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Introduction1

Following the Death TRAIL to Hunt Down Tumor 
Cells: Translating Programmed Cell Death Signaling 
Mechanisms into Clinical Practice

Since the discovery of TNF  (tumor necrosis factor alpha) in 1975 as a factor that 
induces the necrosis of tumors (Carswell et al., 1975), more than 100, 000 articles 
describing TNF functions have been published. TNF acts through binding to its 
receptors TNF-R1 and TNF-R2 (Wajant et al., 2003). On the basis of the sequence 
homology, several related ligands and receptors have been identified and classified 
as members of the TNF ligand- or TNF receptor-superfamily (Hehlgans and 
Pfeffer, 2005).

Within the TNFR-superfamily, seven receptors display a highly conserved so-
called death domain and are able to induce cell death (Wajant et al., 2003). These 
proteins; TNF-R1 (tumor necrosis factor alpha-receptor1), CD95/Fas, TRAIL-R1 
(TNF-related apoposis-inducing ligand-receptor 1), TRAIL-R2, DR6, DR3, EDAR 
(ectodysplasin A receptor), and p75NGFR (low affinity nerve growth factor recep-
tor) are thus called death receptors. Within this group of receptors, the best charac-
terized are TNF-R1, CD95, TRAIL-R1, and TRAIL-R2. For these receptors, it has 
been shown that ligand binding or antibody mediated aggregation leads to the acti-
vation of caspases. These proteases govern the tightly controlled course of cell 
destruction producing at the end of the process membrane enclosed apoptotic  
bodies that are removed in the tissue by phagocyting neighbouring cells.

The induction of cell death is the most studied and well-characterized function 
of death receptors. Recently, it has been shown that death receptors, following their 
stimulation with the respective death ligands, are also able to induce a number of 
nonapoptotic signaling pathways such as MAP-kinases (JNK, p38, ERK1/ERK2), 
PKC and NF-kappaB (Falschlehner et al., 2007; Wajant et al., 2003; Park et al., 

1 Partially overlapping descriptions have not been omitted from the various chapters in which the 
individual authors have been asked to write their own overview in a conclusive manner. The editor 
feels it is worthy for the reader to assess individual discussion and opinions from different experts, 
particularly when the field is rapidly advancing and thus still somewhat controversial.

Major parts and groundbreaking knowledge in the field of death-ligands and their cognate recep-
tors have been gained from the field of basic immunology. Thus in some articles, for example 
Richard Siegels’ group (Ramaswamy et al., this volume) on Fas Ligand, the contributions of immu-
nological data on the specific topics have been elaborated despite the major focus of the entire 
book on oncology.

vii



viii Introduction

2005; Trauzold et al., 2001; Trauzold et al., 2005; Trauzold et al., 2006; Siegmund 
et al., 2007). The balance between the activation of apoptotic and nonapoptotic 
signal transduction pathways determines the outcome of the death receptor 
stimulation.

Thus, depending on the cellular context, triggering of the death receptors may 
result in apoptosis, proliferation, differentiation, as well as in the secretion of proin-
flammatory and invasion-promoting proteins. Differences in the cellular systems 
need to be considered definitively: early strategies to explore TNF regulation and 
function in Jurkat cells have been very powerful, but then extending this knowledge 
to all other cell types has sometimes been hampered by dogmatic interpretations. 
An insightful illustration on the wide reaching impact of cellular context is given 
by the different regulation of CD95 ligand by different sets of transcription factors 
with respect to lymphoid and nonlymphoid cells (see Ramaswamy et al., this 
volume).

The repertoire of complex biological processes needs to be stringently kept under 
control: the regulation of mRNA- and protein expression is an obvious example here, 
but the regulation of protein processing, secondary modification, and sub-/or extra-
cellular localization is of utmost importance as well. Post-transcriptional protein 
modification like phosphorylation, ubiquitination, and proteolytic cleavage are 
inseparably associated with both apoptotic and nonapoptotic signaling. Distinct ubiq-
uitin modifications govern the fate of ubiquitinated substrates. Thus, ubiquitinated 
proteins may be directed for degradation or change their signaling properties. Since 
ubiquitination regulates nearly all steps of the signal transduction of death receptors, 
we have introduced an additional section (Fujita & Srinivasula, this volume) discuss-
ing the mechanisms and role of protein ubiquitination in TNF signaling.

An important and only recently discovered aspect of TNFR1 and CD95 signaling 
is the impact of their internalization in the apoptotic and nonapoptotic signaling. 
Schütze and Schneider-Brachert (this volume) show that immediately following 
ligand binding, a signaling complex that activates antiapoptotic signaling is formed 
at the plasma membrane. In contrast, proapopotic signal transduction starts only 
after the receptor internalization by endocytosis and intracellular formation of 
so-called death inducing signaling complex (DISC). Thus, receptor compartmental-
ization separates both signal transduction pathways and provides an additional 
regulatory platform.

In addition to the activation of their cognate receptors, for some of the TNF-
family members, the capability to induce retrograde signal transduction has been 
reported. Moreover, CD95L has been shown to act as a positive and negative 
costimulatory molecule in T-cell activation. Therefore, an extension of this retro-
grade concept suggests that following ligand binding to the death receptor, both 
interacting cells; the ligand donor cell, and the acceptor cell, respond with the acti-
vation of diverse signal transduction pathways. The role of CD95L in immune 
regulation, its expression, the interacting proteins, as well as the issue of retrograde 
signaling is reviewed by Lettau et al. (this volume).

As death receptors can (sometimes effectively) kill tumor cells, the use of death 
ligands for cancer treatment represents an attractive therapeutic option. 
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Unfortunately, neither TNF nor CD95L are able to be safely used for treatment of 
patients unless used under specialized conditions like loco-regional limb infusion 
for example. In the case of TNF, it has been shown that it may induce tumor pro-
gression and systemic application leads to septic shock depending on the dose. 
Interestingly, slight stimulation of tumor growth may be a therapeutic option if 
combined with a powerful (proliferation-dependent) antitumor drug. This has been 
demonstrated by us previously, when we successfully treated pancreatic tumor 
patients with a combination of TNF and anti-EGF Receptor antibodies (Schmiegel 
et al., 1997).

More recently, we have shown in a clinically adapted mouse model that exoge-
nous TNF strongly enhances pancreatic tumor growth and metastasis. We also 
demonstrated that tumor recurrence and liver metastasis after surgical resection of 
pancreatic ductal adenocarcinoma (PDAC) are substantially driven by tumor cell-
derived TNF. The generally well-accepted context of inflammation and cancer is 
clearly applicable to PDAC, since other inflammatory stimuli like IL1ß, IL6, FasL, 
and TRAIL have also been found to activate these tumor cells in an autocrine man-
ner. Moreover, regarding the characteristic (and sometimes massive) peri- and 
intratumoral infiltration of human tumors by inflammatory cells, the issue of 
inflammation driven tumor progression gains impact. Inhibition of endogenous (i.e. 
pancreatic tumor cell) TNF was recently shown by us to exhibit a very positive 
therapeutic effect, particularly in the adjuvant setting, and remarkably without any 
additional chemo- or radiation therapy (Egberts et al., 2008).

In mice, CD95L application results in liver failure caused by hepatocyte apop-
tosis, followed by death of the animals shortly after ligand application.

This problem fostered technological achievements by designing recombinant 
variants of CD95L (as well as other death ligands), which specifically target only 
malignant cells (see Gerspach, Wajant, and Pfizenmaier, this volume). As an 
outlook for therapeutic intervention strategies based on the enormous amount of 
data on death ligands and their cognate receptors in tumor targeting, a dual 
(context-dependent) approach may be designed by activating only those death 
receptors which are colocalized with other tumor-associated receptors or surface 
molecules.

Clearly, TRAIL has attracted considerable attention for its potential use in tumor 
therapy, as it induces apoptosis in tumor cells without harming normal healthy cells 
(Cordier, Papenfuss, and Walczak, this volume).

Currently, the recombinant ligand as well as agonistic anti-TRAIL-R1 and anti-
TRAIL-R2 antibodies are being tested in the treatment of different malignancies in 
clinical studies (Newsom-Davis et al., 2009; Bellail et al., 2009). On the other hand, 
we have shown that TRAIL, similar to CD95L, strongly induces the expression of 
inflammation and invasiveness-promoting proteins such as IL-8, MCP-1, and uPA 
and enhances the invasion of apoptosis resistant PDAC cells in vitro. Most impor-
tantly, we demonstrated that TRAIL-treatment of pancreatic tumor-bearing mice 
results in dramatically increased liver metastasis and peritoneal carcinomatosis 
(Trauzold et al., 2006). Thus, TRAIL is able to stimulate the entire complex meta-
static cascade of solid tumors under in vivo conditions. Very recently, in vitro 
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promotion of migration and invasion was reported for apoptosis-resistant cholangi-
ocarcinoma cells and was explained to be a consequence of TRAIL-induced 
activation of NF-kappaB (Ishimura et al., 2006). Moreover, a proinflammatory, 
growth stimulating as well as proangiogenic activity of TRAIL was also demon-
strated (Begue et al., 2006; Li et al., 2003; Morel et al., 2005; Secchiero et al., 
2004). Similar to TRAIL, agonistic anti-TRAIL-R antibodies are also able to 
strongly induce nonapoptotic signaling at least in PDAC cells (our unpublished 
data). Interestingly, apoptosis induction by TRAIL as well as by agonistic, TRAIL-
receptor specific antibodies can be significantly enhanced by a variety of estab-
lished tumor treatments especially those that target NF-kappaB pathways. Such 
combinatorial therapy could not only sensitize for apoptosis induction, but in addi-
tion, block nonapoptotic TRAIL signaling pathways and thus diminish the 
unwanted tumor promoting therapy induced side effects. TRAIL induced signaling 
as well as an overview of preclinical and clinical studies with TRAIL and TRAIL-
receptor agonists is described in two chapters within this book because of the great 
impact TRAIL-R targeting is assumed to have in the future of tumor therapy. Yet, 
the “legend” about TRAIL as being specific for tumor cell killing is still “open for 
discussion”: Why should evolution provide us with a tumor-specific drug? Is it not 
much more likely that TRAIL fulfills multiple (still mostly unknown) physiological 
functions that go “wrong” (i.e. killing as a side effect) in cancer cells? Why have 
humans developed two TRAIL receptors with the “license to kill” and how good 
(representative) then are the “real” murine models?

In addition to potentially protumoral activity of TRAIL, recent work of Todaro 
et al. (2008) shows that most primary tumor cells are resistant to TRAIL. However, 
many of the resistant tumor cells can be efficiently killed by a combination of 
TRAIL and particularly irradiation or chemotherapy as described by Niemöller and 
Belka (this volume).

The less well-studied member of the TNF superfamily, APRIL, fulfils very 
diverse cellular functions and provides us with insights into the biology of death 
ligands that is likely to be elucidated in the future and opening a new horizon into 
death ligand/receptor research. Specifically, it is demonstrated that the mode of 
application has a great impact, since binding of APRIL to HSPG modulates activ-
ity. Moreover, humans exhibit a much higher complexity in splice forms of APRIL 
compared to mice. Such mechanisms need to be understood in greater detail before 
we will be able to specifically inhibit APRIL – but not the closely related and physi-
ologically wanted BAFF activity. Such challenging tasks are discussed by Kimberly, 
Medema, and Hahne (this volume) and can be regarded as representative for the 
entire field.

Two other interesting members of the TNF/TNF-Receptor-superfamily are 
TWEAK and Fn14 since the respective ligand-receptor activity is frequently ele-
vated in inflammatory as well as malignant lesions. The issues of cellular context 
and receptor crosstalk show up here again as it was very recently shown that target-
ing of Fn14 on tumor cells may preferentially eliminate malignant cells. Yet, Fn14 
lacks a death domain, whereas the short cytoplasmic domain is actively recruiting 
TRAF adaptor proteins (Michaelson and Burkly, this volume).
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A generally important issue is the timing of therapeutically administered 
drugs, and this holds true even for “conventional drugs” such as the well-known 
glucocorticosteroids, particularly in combination regimens with chemotherapeutics 
(see Herr et al., this volume). Furthermore, glucocorticosteroids are a clear example 
of the great impact that cellular differentiation, micromilieu, and context has with 
regard to drug activity (induction of or prevention of apoptosis). This aspect gains 
importance in the context of epithelial cells, which are (even in the transformed 
state) mostly interconnected, e.g., by gap junctions and also receive signals from 
extracellular membrane components. Consequently, it clearly matters whether one 
tries to target an epithelial cell disseminated somewhere in the body (or the tissue 
culture flask), being positioned ectopically in another niche or an epithelial layer, 
or as an epithelial 3D-complex structure. Striking examples of such different sus-
ceptibilities have been described previously by Bernstorff et al. (2002) for CD95L-
mediated apoptosis, and by the group of Walczak for TRAIL susceptibility in this 
book (see this volume).

From a therapeutic point of view and regarding the perspectives for the future, 
a challenging task would be not only to understand and dissect the multiple steps 
of apoptosis and other forms of cell death, e.g., autophagy, at a molecular level, 
but also to be able to reassemble them in a dedicated fashion for newly designed 
treatment strategies against resistant cancer cells. A solid base for such a far 
reaching goal is currently provided by the experts focusing on the specific signal-
ing mechanisms resulting in autophagic cell death (see: Yousefi and Simon, this 
volume). The better we design our killing strategies the more we might be able to 
avoid treatment side effects and particularly to overcome possible escape mecha-
nisms. It can be hypothesized, that the early induction of multiple forms of cell 
death in tumors may result in better therapeutic outcome then a step-wise proce-
dure (as mostly performed currently in clinical practice), which is likely to give 
the tumor cells a better chance to accumulate novel strength and resistance 
mechanisms.

A prototype example for such a designed killing strategy may be given by irra-
diation-mediated shifting of type-II to type-I apoptosis signaling, eventually cir-
cumventing mitochondrial resistance mechanisms due to increased expression of 
antiapoptotic members of BcL2-family, typically seen in many malignant cells 
(see: Niemöller and Belka, this volume). We still know too little about the timing 
and doses of “combined treatment” regimens including TRAIL and other “new 
(therapeutic) kids on the block.” The complex combined treatment regiments are 
also likely to yield new combined side effects (such as elevation of endogenous 
CD95L by irradiation). When we start to combine “new biologicals” with “classical 
chemotherapeutics” plus irradiation, novel aspects of cellular behavior are likely to 
emerge.

The complexity and multiplicity of crosstalk signaling are as of yet poorly 
elaborated. This will be the great task of system biology approaches.

Acknowledgment The authors sincerely thank Dr. Sanjay Tiwari for critical reading of the 
manuscript. Their own work has been funded by the DFG within the SFB415 (project A3).
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The Role of TNF in Cancer

Harald Wajant

Abstract Tumor necrosis factor (TNF) is an extraordinarily pleiotropic cytokine 
with a central role in immune homeostasis, inflammation, and host defense. 
Dependent on the cellular context, it can induce such diverse effects as apoptosis, 
necrosis, angiogenesis, immune cell activation, differentiation, and cell migration. 
These processes are of great relevance in tumor immune surveillance, and also play 
crucial roles in tumor development and tumor progression. It is therefore no sur-
prise that TNF in a context-dependent manner displays pro- and antitumoral effects. 
Modulation of the activity of the TNF–TNF receptor system thus offers manifold 
possibilities for cancer therapy. In fact, TNF in combination with melphalan is 
already an established treatment option in the therapy of advanced soft tissue sar-
coma of the extremities and many preclinical data suggest that TNF neutralization 
could also be exploited to fight cancer or cancer-associated complications.

