitment within the DISC interferes with caspase-8 cleavage and prevents 
apoptosis [219]. Additional interactions and regulations have been described to 
challenge DD-containing receptor signalling, most of which are nicely reviewed in 
the following reviews [220, 221]. More recently, however, even smarter subversive 
approaches have been described to contribute to pathogen virulence or cancer pro-
gression that include posttranslational modifications of TNFRSF receptors, or 
downstream signalling partners leading to inactivation of TNF receptor pro- 
apoptotic potential and immune escape.

11.3.1  Proteolytic Cleavage of TNFSF and TNFRSF

11.3.1.1  Cleavage of TNFSF

TNFSF are naturally found as trimers [222–224], and with the exception of 
lymphotoxin- alpha (LTα), which is naturally secreted [51, 225], TNFSF are 
expressed at the cell surface as anchored transmembrane proteins (Fig. 11.1). Most 
of these ligands can be, however, proteolytically processed from the cell surface to 
yield soluble bioactive or inactive oligomers [188, 226–229]. Soluble TNF was first 
evidenced in 1986 in the peritoneal fluid of mice injected with Picibanil, also coined 
OK-432 [230], a streptococcal preparation used in the treatment of head and neck 
lymphangiomas in pediatric patients [231]. The metalloproteinase found to exert 
this activity was latter coined TACE (TNF-a converting enzyme) [227]. This prote-
ase belongs to a family of disintegrin and metalloproteases and has been renamed 
ADAM17 [232]. Other ligands of the family are also prone to proteolytic cleavage 
and release from the cell surface (Fig. 11.6), such as FasL [233, 234], TRAIL [235], 
CD40L [236], EDA-A1 and EDA-A2 [228], 4-1BBL [237], BAFF [89], APRIL 
[238], LIGHT [239], TWEAK [240–242], RANKL [243], and TL1A [244]. TNFSF 
ligand shedding can be induced by metalloproteases of the ADAM family [237, 
239, 245, 246], cathepsins [247], or furins [89, 248].
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11.3.1.2  Cleavage of TNFRSF

Like TNFSF, many receptors of the family are prone to shedding by ADAM17. 
These include TNFR1 and TNFR2, respectively [249], DR4 [250], CD30 [251], 
CD40 [252, 253], and 4-1BB [254]. In addition to this metalloprotease, other prote-
ases of the family such as ADAM8, ADAM10, MMP7, or MMP8 are known to 
cleave the extracellular domain of TNFR1 [255, 256], CD27 [257], CD30 [258], or 
Fas [259], respectively. The ectodomain of XEDAR has also been found to be pro-
teolytically cleaved by an unknown metalloprotease [260]. Apart from metallopro-
teases, some members of the TNFRSF are cleaved by γ-secretase, an intramembrane 
multi-subunit protease complex that cleaves transmembrane proteins at residues 
within the transmembrane domain. This protease cleaves TNFR1 [175], NGFR 
[261], and BCMA [262]. Finally, RANK ectodomain was proposed to be cleaved by 
an enteropeptidase [263].

Fig. 11.6 Schematic representation of TNFSF ligands posttranslational modifications. TNFSF 
ligands are depicted and ranked based on their putative O- and/or N-linked glycosylation number. 
Palmitoylation and putative or effective cleavage sites are shown, see associated legend. Numbers 
shown on the right-hand side of each ligand correspond to the precise amino acid position of 
ADAM/MMP or Furin cleavage sites
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11.3.1.3  Significance

Although the biological functions associated with TNFSF/TNFRSF cleavage and/or 
shedding remain poorly studied, several examples are well documented in the litera-
ture. For instance, EDA-A1-mediated morphogenesis of ectodermal structures 
requires shedding of the ligand from the cell surface by furin, allowing paracrine 
NF-κB signalling activation on distant target cells during development. Mutations 
of EDA-A1 furin cleavage site lead to X-linked hypohidrotic ectodermal dysplasia 
(XLHED), a human disorder characterized by impaired development of hair, sweat 
glands, and teeth [23]. Albeit less documented, TWEAK has been proposed to 
induce mammary epithelial branching morphogenesis [264]. Interestingly, eleva-
tions of soluble cleaved TWEAK have been correlated with mammary gland involu-
tion [241], suggesting that cleavage of membrane-bound TWEAK may work as a 
physiological negative feedback loop. Since cleavage of TWEAK [241] changes its 
binding and signalling capabilities [265], it has been proposed that inhibition of 
mammary epithelial morphogenesis may be due to its weakest ability to transduce 
NF-kB [266]. In keeping with these findings that proteases can affect the biological 
properties of TNFSF and TNFRSF, it has long been known that membrane-bound 
TNF binds to and transduce signalling through both TNFR1 and TNFR2 while sol-
uble TNF solely binds TNFR1 [267, 268]. Albeit soluble TNF remains as efficient 
as membrane-bound TNF in inducing TNFR1-mediated NF-κB or cell death in 
tumor cells [169, 269], only membrane-bound TNF is able to bind to and transduce 
signalling through TNFR2 [270]. TNFR1 is also subject to extensive proteolytic 
cleavage. Apoptosis-induced by TNFR1 requires sequential cleavage of the receptor 
by ADAM17 and a γ-secretase [175] to allow complex II formation [169] and apop-
tosis (Fig. 11.4).

Shedding of these ligands or receptors can also occur in pathological conditions 
and contribute to disease progression. For example, cleavage RANK ectodomain by 
the enteropeptidase inhibits RANKL-induced signalling and therefore is likely to 
inhibit bone remodelling [263]. As regards DD-containing receptors, early findings 
unveiled in the mid-90s that soluble Fas, owing to its ability to inhibit apoptosis 
induced by FasL could contribute to autoimmune diseases such as systemic lupus 
erythematosus (SLE) [271]. More recently it was found that soluble FasL-mediated 
Th17 cell transmigration is likely to contribute to SLE in mice [272] (see Poissonnier 
et al., Chap. 7 for more details). Conversion of membrane-bound TRAIL or FasL to 
their soluble cleaved trimers by metalloproteases [246] or cathepsins [247] inhibits 
their pro-apoptotic potential [269]. Accumulating evidence suggests that soluble 
TNFSF ligands such as FasL or TRAIL can induce non-apoptotic signalling and 
promote tumorigenesis. The earliest studies indicating that Fas may induce direct, 
non-apoptotic, tumorigenic-like activity in  vitro and in  vivo, demonstrated that 
FasL could promote motility and invasiveness of tumor cells refractory to FasL- 
mediated killing [273–275]. It is worth noting not only that serum levels of soluble 
FasL are higher in patients with triple-negative breast cancer (TNBC) than any other 
breast cancer patients but that sFasL is alone sufficient to promote cell motility of 
TNBC cells in vitro [276, 277].
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Although TRAIL was initially found to contribute to cancer immune surveil-
lance of metastatic cancer cells in vivo [278–280], it has next been found to promote 
cell migration and invasion in resistant tumor cells in vitro [281], as well as metas-
tasis in vivo [282, 283]. Invasion and metastatic TRAIL signalling capabilities were 
more recently assigned to TRAIL-R2 [284, 285]. While it remains to be determined 
whether soluble TRAIL trimers (sTRAIL) can be found in the serum of patients 
with advanced metastatic disease and whether it can alone promote cell migration 
and invasion, it is clear from these examples that cleavage of TNFSF ligands or 
TNFRSF receptors can dramatically alter their physiological functions, the result of 
which is likely to contribute to the pathogenesis of cancer or autoimmune diseases. 
Noteworthy, with the exception of TRAMP, GITRL, LTβ, CD27L, and OX40L, all 
other membrane-anchored TNFSF ligands or TNFRSF receptors harbor putative 
ADAM/MMP-, furin-, enteropeptidase-, or γ-secretase-protease cleavage sites 
(Figs. 11.6 and 11.7). Their cleavage is thus likely to occur, either during physiolog-
ical or pathological conditions and have biological consequences.