Abbreviations AOM: Azoxymethane; APC: Antigen presenting  cell; COX-2: 
Cyclo-oxygenase-2; cIAP1/2: Cellular inhibitor of apoptosis protein-1/2; DMBA: 
7,12-di-methylbenz[ ]-anthracene; DSS: Dextran sulfate sodium salt; EMT: 
Epithelial–mesenchymal transition; ERK: Extracellular-regulated kinase; FADD: 
Fas-associated death domain; GSK3: Glycogen synthase kinase; ILP: Isolated 
limb perfusion; JNK: cJun N-terminal kinase; LMCV: Lymphocytic choriomen-
ingitis virus; MCA: 3´-Methylcholanthrene; MCP1: Monocyte chemoattractant 
protein-1; MDR2: Multidrug resistance p-glycoprotein 2; MMP-9: Matrix met-
alloprotease-9; OA: Ocadaic acid; PDAC: Pancreatic ductal adenocarcinoma;  
p38 MAPK: p38  mitogen-activated  protein (MAP) kinase; RANK: Receptor 
activator of NF-kappaB; TPA: 12-0-Tetradecanoyl-phorbol-13-acetate; TRPV1; 
Transient receptor potential channel vanilloid type 1; VEGFR2: Vascular endothelial 
growth factor (VEGF) receptor
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Department of Molecular Medicine,
Medical Clinic and Polyclinic II, University of Würzburg,
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2 H. Wajant

1 Introduction

The prime sources of TNF are activated immune cells, especially macrophages 
and T-cells, but it can also be produced by a variety of other cell types including 
fibroblasts and tumor cells (Wajant et al. 2003). TNF is a trimeric type II trans-
membrane protein consisting of about 80 amino acid residues comprising proline-
rich cytoplasmic domain involved in membrane trafficking and receptor 
binding-induced reverse signaling, a single transmembrane domain (TM) and an 
extracellular domain containing the characteristic TNF homology domain (THD), 
which is separated from the TM by a stalk region (Bodmer et al. 2002). The THD 
mediates trimerization of the molecule and is also responsible for receptor binding. 
The stalk region contains a processing site for the matrix metalloprotease TNF  
converting enzyme (TACE)/ADAM17, allowing the release of a soluble trimeric 
form of TNF (Fig. 1). Transmembrane TNF, as well as soluble TNF, interacts with 

Fig. 1 Human TNF, TNFR1, and TNFR2. Amino acid numbering refers to the mature receptors 
and processed soluble TNF, respectively. Myristylated lysine residues in TNF and glycosylated 
asparagine residues of TNFR1 and TNFR2 are indicated. S signal peptide, CRD cysteine rich 
domain, NSM neutral sphingomyelinase activating domain, PLAD pre-ligand binding assembly 
domain, Tbs TRAF2 binding site, TGN trans-Golgi network, THD TNF homology domain, TM 
transmembrane domain, TRID TNFR1 internalization domain. For details see text
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two distinct receptors, TNFR1 and TNFR2, both belonging to the TNF receptor 
superfamily (Wajant et al. 2003). Importantly, binding of transmembrane TNF 
results in strong activation of each of the two TNF receptors, while binding of 
soluble TNF triggers only TNFR1 signaling (Grell et al. 1995). TNFR1 and 
TNFR2 belong to different subgroups of the TNF receptor superfamily. TNFR1 
contains a death domain (DD) in the cytoplasmic part and interacts by virtue of 
this module with cytoplasmic death domain-containing adapter proteins (Fig. 1). 
In contrast, TNFR2 lacks a death domain and is instead able to directly interact 
with adapter proteins of the TNF receptor associated factor (TRAF) family by a 
short TRAF binding site (Bodmer et al. 2002; Wajant et al. 2003). Notably, 
TNFR1 also exploits TRAF adapter proteins for signal transduction, but does not 
directly interact with these molecules (Fig. 2). TNF binding to TNFR1 results in 
the recruitment of the death domain-containing adapter protein TRADD (TNF 
receptor associated death domain) and the death domain-containing serine–threo-
nine kinase RIP (receptor interacting protein). The latter together with TRAF2, 
which is indirectly recruited in the TNFR1 signaling complex due to its associa-
tion with TRADD, recruit and activate the inhibitor of I B kinase (IKK) complex, 
the crucial bottle neck for activation of the classical NF B pathway (Perkins 2007; 
Wajant et al. 2003). TRAF2 and RIP also mediate activation of the cJun N-terminal 
kinase (JNK) and p38 mitogen-activated protein (MAP) kinase cascades. TRAF2 
strongly binds to cIAP1 (cellular inhibitor of apoptosis protein-1) and cIAP2 and 
therefore also directs these caspase inhibitory E3 ligases into the TNFR1 signaling 
complex (Wang et al. 1998; Fig. 2). There is evidence that these proteins fulfill 
two distinct functions: first, they contribute to NF B activation by ubiquitination 
of RIP and second they prevent activation of caspase-8 and thus prevent TNFR1-
induced apoptosis (Wang et al. 1998).
By help of its death domain TNFR1 also induces, by less understood mechanisms, 
the activation of acidic sphingomyelinase and the extracellular-regulated kinase 
(ERK) signaling pathway (Schwandner et al. 1998). By death domain-independent 
mechanisms, TNFR1 is also linked to the stimulation of neutral  sphingomyelinase and 
again the ERK signaling pathway (Adam-Klages et al. 1996). TNFR1 can also 
induce cell death by two distinct pathways, both emerging from its death domain. 
First, TNFR1 induce necrosis, which is mediated by RIP- and TRAF2-driven 
excessive generation of reactive oxygen species and subsequent prolonged JNK 
signaling (Lin et al. 2004). Second, TNFR1 induce caspase-mediated apoptosis, 
which involves the death domain-containing adapter proteins TRADD and FADD 
(Fas-associated death doamin) and also the FADD-associated initiator caspase, 
caspase-8 (Wajant et al. 2003). Notably, there is evidence that the pro-apoptotic 
interplay of TRADD, FADD, and caspase-8 takes place in a secondary cytoplasmic 
multiprotein complex that is formed after release from TNFR1. This complex 
might also contain TRAF2, RIP, and the TRAF-associated IAP proteins cIAP1 
and cIAP2 and might also recruit the caspase-8 inhibitory FLIP protein. Dependent 
from the presence of the inhibitory FLIP and IAP proteins, the cytoplasmic com-
plex is able to process and activate caspase-8 and apoptotic cell death (Muppidi 
et al. 2004). There is also evidence that  TNFR1-induced apoptosis in contrast to 
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TNFR1-induced NF B activation depend on internalization of the receptor signal-
ing complex. How the later finding match together with the formation of the proa-
poptotic secondary complex is currently not clearly understood (Schütze et al. 
2008). As caspase-8 can cleave RIP, the apoptotic pathway actively represses 
necrosis induction (Lin et al. 1999). Consequently, TNF-induced necrosis become 
especially apparent in cells treated with pharmacological inhibitors of caspases or 
cells that for other reasons are resistant against caspase-mediated apoptosis. TNFR2 
can also activate the classical NF B signaling pathway and the various MAP kinase 
cascades, but the underlying signaling mechanisms are mainly unknown (Wajant et 
al. 2003). Activated TNFR2 interacts with TRAF2, which secondarily recruits 

Fig. 2 The TNF signaling network. Dotted lines refer to TNF receptor-induced events requiring 
protein synthesis. For details see text
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TRAF1, cIAP1, and cIAP2 into the TNFR2 signaling complex (Fig. 2), but the 
relevance of these components of the TNFR2 complex for activation of the afore-
mentioned pathways has not been clarified so far (Rothe et al. 1994, 1995). The 
TNFR2-TRAF2 interaction came along with translocation into lipid rafts and deple-
tion of cytosolic TRAF2 pools (Fotin-Mleczek et al. 2002). The latter is enhanced 
with time by lipid raft-associated proteasomal degradation of TRAF2 (Fotin-
Mleczek et al. 2002; Li et al. 2002; Wu et al. 2005). In accordance with the crucial 
role of TRAF2 and the associated IAP proteins in preventing TNFR1-induced cas-
pase-8 activation, TNFR2-induced depletion and degradation of TRAF2 result in 
strong enhancement of TNFR1-induced apoptosis (Weiss et al. 1997; Chan and 
Lenardo 2000; Fotin-Mleczek et al. 2002). TNFR2 further constitutively associates 
with the tyrosine kinase BMX (Pan et al. 2002). TNFR2 stimulation results in inter-
action of BMX with the receptor tyrosine kinase VEGFR2 (vascular endothelial 
growth factor (VEGF) receptor-2) and reciprocal transphosphorylation of the two 
molecules (Zhang et al. 2003). Phosphorylated BMX than serves as a docking site 
for the p85 subunit of PI3 kinase, leading to the activation of the Akt signaling 
pathway. This way TNFR2 can mediate proliferation and migration of endothelial 
cells (Pan et al., 2002; Zhang et al., 2003).

2 Antitumoral Effects of TNF

The literature on TNF is clearly dominated by its pleiotropic proinflammatory functions 
and its crucial role in autoimmune pathologies such as rheumatoid arthritis, Crohn’s 
disease, and psoriasis. As it is already evident from its name, however, TNF has 
been originally identified as a tumor necrosis inducing factor (Wang et al. 1985). 
The observation that microbial challenge or treatment with microbial 
compounds, such as LPS, lead to the protection of mice against experimental cancer 
resulted in the identification of TNF as the main responsible factor. Notably, TNF 
has been independently identified as cachectin, a proinflammatory factor that mediates 
cancer-associated fatigue and muscle wasting (Beutler et al. 1985). Early efforts to 
use recombinant TNF in tumor therapy, prompted by the before mentioned findings, 
failed, however, due to the severe inflammatory side effects associated with 
systemic TNF receptor activation. Nevertheless, safe local administration of TNF 
in combination with melphalan by isolated limb perfusion (ILP) is now an established 
treatment option for locally advanced soft limb sarcomas, and a variety of preclinical 
(van Horssen et al. 2006) and clinical studies are underway aiming antibodies to 
restrict TNF activity to the tumor area or to inhibit the therapy limiting side effects 
of TNF without affecting its antitumor properties (see chapter by Gerspach et al). 
Notably, it turned out that the before mentioned antitumoral effects of TNF in ILP 
are not caused by its capability to trigger apoptotic and necrotic signaling pathways, 
but is instead rather an indirect consequence of its inflammation-related capability 
to regulate endothelial permeability. Thus, TNF induces hyperpermeability in the 
tumor-associated vessels facilitating tumor entry of blood cells, and also enhances 
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accumulation of melphalan, together yielding a strong antitumoral effect (van 
Horssen et al. 2006).

A more “natural” antitumoral role of TNF has been further observed in mice 
expressing the p53 and retinoblastoma protein inhibitory SV40 large T antigen 
under control of the rat insulin promoter (RIP-Tag2 mice), causing multistage 
carcinogenesis (Müller-Hermelink et al. 2008). Transfer of in vitro activated 
T antigen-specific Th1 CD4+ cells in RIP-Tag2 mice enhanced their survival time 
and inhibited tumor growth and angiogenesis in a TNF- and IFN -dependent 
manner. Notably, this inhibitory effect was not related to apoptosis induction. 
When either IFN  action was blocked by antibodies or TNFR1 activation were 
prevented by crossing RIP-Tag2 mice with TNFR1 knockout mice, the Tag-specific 
Th1 cells enhanced tumor development (Müller-Hermelink et al. 2008). In a variation 
of this model that is based on the use of RIP-Tag2 mice that has been crossed with 
mice carrying the lymphocytic choriomeningitis virus (LMCV) glycoprotein 
(GP) under control of the RIP promoter, there was further evidence for a role of 
CD8+ T-cells in tumor control (Calzascia et al. 2007). Adoptively transferred 
GP-specific CD8+ T-cells showed significant reduced proliferation after recover-
ing from pancreatic draining lymphe nodes when they lack TNF or TNFR2 
expression, but behaved normal when TNFR1 was absent. Thus, TNFR2-
mediated costimulation seems to be important in this model to ensure proper 
activation of tumor antigen-specific CD8+ T cells. On the other site, TNFR1 
expression in the host cell was also necessary in this study to reach optimal 
activation of the adoptively transferred GP-specific CD8+ T-cells pointing to an 
additional role of TNF in this model related to TNFR1 signaling in antigen 
presenting cells (APC; Calzascia et al., 2007).

3 Pro-Tumoral Functions of TNF

3.1 TNF and Skin Carcinogenesis

First genetic evidence pointing to a role of TNF in malignancy was obtained by 
analysis of experimental skin carcinogenesis. Mice of different genetic background 
that were sequentially treated with a single dose of the carcinogen 7,12- 
di-methylbenz[ ]-anthracene (DMBA) and 2–3 months with 12-0-tetradecanoyl-
phorbol-13-acetate (TPA) or ocadaic acid (OA) develop in up to 100% of challenged 
mice papillomas. In this two step model of skin carcinogenesis, DMBA acts as a 
tumor initiator causing genetic alterations, while TPA or OA promote tumor devel-
opment by facilitating the dominant growth of cells bearing appropriate mutations. 
In TNF-deficient mice or mice treated with a TNF-neutralizing monoclonal anti-
body, the DMBA/TPA model of skin carcinogenesis, however, results in reduced 
papilloma development and diminished papilloma numbers per mouse (Moore  
et al. 1999; Suganuma et al. 1999). While analysis of DNA-adduct formation 
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delivered no evidence for a role of TNF in DMBA-induced tumor initiation, TPA-
induced activation of PKC  and AP1 are reduced in TNF-deficient mice, pointing 
to role in tumor promotion (Arnott et al. 2002). Analysis of TNFR1 and TNFR2 
knockout mice further revealed that both TNF receptors contribute to DMBA/TPA-
induced carcinogenesis with a more important role of TNFR1 (Arnott et al. 2004). 
TNF is upregulated in the epidermis within hours after TPA treatment, and TNF-
deficient mice show much lower infiltration of neutrophils and eosinophils after 
TPA treatment than wild-type mice. TPA-induced TNF production, epidermal 
hyperplasia, and leukocyte infiltration are blocked in skin derived from transgenic 
mice expressing the NF B inhibitory Smad7 protein (Hong et al. 2007). In accord-
ance with evidence suggesting that clonal expansion of mutated follicular stem 
cells underlies carcinogenesis in the DMBA/TPA model (Binder et al. 1997), 
transcription of matrix metalloprotease-9 (MMP-9) is induced in follicular epithe-
lial cells early in TPA promotion and after repeated TPA treatments also in inter-
follicular keratinocytes (Scott et al. 2004). Notably, migration of keratinocytes in 
vitro is dependent on endogenous TNF and MMP-9 (Scott et al. 2004). Thus, the 
tumor promoting activity of TPA considerably relies on induction of TNF and 
TNF-dependent pro-inflammatory events. Transformation and 
 anchorage-independent growth of the epidermal cell line CI41 by benzo[ ]
pyrene-7,8-diol-9,10-epoxide, a carcinogenic metabolite of benzo[ ]pyrene, 
which has been implicated in  smoking-related cancer, also base significantly on 
TNF induction (Ouyang et al. 2007). However, TNF not necessarily has an obligate 
role in carcinogenesis. In fact, 3 -methylcholanthrene (MCA)-triggered formation 
of fibrosarcoma has been found to be significantly enhanced in TNF-deficient 
mice (Swann et al. 2007). The qualitatively contrasting effects of TNF in the 
DMBA/TPA and MCA model of carcinogenesis might be related to the strength 
of the associated inflammatory processes. While the DMBA/TPA model is 
strongly associated with inflammation, development of MCA-related tumors has 
only a minor inflammatory component.

3.2 TNF and Hepatic Carcinogenesis

Compensatory hepatocyte proliferation together with suppression of apoptosis 
occurs regularly after liver injury by non-genotoxic compounds and can induce 
preneoplastic alterations that might ultimately result in tumor formation. The 
injury-induced regenerative response includes expansion of a progenitor cell 
compartment called oval cells that become either hepatocytes or biliary epithelial 
cells. Upon liver damage induced with a choline-deficient ethionine-supplemented 
(CDE) diet, TNF can be found in oval cells and infiltrated leukocytes. More rele-
vant, TNFR1-deficient mice show reduced oval cell number after 2–4 weeks of 
CDE diet and less liver tumors after long time diet, while TNFR2-deficient mice 
showed no changes compared to wt mice (Knight et al. 2000). Thus, these data 
suggest that TNF contributes to liver carcinogenesis early in the preneoplastic 
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phase by driving oval cell proliferation (Fig. 3). TNF and NF B activation in hepa-
tocytes have also been identified as crucial factors accelerating tumor progression in 
 hepatocarcinogenesis, which spontaneously occur in multidrug resistance p-glyco-
protein 2 (Mdr2)-knockout mice. In this model hepatocytes display enhanced pro-
liferation associated with increased hyperploidy, parenchymal infiltration of TNF 
expressing inflammatory cells, and dysplasia, which over an adenoma-like interme-
diate step progress into hepatocellular carcinoma at an age of about 7 months 
(Pikarsky et al. 2004). Experiments with transgenic Mdr2-knockout mice allowing 
tetracyclin-regulated expression of a nondegradable deletion mutant of I B  in 
hepatocytes showed that NF B signaling in the latter is dispensable for the occur-
rence of the early neoplastic events while it is required during tumor progression to 
prevent apoptosis (Pikarsky et al. 2004). As treatment with TNF-blocking antibodies 
displayed a similar effect, it is tempting to speculate that TNF facilitates tumor 
progression in this model by inducing NF B-regulated anti-apoptotic proteins in 
hepatocytes (Fig. 3).

3.3 TNF and Gastrointestinal Carcinogenesis

The importance of chronic inflammation for gastrointestinal carcinogenesis is 
particularly evident for gastric cancer and colitis-associated cancer. While gastric 
cancer is associated with chronic inflammation related to infections with 
Helicobacter pylori, the latter primarily develops in patients suffering from 
ulcerative colitis and is responsible for up to 5% of colorectal cancers (Correa 
2003). In a mouse model of ulcerative colitis-associated carcinogenesis, the 
incidence of tumors induced by a single challenge with the pro-carcinogen 
azoxymethane (AOM) is enhanced by triggering colitis-like ongoing colonic 
inflammation by repeated cycles of dextran sulfate sodium salt (DSS) administra-
tion. Based on a former study showing a crucial role of NF B activity in the 
AOM/DSS model of colon carcinogenesis (Greten et al. 2004), it has been 
recently demonstrated that tumor incidence and tumor-associated symptoms 
such as body weight loss and diarrhea are reduced in TNFR1-deficient mice 
(Fig. 3; Popivanova et al. 2008). TNF is not or poorly expressed in untreated or 
AOM challenged mice, but become readily detectable after DSS-induced inflam-
mation in infiltrating mononuclear cells (Popivanova et al. 2008). TNF was also 
observed in colon biopsies from patients with active ulcerative colitis or colorectal 
cancer (Popivanova et al. 2008). While apoptosis in AOM/DSS-induced cancer 
was not affected in TNFR1 knockout mice, expression of cyclo-oxygenase-2 
(COX-2) and the chemokines CXCL-1/KC and monocyte chemoattractant 
protein-1 (MCP1) as well as tumor infiltration by their target cells (neutrophils 
and macrophages) were strongly reduced. The relevance of this inflammatory 
defect was further substantiated by the observation that chimeric mice with 
transplanted TNFR1-deficient bone marrow cells showed a strongly reduced 
tumor incidence in the AOM/DSS model compared with chimeric mice that have 
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received bone marrow cells from wild-type mice. Last but not least, tumor 
development in AOM/DSS-treated wild-type mice could be significantly inhib-
ited by therapeutic intervention with the TNF antagonist etanercept even if the 
treatment is not started until the finalization of the AOM/DSS treatment scheme 
(Popivanova et al. 2008). In accordance with the special role of the Wnt/ -
catenin pathway in the development of gastrointestinal cancers, a lower number 
of adenocarcinomatous lesions and reduced accumulation of -catenin in the 
nucleus have also been observed in tumor cells of TNFR1-knockout mice 
(Popivanova et al. 2008). Furthermore, in transgenic mice that develop dysplas-
tic lesions in the stomach due to expression of Wnt1 in gastric epithelial cells 
(K19 promoter), -catenin accumulating cells associate with infiltrated macro-
phages, which in turn in vitro activate the Wnt/ -catenin pathway in gastric 
cancer cell lines via TNFR1 stimulation and inhibitory phosphorylation of gly-
cogen synthase kinase (GSK)-3 , the major negative regulator of the Wnt/ -
catenin pathway (Oguma et al. 2008).
A crucial role of hematopoietic cell-derived TNF has also been found in a 
murine metastasis model with the colon cell line CT26. In this model, LPS-induced 
NF B-mediated metastasis into the lung was reduced upon transplantation of 
irradiated mice with TNF-deficient bone marrow cells (Luo et al. 2004). 
Likewise, pretreatment of CT26 cells with TNF caused increased metastasis in 
lung and liver after transplantation (Choo et al. 2005). Metastasis driving TNF-activity 
must not be necessarily initiated by immune cells. In a murine orthotopic 
xenotransplantation model with pancreatic ductal adenocarcinoma (PDAC) cell 
lines mimicking tumor recurrence and metastasis after surgical tumor resection, 
we identified by use of human TNF-specific blocking antibodies a crucial role 
of tumor cell-derived TNF on recurrent tumor growth and metastasis (Egberts 
et al. 2008). A pro-metastatic role of TNF was also shown in the B16-F10 
melanoma model by the help of a TNF-neutralizing soluble TNFR1 fusion 
protein, TNF-blocking antibodies, or TNF autoavaccination-induced self anti-
TNF antibodies (Waterston et al. 2004; Cubillos et al. 1997). The principle 
capacity of TNF to promote metastasis has also been shown using treatment 
with exogenous TNF (Orosz et al. 1993) or tumor cells genetically engineered 
to express TNF (Qin et al. 1993). In further accordance with a metastasis 
promoting function of TNF there is evidence from in vitro studies that TNF can 
induce epithelial–mesenchymal transition (EMT), the hallmark in the progression 
of benign carcinomas into more aggressive invasive tumors (Bates and Mercurio 
2003; Chuang et al. 2008).

4 TNF and Cancer-Associated Pain

TNF not only has crucial roles in tumor development and tumor progression, but 
is also of relevance in several tumor-associated complications such as bone 
destruction, cancer-related pain, fatigue, and muscle wasting. Bone destruction is 
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a major source of tumor-associated pain and is characterized by the imbalanced 
differentiation and activation of osteoblasts. RANK (receptor activator of 
NF-kappaB) ligand (RANKL), which is expressed on stroma cells and osteoblasts, 
and its corresponding receptor RANK, which is expressed on osteoclasts, are the 
main regulators of osteoclast differentiation and activation (Boyce and Xing 
2008). However, there is good evidence from in vitro studies that TNF via its two 
receptors TNFR1 and TNFR2 can regulate differentiation and activation of osteo-
clasts independent from the RANKL-RANK system (Kobayashi et al. 2000). 
Moreover, there is evidence that the latter and TNF can cooperate in osteoclas-
togenesis (Zhang et al. 2001). However, the TNF–TNF receptor system is not 
only involved in cancer-related pain due to its osteoclastogenesis promoting 
function, but might also be directly involved in pain sensing. It has been observed 
that TNF increases the number of pain signaling neurons (pain fibers or nociceptors) 
in the tumor area and contributes this way to mechanical and heat hyperalgesia 
(Constantin et al. 2008). It has been further demonstrated that TNF via TNFR2 
sensitizes for signaling via the pain-related TRP channel, transient receptor 
potential channel vanilloid type 1 (TRPV1) within second via a p38- and 
PKC-dependent signaling pathway (Constantin et al. 2008). Moreover, TNF 
again via TNFR2 is involved in the upregulation of TRPV1. The fatigue and 
muscle wasting effect of TNF is evident from its NF B-mediated inhibitory 
effect on MyoD-mediated differentiation of myocytes, which has been shown in 
vitro and in vivo (Guttridge et al. 2000).
TNF has been implicated in renal cell carcinoma and TNF blockage by Infliximab 
has been recently investigated in two phase II trials, with patients showing disease 
progression after cytokine therapy with IFN  and/or IL2 (Harrison et al. 2007). 
In these studies, 6 of 19 and 11 of 18 patients showed clinical response (mainly 
stable disease) while the others showed ongoing disease progression (Harrison 
et al. 2007). Besides mild side effects, the major caution note in these trials was 
one patient who died due to a non-neutropenic sepsis, a complication that could 
be related or exacerbated by TNF blockade. Fatigue and muscle wasting can be 
exacerbated by chemotherapeutic drugs and thus also limit the maintenance of 
dose-intensity during conventional chemotherapy. This opens the possibility that 
TNF neutralization improves the tolerability of chemotherapy and allows prolonged 
treatment with appropriate chemotherapeutic drugs. In fact, it has been recently 
published that patients with advanced malignancies belonging to a cohort that 
has been treated with docetaxel and etanercept report an improved fatigue symp-
tom inventory (FSI) score compared to patients of a cohort receiving only 
docetaxel. Moreover, in 12 of 18 patients treated with doxetaxel and etanercept 
a clinical benefit was reported (Monk et al. 2006). Because of the absence of a 
placebo control, however, this pilot study has to be considered with caution, but 
inspire corresponding clinical studies. Likewise, recent pilot studies with 
Infliximab showed disease stabilization and mainly good tolerability, but in one 
study there was also occurrence of severe infections (Tookman et al. 2008; 
Brown et al. 2008). In a multicenter, phase II, placebo-controlled study, how-
ever, where cachexia in patients suffering on advanced pancreatic cancer was 
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treated with gemcitabine or gemcitabine and infliximab, no statistically signifi-
cant differences in safety or efficacy were observed compared with the pla-
cebo group (Widdenmann et al. 2008).
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Many Checkpoints on the Road to Cell Death: 
Regulation of Fas–FasL Interactions and Fas 
Signaling in Peripheral Immune Responses
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and Richard M. Siegel

Abstract Interactions between the TNF-family receptor Fas (CD95) and Fas 
Ligand (FasL, CD178) can efficiently induce apoptosis and are critical for the 
maintenance of immunological self-tolerance. FasL is kept under strict control 
by transcriptional and posttranslational regulation. Surface FasL can be cleaved by 
metalloproteases, resulting in shed extracellular domains, and FasL can also traffic 
to secretory lysosomes. Each form of FasL has distinct biological functions. Fas 
is more ubiquitously expressed, but its apoptosis-inducing function is regulated 
by a number of mechanisms including submembrane localization, efficiency of 
receptor signaling complex assembly and activation, and bcl-2 family members in 
some circumstances. When apoptosis is not induced, Fas–FasL interactions can 
also trigger a number of activating and proinflammatory signals. Harnessing the 
apoptosis-inducing potential of Fas for therapy of cancer and autoimmune disease 
has been actively pursued, and despite a number of unexpected side-effects that 
result from manipulating Fas–FasL interactions, this remains a worthy goal.

1  Introduction: Fas–Fas Ligand Interactions  
in Immune Responses

The discovery in the early 1990s that antibodies to the cell surface TNF-family 
member receptor Fas (CD95) could mediate rapid protein-synthesis independent 
apoptosis of a number of transformed and nontransformed cell types set the stage 
for the investigation of engaging Fas and related ‘death receptors’ as possible targets 
for intervention in cancer therapy. Fas also plays a critical role in immunological 
self-tolerance through the deletion of a number of cell types that contribute to 
autoimmunity. Mutations in Fas and its TNF family ligand Fas Ligand (CD178, 
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FasL) are responsible for the single gene autoimmune lpr and gld phenotypes in 
mice (Ramsdell et al. 1994b; Watanabe-Fukunaga et al. 1992a) and most cases of 
the strikingly similar autoimmune lymphoproliferative syndrome (ALPS) in 
humans, which is associated in a majority of patients (Type IA ALPS) with 
dominant-interfering Fas mutations (Straus et al. 1999). Not surprisingly for an 
interaction that can permanently eliminate cells through apoptosis, it has become 
clear that there are many levels of regulation of Fas–FasL interactions. Both FasL 
synthesis and trafficking are subject to strict control, which limit the production of 
biologically active ligands to a few cell types. Although most activated lym-
phocytes express Fas, there are many levels of regulation that control the effi-
ciency of Fas-induced apoptosis, both at the level of assembly and activation of 
the Fas signaling complex, and at the level of signal integration at the mitochon-
dria. These mechanisms cooperate to create a situation where Fas–FasL interac-
tions can efficiently eliminate autoreactive T and B cells, while having little impact 
on most immune responses to pathogens.

Fas–FasL interactions have been shown to be responsible for much of the 
apoptosis that occurs when activated CD4+ T cells are restimulated through 
the T-cell receptor (TCR) (Dhein et al. 1995; Ju et al. 1995). Since this process is 
molecularly distinct from much of the T cell death that occurs during initial T cell 
activation, we refer to this process as Restimulation Induced Cell Death, or RICD. 
Most of the death that restimulated CD4+ T cells undergo is through RICD by FasL, 
while FasL appears to play a subsidiary role in CD8+ T cells to other proteins 
contained in cytotoxic T cell granules such as perforin and granzymes (Davidson 
et al. 2002). As we will discuss in this chapter, although most activated and memory 
lymphocytes express cell surface Fas, RICD only kills activated T cells under 
conditions of chronic T-cell restimulation, due to controls on FasL expression and 
processing and Fas signaling that render this pathway inactive under other circum-
stances. Different functional subsets of CD4+ T cells may also use the Fas–FasL 
pathway of apoptosis to greater or lesser extents. The majority of cell death that 
occurs after T cell activation appears to be apoptosis caused by inadequate supply 
of cytokines such as IL7 and IL15 that signal through the gamma-chain containing 
cytokine receptors and Jak/STAT proteins to increase expression and function of 
Bcl-2 family proteins. We term this type of cell death postactivation cell death 
(PACD). Experiments in which activated lymphocytes are infused into IL-7 and 
IL-15 deficient mice have shown that these two cytokines cooperate to allow sur-
vival of T cells after activation, and genetic or pharmacological delivery of these 
cytokines can prolong T cell survival (Sprent and Surh 2002; Tan et al. 2002).

In most circumstances, the massive proliferation of activated T cells during 
immune responses outgrows the cytokine supply and results in a balance of pro and 
antiapoptotic Bcl-2 family members that favor apoptosis. This is dramatically illus-
trated by mice that lack the BH-3-only proapoptotic family member Bim. There is 
accumulation of excess lymphocytes in these mice and antigen-specific T cells are 
impaired in their ability to undergo cell death after acute antigen stimulation, while the 
RICD of activated T cells is not affected. Conversely, Fas deficient animals have 
nearly normal cell death of T cells after acute activation. Mice in which Bim and Fas 
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have both been genetically ablated have greatly enhanced pathology and autoimmune 
disease compared to each mutant alone, providing genetic evidence that these two 
pathways are distinct (Hughes et al. 2008; Hutcheson et al. 2008; Weant et al. 2008). 
RICD helps to maintain peripheral tolerance by eliminating reactive T cells and 
reducing the chance for reactive T cells to act on target cells beyond their specific 
effector function. Fas–FasL interactions can alter the response of activated T cells 
during infections, and impairment of any of the mechanisms that promote FasL 
mediated apoptosis discussed below may predispose towards autoimmunity.

In this chapter, we discuss the basic biology of Fas and Fas Ligand with emphasis 
on the role of Fas–FasL interactions in the immune system, pointing out a number of 
steps that strictly regulate the scope of cells that die via Fas–FasL interactions. In 
particular, we discuss findings by our group and others showing that much of the 
regulation of Fas signaling lies in the early steps of assembly and activation of the Fas 
signaling complex. We will also discuss the status of attempts to harness Fas-induced 
apoptosis for therapeutic use in autoimmunity, transplantation and cancer therapy.

2 Fas Ligand, a Highly Regulated TNF Family Member

Fas Ligand (FasL or CD178), the sole known TNF-family ligand for Fas, is synthesized 
as a 281 amino acid type II transmembrane protein. Compared with other TNF family 
members, FasL has a relatively long N-terminal cytoplasmic domain that has been 
found to contain multiple sorting motifs governing the trafficking of FasL. Some 
groups have reported that the cytoplasmic domain of FasL can also mediate ‘reverse 
signaling’ upon binding to Fas. The extracellular TNF-homology domain of FasL can 
also be cleaved from the membrane by metalloproteinases to become a secreted trimer. 
However, trimeric FasL is highly unstable and appears to be largely inert as an 
apoptosis-inducing ligand. These aspects of the biology of FasL make control of traf-
ficking and cleavage of this protein as important as the regulation of FasL expression.