11.3.2  Palmitoylation

Some members of the TNFSF/TNFRSF family, including TNF [286], Fas [287], 
DR4 [288], DR6 [211], and NGFR [289] have been reported to undergo particular 
PTM, namely palmitoylation (Figs.  11.6 and 11.7). This posttranslational 

Fig. 11.7 Schematic representation of TNFSF ligands posttranslational modifications. TNFRSF 
receptors are depicted and ranked based on their putative O- and/or N-linked glycosylation num-
ber. Palmitoylation and putative or effective cleavage sites are shown, see associated legend
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modification leads to the covalent attachment of a 16-carbon fatty acid, palmitate, to 
sulfhydryl groups of cysteine residues. The first study describing palmitoylation of 
a member of the TNF/TNFR super family, reported that TNF could undergo fatty 
acylation on the cysteine 30 [286]. However, myristyl acylation or myristoylation of 
lysines 19 and 20 has also been described for TNF [290]. Palmitoylation of TNF is 
not required for its shedding from the cell surface by ADAM17, but has been pro-
posed to be required for its partitioning into lipid rafts [291]. It has been found more 
recently that lysine fatty acylation of TNF induces its retention to the lysosomal 
compartment [292], but that its deacetylation by SIRT6, a deacetylase of the mam-
malian sirtuin family, promotes its secretion [293]. The best example of TNFRSF 
receptor undergoing palmitoylation, so far, is Fas. This receptor can undergo 
S-palmitoylation of its cysteine 199 (C199), located within the Fas membrane prox-
imal intracellular domain ( [294] and Fig. 11.1). Fas palmitoylation contributes to 
its translocation into lipid rafts, aggregation, internalization, DISC formation and to 
apoptosis triggering [287, 294, 295]. The palmitoyl transferase responsible for Fas 
palmitoylation, DHHC7, has recently been characterized [296]. Similar to Fas, pal-
mitoylation of DR4 on C336 was found to increase its pro-apoptotic potential, 
allowing DR4 partitioning to lipid rafts and increasing DR4 oligomerization upon 
TRAIL stimulation [288]. On the other hand, albeit cell death was not assessed in 
these studies, palmitoylation was not associated with translocation of DR6 into 
lipid-rich membrane subcellular compartments [211]. In an early study demonstrat-
ing NGFR palmitoylation, this PTM was not found to alter NGFR signalling [297]. 
However, it was found later on that palmitoylation of NGFR could affect not only 
its signalling capabilities but also its cleavage by gamma-secretase, suggesting that 
dysregulation of this PTM may somehow concur to neurogenerative diseases such 
as Alzheimer [289]. Although TNFR1, TRAMP, DR5, EDAR contain cysteine resi-
dues as well, in their membrane-proximal intracellular region, as potential sites for 
lipid modification, palmitoylation has, so far, only been detected on DR4, Fas, DR6, 
and NGFR [211, 288, 289].

11.3.3  S-Nitrosylation

Along the line, Fas and DR4 may also undergo S-nitrosylation at C199, C304 and 
C336, respectively [298, 299]. This PTM consists in the attachment of an NO (nitric 
oxide) radical to a thiol group of a cysteine residue [300]. The first study describing 
S-nitrosylation of a member of TNFR family reported that the NO donor nitrosylco-
balamin (NO-Cbl), an analog of vitamin B12 that delivers NO, induced 
S-nitrosylation of DR4 but not DR5 at C336 [299]. S-nitrosylation of DR4 corre-
lated with the potent antiproliferative activity of NO-Cbl in several human cell lines 
from different origins (melanoma, renal, and ovarian carcinomas). In the same vein, 
Fas was also found to undergo S-nitrosylation at cysteines 199 and 304. However, 
the biological effects of S-nitrosylation on Fas pro-apoptotic signalling were solely 
associated with PTM of C304, not C199. S-nitrosylation of C304 was found to 
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increase Fas targeting to raft nanodomains as well as its aggregation, enhancing thus 
its pro-apoptotic potential [298].

11.3.4  Arginine N-GlcNAcylation

Arginine N-GlcNAcylation is a rather unusual posttranslational modification (PTM) 
that has been identified in several DD-containing proteins and associated with 
enteropathogenic Escherichia coli (EPEC) virulence. These gram-negative bacterial 
pathogens display a type III virulence secretion system (T3SS) that manipulates 
host’s signalling pathways, allowing bacteria to thwart immune defenses. 
Remarkably, one  of its secreted proteins, NleB, exhibits a N-acetylglucosamine 
(GlcNAc) transferase activity and induces GlcNAcylation of TNFR1, Fas, TRADD, 
FADD, and RIPK1 DD, as demonstrated by extensive mass spectrometry analysis 
[301, 302]. GlcNAcylation of these DD-containing proteins during infection, owing 
to its ability to impair DD homotypic interactions (Fig. 11.8), was found to be suf-
ficient to inhibit both TNF-induced NF-κB activation and FADD-mediated cell 
death signalling after TNF, FasL, or TRAIL stimulation [301, 302].

11.3.5  O- and N-Glycosylation

Protein glycosylation is a complex process involving hundreds of distinct genes. It 
is estimated that more than 50% of the human proteome is glycosylated [303]. 
Protein N-linked and O-linked glycosylation of asparagine (Asn) [304] and serine 
(Ser) or threonine (Thr) amino acids, respectively, are the most abundant forms 
[305]. All TNFSF and TNFRSF members, but TRAIL, harbor putative N- and/or 

Fig. 11.8 Schematic representation of the impact of TNFR1, Fas, TRADD, and FADD arginine 
N-GlcNAcylation on NF-kB or apoptosis triggering. Arginine acylation of Fas, TNFR1, FADD, or 
TRADD impairs recruitment of the adaptor proteins FADD or TRADD to Fas, DR4, DR5, or 
TNFR1 and inhibits signal transduction of apoptosis and NF-kB (see text for details)
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O-link glycosylation sites, as predicted using the bioinformatic tool GlycoEP [306] 
(Figs. 11.6 and 11.7). In the mid-80s and 90s, several TNFSF ligands and TNFRSF 
receptors were found to be glycosylated, including TNF [307], LTβ [212, 308, 309], 
TNFR1 [310], TNFR2 [311], and Fas [312]. While most of these ligands and recep-
tors contain both type of glycosylation sites, or harbor only N- or O-link putative 
glycosylation sites (Figs. 11.6 and 11.7), little is known of the biological signifi-
cance of these PTMs. Le Bivic and collaborators provided the first demonstration 
that O-glycosylation of NGFR stalk region is required for apical sorting of the 
receptor [313, 314]. Zunino et al. demonstrated, at the same time, that N-link glyco-
sylation of Fas was not necessarily associated with receptor trafficking but related 
to its pro-apoptotic function ([210] and Fig. 11.9). Lavrik and collaborators next 
found out that mutation of two Fas N-link sites altered caspase-8 activation within 
the DISC [315]. In line with these findings, a seminal work by Ashkenazi and col-
laborators demonstrated that O-link glycosylation of DR5, one of the two TRAIL 
agonist receptors, contributes to DR5 pro-apoptotic potential [215]. More recently, 
we have demonstrated that the pro-apoptotic signalling of DR4 is, on the other 
hand, positively regulated by N-glycosylation [316]. Of importance, albeit most O- 
or N-glycosylation sites are found within the cysteine rich domains of TNFRSF 
receptors (Figs. 11.6 and 11.7), glycosylation of DR4 and DR5 within this domain 
neither increases nor inhibits TRAIL binding to its cognate receptors. Rather glyco-
sylation of DR4 and DR5 promoted receptor aggregation, increasing TRAIL DISC 
formation and caspase-8 activation [215, 316]. N-link glycosylation of TNFR1, on 
the other hand, was found to be required for TNF binding and transduction of NF-kB 
[214]. Like Fas, TNFR1 and DR6 were shown to be N-glycosylated [211, 214, 317]. 
The biological significance of these PTMs remains, however, to be determined for 
these receptors.

Along this line, it is worth noting that glycan-modifying enzymes and glycan- 
binding lectins can regulate signalling properties of TNFSF/TNFRSF members, 
including cell death induced by DD-containing receptors [318]. Likewise, Krammer 
and collaborators found, early on, that Fas could be sialylated to a variable extent in 
B and T cell lymphoma cell lines and that removal of sialic acids in these cell lines 
using a neuraminidase would increase Fas-induced cell death, as well as apoptosis 
triggered by TNF ( [319, 320], see also Fig. 11.9). In agreement with these findings 
it has been found more recently that the glycosyltransferase, ST6Gal-I, which adds 
sialic acid in α-2,6 to N-glycans, induces Fas sialylation and inhibits apoptosis- 
induced by this receptor [321]. The same team also showed that TNFR1, which is 
also subject to N-glycosylation [310], can be modified by ST6Gal-I and that its 
sialylation impairs its pro-apoptotic potential [322]. Conversely, fucosylation, 
another oligosaccharide modification, was found to contribute to apoptosis induced 
by TRAIL [323]. Miyoshi and collaborators discovered that a deficiency in GDP- 
mannose- 4,6-dehydratase (GMDS), a GDP-mannose converting enzyme essential 
for de novo fucosylation, can confer colorectal cancer cell resistance to TRAIL 
[323]. They could demonstrate that fucosylation of DR4, but not DR5, would restore 
sensitivity to apoptosis-induced by TRAIL [324]. They also provided evidence that 
fucosylation of Fas could restore sensitivity to FasL-induced apoptosis (Fig. 11.9).
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Fig. 11.9 Schematic representation of the impact of TNFRSF receptor glycosylation on signal 
transduction. (a) O-link and N-link glycosylation as well as fucosylation of DR5, Fas, or TNFR1 
enhances receptor clustering and signal transduction after TRAIL, FasL, or TNF stimulation, while 
(b) a deficiency in glycosylation or sialylation of the corresponding receptors reduce receptor 
clustering after stimulation and prevents signalling. (c) glycan-binding proteins such as galectin-3 
or galectin-9 can contribute to TNFRSF signal transduction regulation directly or indirectly (see 
text for details)
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Consistent with these PTMs, glycan-binding proteins, including galectins have 
been demonstrated to interfere with, or to contribute to, TNFSF/TNFRSF signal-
ling. Henceforth, it was found that galectin-3-mediated activation of AKT could 
inhibit TRAIL-induced apoptosis in the human breast carcinoma cell line BT459 
[325]. Likewise, ectopic expression of galectin-3 in the human bladder carcinoma 
cell line J82, or in papillary thyroid cancer cells was found to inhibit TRAIL-induced 
cell death, owing galectin-3’s ability to induce phosphorylation of Akt on serine 473 
[326, 327]. In B and T lymphoma cell lines, by contrast, galectin-3 was not only 
found to be required for FasL-induced apoptosis but also associated with type I 
cells, characterized by their propensity to induce strong activation of the caspase-8 
[328]. Noteworthy, galectin-3 was found in this study to interact with Fas, even in 
the absence of FasL [328]. Using the galectin-3-deficient cell line BT459, Mazurek 
and collaborators demonstrated that restoration of TRAIL-induced cell death by 
galectin-3 required its phosphorylation on serine-6 [329] and that TRAIL sensitivity 
may be influenced by a sequence polymorphism commonly found in galectin-3 cod-
ing for Pro64/His64, associated with breast cancer incidence [330]. This team also 
found out that the generation of a stable TRAIL-resistant clone, derived from the 
metastatic human colon cancer cell line LS-LiM6, by repeated exposure to TRAIL 
was associated with an increase in galectin-3 at the cell surface [331]. Interestingly, 
the authors also discovered that cell surface expressed galectin-3 could interact with 
both DR4 and DR5, and that inhibitors of glycosylation could restore TRAIL sensi-
tivity in this resistant clone (Fig. 11.9).