2.1 Regulation of FasL Gene Expression

While FasL expression on activated T cells is transient, FasL expression on 
non-immune cells is generally constitutive. The signaling pathways and transcription 
factors mediating inducible FasL expression have best been studied in T cells. 
The calcium-sensitive NFAT (Nuclear factor of activated T-cells) transcription 
factor family mediates a major part of the signal by which the TCR induces FasL. 
Calcineurin activation results in NFAT activation and translocation to the nucleus, 
and inhibitors of calcineurin such as cyclosporine A block FasL expression in 
activated T cells (Anel et al. 1994; Brunner et al. 1996; Dhein et al. 1995; Latinis 
et al. 1997a). The FasL promoter has two NFAT sites, with the distal NFAT site on 
the FasL promoter being more important for TCR-mediated FasL expression in 
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CD4+ T cells (Latinis et al. 1997b). The Egr family of transcription factors is 
induced by NFAT and may act synergistically with NFAT in inducing FasL expression 
in some cell types (Dzialo-Hatton et al. 2001; Mittelstadt and Ashwell 1999; 
Rengarajan et al. 2000). C-myc binds to a separate site on the FasL promoter and 
has been shown to be required for TCR-induced FasL expression (Brunner et al. 
2000; Wang et al. 1998). TCR-induced FasL expression can also be negatively 
regulated by a number of mechanisms. The CIITA (MHC class II transactivator) 
transcription factor as well as retinoic acid can block NFAT function and inhibit 
FasL transcription (Gourley and Chang 2001; Lee et al. 2002). TGF- (Transforming 
Growth Factor-beta) can also inhibit TCR-induced FasL expression through 
downmodulating c-myc expression (Genestier et al. 1999).

In parallel with NFAT, the NF− B transcription factors, which have separate 
binding sites in the FasL promoter, can also induce FasL expression. Through the action 
of protein kinase C theta (PKC- ), the TCR activates NF– B and can synergize with 
calcineurin-dependent signaling to induce FasL expression. (Kasibhatla et al. 1999; 
Villalba et al. 1999; Villunger et al. 1999). The AP-1 transcription factor complex, 
which is activated by the TCR through MAP kinase signaling, also activates FasL 
expression (Matsui et al. 2000). Interestingly, inducers of nitric oxide (NO) inhibit 
FasL expression through blocking AP-1 activity (Melino et al. 2000). Interferon 
Regulatory Factors (IRFs), a family of transcription factors that induce the transcrip-
tion of interferons in response to viral infection, may also cooperate with other tran-
scription factors to maximally induce FasL in response to TCR and other stimuli 
(Chow et al. 2000). Viral IRF homologs from human herpesvirus 8 (HHV8), the 
cause of Kaposi’s Sarcoma in immunocompromised patients, interferes with IRF-1 
binding and downregulates FasL transcription, which may aid in the escape of 
infected T cells from FasL mediated apoptosis (Kirchhoff et al. 2002). A separate 
set of transcription factors govern basal and constitutive FasL expression in both 
lymphoid and nonlymphoid cells. The transcription factor Sp1 regulates the basal 
FasL expression in Jurkat T cells and constitutive expression of FasL in Sertoli cells 
(McClure et al. 1999). Sp1 regulates FasL expression on smooth muscle cells (SMCs) 
by cooperating with the transcription factor Ets-1 (Kavurma et al. 2002, 2001). 
Transcriptional regulation of FasL results in constitutive expression in tissues such 
as the eye and testis that may contribute to immune tolerance through inducing 
apoptosis in infiltrating lymphocytes, whereas FasL dynamically expressed on T 
cells can eliminate Fas-sensitive cells in tissues where FasL may not be expressed 
(Bellgrau et al. 1995; Bonfoco et al. 1998).

2.2  Three Forms of FasL Controlled by Posttranslational 
Modification and Subcellular Trafficking

Post-translational modification of FasL results in dramatically different trafficking 
of FasL in cells and in its ability to induce apoptosis. FasL is initially synthesized 
as a type II transmembrane protein containing a TNF homology domain at the 
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C-terminal that traffics to the plasma membrane through the golgi. FasL expressed 
ectopically on the plasma membrane can be a strong stimulator of apoptosis (Jodo 
et al. 2001; Suda et al. 1997). A portion of FasL has also been reported to partition 
into glycosphingolipid-enriched membrane ‘rafts’, which may also enhance its 
death-inducing function (Cahuzac et al. 2006). Extracellular FasL can be cleaved 
by the metalloproteinase ADAM10, resulting in shedding of a 20–26 KDa free 
extracellular domain, and the intracellular domain can be cleaved and released into 
the cytosol by the signal peptidase-like protease SPPL2a (Kirkin et al. 2007; 
Schulte et al. 2007). Soluble FasL released in this way is generally thought to be 
inactive or even inhibitory for FasL-mediated apoptosis, (Jodo et al. 2001; Suda 
et al. 1997) so metalloproteinase-dependent cleavage could be an inactivating event 
for FasL function as a membrane-bound ligand. The intracellular fragment traffics 
to the nucleus, but the function of this fragment is not clear. In addition, surface 
FasL can be internalized and sorted into multivesicular bodies, which when fused 
with the plasma membrane allow secretion of membrane-bound FasL into secretory 
microvesicles, also known as secretory lysosomes. FasL secreted in microvesicles 
can be highly biologically active, so understanding of the mechanisms that regulate 
FasL trafficking into this compartment is important.

Sorting of FasL into secretory lysosomes occurs only in cells that have this 
specialized trafficking pathway, such as lymphocytes and myeloid cell lines. 
In fibroblasts and epithelial cell lines, FasL predominantly traffics to the plasma 
membrane (Blott and Griffiths 2002). Sorting of FasL into the secretory lysosome 
pathway requires post-translational modification and association of specific domains 
in the intracellular portion of FasL with several proteins involved in protein and 
organelle trafficking, cytoskeletal reorganization and formation of the immunological 
synapse. The proline rich domain (PRD) of FasL binds to Fgr, a Src family tyrosine 
kinase, and deletions of the PRD as well as mutations in Fgr result in more surface 
FasL and less FasL in secretory lysosomes. Interestingly, similar mutations also 
appear to inhibit ‘reverse signaling’ through FasL that has been reported to occur 
after Fas binding and function to costimulate CD8+ T cell activation (Sun et al. 2007). 
Ubiquitination and tyrosine phosphorylation at specific residues in the N-terminal 
portion of FasL also control trafficking of FasL into secretory lysosomes and 
deletion or mutation of residues important in these processes redirect FasL to the 
cell surface (Jodo et al. 2005; Zuccato et al. 2007). Kinases associated with actin 
remodeling, such as Nck, have also been shown to colocalize with FasL (Lettau 
et al. 2006) and direct it to secretory lysosomes, providing another level of regulation 
of FasL trafficking (Fig.1).

These mechanisms cooperate to generate two different waves of FasL produced 
by T cells acutely stimulated through the TCR. The first phase of cell surface FasL 
occurs within 10 min of T cell stimulation, and is thought to derive from the fusion 
of FasL stored in secretory vesicles with the plasma membrane. The continued 
stimulation of T cells results in a second wave of surface expression of FasL 
derived from newly synthesized protein peaking 2–4 h after stimulation (He and 
Ostergaard 2007; Lettau et al. 2004). FasL secreted in exosomal vesicles may 
derive from either of these pools and several nonlymphoid cells and tissues such as 
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dendritic cells (DC) and other myeloid cells can express FasL in these various 
forms. Certain DC subsets have been reported to be able to kill Fas-expressing 
CD4+ T cells (Suss and Shortman 1996). FasL on lymph node dendritic cells have 
been recently shown to regulate the magnitude of CD8+ effector T cell responses in 
the lung in the context of influenza infection through induction of T cell apoptosis 
via FasL (Legge and Braciale 2005). FasL expression on macrophages results in 
both macrophage and T cell apoptosis (Kiener et al. 1997; Ma et al. 2004; Monari 
et al. 2005; Villena et al. 2008). Epithelial cells such as those present in tissues, 
most likely express constitutive surface FasL.

3 Fas: An Apoptosis-Inducing TNF-Family Receptor

Unlike its ligand, Fas is expressed in many diverse cell types, tissues and organs. 
The initial discovery of Fas was made by two different groups screening for 
apoptosis-inducing antibodies against cell surface antigens. Two such antibodies, 

Fig. 1 Schematic of regulatory checkpoints and trafficking of Fas and FasL. (a) Fas Receptor- In 
most activated T cells, surface Fas is not associated with lipid rafts or preassociated, but is linked 
in monomeric form to the cytoskletal actin by phosphorylated Ezrin–Radixin–Moesin linker 
proteins (pERM). TCR stimulation by antigen/MHC complexes on APC activates Vav GEF and 
Rac GTPases, which in turn activate phosphatases. Phosphatase activity may inactivate pERM, 
releasing Fas to translocate to lipid rafts, where apoptosis signaling is more efficient. (b) FasL 
regulation- TCR stimulation in T cells also induces transcription of FasL in the nucleus, resulting 
in upregulation of the protein on the surface. Surface expressed FasL is either cleaved by the 
ADAM10 proteases to release non-apoptosis inducing soluble FasL (1) or forms a membrane 
bound stable trimer (2) that binds to Fas expressing cells to induce effective signaling. Some can 
also be released from the cells in microvesicles (4), after endocytosis (3) from the plasma 
membrane or from newly synthesized FasL
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anti-Fas (for FS-7 associated surface antigen) (Yonehara et al. 1989) and anti- 
Apo1 (Trauth et al. 1989) bound the same 35–52 KDa protein that was termed 
Fas/Apo-1 (Trauth et al. 1989). Cloning and characterization studies classified Fas 
as a prototype of the TNF-receptor superfamily, and further designated Fas as CD95/
TNFRSF6. Early work on the human Fas antigen was done mostly in lymphoma cell 
lines, indicating that it was highly expressed on both T and B cell lymphomas 
(Oehm et al. 1992). In the mouse, Fas expression was seen in the heart, liver, ovary 
and the thymus (Watanabe-Fukunaga et al. 1992b). This fits with the expression 
patterns of the other members of the TNF/TNFR superfamily, where expression of 
ligands have a propensity to be more restricted and dynamically regulated than the 
receptors, whose expression is regulated between cell lineages but tends to be more 
constant over time.

3.1 Role of Fas in Lymphocyte Biology

The observation that Fas-deficient lpr mice and gld mice, which carry recessive 
disabling mutations in the Fas and FasL genes respectively, produce autoantibodies 
and have excessive accumulation of CD4−CD8− (double negative) T cells initially 
pointed towards a role for Fas in thymic negative selection (Watanabe-Fukunaga et al. 
1992a). However, despite expression of Fas on thymocytes and the susceptibility of 
most thymocytes to Fas-induced apoptosis, negative selection does not appear to depend 
on Fas–FasL interactions, since self-reactive T cells are deleted effectively in the 
thymus of both lpr and gld mice (Singer and Abbas 1994). Rather, Fas participates 
in the elimination of self-reactive T cells by a process known as restimulation 
induced cell death (RICD), an important ‘safety net’ for maintaining self-tolerance 
in T cells that have escaped central thymic tolerance. Despite being constitutively 
expressed on most T lymphoma cell lines, naive T cells do not have surface Fas 
expression and therefore are highly refractory to Fas-mediated apoptosis, whereas, 
memory T cells have high Fas levels. Activation of the resting naive cells via TCR 
stimulation upregulates surface Fas within 24 h after activation, with highest surface 
levels occurring with in 6 days of stimulation (Klas et al. 1993; Miyawaki et al. 
1992). However, the regulation of Fas-induced apoptosis is a multilayered process 
and receptor expression alone does not render cells sensitive to Fas-induced apoptosis. 
It has been observed that recently activated Fas positive cells are refractory to cell 
death unless cultured in IL-2 for at least 48 additional hours (Peter et al. 1997). 
This “propriocidal death” is due to IL-2 induced cell cycle progression, which is 
necessary to make T cells sensitive to TCR and Fas-induced apoptosis (Lenardo 
et al. 1999). The T-cell receptor provides a critical and physiologically significant 
signal that also sensitizes T cells to Fas-mediated apoptosis, and is the basis for 
antigen-specific deletion of activated T cells. As discussed above, TCR engagement 
of activated T cells results in FasL gene upregulation and secretion (Dhein et al. 
1995; Ju et al. 1995). However, mixing experiments with T cells of different 
specificities showed that the FasL produced by the antigen specific T cells mediates 
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apoptosis of only the restimulated clonotype and not other Fas-expressing bystander 
cells. This feature of restimulation-induced cell death ensures that only chronically 
stimulated T cells undergo Fas-mediated apoptosis, and is probably responsible for 
the restricted role of Fas in elimination of T cells specific for autoantigens and 
chronic pathogens. The signal mediated via the TCR that sensitizes these cells to 
Fas-induced apoptosis is termed the “competency to die” signal. TCR and Fas 
engagement synergize to induce apoptosis in a manner unaffected by protein synthesis 
inhibitors (Combadiere et al. 1998; Hornung et al. 1997; Wong et al. 1997). Recent 
work has shown that part of the TCR-induced ‘competency to die’ signal induces 
translocation of Fas to lipid rafts, also known as glycosphingolipids enriched membrane 
microdomains (Muppidi and Siegel 2004). The role of lipid raft microdomains in 
Fas signaling is discussed in detail below.

The role of Fas in elimination of chronically restimulated T cells is largely confined 
to CD4+ T cells, which are thought to be the key T cells that can provide help to 
autoreactive B cells to allow autoantibody secretion. CD8+ T cells, like their CD4+ 
counterparts, upregulate Fas upon activation, and can be induced to undergo 
apoptosis through Fas (Miyawaki et al. 1992). However, restimulation of CD8+ T 
cells from Fas-deficient mice or patients with ALPS induces normal levels of cell 
death, indicating that Fas-independent mechanisms contribute to RICD of CD8+ T 
cells. The granzyme/perforin cytotoxic serine protease pathway is a major player in 
attrition of antigen specific cytotoxic T lymphocyte (CTL) response. Regulation of 
granzyme B is critical, since the cytoplasmic granzyme B can cause self-directed 
injury to the CTL producing it. Recent work identifies the presence of a serine 
protease inhibitor (SPI6) that binds to cytoplasmic granzyme B to form a stable 
complex, thereby ensuring normal antigenic response by preventing CTL loss by 
suicide (Zhang et al. 2006).

3.2 Function of Fas in B Cells and Dendritic Cells

Fas also regulates B cell autoantibody production and antigen presenting cell function. 
As in T cells, Fas is dispensable for B cell development, but important in mediating 
peripheral B cell tolerance. Fas is not expressed on resting B cells, but is upregulated 
on activated B cells and highly expressed on germinal center B cells, some of which 
acquire autoreactive specificities and are eliminated through BCR ligation. Since B 
cells are not thought to upregulate FasL upon BCR stimulation, Fas-mediated B cell 
apoptosis probably depends on FasL produced by other cells. In this way T cells may 
indirectly regulate autoreactive B cells in the periphery. Study of antigen-specific T 
and B cell interactions showed that CD4+ T cells can specifically eliminate autoreac-
tive B cells in a Fas-dependent manner (Rathmell et al. 1995). In autoimmune Fas-
deficient mice, nephritis could still occur to some degree in animals engineered to 
prevent antibody secretion, showing that the antigen presenting function of B cells is 
important in the pathogenesis of nephritis in this model system (Shlomchik et al. 
1994). Lpr mice lacking B cells did not develop nephritis, and interestingly, this was 
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accompanied by a concomitant reduction in the accumulation of memory phenotype 
CD4+ T cells normally present in lpr mice (Chan and Shlomchik 1998). Thus, autore-
active B cells that fail to be eliminated through Fas may sustain autoimmunity through 
acting as antigen presenting cells for autoantigens and further activating autoreactive 
T cells. An essential role for B cell expression of Fas in maintaining self-tolerance was 
also shown in mice in which Fas was specifically eliminated in the B cell compart-
ment. These mice developed characteristic lymphadenopathy, splenomegaly, high 
autoantibody titers and also accumulation of T cells, reemphasizing the role of Fas in 
the maintenance of peripheral B cell tolerance (Stranges et al. 2007).