In line with these findings that galectins are likely to regulate TNFSF/TNFRSF 
signalling through direct interaction with TNFRSF receptors, it has been demon-
strated by Wazel and collaborators in two human leukemic T cell lines, namely 
Jurkat and CEM, that apoptosis induced by galectin-1 involved direct binding of 
the lectin to Fas and activation of caspase-8 [332]. More recently, a seminal work 
published by Croft and collaborators demonstrates that galectin-9 is not only able 
to interact with 4-1BB but is required for receptor aggregation and signalling 
[333].

Galectins are carbohydrate-binding proteins displaying high affinity for beta- 
galactoside containing glycoproteins. They are potentially able to bind to a large 
spectrum of glycosylated proteins and to behave differentially on a given signal-
ling pathway depending on the cellular context [334] or their ability to bind to their 
interaction partners [335]. Binding of galectin-3 to galactoside moieties, for exam-
ple, is severely compromised when its carbohydrate-binding partner is sialylated 
[336]. Moreover, as highlighted by Bresalier and collaborators, localization of 
these lectins, either intracellular or secreted, is also likely to determine their ability 
to interfere directly or not with a given target. Albeit these issues are scarcely 
evaluated altogether in most studies, galectins as well as TNFSFs and/or TNFRSFs 
glycosylation status are likely to play important regulatory functions.
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11.4  Conclusion

It is becoming increasingly clear that TNFSF/TNFRSF ligand/receptor signalling is 
not only regulated by protein–protein interactions but also regulated by posttransla-
tional modifications. Proteolytic cleavage, palmitoylation, and glycosylation events, 
occurring on a growing number of ligands and receptors of this family, have been 
found to change their signal transduction capabilities. Given that most of them har-
bor putative PTM sites and that PTMs are subject to major qualitative changes by 
metabolic flux [337], inflammation [338, 339], or diseases [340] such as cancer 
[341], understanding to what extent the family is concerned with these PTMs is 
likely to open novel clinical therapeutic opportunities, not only for autoimmune 
diseases or inflammation but also for cancer therapy.
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Chapter 12
System Modeling of Receptor-Induced 
Apoptosis

François Bertaux, Dirk Drasdo, and Grégory Batt

Abstract Receptor-induced apoptosis is a complex signal transduction pathway 
involving numerous protein–protein interactions and post-translational modifica-
tions. The response to death receptor stimulation varies significantly from one cell 
line to another and even from one cell to another within a given cell line. In this 
context, it is often difficult to assess whether the molecular mechanisms identified 
so far are sufficient to explain the rich quantitative observations now available, and 
to detect possible gaps in our understanding. This is precisely where computational 
systems biology approaches may contribute. In this chapter, we review studies done 
in this direction, focusing on those that provided a significant insight on the func-
tioning of this complex pathway by tightly integrating experimental and computa-
tional approaches.
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12.1  Introduction

Apoptosis is a form of programmed cell death conserved among metazoans playing 
a central role in development and involved in many diseases. Notably, most success-
ful nonsurgical cancer therapies eventually result in the activation of apoptosis in 
cancer cells [1]. Apoptosis can be triggered internally (via an “intrinsic” pathway) 
following DNA damage or other intrinsic stimuli, or externally (via an “extrinsic” 
pathway) following the binding of “death” ligands to “death” receptors. Receptor- 
induced apoptosis raised therapeutical interest as anticancer strategy for at least two 
reasons. Firstly it can be highly selective for certain cell types, ideally targeting only 
cancer cells. Secondly it does not require a functional p53 protein, which is fre-
quently mutated in tumor cells, providing resistance to chemotherapeutic drugs 
relying on the DNA damage response. Several death ligand–receptor pairs exist. 
While TNFα (and its receptors TNFRs) and CD95L (and its receptor CD95) were 
discovered first, TRAIL (and its receptors DRs) has the highest selectivity towards 
cancer cells [2]. From a largest perspective, the latter is also a reference system 
illustrating how complex circuits involving graded and competing molecular signals 
can generate binary decisions. Because of its high interest, both for systems biology 
and therapeutics, tremendous research efforts have been done to better understand 
its functioning [3–8].

The control and regulation of apoptosis involve many genes whose products 
mediate numerous protein–protein interactions, post-translational modifications, 
transcriptional regulations, etc., yielding a highly complex picture. The sensitivity 
of cells to a given death ligand stimulation is multifactorial, and the effect of genetic 
perturbations on cell survival is highly context-dependent. As a result, the interpre-
tation of results obtained on a specific cell line and for a few genetic perturbations 
or conditions is delicate and cannot be readily generalized. The system model para-
digm is well suited to deal with this complexity. Computational approaches attempt 
to integrate known mechanisms and interactions into mathematical models, whose 
predictions can be used to propose new experiments for model validation. When 
applied to apoptosis, system level modeling, which started approximately 15 years 
ago, was indeed instrumental in improving our understanding of this complex pro-
cess. This was achieved by tightly integrating data of increasing quality and by 
increasing the scope and/or level of details of models. Excellent reviews discuss 
these modeling works [9–15].

Despite these achievements, important fundamental questions remain to be 
answered, especially on the role of phenotypic heterogeneity and how it impacts the 
response to, as well as how it is changed by, treatments by death ligands [16]. Why 
do isogenic cells respond differently to the same amount of death ligand? Indeed, it 
is often the case that not all treated cells die, and when cells die, their death times 
are very heterogeneous. How different from dying cells are surviving cells before 
treatment (i.e., why cells survive)? How different are surviving cells from what they 
were just before treatment (i.e., who are survivors)? Can these differences explain 
the decreased efficiency of subsequent treatments (i.e., what make cells more 
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 resistant)? Importantly, the two last questions, while critical for understanding the 
efficiency of treatments, are starting to be addressed only since very recently [17, 
18]. Here, we review the contributions of system modeling studies to our under-
standing of receptor-induced apoptosis with a specific focus towards those impor-
tant questions. We do not aim to exhaustively describe all the modeling work done 
on receptor- induced apoptosis. Rather, we describe a few key studies that are highly 
illustrative of how the system modeling approaches can provide decisive insights.

12.2  Modeling the Biochemistry of Receptor-Induced 
Apoptosis

12.2.1  Early Efforts: From Known Players and Reactions 
to a System Model

Many proteins playing a key role in receptor-induced apoptosis are known since 
decades, together with a qualitative picture of how they interact, either to convey 
external death signals to promote the activation of the core executioners of apopto-
sis or on the contrary to act as “inhibitors” or “blockers” of death signalling. 
Figure 12.1 provides a schematic overview of apoptotic pathways.

Despite this qualitative knowledge, how precisely cell response emerges from 
protein interactions in different cell lines and in response to stimulations of different 
strengths was not well understood. This led Fussenegger and colleagues [19], and 
later Eissing and colleagues [20], to quantitatively interpret such qualitative schemes 
and translate them into mathematical models describing the kinetics of the underly-
ing biochemical reactions using the simplest quantitative mathematical framework, 
ordinary differential equations (ODEs). Assuming specific values for parameters 
(reaction rate constants and protein initial concentrations) and specific initial condi-
tions (initial protein concentrations), these models can be used to simulate the tem-
poral evolution of molecular species concentrations.

These early studies did not quantitatively compared simulation results to data. 
Their explanatory power was therefore not well established. Still, by studying how 
simulated cell behaviors depend on the different parameters, these models provided 
interesting qualitative insights on the structure of the pathways, that is, on the 
molecular implementation of receptor-induced apoptosis. For example, Eissing and 
colleagues rightfully concluded from their model that there must be a caspase-8 
inhibitor to allow for both (1) fast kinetics of apoptosis at sufficient stimulation 
levels and (2) the existence of a threshold stimuli intensity below which apoptosis is 
not triggered [20].
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12.2.2  Tight Integration of Kinetic Modeling and Quantitative 
Experimental Data Revealed Key Mechanistic Features 
of Receptor-Induced Apoptosis

After those early efforts, several groups employed approaches that integrated more 
tightly the construction and analysis of ODE models of receptor-induced apoptosis 
with experimental data. These approaches have been particularly fruitful. Indeed, 
they revealed several key mechanistic features of receptor-induced apoptosis.

A pioneering work for the systems biology of apoptosis is the study of CD-95 
induced apoptosis by Bentele et al. [21]. The authors constructed an ODE-based 
kinetic model combining mechanistic and “black box” reactions. Their initial model 
contains 41 species, 50 unknown parameters and is notably detailed regarding reac-
tions taking place at the death-inducing signalling complex (DISC): the requirement 
for the recruitment of two pro-caspase-8 molecules for their activation, as well as 

Fig. 12.1 Schematic representation of extrinsic and intrinsic apoptosis pathways at the molecular 
level. Only the main actors and interactions are represented. Death ligands bind their cognate 
receptors and promote assembly of DISCs complexes that can lead to the activation of the critical 
initiator caspases caspase-8/10. Initiator caspases can activate effector caspases either directly or 
by promoting the activation of the mitochondrial apoptosis pathway via Bid. This realizes a con-
nection with the intrinsic apoptosis pathway, also activating the mitochondrial pathway and even-
tually activating effector caspases. Reprinted from [11], with permission from Elsevier
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the competitive recruitment of cFLIP, were detailed. In order to reduce the risks of 
overfitting and detect parameter non-identifiability, the authors used a sensitivity 
analysis approach to reduce model complexity before testing the model against 
data. In order to test the model, they obtained quantitative data characterizing the 
kinetics of caspase activation for several stimulation strengths. The data consisted in 
quantitative western blots corresponding to protein concentrations averaged over 
the cell population. The model predicted a threshold for ligand concentration below 
which no death should be seen, and this prediction was validated experimentally. In 
the model, the existence of this threshold is caused by cFLIP, which incorporates 
into newly assembled DISCs and thus blocks pro-caspase-8 processing. Hence, 
downstream death signalling only occurs for stimulation doses high enough to 
enable the assembly of a sufficient number of DISCs, capable of overcoming this 
blockade. By using an inhibitor of protein synthesis (cycloheximide, abbr. CHX) 
and exploiting differences in protein half-lives (cFLIP is short-lived whereas pro- 
caspase- 8 is long-lived), they decreased cFLIP levels while preserving pro- caspase-8 
levels and observed the predicted significant decrease of the threshold needed to 
obtain cell death.

One main limitation of the approach by Bentele and colleagues is the use of 
population-level measurements for quantifying caspase activation. It was already 
known that the kinetics of caspase activation was different in different cells. More 
precisely, single-cell reporters for probing cytochrome c release [22] and effector 
caspase activation [23] revealed that these events are rapid and relatively invariant 
in terms of duration and intensity from one cell to another and for different stimulus, 
whereas their initiation times are highly variable. An important, although often 
implicit assumption in kinetic models of biochemical pathways is that they repre-
sent reactions taking place in individual cells: an enzyme in one cell does not cata-
lyze reactions in another cell. Therefore, in the presence of heterogeneity it is not 
appropriate to reason in terms of population-averaged quantities. Single-cell report-
ers enabling to measure the abundance or activity of biochemical species with live- 
cell imaging are therefore appealing tools to test and interrogate on a proper footing 
kinetic models. And indeed, single-cell reporters in combination with kinetic mod-
eling revealed a number of key mechanistic features of receptor-induced apoptosis.

The first study integrating kinetic modeling with such single-cell data investi-
gated apoptosis induced by staurosporine [24]. Although staurosporine does not 
induce apoptosis via death receptors, it triggers MOMP (mitochondrial outer mem-
brane permeabilization) and then a rapid, all-or-none effector caspase activation. 
These molecular events form the downstream part of both extrinsic and intrinsic 
apoptosis pathways. The authors focused on the events directly following MOMP, 
using realistic kinetics of cytochrome c and Smac release and apoptosome forma-
tion as inputs to their model, which then predicted effector caspase activation kinet-
ics. The amount of XIAP was found to be a key factor in the kinetics of effector 
caspase activation following MOMP.  Interestingly, the model predicted the exis-
tence of a small range of XIAP concentrations for which MOMP is followed by a 
slow and partial effector caspase activation, a prediction that was then confirmed 
experimentally.
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Albeck and colleagues were the first to integrate, in a single model, initiator cas-
pase activation (via TRAIL binding to death receptors), MOMP regulation and effec-
tor caspase activation [25]. The model featured 58 species (native protein and protein 
complexes) and 70 parameters (Fig. 12.2, top left). Instrumental in their work was the 
development of a single-cell reporter for initiator caspase activity [26], which showed 
that this activity slowly rises at a variable rate between cells during the pre-MOMP 
period, and that despite this increasing activity, no significant effector caspase activity 
is observed; the latter arises suddenly and completely following MOMP (Fig. 12.2, 
top right). The model revealed that XIAP enables this all-or-none switching behavior 
not only by competitive binding of caspase 3, but also by promoting its degradation 
via the proteasome (Fig. 12.2, top center). Another mechanistic insight brought by 
this model relates to the role of network topology in generating snap-action behavior 
at the level of MOMP (Fig. 12.2, bottom): Bax multimerization and mitochondrial 
transport can quantitatively explain the observed behavior despite the presence of 
Bcl2, whereas a simple competition model between activated Bax and Bcl2 could not.