Like B cells, DC may be eliminated through Fas–FasL interactions, and this 
may serve to downmodulate antigen presentation. Antigen-pulsed DC injected 
into mice were observed to disappear after 2–3 days from the draining lymph 
node if antigen-specific T cells are present, suggesting that T–DC interactions 
may be responsible for the elimination of DC (Ingulli et al. 1997). Further, 
accumulation of DC occurs in autoimmune diseases and animal models where 
apoptosis pathways are disrupted, such as in human patients harboring caspase-10 
mutations and lpr mice (Fields et al. 2001; Wang et al. 1999). Transgenic mice in 
which the caspase inhibitor p35 was overexpressed in DC resulted in accumulation 
of DC in lymph nodes, T cell hyperplasia and development of antinuclear antibodies 
in older mice. These death-resistant DC also increased the rapidity of autoimmune 
manifestations in an autoimmune-prone mouse strain (Chen et al. 2006). Mice in 
which Fas was specifically deleted in DC also developed autoantibodies (Stranges et 
al. 2007). In both of these models the development and titer of autoantibodies were 
lower than in mice with universally disrupted Fas function. Taken together, these studies 
indicate that DC apoptosis is likely to occur physiologically during antigen presen-
tation to T cells, and that this mechanism also contributes to peripheral self-tolerance. 
Remarkably, elimination of Fas expression in T cells, B cells and DC all contribute 
to this function. This pleiotropic role of Fas probably explains why mutations 
affecting Fas and FasL confer such potent susceptibility to autoimmune diseases. 
Although additional susceptibility genes govern the nature and severity of autoim-
mune disease pathology, development of autoantibody production is remarkably high 
in mice and humans with mutations disabling this pathway.

3.3 Fas on Nonimmune Cells

It is important to note that other cell types can also express Fas. One of the major 
nonimmune sites of Fas expression is in hepatocytes, which are quite sensitive to 
Fas-induced-apoptosis (Rouquet et al. 1996). Although Fas-deficient lpr mice do not 
develop liver hyperplasia, a small amount of Fas protein may still be produced by 
the lpr mutant Fas allele, and mice engineered to completely lack Fas protein did 
exhibit liver hyperplasia (Adachi et al. 1995). Though Fas is expressed at high lev-
els, FasL is not expressed by hepatocytes. However, liver sinusoids do contain T 
cells which may express FasL. Administration of anti-mouse Fas antibodies results 
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in lethal acute hepatic necrosis that is dependent on hepatocyte Fas expression and 
Fc-mediated crosslinking of these antibodies (Adachi et al. 1995; Ogasawara et al. 
1993; Xu et al. 2003). During viral and other forms of hepatitis, FasL expressed on 
activated T cells may also play a role in causing hepatocyte damage (Kondo et al. 
1997; Seino et al. 1997). Fas expression by target tissues of T-cell mediated autoim-
mune disease, such as the thyroid and pancreatic islets, may also play a role in tissue 
destruction in these conditions (Signore et al. 1998; Stassi and De Maria 2002).

4  Fas Receptor Signaling for Apoptosis: Ordered Assembly  
of Oligomeric Protein Complexes to Activate Caspase-8

Activation of the Fas signaling pathway begins with the binding of FasL or other 
receptor agonists, resulting in recruitment of the adaptor protein FADD (Fas associated 
death domain) and the cysteinyl aspartic proteases, caspase-8 (and caspase-10 in 
humans) to form a proximal signaling platform called the Death Inducing Signaling 
Complex (DISC) (Kischkel et al. 1995). The DISC can be detected within seconds 
of receptor engagement and functions to activate caspase-8/10, an essential step in 
initiation of programmed cell death. The recruitment and signaling specificities are 
maintained by alpha-helical modular domains that interact with each other and in 
some cases, also self-associate. The death domains (DD) in the intracytoplasmic 
region of Fas and the C-terminal of FADD interact to recruit FADD to the receptor. 
FADD also contains an amino-terminal death-effector domain (DED), structurally 
related to the DD but with affinity for other DED modules. FADD DED binds to 
DEDs in the prodomain of caspase-8/10, bringing them into the DISC. Aggregation 
and complex formation are necessary in the DISC to catalyze caspase-8 cleav-
age and downstream cleavage and to activate the effector caspase-3, which then cul-
minates in apoptosis. The apoptotic machinery is irrevocable once effector 
caspases are activated, and many mechanisms have evolved to safeguard 
against wanton activation of cell death via Fas. Although posttranslational modi-
fications such as phosphorylation or ubiquitination are not required for assembly 
and activation of the DISC, these steps are regulated at different stages, beginning 
with surface receptor clustering, ligand binding and efficiency of cytoplasmic com-
plex formation at stages downstream of the DISC which will be discussed in turn 
below. Fas-induced apoptosis in cell lines was originally divided into ‘Type I’ or 
‘Type II’ pathways depending on the ability of Fas-induced apoptosis to be blocked 
by overexpression of antiapoptotic bcl-2 family members (Scaffidi et al. 1998). 
More recent data has shown that these two signaling pathways also reflect differ-
ences between more proximal events in receptor signaling, such as the localization 
of receptors to lipid raft microdomains which in turn regulates the preassociation 
of receptors prior to ligand binding. In primary T cells, as we will discuss below, 
there is a spectrum of sensitivity to Fas-induced apoptosis that can be regulated 
by cytoskeletal remodeling through the Rac family of small GTPases and probably 
though other mechanisms as well.
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Fas receptor, a 45 kDa type-I transmembrane glycoprotein, is a prototypic 
TNFRSF death receptor with a cytoplasmic 80 amino acid  DD and three cysteine 
rich domains (CRD) in the extracytoplasmic region. Mutational analysis studies indi-
cated that ligand binding for optimal signaling required the presence of all three 
CRDs (Orlinick et al. 1997). From the crystal structures of TNF ligands bound to 
their receptors, it was found that TNF ligands exist in trimers. The stoichiometry of 
ligand-receptor complexes was 3:3, and trimeric structures have also been found for 
adaptor molecules downstream of the receptor (Bodmer et al. 2002). This supported 
a model of signaling where there is cooperativity and dissemination of signaling via 
formation of ligand:receptor:adaptor heterocomplexes. It was therefore not surprising 
that in patients with Type1A ALPS, where heterozygous mutations of the Fas receptor 
are localized mostly to the DD, lymphocytes were highly resistant to Fas-mediated 
apoptosis, even though they have an equal gene dosage of wild-type and mutant 
Fas genes. Expression of Fas constructs containing ALPS-associated mutations 
dominantly interfered with Fas-induced apoptosis even in the presence of wild type 
Fas, supporting the theory of cooperativity in signaling where inclusion of mutant 
Fas disrupts formation of large complexes of ligand-receptor molecules. This results 
in inefficient DISC formation and caspase-8 activation (Fisher et al. 1995; Martin 
et al. 1998, 1999; Vaishnaw et al. 1999).

The above model posits that FasL binding initiates receptor trimerization, and 
downstream cytoplasmic events. However, in some patients with type 1A ALPS, 
Fas mutations occurred in the extracellular domain that disrupted FasL binding, but 
had intact intracellular signaling domains. Surprisingly, it was found that these 
mutants could also interfere with Fas-induced apoptosis. This finding gave rise to 
a new hypothesis that receptors could form preassociated complexes, without 
necessarily requiring ligand crosslinking. A ‘preligand receptor association domain’ 
(PLAD) in the N-terminal CRD1 portion of the receptor, distinct from the ligand 
binding site was subsequently identified in Fas, TNFR1, CD40, TACI, and TRAIL-
receptors, and is probably a general feature of TNF receptors. (Chan et al. 2000; 
Clancy et al. 2005; Garibyan et al. 2007; Siegel et al. 2000). Dominant interference 
with receptor signaling by mutations in Fas were found to be dependent on the 
PLAD, favoring the hypothesis that receptor preassociation is required for and 
precedes ligand binding. An intact PLAD is also required for ligand binding, since 
ligand binding Fas mutants preassociate with wildtype receptors, but do not signal, 
indicating that receptor preassociation also aligns the receptors to maximally bind 
ligand. Interestingly, all the dominant interfering mutations identified so far in 
ALPS patients have an intact CRD1/PLAD region, even though some of them have 
mutations in the ligand binding region of CRD2, again emphasizing the role of 
receptor preassociation for signaling (Siegel et al. 2000). These findings make the 
PLAD a plausible therapeutic target to regulate TNFSF responses, and bacterially 
synthesized or synthetic peptides comprising of the PLAD were effective in blocking 
TNFR1 signaling in vitro and in a TNF-dependent model of inflammatory arthritis 
(Deng et al. 2005).

Engagement of Fas by FasL or agonistic anti Fas antibodies, induces a series of events; 
most of which begin with receptor clustering, formation of surface microaggregates 
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and microclusters, receptor capping and internalization. The final outcome of these 
receptor-aggregated superclusters at the surface is efficient DISC assembly, thereby 
ensuring caspase-8 activation. Formation of SDS-stable Fas microaggregates 
occurs simultaneously with the formation of the DISC, and microscopically, surface 
receptor aggregates can be visualized in the same time frame. These structures were 
termed SPOTS, for Signaling Protein Oligomerization Transduction Structures. 
FADD recruitment was seen to be a necessary step in the formation of these large 
Fas surface clusters, since the SPOTS formation was drastically reduced in cells 
deficient for FADD or expressing Fas mutations unable to bind FADD. However, 
activation of caspase-8 was not necessary for the formation of SPOTS (Siegel et al. 
2004). The formation of receptor microclusters is further stabilized and maintained 
via FADD homotypic associations. In addition to its function as an adaptor protein 
bridging Fas and caspase -8, FADD has an innate ability to oligomerize and form 
lateral interactions with itself, resulting in a characteristic filamentous structure termed 
‘death effector filaments’. This self-association resides in the DED and is independent 
of Fas and caspase-8 interactions. Mutations that disrupt FADD self-association 
resulted in dominant interfering mutants, indicating that caspase-8 recruitment is 
dependent on FADD self-association (Muppidi et al. 2006; Sandu et al. 2006).

As outlined above, early events in Fas signaling proceed in a stepwise manner, 
beginning with receptor preassociation, formation of microaggregates upon receptor 
binding and finally formation of large lateral signaling platforms, SPOTS. Until 
this step, there is no feedback regulation of downstream molecules in the DISC on 
the receptor aggregation. However, after the formation of SPOTS, the Fas signaling 
complex forms polar aggregates on one side of the cell, referred to as “capping,” 
which are then internalized (Cremesti et al. 2001). Internalization itself may 
amplify Fas-induced apoptosis through further concentration of DISC components 
and activation of caspase-8. Receptor internalization is both actin and caspase 
dependent, indicating a feed-forward mechanism by which caspase-8 activity can 
enhance its own cleavage. The internalized receptor is then targeted to an endosomal 
pathway, since it colocalizes with the transferrin receptor (Algeciras-Schimnich et al. 
2002). Internalization and capping occur more rapidly and prominently in Type I 
cells which correlates with more rapid DISC activation (Algeciras-Schimnich and 
Peter 2003; Eramo et al. 2004; Siegel et al. 2004). Receptor endocytosis can occur 
either through the clathrin or caveolin mediated pathway. Fas endocytosis is exclusively 
dependent on the clathrin coated pits, specialized membrane vesicles formed with 
the help of AP-2 (adaptor proteins) and surface dynamin resulting in cytoplasmic 
clathrin coated vesicles. These are targeted to the endosomes and give rise to the 
early endosome. RNAi mediated-knockdown of endogenous clathrin heavy chain 
or adaptor protein complex molecules resulted in accumulation of receptor clusters 
on the surface, and inhibited recruitment of FADD and caspase-8 cleavage in the 
DISC, resulting in abrogation of apoptosis by crosslinked soluble Fas ligand. 
Similar observations were seen also in primary human activated T cells, indicating 
that endocytosis via clathrin is required for Fas-mediated apoptosis. Interestingly, 
blocking endocytosis and DISC formation resulted in activation of the MAP kinase 
(mitogen activated protein kinase) as well as NF– B pathway, indicating that 
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endocytosis mediates either a proapoptotic or proliferative outcome downstream of 
Fas signaling (Lee et al. 2006). A feed-forward loop in which caspase-8 activates 
endocytosis, which in turn promotes further receptor aggregation and caspase-8 
cleavage can explain how caspases appear to be both ‘upstream’ and ‘downstream’ 
of receptor endocytosis.

4.1  Lipid Raft Microdomains as Platforms  
for Efficient Fas Signaling

Lipid rafts are highly dynamic microdomains rich in sphingolipids and cholesterol, 
which facilitate the formation of many membrane-bound receptor signaling 
complexes. Lipid rafts are characterized by their insolubility in low ionic detergents, 
such as Triton X-100 or Brij98 (Munro 2003; Simons and Toomre 2000). They are 
less fluid than the traditional plasma membrane bilayer due to their lipid composition, 
allowing for isolation by low-density gradient centrifugation. Lipid raft distribution 
across the plasma membrane varies with cell type. For instance, polarized epithelial 
cells preferentially have lipid rafts localized to their apical surface. In lymphocytes, 
rafts tend to distribute over the cell surface without any defined polarity (Garcia 
et al. 2003). Although the size of individual rafts also varies, the consensus estimates 
range from 20 to 100 nm in diameter, making them essentially submicroscopic in 
nonpolarized cells when visualized by conventional microscopy. However, lipid 
rafts can coalesce and form much larger structures during signaling, as seen in the 
immunological synapse (Patra 2008; Simons and Toomre 2000).

Many recent studies have shown that lipid rafts play a critical role in immune cell 
signaling through the organization of signaling proteins, adaptor molecules and sur-
face receptors at focal points on the cell membrane. It has been shown that lipid rafts 
act as signaling platforms for Fc RI (IgE) receptors, as well as the T cell and B cell 
receptor complexes, allowing the receptor to localize within close proximity to 
adaptor signaling components constitutively found in lipid microdomains (Cherukuri 
et al. 2001; Dykstra et al. 2003). Rafts are dynamic rather than static structures, allow-
ing membrane proteins to flow in and out of them, thus changing the properties of the 
local protein milieu. This is the case with the Fc RI receptor on mast cells and 
basophils, where crosslinking of the Fc RI leads to translocation into rafts, where Lyn 
is a constituitive resident, and subsequent recruitment of Syk and PLC 1 (Dykstra 
et al. 2003). In the case of T cell receptor (TCR) activation, rafts concentrate the 
coreceptors CD4 and CD8 (Resh 2006), as well as Src-family kinase Lck and many 
of the adaptor components needed for signaling, such as LAT (Kabouridis 2006). 
Upon TCR engagement, many additional components of the signaling cascade are 
recruited to lipid rafts, such as PKC  and ZAP-70, among others (Bi and Altman 
2001; Bi et al. 2001; Viola et al. 1999). CD4 partitions to lipid rafts via its interaction 
with Lck as well as its preferential S-palmitoylation (Resh 2006). CD4 stimulation 
enhances signaling by the TCR by inducing aggregation of lipid rafts and formation of 
molecular assemblies at the site of the immunological synapse. During TCR activa-
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tion, many of the cytoplasmic signaling proteins become detergent-insoluble, probably 
because of the association with lipid rafts (Kabouridis 2006; Viola et al. 1999). 
Studies have shown that monomeric TCR complexes have weak raft affinity com-
pared to receptor crosslinking, which increases raft-associated TCR molecules and the 
amount of TCR found in detergent-insoluble raft domains. Treatment of cells with 
methyl- -cyclodextrin (M CD) can dissociate these proteins from rafts and inactivate 
the signaling cascade (Janes et al. 1999; Montixi et al. 1998; Simons and Toomre 
2000). The cascade of interactions occurring at the site of TCR stimulation builds up 
the immunological synapse, with the lipid raft microdomains critical to the stability 
and function of this complex and dynamic signaling assembly.

Membrane-anchored signaling kinases do not participate in TNF receptor family 
signal transduction, but the local membrane microenvironment can be just as impor-
tant for efficiency of signaling. Work performed by many labs has shown very distinct 
functional outcomes for both TNFR1 and Fas signaling with regard to lipid rafts. 
TNFR1 translocated to lipid rafts very quickly after TNF treatment in HT1080 cells. 
Subsequent recruitment of TNFR signaling molecules RIP, TRADD and TRAF2 
occurs very quickly: within 2 min of treatment, the TNF-induced signaling complex 
can be identified in lipid rafts, initiating NF– B signaling through phosphorylation 
of I B  (Legler et al. 2003). Cholesterol chelation (and subsequent disruption of lipid 
rafts) via cyclodextrin treatment inhibited I B phosphorylation and induced apoptosis. 
Similarly, blockade of signaling molecule recruitment to the lipid rafts via dipalmitoyl–
phosphatidylethanolamine (DPPE) (Legler et al. 2001) also impaired I B  
phosphorylation and increased apoptosis (Legler et al. 2003).