Other remarkable works relying on such an integrated approach of quantitative 
experiments with kinetic modeling include the investigation of the activation of 
NF-κB signalling in parallel to death signalling in response to CD95-L exposure [27].

Fig. 12.2 Key mechanistic features of apoptosis revealed by integrated kinetic modeling and 
single- cell experiments. A relatively complete model of TRAIL-induced apoptosis by Albeck and 
colleagues developed in combination with new single-cell reporters for initiator caspase activity 
and MOMP allowed new mechanistic insights [25]. For example, XIAP control of caspase-3 activ-
ity during the variable pre-MOMP delay does not rely solely on competitive binding but also on 
its ability to promote caspase-3 proteasomal degradation (right). Another mechanistic insight 
relates to the role of network topology in generating snap-action behavior at the level of MOMP 
(bottom). Bax multimerization and mitochondrial transport can explain observed behavior, as 
opposed to a simple competition model between activated Bax and Bcl2. Figure elements repro-
duced from [25, 26]
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12.3  Modeling Populations of Individual Cells: The Role 
of Heterogeneity in Protein Levels

The previous studies shed light on how snap-action behaviors at the level of MOMP 
and effector caspase activation enable a tightly constrained all-or-none control over 
apoptosis commitment. Such an all-or-none control is probably beneficial at the 
organism level, because partial effector caspase activation is genotoxic and could 
result in potential harmful mutations. But why different cells from the same cell line 
submitted to the same stimulus in the same conditions trigger MOMP after a highly 
variable delay from one another? Also, in most studies discussed so far, cells were 
co-treated with the protein synthesis inhibitor cycloheximide (CHX). Blocking pro-
tein synthesis is interesting to disentangle the influence of signal transduction path-
ways from the influence of downstream genetic regulations. However, in these 
conditions, all cells eventually die, whereas in normal conditions, a fraction of the 
cell population often survives, a property of vital importance in the context of ther-
apy. What are the origins of fractional killing? Are the mechanisms responsible for 
MOMP timing variability in treatments with CHX also involved in fractional killing 
without CHX?

An important study from the Sorger group brought key insights into these ques-
tions [28]. Using live-cell microscopy, the authors followed the fate of individual 
HeLa cells after exposure to TRAIL + CHX or TRAIL alone treatments. In both 
conditions, a significant variability was observed, in death times for TRAIL + 
CHX treatments, and in cell fate and death times for TRAIL alone treatments. 
Importantly, to investigate the role of differences in cell state that exist across cells 
at the time of treatment in determining cell fate and death times, they recorded 
normal cell proliferation for a duration of about one cell cycle before applying the 
treatment in order to identify (1) pairs of cells that are sisters and (2) how much 
time elapsed between their division and treatment. Such lineage information was 
exquisitely insightful (note that similar experimental observations were made ear-
lier by Rehm et al. [29] and later by Bhola and Simons [30]). First, in the TRAIL 
+ CHX treatment, recently divided sister cells displayed a strong correlation in 
their death time, despite the high overall variability of death time among cells. 
This established that (1) death time variability is caused by preexisting differ-
ences, conserved at cell division; and (2) in presence of CHX, TRAIL signalling 
is almost entirely deterministic (but again, depends on preexisting differences).  
In other words, because one could  accurately predict the fate of one recently 
divided cell by observing the fate of its sister, there is no significant randomness 
in the signalling reactions taking place between TRAIL + CHX exposure and 
apoptosis commitment.
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This led Spencer and colleagues to the hypothesis that differences in initial levels 
for proteins involved in TRAIL apoptotic signalling are the main determinants of 
cell fate variability. Mathematical modeling was used to test further this hypothesis 
(Fig. 12.3). They relied on the same kinetic ODE model (with minor modifications) 
of the protein–protein reactions mediating TRAIL apoptotic signalling as in their 
previous study [25]. However, instead of using a single population-averaged value 
for the initial level of each protein in the pathway, they created an in silico cell popu-
lation by sampling many times protein levels from distributions, meant to reproduce 
the natural variability in protein levels within a population of HeLa cells (some of 
those distributions were actually measured experimentally using immunofluores-
cence and flow cytometry). Good agreement between model predictions and data 
for TRAIL + CHX treatments was then obtained (Fig. 12.3), therefore supporting 
that in these conditions initial variability in protein levels are the main determinants 
of the observed death time variability.

Fig. 12.3 Initial variability in protein levels explains variability in the timing of death. Spencer 
and colleagues combined a previously proposed ODE model of TRAIL-induced apoptosis signal-
ling with the use of distributions for the initial values of proteins levels as could be measured by 
immunochemistry and flow cytometry to represent the heterogeneity in protein levels existing in 
cell populations [28]. Then they recorded the variability in the timing of death for different doses 
of TRAIL and in presence or absence of cycloheximide within the in silico cell population. The 
resulting distributions closely resemble the distributions obtained from experimental data. Figure 
elements reproduced from [28]
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Additionally, when considering pairs of sister cells born long before TRAIL + 
CHX treatments, the correlation between their death times continuously decreases, 
showing that the cell determinants setting this death time fluctuate over time with a 
timescale of the order of a cell cycle. Notably, protein levels in human cells have 
been shown to fluctuate with similar time scales [31]. It is therefore probable that 
the natural slow fluctuations of protein levels are responsible for the decorrelation 
of sister cell fates after their division. For TRAIL alone treatments, a similar effect 
is seen, but firstly the correlation for recently divided cells is reduced compared to 
TRAIL + CHX treatments, and secondly this correlation decreases markedly faster 
with sister cells’ age. Because the primary effect of CHX is to block protein synthe-
sis, this also strongly suggests that cell fate variability in TRAIL-induced apoptosis 
originates from synthesis-induced fluctuations in protein levels.

Note that by nature, the model used by Sorger and colleagues cannot account for 
the sister cell data, a limitation inherent to all deterministic models in which cell-to- 
cell differences are static, that is, cell-to-cell differences are modeled by distribu-
tions of values for initial protein concentrations or for time-invariant parameters. 
Such models do not explain how cell-to-cell variability can be generated, which is 
indispensable if reestablishment of cell-to-cell variability after TRAIL application 
should be understood. A prime candidate for the (re)generation of cell heterogeneity 
is stochastic protein fluctuations that are missed out in the previous approach. Note 
also that no attempt to reproduce cell fate variability data in TRAIL alone treat-
ments, a critical observation, was made. One can cite two reasons. Firstly, the model 
was trained against TRAIL + CHX data, removing the influence of many parame-
ters constraining protein production. Secondly, fractional killing was thought to 
result mostly from the activation of survival pathways and these pathways were not 
included in the model.