Lipid rafts have recently emerged as important regulators of Fas-induced apopto-
sis through regulating the efficiency of early events in Fas signaling. We have found 
that in type I cells, which make a stronger DISC, a fraction of Fas resides in lipid 
raft constitutively, while in Type II cells the receptor seems to be excluded from 
rafts during the early signaling events (Muppidi and Siegel 2004). This preassociation 
of Fas with lipid rafts in Type I cells allows them to undergo apoptosis even in the 
presence of low-valency Fas stimuli, while Type II cells cannot. Disruption of 
the lipid rafts through cholesterol chelation restores a requirement for Fas-
crosslinking in Type I cells, while having no effect on Type II cells (Muppidi and 
Siegel 2004). In mouse thymocytes, Fas recruitment and localization in the lipid 
rafts was critical for efficient DISC formation and subsequent cell death (Hueber et 
al. 2002). Formation of crosslinkable preassociated receptor complexes through the 
N-terminal preligand assembly domain (PLAD), is more efficient in cells in which 
Fas partitions into lipid rafts (Muppidi and Siegel 2004; Siegel et al. 2000). Taken 
together, these studies suggest that lipid raft microdomains are necessary for effi-
cient Fas signaling. Primary human CD4+ T cell cultures generally respond to Fas 
stimuli in a Type II manner. Upon TCR engagement, however, Fas redistributes to 
lipid rafts and renders these cells sensitive to noncrosslinked anti Fas antibodies or 
natively synthesized FasL (Muppidi and Siegel 2004). As we will discuss in other 
sections, Rac-1 dependent cytoskeletal remodeling is required for this to occur.

Posttranslational modification of Fas may also play a critical role in its function 
in lipid rafts. Modification of proteins with saturated acyl groups can result in lipid 
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raft localization, such as Srk-family kinases (Resh 2006). Also, proteins linked to 
saturated acyl chains, such as those directly acylated with two or more palmitate or 
a palmitate and myristate chain, can also be targeted to rafts. In fact, many membrane 
proteins localized to rafts carry posttranslational acyl modifications, such as 
N-myristoylation and/or S-palmitoylation. S-palmitoylation is a reversible modification 
involving addition of a 16-carbon palmitate moiety to a cysteine residue via a thioester 
linkage, and can be readily cleaved by palmitoyl thioesterases. An interesting 
feature of S-palmitoylation is its dynamic nature: cycles of palmitoylation and 
depalmitoylation occur in a regulated fashion for many proteins, allowing for 
translocation in and out of lipid raft microdomains (Resh 2006). Fas is palmitoylated 
at cysteine 199, just proximal to the cytoplasmic juxamembrane region 
(Chakrabandhu et al. 2007; Feig et al. 2007). Disruption of palmitoylation using 
competitive inhibitors or cleaving the thioester bond between palmitate and Fas 
receptor blocked Fas translocation to lipid rafts and inhibited formation of 
SDS-stable CD95hi aggregates associated with DISC formation (Feig et al. 2007). 
Mutation of cysteine 199 to prevent palmitoylation impaired DISC formation and 
inhibited Fas-induced cell death (Chakrabandhu et al. 2007; Feig et al. 2007). 
Palmitoylation of Fas is essential for raft association, and the apparent difference 
in raft-associated Fas observed in Type I-like vs. Type II-like cells could be due to 
the differential ability of the receptor to be palmitoylated. Interestingly, the death 
domain of TNFR1 is required for targeting to rafts, as deletion of the domain pre-
vented the receptor from targeting to lipid rafts and resulted in more uniform dis-
tribution across the plasma membrane (Cottin et al. 2002). It is quite evident 
that posttranslational palmitoylation of Fas, allowing translocation to the lipid raft 
microdomains, is important for effective signaling. Whether there is a difference in 
palmitoylation states in Type I-like cells compared to Type II-like cells remains to 
be seen. The restricted lateral diffusion of membrane proteins found in the lipid 
microdomains, compared to the fluid plasma membrane, would favor oligimerization 
and formation of supra-clustering signaling complexes. Therefore, receptor preclus-
tering via lipid raft targeting would act as a presignaling complex, whereby a Type I-like 
cell would respond to a low-level Fas stimulus more efficiently that a Type II-like 
cell. Fas is sequestered away from the rafts in Type II-like cells and is less likely to 
oligimerize into larger signaling complexes from a low-level signal. They require a 
stronger stimulus, probably involving crosslinking of multiple Fas receptors, to 
bring them into closer proximity and subsequent DISC formation and signaling.

The divergent outcomes of receptor signaling of both Fas and TNFR1 reflect the 
role of lipid rafts in receptor signaling efficiency in the primary signaling com-
plexes. The apparent contradiction in the outcomes of lipid raft dissociation 
between Fas and TNFR1 become clearer when you take their respective signaling 
into account. TNFR1 signals through NF– B via receptor-associated complex I, 
while the death signal is transduced through complex II, which is not associated 
with the receptor (Micheau and Tschopp 2003; Muppidi et al. 2004). In contrast, 
Fas signals through the receptor-associated DISC to trigger cell death. In one 
instance, cell death is promoted through dissolution of receptor-associated signal-
ing (TNFR1), while in another apoptosis is abrogated due to inefficient formation 
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of a signaling complex (Fas). As a result, lipid raft associated signaling has two 
very distinct outcomes in TNFR1 and Fas. Fas signaling should be seen as more of 
a dynamic process that involves more than just ligand binding to receptor, and that 
which also takes into account local microenvironment, subcellular localization, 
secondary modifications of Fas and global cell signaling pathways.

4.2  Cytoskeletal Reorganization as a Regulator  
of Fas-Induced Apoptosis

TCR induced lipid raft translocation of Fas is essential for the occurrence of 
Fas-mediated RICD in T cells. Our recent finding that Rac GTPases are critical 
for the death-inducing function of the TCR (Ramaswamy et al. 2007) implicates 
actin-based cytoskeletal remodeling in this process. Cytoskeletal remodeling was 
already known to play an important role in mediating sustained signaling as well 
as in strengthening and stabilizing T cell-APC contacts during initial T cell activation 
in the ‘immune synapse’ (IS). The IS is an area of dynamic contact between a T 
cell and its activating APC and its formation requires cytoskeletal rearrangements 
that occur as a consequence of initial signaling events. The IS results in sequestra-
tion of many signaling complexes with in lipid raft moieties of the membrane with 
rearrangement of the actin cytoskeleton which is critical for this event. Actin 
cytoskeletal rearrangement is dependent on Arp2/3 proteins, which are responsible 
for nucleating the F-actin and mediating T cell shape change to facilitate IS formation. 
Cytoskeletal remodeling also plays a role in negatively regulating T cell activation 
by terminating IS formation by the end of 6–8 h (Dustin and Chan 2000; Huang 
and Wange 2004).

Rac GTPases are one among a number of subfamilies of small G proteins that 
function in cytoskeletal remodeling, and act in parallel with Rho and CDC42 
GTPases to alter the dynamics in T cells. We have found a unique role for Rac 
GTPases in TCR signaling to sensitize cells to die via Fas (Ramaswamy et al. 
2007). Upon TCR ligation, the guanine-nucleotide exchange factor (GEF) Vav-1, 
activates Rac to mediate actin-based cytoskeletal changes (Tybulewicz 2005). 
Vav1 mediated Rac activation also leads to sustained lipid raft clustering in T 
cells (Villalba et al. 2001). In cell lines as well as in primary human cells, Rac 
protein knockdown blocks TCR induced Fas apoptosis. Unlike the more widespread 
effects of Vav1, Rac1-mediated sensitization to Fas is independent of early TCR 
signaling events, but appears linked to Rac1 dependent cytoskeletal reorganization, 
likely through dephosphorylation of The Ezrin Radixin Moesin (ERM) proteins 
(Ramaswamy et al. 2007). The ERM family of proteins link membrane 
proteins to the underlying cytoskeleton and modulate various biological 
functions such as adhesion, motility, polarization and signaling in lymphocytes. 
Dephosphorylation of ERM proteins induces a conformational change that 
dissociates the N-terminal ERM domain from the cytoplasmic tails of membrane 
proteins with which they interact (Bretscher et al. 2002). Receptor triggered ERM 
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dephosphorylation, in many instances, is a Rac1 dependent process (Nijhara et al. 
2004) and during T cell activation by antigen presenting cells, Rac1 mediated 
ERM dephosphorylation results in a generalized increase in T cell deformability. 
This allows for more efficient T cell–APC conjugation and potentiates T cell 
activation (Faure et al. 2004). Since Fas has been found linked to the cytoskeleton 
through ezrin (Parlato et al. 2000), ERM dephosphorylation may allow Fas to 
dissociate from the cytoskeleton and migrate to lipid raft microdomains where 
Fas-induced apoptosis signaling is potentiated (Muppidi and Siegel 2004). Rac1 
has also been shown to promote repositioning of the centrosome toward the area 
of contact with target cells, which is important for efficient CTL and NK-cell 
mediated cytotoxicity (Billadeau et al. 1998; Gomez et al. 2007; Stinchcombe et 
al. 2006). Whether or not this form of cytoskeletal rearrangement could also be 
important in Fas–FasL mediated apoptosis is not known.

Since Rac GTPases mediate signaling by many receptors on activated T cells, other 
receptors alter the threshold for Fas-induced apoptosis through this mechanism. 
CD44 is one such surface molecule that also activates Rac1, and enhances 
Fas-induced apoptosis. T cells from CD44-deficient mice are resistant to RICD and 
have increased pathology in a ConA-induced hepatitis model, known to be controlled 
by Fas elimination of activated T cells (Chen et al. 2001). Thus, CD44 acts as an 
endogenous sensitizer of Fas. Deliberate activation of receptors such as CD44 that 
activate Rac1 or low-level TCR stimulation may form a basis for curtailing 
autoimmune effector T cells by sensitizing them to Fas-induced apoptosis 
(Ramaswamy et al. 2007).

4.3 Intracellular Regulation of the Fas-Induced Death Signal

In Type II cells, DISC formation is inefficient and activation of caspase-8 is 
delayed, resulting in insufficient initiator caspases to trigger apoptosis without 
amplification through the mitochondrial death pathway. Activation of the 
mitochondrial pathway is induced by intrinsic DNA damage signals or growth 
factor deprivation that promotes release of cytochrome C present in the 
intermembrane space of the outer mitochondrial membrane. The loss of 
mitochondrial outer membrane potential (MOMP) and cytochrome C release 
potentiates formation of the apoptosome complex, which is equivalent to the DISC 
and consists of cytochrome C complexed to APAF-1 (apoptotic protease activating 
factor-1). SMAC/Diablo, another molecule released from mitochondria, inactivates 
inhibitory proteins bound to caspases (Verhagen and Vaux 2002). Activated APAF-
1, cytochrome-c and caspase -9 form a complex (the ‘apoptosome’) that very 
efficiently activates the effector caspases, caspase 3 and 7 (Riedl and Salvesen 
2007). Apoptosis-inducing receptors such as Fas can activate the intrinsic cell 
death pathway via a member of the Bcl-2 protein family called Bid. Bid, a BH3 
(Bcl-2 homology domain 3) only proapoptotic BCL-2 family member, is a 
substrate of active caspase-8, which cleaves it into a truncated form, designated 
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tBid (Li et al. 1998; Luo et al. 1998). tBid translocates to mitochondria and allows 
multimerization of proapoptotic Bcl2 family proteins, BAK/BAX that induce 
loss of MOMP and cytochrome C release (Youle and Strasser 2008). The limited 
amounts of caspase-8 generated in the Type II DISC is sufficient to cleave Bid, 
but not effector caspase-3. Hence, Type II cells are very dependent on the 
mitochondrial amplification via Bid and are susceptible to Bcl-2 inhibition when 
stimulated with Fas. Bid knockout mice have no developmental phenotype, but 
exhibit a dramatic resistance to the hepatic necrosis induced by anti Fas antibody 
treatment, most likely due to hepatocyte resistance to Fas-induced apoptosis. 
However, resistance to Fas-induced apoptosis was not seen in lymphocytes, 
possibly because they are mostly Type I and do not require a mitochondrial 
amplification loop to undergo cell death (Yin et al. 1999).

In T lymphocytes the intrinsic pathway of apoptosis acts as a negative regulator 
in cells undergoing various forms of stress, including lack of growth factors or 
cytokines. Bcl-2 blocks oligomerization of Bak/Bax, thus, preventing loss of 
MOMP. Mice lacking Bcl-2 have severe immune defects, especially in T cell 
activation, and also polycystic kidney disease, whereas mice with transgenic over 
expression of Bcl-2 have lymphadenopathy and abnormal survival of peripheral T 
cells. Bim, a BH3 only Bcl-2 family member is a cytosolic protein that acts on other 
Bcl-2 family members to induce MOMP. Bim knock-out mice show severe 
lymphadenopathy and kidney disease due to autoimmune attack (Bouillet et al. 
1999). In Bcl-2 deficient mice, parallel knock out of even one allele of Bim rescues 
many of the proliferation defects as well as the severe kidney disease, indicating 
that most of the Bim proapoptotic function is counteracted by Bcl-2. Bim knockout 
mice also have severe defects in thymic negative selection. T cells expressing a 
Bcl-2 transgene or lacking Bim, but not Fas-deficient T cells, had severe defects in 
undergoing apoptosis when exposed to cytokine withdrawal and acute antigenic 
stimulation. However, in a more chronic stimulation model, Fas-deficient T cells 
were apoptosis resistant, indicating that repeated TCR stimulation as occurs in 
chronic infections as well as with endogenous antigens elicits the Fas pathway 
(Hildeman et al. 2002; Van Parijs et al. 1998). This notion of separate contributions 
of the intrinsic and extrinsic cell death pathways to immune homeostasis and self 
tolerance was borne out by studies of mice doubly deficient in Bim and Fas(Hughes 
et al. 2008; Hutcheson et al. 2008; Weant et al. 2008). These animals develop 
massive splenomegaly, and lymphadenopathy due to increases in not only T cells, 
but also B cells and DC numbers. Acute viral infection with HSV-1 resulted in 
accumulation of virus specific T cells only in Bim deficient mice, with no synergistic 
increase in the Bim/Fas double deficient ones. Interestingly, in a model of chronic 
infection, there is cooperation between Fas and Bim, with synergistic accumulation 
of virus-specific T cells (Hughes et al. 2008; Hutcheson et al. 2008; Weant et al. 
2008). These findings indicate that the Fas death receptor signaling intersects with 
the intrinsic cell death machinery at two levels, one at the membrane proximal 
signaling through Bid and secondly in a more indirect manner with Bim. Different 
models of chronic infection and autoimmunity likely involve more or less cross-
talk between these two pathways.
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5 Nonapoptotic Signaling Through Fas

Members of the TNF-receptor superfamily induce apoptosis, inflammation and 
proliferation. Unlike TNFR1, which induces either apoptosis or inflammation, Fas 
is considered a prototypic death receptor, as signaling induces apoptosis in most 
circumstances. However, Fas can also induce nonapoptotic signaling resulting in 
cell proliferation. Anti-Fas antibodies are known to costimulate T cell proliferation 
and secretion of cytokines such as IL-2 and IFN− , in the presence of minimal TCR 
stimulation (Alderson et al. 1993). This effect, blocked by Fas antagonists and 
synergistically increased by addition of exogenous FasL, appears to be caspase 
dependent, since caspase inhibitors block T cell proliferation co-stimulated through 
Fas (Kennedy et al. 1999). Fas co-stimulation has most often been elicited in vitro 
with anti-Fas antibodies or recombinant FasL. In vivo, however, T cell activation 
defects or lymphopenia was not observed in Fas or FasL deficient mice or in ALPS 
patients, suggesting that physiologically, Fas–FasL functions are mostly inducers of 
apoptosis.