Among the other modeling studies investigating cell-to-cell variability in receptor- 
induced apoptosis, it is worth mentioning the work by Toivonen and colleagues [32]. 
These authors extended the model of CD-95L induced apoptosis from [21] with vari-
able synthesis and degradation rates for the short-lived protein c-FLIP, and their 
analysis predicted c-FLIP targeted degradation as being a fundamental determinant 
of death receptor responses, in agreement with experimental observations.

12.4  Modeling Different Cell Lines and Their Different 
Sensitivities to Receptor-Induced Apoptosis

From the discussion in the previous section, we see that differences in protein levels 
could be a main determinant of cell fate differences. Thus, knowing the expression 
levels of the proteins involved in extrinsic apoptosis in a given cell line could help 
predicting its sensitivity to different death ligand stimulations. Stated differently, we 
adopt here the viewpoint in which cell lines do not differ by the topology of their 
pathways but rather by the levels or more specifically by the distributions of the 
proteins involved in these pathways. This idea motivated another study by the 
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Sorger group [33]. Using their previous model as a reference for the rates of bio-
chemical reactions of extrinsic apoptosis, they studied the biochemical basis of the 
Type I/Type II behaviors. Type I (II) behavior refers to cells that do not require (do 
require) MOMP to commit to apoptosis after death ligand stimulation. As a conse-
quence, a strong overexpression of Bcl2 proteins renders cells resistant to death 
ligand stimulation only in type II cells.

The authors could successfully classify the Type I/II behavior of a set of cell lines 
solely based on the expression levels of the proteins involved in apoptotic signal 
transduction. Their approach was based on direct finite-time Lyapunov exponent 
(DLE) analysis, which measures the influence of changes in initial protein concen-
tration on the future states of the system. More precisely, when computing DLEs for 
different initial conditions, they obtained a narrow region of high DLE values, i.e., 
a region where small changes in initial conditions lead to large deviations in cell 
state after stimulation, separating two large regions having comparatively low DLE 
values (Fig. 12.4, bottom left). When positioning cell lines on this space based on 

Fig. 12.4 Simulating the differential sensitivity of cancer cell lines to receptor-induced apoptosis. 
Different cell lines express extrinsic apoptosis proteins at different levels (leading to different 
distributions of single-cell level expression), and those differences a priori impact on their response 
to receptor stimulation. Aldridge and colleagues [33] used Lyapunov exponent analysis to study 
and demonstrated its ability to classify and compare different cell lines. Stoma and colleagues [34] 
proposed an alternative to Lyapunov exponents, Signal Temporal Logic (STL), that allows to for-
mally encode behavioral differences as measured by various experimental assays. Figure elements 
reproduced from [33, 34]
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measured expression levels, they found that Type I and Type II cell lines were on 
opposite sides of the high-DLE region, while cell lines exhibiting mixed behaviors 
were close to it.

One limitation of the DLE analysis is that the DLE is a number that is difficult 
to interpret. It reflects a sensitivity of the future states to the initial conditions, but 
it does not give information about what is perturbed in the states. In addition, one 
has to choose a time horizon to compute DLEs, which might have a strong influ-
ence on the results. We have therefore proposed another approach, based on Signal 
Temporal Logic (STL) instead of DLE [34]. Temporal logics are flexible property 
specification languages that allow describing expected features of behaviors. 
Experimentally observed behaviors are explicitly encoded in STL. This approach 
allowed us to discover that the notion of Type I and Type II has limits, as there exist 
several interpretations of being a Type I or a Type II cell which are not equivalent 
(Fig. 12.4, bottom right).

The idea that differences in protein expression levels between cell lines could 
predict differences in response to death ligand stimulation from a mechanistic 
model of extrinsic apoptosis was also used in other studies [35]. Recently, a similar 
approach has been applied to patient-derived cell lines to predict their sensitivity to 
treatment [36], although here they use statistical modeling (rather than mechanistic 
modeling) to map expression profiles to sensitivity.

12.5  Modeling Fluctuations of Protein Levels to Extend 
the Temporal Scope of Existing Models

Until now, the modeling approaches we have discussed represent the naturally aris-
ing differences in protein levels between individual cells of a given cell line by static 
distributions, and such distributions are then used as initial conditions for determin-
istic models of extrinsic apoptosis signalling (see Sect. 12.3). In particular, one of 
the most important mechanisms that generate these distributions, the burstiness of 
gene expression and therefore the stochastic nature of protein turnover, is not 
accounted for in the above-mentioned models. Whether such fluctuations are 
responsible for the observed decrease of the correlation of death times of sister cells 
with their age at treatment as discussed in Sect. 12.3 is an interesting question. Not 
accounting for protein fluctuations fundamentally limits the temporal scope of a 
given protein–protein interaction model, even if its kinetic parameters are appropri-
ately constrained. With this approach, we addressed the question of what are surviv-
ing cells after treatment, and hence what will be their resistance to future treatment 
applications (Fig. 12.5, top) [18]. It relies on modeling stochastic gene expression 
(stochastic switches of the promoter between an active and an inactive transcrip-
tional state, and stochastic production and degradation of the mRNA) and protein 
turnover for all (native) proteins appearing in the model. As a result, protein levels 
slowly fluctuate in each individual cell such that, overall, the distributions of the 
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protein concentrations in the whole cell population are the ones observed in [28]. 
This means that the naturally occurring cell-to-cell variability, previously accounted 
by predetermined distributions for initial protein concentrations, is now an emerg-
ing property of the model.

Fig. 12.5 Systematic, parsimonious modeling of stochastic gene expression together with TRAIL 
apoptotic signalling explains fractional killing and predicts transient cell fate inheritance and tran-
sient resistance acquisition. (a) Schematic description of the modeling approach. (b) Results of the 
approach when applied to model and data of Spencer and colleagues [28]. (c) Simulation of con-
secutive TRAIL treatments reproduces the observed transient resistance acquisition [18]. Figure 
elements reproduced from [18]
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While such model extension a priori introduces many unknown parameters, we 
found that using simple constraints from the literature on parameter values one 
readily obtains good approximations of protein fluctuations for most proteins. Only 
short-lived proteins necessitate particular attention. This finding is a cornerstone of 
the approach, as it allows to strongly reduce the number of unconstrained parame-
ters, facilitating exploration of the parameter space and reducing the risks of overfit-
ting. We applied this modeling approach to extend the model of TRAIL-induced 
apoptosis used by Spencer and colleagues. Among the 17 native proteins appearing 
in the model, only gene expression parameters for Flip and Mcl1 (known to be very 
short-lived at both the mRNA and protein levels) were used for fitting the data, 
while standard parameter constraints were used for all others. The model could 
quantitatively fit cell death distributions and cell survival fractions for both TRAIL 
+ CHX and TRAIL alone treatments (Fig. 12.5, middle, left). Moreover, sister cell 
data (decrease in their death time correlation as they age) that have not been used to 
fit our model could be predicted (Fig.  12.5, middle, right), thus validating the 
approach.

The finding that cell survival does not require TRAIL-induced activation of 
survival pathways, but can occur solely from the interplay of stochastic gene 
expression, fast turnover of certain anti-apoptotic proteins, Flip and Mcl1, and 
rapid degradation of activated forms challenges the classical view about the 
role of survival pathways in response to TRAIL [37]. While it does not mean 
that survival pathways do not play a role in cell survival after TRAIL exposure, 
our results strongly suggest that they are not the sole contributors to cell 
survival.

Finally, because the model can predict changes in cell states (i.e., cell protein 
content) of the population caused by a first treatment as well as the recovery of cells 
to their normal states (i.e., initial protein distributions) after treatment based on 
stochastic gene expression and protein turnover, the efficiency of a second treatment 
as a function of the time between treatments could be investigated. In agreement 
with data, simulations showed a marked but transient increase of the population 
resistance after a treatment (Fig.  12.5, bottom). We therefore provide a simple 
mechanistic explanation to the observed reversible resistance of cells to repeated 
treatments.

12.6  Conclusions and Perspectives

In this chapter, we survey how system modeling of receptor-induced apoptosis has 
been instrumental in improving our understanding of this process at several levels: 
the molecular level, the level of cellular decisions between life and death, and the 
level of cell populations exhibiting various degrees of resistance as a function of 
their protein expression profiles or their treatment history.
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More precisely, ordinary differential equations models recapitulating known 
reactions between proteins during apoptosis signalling are useful when compared to 
short-term (a few hours) population data about protein level and state kinetics (Sect. 
12.2). They allow verifying that the structure of known reactions is compatible with 
what is experimentally observed and can provide estimates of the associated bio-
chemical rates (although parameter non-identifiability often prevents the obtention 
of unique estimates). Comparing model predictions with population data has funda-
mental limitations, and comparison to single-cell data (obtained by means of cell- 
level reporters for well-defined biochemical activities or events) is a priori more 
meaningful. Indeed, in the context of receptor-induced apoptosis, it has revealed 
important kinetic features regarding MOMP regulation and effector caspase activa-
tion (Sect. 12.2).

Still, there are two difficulties arising when comparing ODE models of protein–
protein reactions with such single-cell data. First, protein synthesis, which is noisy 
and hence generates differences from cell to cell, can have an impact on signalling 
dynamics at the protein level. This effect can only be temporally mitigated by using 
protein synthesis inhibitors like cycloheximide. Second, model predictions depend 
on initial conditions, such as the prestimulation levels of the protein involved in 
receptor-induced signalling. We have seen that most of the variability in death tim-
ing following TRAIL (and cycloheximide) treatment can be explained when realis-
tic random distributions of initial protein levels are used as initial conditions for an 
ODE model of TRAIL-induced apoptosis signalling (Sect. 12.3). This result is 
important as it demonstrates that TRAIL-induced apoptosis signalling is not intrin-
sically noisy, and that cell state (i.e., the levels of apoptosis proteins) differences at 
treatment time are a major determinant of cell fate variability. Indeed, we have seen 
that the protein expression profiles of different cell lines can inform about their 
sensitivity to extrinsic death stimulation when used as initial conditions of a single 
(i.e., the same for all cell lines) ODE model of apoptotic signalling (Sect. 12.4).

However, while cell fate is almost fully determined by cell state at treatment time 
when protein synthesis is blocked, it is only partially the case in normal treatment 
conditions, in which survival of a fraction of the population is often observed. 
Indeed, protein synthesis can interact with receptor-induced signalling and steer cell 
fate in one direction or another. In Sect. 12.5, we see how systematic but parameter- 
parsimonious modeling of stochastic gene expression within ODE models of signal 
transduction dynamics can explain important observations on the dynamics of cell- 
to- cell variability in TRAIL-induced apoptosis. This approach allows extending the 
temporal scope of ODE models of receptor-induced apoptosis. This is required to 
investigate the response of cell populations to multiple treatments separated in time, 
for which resistance acquisition is very often observed. An important prediction of 
such models is that transient resistance acquisition can occurs in the absence of 
stimulus-induced pro-survival transcriptional activity.

Despite those promising advances, many questions remain without clear answers. 
For example, while the important role in cell survival of the targeted degradation of 
many pro- and anti-apoptotic proteins is increasingly recognized [38], accurate esti-
mates of the corresponding rates are not available, and to which extent those rates 
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fluctuate in single cells and vary from cell to cell is not known. Experiments using 
proteasome inhibitors are difficult to interpret because they have a global (but not 
necessarily identical) effect on all degradation rates. More targeted approaches (for 
example using specific single-cell reporters) could be very useful to better under-
stand the role of targeted degradation in receptor-induced apoptosis.

While current models of receptor-induced apoptosis can be quite large (up to 100 
species and reactions), they are often omitting structural details either because those 
details are not understood very well or because a simplifying representation is delib-
erately preferred. For example, the ligand-induced receptor clustering at cell sur-
face, the processing of caspase-8 at the DISC, the role of the different Flip isoforms 
in that processing, and the interactions of all MOMP regulators at the mitochondrial 
surface are generally significantly simplified. Such simplified representations can 
be accurate and therefore sufficient to address many questions. Still, to test and 
improve our molecular-level understanding of receptor-induced apoptosis, more 
detailed mechanisms can be introduced into existing models, and model predictions 
can be compared to new data generated with adequate tools (such as relevant single- 
cell reporters). Without the “right” data, increasing model complexity is probably 
vain.

Finally, while mathematical models of receptor-induced apoptosis start to 
address the question of long-term behavior of cell populations repeatedly treated by 
death receptor agonists, the amount and quality of corresponding experimental data 
is very scarce. Most in vitro studies still only measure the efficiency of one-time 
treatment to model cell lines, and repeated treatments are only seen in mouse xeno-
grafts studies, in which time points and measurements are limited, and many effects 
related to the in  vivo context can affect the response. Quantitative population 
dynamics data (i.e., cell proliferation and death rate as a function of time) for cell 
lines cultured in vitro and submitted to repeated treatments could prove very useful 
to better understand resistance acquisition, and to map it to molecular mechanisms 
with the aid of mathematical models. Also, the potential impact of spatial organiza-
tion of the cells in tumors may generate further inhomogeneities that are not cap-
tured by models disregarding space, and hence a full understanding will eventually 
have to explore the possible effects of space.
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