Another nonapoptotic axis of Fas signaling is mediated via the NF– B pathway. 
This pathway is dependent on FADD/caspase-8 and independent of mitochondrial 
activation, since caspase-8 inhibitor, cFLIP, but not Bcl-2 overexpression in Type 
II cells, inhibits NF– B activation (Imamura et al. 2004; Miwa et al. 1998). 
Interestingly, varying signaling thresholds for the apoptotic pathway appear to 
determine activation of alternate Fas signaling pathways. In ALPS patients with 
DD mutations, NF– B signaling is activated in spite of the dominant interference 
caused by mutant receptors (Legembre et al. 2004). Biochemically, internalization 
of the Fas receptor induces the apoptotic pathway; however noninternalized receptors 
result in activation of NF– B (Lee et al. 2006). Furthermore, in Fas resistant tumor 
cells, induction of NF– B as well as activation of MAPK pathways increases motility 
and invasiveness, specifically in response to Fas crosslinking, but not to TNF-  or 
TRAIL treatment (Barnhart et al. 2004). Therefore, Fas, similar to the dual signaler 
TNFR1, induces inflammatory outcomes resulting in tumor formation, dependent 
on different physiological conditions as well as receptor and ligand signaling 
thresholds. However, these alternate functions of Fas, dependent on the presence of 
intact downstream DISC components, may reflect nonapoptotic functions of FADD 
or caspase-8, two important mediators of developmental regulation as well as 
lymphoproliferation.

Remarkably, FADD, caspase-8 and c-FLIP, essential components of the Fas 
apoptosis-inducing complex, all appear to be required for embryonic development 
and early events in T cell signaling that lead to NF– B activation. FADD is essen-
tial for embryonic development, since its deletion results in embryonic lethality. 
This is in contrast to a lack of lethality in mice lacking receptors such as Fas or 
TRAIL-R that use FADD as an adapter. In order to study the role of FADD in 
immune system development, FADD−/− embryonic stem cells were reconstituted 
into RAG1−/− mice. B cell development and T cell activation required FADD function, 
since these mice had no B cells and very few peripheral T cells. The peripheral FADD−/− 
T cells however were totally resistant to Fas-induced apoptosis, indicating that the 
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proliferative function of FADD in the thymus is separate from the apoptosis/adap-
tor function in peripheral T cells (Zhang et al. 1998). However, conditional knock-
out studies indicate that FADD is not essential for thymic development, but is 
important in peripheral T cell activation and proliferation as well as in Fas-induced 
apoptosis (Zhang et al. 2005). The proliferative function of FADD depends on the 
phosphorylation of a serine residue, which is essential for cell cycle progression but 
not apoptosis induction (Park et al. 2005). Deficiency of caspase-8 as well as 
another DISC component, cFLIP, results in embryonic lethality, and similar to the 
FADD deficient mice, T cell-specific ablation of c-FLIP or caspase-8 result in simi-
lar defects in T cell activation, proliferation and postactivation survival (Siegel 
2006). More recently, caspase-8 was found to activate TCR induced NF– B activa-
tion mediated through the BCM complex (Bcl-10/CARMA1/MALT1) by targeting 
IKK to the complex and stabilizing NF– B activation (Su et al. 2005). A Fas-
mediated caspase-8 independent pathway of apoptosis or necrosis also occurs in 
some primary human as well as murine T cells, where, presence of caspase inhibi-
tor, zVAD did not prevent cell death. However, this caspase independent death was 
found to be dependent on FADD. It was also found that the necrotic cell death was 
dependent on the receptor interacting protein (RIP), which interacted with Fas in a 
FADD dependent manner (Kataoka et al. 2000).

6 Differential Function of Fas in CD4+ T Cell Subsets

Upon encountering an antigen, a naïve CD4 T cell undergoes a series of events 
beginning with activation by the antigen presenting APC followed by an enormous 
clonal expansion and then attrition of the response by cytokine withdrawal and 
finally, generation of memory cells. Among the different checkpoints that exist in 
controlling these events, Fas-mediated apoptosis occurs usually in cells that over-
come the clonal contraction phase. However, not all T cell subset homeostasis is 
governed by Fas-induced apoptosis and recent studies indicate that memory T cells 
have intrinsic sensitivity to Fas apoptosis. Memory T cells, formed from the reper-
toire of antigen specific cells, are long-lived and characterized by quick induction 
and secretion of effector cytokines. Differential expression of the chemokine recep-
tor CCR7 and CD27, a TNFRSF member, delineates functional memory subtypes 
into central and effector memory cells (Sallusto et al. 2000), with the central 
memory cells retaining the ability to recirculate to the lymph node, and the effector 
cells residing predominantly in target tissues producing cytokines more efficiently. 
There have been a number of studies recently indicating that deregulated memory 
T cells may be important in driving autoimmune pathology. In Fas-deficient lpr 
mice, memory T cells accumulate abnormally and a similar phenomenon has 
been observed in patients with systemic lupus erythematosus (SLE), a polygenic 
autoimmune disease (Fritsch et al. 2006). Furthemore, T cells from SLE patients 
were found to be resistant to TCR and Fas-mediated apoptosis (Kovacs et al. 1996). 
In normal donors, the effector, but not the central memory cells are intrinsically 
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sensitive to apoptosis and have upregulated levels of FasL and Bim. One mechanism 
of enhanced survival of central memory cells was ascribed to activation effects of 
the AKT kinase signaling pathway, which leads to inactivation of FOXO3a, a 
fork-head family transcription factor that upregulates both FasL and Bim expression 
(Riou et al. 2007). Since effector memory cells are potent effector cytokine producers 
with tissue homing abilities and a high turnover rate, any dysregulation in their 
numbers could lead to pathological consequences. Regulation of Fas-induced 
apoptosis, thereby, serves to counterbalance autoreactive T cell escape of these 
terminally differentiated cells.

Cytokine secretion patterns define lineages of peripheral CD4+ T cells. 
Classically, CD4+ T cells were divided into two lineages, Th1 or Th2, depending on 
upregulation of specific transcription factors, which induced lineage specific cytokines. 
Due to the diverse cytokine profiles, the lineages differ in their functionality, with 
Th1 effecting cell-mediated immunity and Th2 cells providing humoral defense 
(Abbas et al. 1996). Differential Fas sensitivity was seen in human T cell clones, 
where, Th1, but not Th2 clones were susceptible to TCR induced RICD, mostly 
regulated at the transcriptional level of FasL (Ramsdell et al. 1994a).

Interferon-  (IFN- ), the principal cytokine secreted by Th1 T cells, also regulates 
the sensitivity to Fas-mediated apoptosis, since both inhibition of IFN-  secretion by 
blocking antibodies or IFN −/− T cells are resistant to RICD (Liu and Janeway 1990; 
Refaeli et al. 2002). Another important CD4 T cell subset that is regulated by the Fas 
pathway is the regulatory T cell lineage (Treg). This subset is necessary for maintaining 
peripheral tolerance through immune suppression of other effector cell types. It has 
been found that Tregs exhibit an activated effector phenotype, being CD25 high and 
CD45RO positive. Tregs are susceptible to Fas-induced apotposis exvivo (Fritzsching 
et al. 2005). Recently, however, a small subset of Fas resistant CD45RA+ ‘naive’ 
Treg were identified in cord blood (Fritzsching et al. 2006). The susceptibility of Treg 
to Fas-induced apoptosis may have more to do with their memory-like phenotype 
when commonly isolated from adults. Recent research has identified new CD4+ 
subsets secreting IL-17, IL-21 and IL-22 (Laurence and O’Shea 2007; Laurence 
et al. 2008; Tato et al. 2006). The susceptibility of these subsets to Fas- mediated 
apoptosis is currently being investigated.

7  Therapeutic Use of Fas–FasL Interactions in Cancer  
and Immunological Diseases

The potential of Fas to permanently alter cell fate and eliminate cells through apoptosis 
has sparked efforts to harness Fas to eliminate pathogenic T and B cells or Fas-positive 
tumor cells in a number of clinical settings. Although anti-Fas antibodies induced 
acute hepatic necrosis, systemic dosing of FasL or antibodies not cross linked by 
Fc receptors results in reduced hepatotoxicity, and it may be possible to use this 
approach to selectively eliminate Fas-sensitive tumors or autoreactive lymphocytes. 
This approach is limited by the fact that in many cell types, both from tumors and 
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normal tissues, Fas expression does not correlate well with sensitivity to Fas-induced 
apoptosis. The well-known potential of tumor cell lines to become resistant to 
Fas-induced apoptosis after prolonged culture, due to loss of Fas or components in 
the Fas signaling pathway, has been helpful in isolating mutants lacking Fas signaling 
components, but also raises concerns about the development of resistance to 
anti-Fas therapy if it were attempted in cancers. Stimulation of Fas on tumor cell 
lines resistant to Fas-induced apoptosis induces characteristics of motility and 
invasiveness (Barnhart et al. 2004), raising further concerns about unexpected 
effects of Fas stimulation in cancer.

Since endogenous FasL expression on selected tissues can induce immune 
tolerance and elimination of reactive T cells (Stuart et al. 1997), genetic delivery of 
FasL to grafts in a transplantation setting was also hoped to prolong graft survival 
through elimination of alloreactive lymphocytes. Despite some early reports of 
success with this approach (Lau et al. 1996), the vast majority of experiments in 
which FasL is ectopically expressed on graft tissue by retroviral transduction or 
transgenes under strong promoters, results in hyperacute rejection with a predominantly 
neutrophilic infiltrate in the graft (Kang et al. 1997; Takeuchi et al. 1999). A direct 
chemotactic effect of soluble FasL on neutrophils has been reported (Ottonello 
et al. 1999), but in vivo, membrane-bound or vesicular FasL induces rapid apoptosis 
of macrophages, which then secrete proinflammatory cytokines and chemotactic 
factors, of which IL-1 and IL-17 appear to be important in neutrophil recruitment 
(Hohlbaum et al. 2001; Umemura et al. 2004). Whether this proinflammatory effect 
of ectopic expression of FasL can be overcome to deliver a purely apoptotic signal 
to infiltrating lymphocytes in the setting of graft rejection is not known. More 
promising are studies in which FasL has been implicated as being more potent in 
mediating graft-vs. host disease than beneficial graft-vs. leukemia effects (Jiang 
et al. 2001; Schmaltz et al. 2001). These studies suggest that blocking Fas–FasL 
interactions could potentially ameliorate graft-vs. host disease in bone marrow 
transplants while leaving intact the beneficial graft-vs. leukemia activity by donor 
cells. Interestingly, as discussed above, effector memory T cells, which are very 
susceptible to TCR and Fas-induced apoptosis, have the ability in vivo to selectively 
mediate graft-vs. leukemia effects (Zheng et al. 2008). This raises the interesting 
possibility that alloantigen-induced Fas-mediated apoptosis in effector memory T cells 
may cull the immune repertoire of pathogenic graft-vs. host disease causing T cells while 
leaving intact graft-vs. leukemia effects, which are predominantly mediated by 
mechanisms other than Fas–FasL interactions.

Although the barriers to using direct ligation of Fas in immunotherapy in autoimmune 
disease remain high, interventions to eliminate autoreactive lymphocytes by enhanc-
ing apoptosis via Fas–FasL interactions may still prove effective. In diseases in which 
autoantigens are known, chronic stimulation of the TCR with antigen has been shown 
to mediate Fas-induced apoptosis and ameliorate animal models of antigen-specific 
autoimmune diseases (Critchfield et al. 1994). As the understanding of the pathways 
that regulate Fas-induced apoptosis grows, enhancing sensitivity to Fas-mediated 
apoptosis through stimulation of receptors that activate the ‘competancy to die’ signal 
or otherwise enhance FasL sensitivity remains a worthy therapeutic goal.
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FasL Expression and Reverse Signalling

M. Lettau1, M. Paulsen1, D. Kabelitz and O. Janssen

Abstract FasL plays a central role in the induction of apoptosis within the immune 
system. It mediates activation-induced cell death (AICD) of T lymphocytes and 
contributes to the cytotoxic effector function of T and NK cells. Moreover, FasL is 
discussed as direct effector molecule for the establishment of immune privilege and 
tumour survival. Besides its death-promoting activity, FasL has been implicated in 
reverse signalling and might thus also play a role in T cell development and selec-
tion and the modulation of T cell activation. Considering these diverse functions, 
the overall FasL expression has to be tightly controlled to avoid unwanted dam-
age. Based on an activation-associated transcriptional control, several post-tran-
scriptional processes ensure a safe storage, a rapid mobilisation, a target-directed 
activity and a subsequent inactivation. Over the past years, the identification 
and characterisation of FasL-interacting proteins provided novel insight into the 
mechanisms of FasL transport, processing and reverse signalling, which might be 
exemplary also for the other members of the TNF family.

1 Structural Composition of FasL

As indicated by the name-giving TNF homology domain (THD), the highest degree 
of homology between individual members of the TNF family is seen in the extra-
cellular part of the type II transmembrane proteins, although the receptor-specific 
binding sites are located at the very C-terminus. Moreover, the extracellular parts 
of several TNF family members contain putative cleavage sites for metallopro-
teases to deliberate a soluble cytokine. In case of FasL, the putative cleavage sites 
are located N-terminal of a region that is required for self-aggregation and 
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 trimerisation (aa 137–183). The transmembrane area (aa 81–102) is followed by a 
particularly interesting intracellular region (aa 1–81 in humans), where FasL sig-
nificantly differs from all other members of the TNF family (Janssen et al. 2003). 
Briefly, with 80 amino acids, the N-terminal region of (human) FasL is much longer 
than those of the functionally most related TNF family members (TNF (35 aa), LT  
(18 aa) and TRAIL (17 aa)), and only FasL contains the unique conserved proline-
rich domain (PRD) (aa 45–71, with 22 prolins and 5 leucins in humans) that allows 
interactions with cytosolic proteins containing SH3 or WW domains. Moreover, 
FasL harbours a conserved casein kinase (CKI) substrate region (aa 17–21 in 
humans) and FasL, but none of the other TNF family members contains potential 
tyrosine phosphorylation sites (aa 7,9,13 in humans and aa 7 in mice) (Fig. 1). 
These features strongly suggest a distinct and important biological function for the 
N-terminal intracellular part of FasL.

2 Expression of FasL

In contrast to Fas, which is constitutively or inducibly expressed in many different 
cell types, FasL expression is tightly regulated and restricted to only few cell types. 
In CD4+ T helper 1 (TH1) cells, FasL surface expression is induced upon activation 
(e.g. by antigen, anti-T cell receptor (TCR)/CD3 antibodies, mitogenic lectins, bacte-
rial superantigens, phorbol ester and calcium ionophore). In contrast, some CD4+ 
TH2 cells do not show a significant expression of FasL even after appropriate stimu-
lation, while activated CD8+ T cells usually express higher amounts of FasL than 
CD4+ TH1 cells (Janssen et al. 2000; Suda et al. 1995). FasL is also expressed in 
unstimulated natural killer (NK) cells, and its expression can be further enhanced by 
appropriate stimulation (CD16 ligation or cytokines like IL-2 or IL-12). In cytotoxic 
T lymphocytes (CTLs) and NK cells, FasL is stored within the cell in cytotoxic gran-
ules/secretory lysosomes (see Sect. 4) (Blott et al. 2001). In monocytes, FasL can also 
be detected intracellularly and is released after treatment with immune complexes, 
phytohemagglutinin (PHA) or superantigen (Janssen et al. 2003). Outside the immune 

Fig. 1 Structural composition of FasL. The N-terminal cytoplasmic part (aa 1–81) of FasL exhib-
its a casein kinase substrate motive (CKI-S, aa 17–21) and a proline-rich domain (aa 37–70). The 
transmembrane region spans aa 81–102. Within the extracellular part, putative metalloprotease 
cleavage sites are located outside a region required for self-assembly and trimerisation (SA). The 
TNF homology domain (THD) contains several putative N-glycosylation sites. The receptor-
binding site (RB) is located at the very C-terminal part of the molecule.
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system, a constitutive expression of FasL on cells or tissues of so-called immune 
privileged sites (i.e., eyes, testis, trophoblasts) (Niederkorn 2006) and also in some 
tumours (Igney and Krammer 2005) has been reported. Neurons and astrocytes also 
express FasL, where it might also contribute to the immune privilege of the central 
nervous system (Niederkorn 2006). However, the precise molecular basis for this 
differential expression (intracellular vs. cellular surface) remains unclear to date.

3 FasL Functions in the Immune System

As a death factor, the main function of FasL is the induction of apoptosis in  
Fas-expressing cells. In this context, FasL is the key death factor of the immune system.

It contributes to the cytotoxicity of T and NK cells, where FasL is stored in asso-
ciation with cytotoxic granules/secretory lysosomes. After target cell recognition, 
these storage granules are transported to the site of intercellular contact, where they 
fuse with the plasma membrane and release cytotoxic effector molecules (i.e. 
granzymes and perforin) into the immunological synapse (Russell and Ley 2002). 
Besides these classical components of cell-mediated cytotoxicity, FasL also consti-
tutes part of the effector machinery of cytotoxic immune cells and supplements the 
granzyme/perforin-mediated pathway of target cell lysis. However, depending on the 
expression of Fas and the sensitivity towards Fas/FasL-induced apoptosis of a given 
target cell, one or the other mechanism might predominate (Brunner et al. 2003).

FasL also mediates AICD of T lymphocytes. While activation of naive T cells 
results in clonal expansion and differentiation, the repeated stimulation of activated 
cells with antigen in vitro induces AICD. Thus, AICD was suggested as one mecha-
nism to eliminate reactive T cells and to terminate immune responses. Besides 
FasL, other members of the TNF receptor family (TNF-R1, TRAIL-R) and also 
receptor-independent mechanisms contribute to AICD (Krammer et al. 2007).

FasL has also been implicated in the establishment of immune-privileged sites 
like the brain, the eyes or testis. The constitutive expression of FasL on certain cell 
types in these tissues sites is supposed to minimise local immune responses by 
eliminating infiltrating Fas-positive lymphocytes (Niederkorn 2006). In this con-
text, some tumours might employ immunomodulatory factors to generate their own 
“immune-privilege-like” microenvironment. The constitutive expression of FasL 
on the cell surface or the secretion of soluble exosomal vesicle-associated FasL by 
tumour cells may thus contribute to immune escape and protect the tumour from 
the attack of activated (=Fas-positive) tumour-infiltrating lymphocytes. However, 
the biological significance of a so-called tumour counterattack is a still discussed 
controversial (Igney and Krammer 2005).

Interestingly, FasL is meanwhile also regarded as an accessory or costimulatory 
molecule for T cell activation. In this context, FasL ligation was described to inhibit 
the proliferation of murine CD4+ T cells. On the other hand, FasL ligation has been 
shown to positively modulate the proliferation of murine CD8+ rather than CD4+ T 
cells both in vitro and in vivo. Based on its reverse signalling capacity, a participation 
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of FasL as an accessory molecule for the positive selection of thymocytes has been 
claimed (Newell and Desbarats 1999; Sun and Fink 2007).

4 Regulation of FasL Expression

FasL expression is controlled by many classical transcription factors. NF-AT, 
NF-kB, c-myc, IRF-1, stimulating protein 1 (SP-1), cyclin B1/Cdk1 and Egr-3 are 
engaged in the induction of FasL expression after T cell activation, for example in 
the course of AICD. Transcription factors of the forkhead family play a role in the 
induction of FasL expression after withdrawal of growth factors, whereas AP-1 is 
involved in stress-induced expression of FasL. Transcriptional regulation also 
involves negative regulators, including, for example c-Fos. Taken together, FasL 
expression is controlled by a wide range of cis-acting promotor elements that ena-
ble a precise adjustment of gene activity in response to a certain stimulus (Brunner 
et al. 2003; Li-Weber and Krammer 2003).

Besides transcriptional control, several post-transcriptional processes modulate 
FasL surface expression and its death-promoting activity (Fig. 2) (Lettau et al. 
2008). It is quite well-established that FasL is stored in cytolytic granules/secretory 

Fig. 2 Post-transcriptional regulation of FasL expression. In cytotoxic T and NK cells. FasL is 
stored in secretory granules/lysosomes. Upon target cell recognition, these granules are directed to 
the site of intercellular contact, where they fuse with the plasma membrane, thus locally exposing 
FasL within the immunological synapse. On the cell surface, the selective association with lipid rafts 
increases the death-promoting activity of FasL. Moreover, FasL surface expression is modulated by 
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lysosomes of cytotoxic T and NK cells. These highly specialised dual-functional 
organelles serve as a degradative as well as a secretory compartment. They contain 
the classical lysosomal machinery for protein degradation but additionally store 
proteins designated for secretion and thus enable their regulated exocytosis in 
response to appropriate stimuli. These organelles are almost exclusively found in 
cells belonging to the haematopoietic lineage, with melanocytes being a major 
exception. The secretory lysosomes of T and NK cells are enclosed by an external 
membrane and contain internal vesicles and electron-dense cores of tightly packed 
proteins. In addition to proteins representative of conventional lysosomes such as 
lysosomal hydrolases and lysosomal membrane proteins (LAMPs), secretory lyso-
somes of cytotoxic cells contain proteins responsible for target cell elimination, 
including granzymes, perforin and FasL. Other proteins, for example the proteogly-
can serglycin, facilitate the storage and packaging of these compounds, and also 
serve accessory functions during the directed exocytosis of the cytolytic effectors.

Upon recognition of a target cell, secretory lysosomes are transported to the site 
of intercellular contact, where they fuse with the plasma membrane and release the 
soluble cytotoxic effectors into the forming cytotoxic immunological synapse. This 
degranulation event locally exposes transmembrane components of the granules on 
the cell surface. Thus, these organelles facilitate the safe storage, regulated secre-
tion and target restricted action of the different executive, accessory and regulatory 
components of cell-mediated cytotoxicity. As mentioned, FasL is a membrane com-
ponent of secretory lysosomes in T and NK cells. Unlike other lysosomal proteins, 
however, FasL sorting to the lysosomal compartment is mediated by its proline-rich 
domain. Therefore, proteins containing SH3 or WW domains are presumably 
engaged in FasL storage and transport.

FasL can also be released as a membrane component of microvesicles that are 
about 100–200 nm in diameter. As secretory lysosomes contain internal vesicles 
and thus have the characteristics of multivesicular bodies, degranulation would also 
release such microvesicles (Lettau et al. 2007).

In accordance with its intracellular storage, stimulation of T and NK cells with 
phorbol ester and calcium ionophore results in a biphasic surface expression of 
FasL, with a first maximum after only 10 min and a late phase of surface expression 
after about 2 h. We showed that the rapid surface appearance of FasL relies on the 
actin-dependent degranulation of the intracellular storage granules, whereas the 
second peak requires de novo synthesis (Lettau et al. 2004).

Although the storage of FasL in secretory lysosomes is well-accepted in the 
scientific community, a very recent report convincingly showed that at least in 
murine CD8+ T cells, intracellularly stored FasL might be located in structures dif-
ferent from cytolytic granules/secretory lysosomes. In their system, He and 

Fig. 2 (continued) ADAM10-mediated shedding, leading to the release of soluble FasL (sFasL). 
The remaining membrane-bound N-terminal fragment of FasL is released into the cytosol by the 
protease SPPL2a. Subsequently, this small fragment may enter the nucleus and regulate the activity 
of target genes (Figure modified from Lettau et al. 2008).
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coworkers observed a rapid release of FasL independent of the degranulation of 
cytolytic granules/secretory lysosomes. However, this compartment has not been 
further characterised (He and Ostergaard 2007). Future studies will clarify whether 
T cells or different T cell subpopulations (and NK cells) employ different compart-
ments for the intracellular storage of FasL or whether secretory lysosomes them-
selves are far more heterogenous and versatile with respect to their cargo than 
initially anticipated. In this regard, the recent analysis of the proteome of enriched 
lysosomes from human NK cells revealed a high degree of similarity in the overall 
protein composition, with clear cell line-specific differences in functionally rele-
vant proteins such as perforin or granzymes (Schmidt et al. 2008).

FasL surface expression is also modulated by metalloproteases. In different 
cellular systems, matrix metalloproteases facilitate the release of a soluble form 
of FasL by cleavage within an extracellular cleavage site and thus also decrease 
its surface expression. The cleavage site has been mapped to Ser126/127 in 
human FasL and to Lys129/Gln130 in the murine system. It is thus located 
N-terminal of the region that is essential for trimerisation, indicating that soluble 
FasL (sFasL) may form functional trimers. However, the cleaved soluble form 
of FasL has been described to mediate pro- as well as anti-apoptotic and neu-
trophil chemotactic effects presumably depending on the local micromilieu. 
Serum levels of sFasL have been associated with the progress of numerous dis-
eases such as the asymptomatic phase of HIV infection, rheumatoid arthritis and 
different malignancies.

FasL is cleaved by matrix metalloproteinase-7 (MMP-7, matrilysin) in some 
cells, for example glandular epithelial cells or a specialised population of murine 
epithelial cells. Furthermore, MMP-7 may facilitate tumour survival and resistance 
to cytotoxic drugs (i.e. doxorubicin) by cleaving FasL and thereby reducing its 
death-promoting activity. Besides FasL, MMP-7 also cleaves the receptor Fas. The 
released soluble form of Fas then antagonises the effects of cytotoxic FasL and thus 
contributes to the resistance of tumour cells to FasL-induced apoptosis (Janssen 
et al. 2003; Linkermann et al. 2005).

Since the ‘a-disintegrin-and-metalloproteinase’ ADAM17 (TACE) was iden-
tified to specifically cleave TNF- , and since the TNF-homologous portion of 
FasL is similarly processed and shed, a closely related protease was suggested. 
In fact, we recently demonstrated that also in T cells, FasL is constitutively 
cleaved by the closely related protease ADAM10. We showed that shedding 
decreased the FasL death-promoting activity in the context of cell-mediated 
cytotoxicity and of AICD (Schulte et al. 2007). Moreover, ADAM10 may coop-
erate with the protease SPPL2a (signal peptide peptidase-like 2a) to release a 
small unstable fragment that mainly consists of the intracellular domain of FasL. 
This intracellular remnant may then enter the nucleus and specifically modulate 
the activity of target genes. This mechanism with marked similarities to the 
Notch-signalling pathway might provide an alternate route for FasL reverse 
signalling (Kirkin et al. 2007).

Apart from shedding, the pro-apoptotic activity of FasL is further modulated by 
its association with lipid rafts. Lipid rafts are membrane compartments rich in 
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cholesterol, glycosphingolipids and saturated phospholipids. An important feature 
of these plasma membrane microdomains is the selective recruitment or exclusion 
of signalling molecules, thereby regulating or modulating their activity. The death 
receptor-mediated induction of apoptosis has been shown to be modulated by lipid 
rafts. As an example, Fas associates with microdomains of the plasma membrane 
and this localisation influences Fas-mediated cell death in T cells. Moreover, FasL 
has been described to localise to lipid rafts both in transfectants and primary T cells 
and this association positively modulates its death-promoting activity. Also in this 
scenario, the proline-rich domain is indispensable for the recruitment to lipid rafts 
(Cahuzac et al. 2006). However, the molecular basis for the selective recruitment 
to membrane microdomains remains unclear to date.

5 FasL-Interacting Proteins

Assuming that the intracellular proline-rich domain (PRD) of FasL enables interac-
tions with proteins containing proline binding modules such as SH3 or WW 
domains, over the past years, we identified and functionally characterised several 
FasL-interacting proteins (Janssen et al. 2003; Lettau et al. 2008). We initially 
showed that, for example SH3 domains of several kinases including the Src-type 
kinases Src, Fyn, Lyn, Lck, Hck, Fgr and Abl, and the p85 adapter subunit of PI3 
kinase precipitate FasL. Since most of these kinases play a major role in T cell 
activation, these interactions might at least in part account for the postulated 
reverse signal transduction capacity of FasL by facilitating the cross-talk of the Fas/
FasL system with the T cell receptor (Janssen et al. 2003) (see Sect. 6). Apart from 
reverse signalling, the phosphorylation of FasL (e.g. by Src kinases) has recently 
been implicated in the sorting of the death factor to the ‘inner vesicles’ that form 
part of secretory lysosomes (Zuccato et al. 2007).

Moreover, FasL has been shown to interact with numerous adapter proteins. 
Upon cotransfection, proteins of the so-called pombe cdc15 homology family 
(Chitu and Stanley 2007) including the CD2-interacting protein 1 (CD2BP1), the 
formin-binding protein 17 (FBP17), the cdc42-interacting protein 4 (CIP4) and 
the protein kinase c and casein kinase substrate in neurons 1–3 (PACSIN 1–3) affect 
the subcellular localisation of FasL. While FasL is expressed on the plasma mem-
brane upon overexpression in non-haematopoietic cells, cotransfection of FBP17, 
the PACSINs 1–3, CD2BP1 or CIP4 results in an intracellular retention of FasL 
(Qian et al. 2006). FasL also interacts with the adapter protein Nck. A main func-
tion of Nck is to link receptor tyrosine kinases or associated proteins to the 
machinery of actin reorganisation. In this context, Nck is a central adapter protein 
also in the TCR-mediated rearrangement of the actin cytoskeleton. With regard to 
the regulation of FasL expression, Nck is required for the recruitment of FasL and 
FasL-associated vesicles to the T cell/target cell interface, thus facilitating the 
local surface expression of FasL within the cytotoxic immunological synapse 
(Lettau et al. 2006).
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6 Reverse Signalling by FasL

In recent years, several members of the TNF family including CD27 Ligand 
(CD27L), 4-1BB Ligand (4-1BBL), OX40 Ligand (OX40L), CD30 Ligand 
(CD30L), CD40 Ligand (CD40L), LIGHT, TRANCE, TRAIL, TNF and FasL were 
found to be implicated in the modulation of cellular activation in different systems, 
leading to the assumption that most TNF family members are capable of a reverse 
or retrograde signal transduction. Thus, it has been suggested that CD27L, 4-1BBL, 
OX40L, CD30L, CD40L and FasL affect the activation of peripheral T lymphocytes 
by transducing costimulatory signals. Several ligands of the TNF family seem to 
have growth promoting functions, for example CD27L, which augments the prolif-
eration of PHA-stimulated T cells. Similarly, CD30L ligation results in an increased 
metabolic activity, proliferation and cytokine production of TCR-stimulated cells, 
whereas in freshly isolated neutrophils, CD30L ligation induces an increased IL-8 
production. CD40L-stimulation augments phosphorylation of Lck and PLC , and 
subsequent activation of the mitogen-activated protein kinase (MAPK) p38 and 
JNK. Furthermore, it was shown that CD40+ transfectants costimulate anti-CD3 
induced T-cell proliferation in an IL-2 dependent manner. In this context, CD40L 
seems to provide a signal for the selective expansion of CD4+ T cells after interac-
tion with CD40-expressing APC (Cayabyab et al. 1994). Nevertheless, in the case 
of CD40L the molecular basis for its reverse signal transduction capability is still 
somehow enigmatic, since this molecule has a very short cytoplasmic tail without 
any known enzymatic activity.
A selective enhancement of TCR-triggered CD4+ T cell proliferation has also 
been described for TRAIL-ligation. Furthermore, besides its role in the induc-
tion of apoptotic cell death in cells expressing HVEM or LT /  receptor, LIGHT 
has been implicated in reverse signal transduction in T cells by enhancing pro-
liferation, cytokine production and cytotoxic activity (Sun and Fink 2007). 
Stimulation of membrane-bound TNF-  with anti-TNF  antibodies costimu-
lates T cells to secrete cytokines and upregulate adhesion molecules. In this 
context, CD4+ and CD8+ T lymphocytes again react differently. While the 
mTNF- -stimulation of CD4+ T cells leads to the downregulation of TH2 cells, 
CD8+ T lymphocytes increase their cytotoxic potential. Interestingly, mTNF- -
triggering by soluble TNF-Rs at the same time desensitises macrophages and 
monocytes against LPS by inhibiting the production of multiple cytokines 
responsible for activation (Sun and Fink 2007). Because of their individual 
expression profiles, other TNF family members have been mainly investigated 
in the context of B cell activation. For example, OX40L was found to enhance 
T cell-dependent proliferation and immunoglobulin secretion in murine splenic 
B cells (Stuber et al. 1995). A similar costimulation of B cells can be induced by 
4-1BBL-ligation. Interestingly, in monocytes 4-1BBL-ligation induces secretion 
of IL-6, IL-8 and TNF-  (Sun and Fink 2007).

As mentioned, within its unique intracellular part, the FasL contains several 
motifs that argue for a multi-facetted signalling capacity. These include a potential 
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nuclear localisation site, the exceptional proline-rich domain (PRD), the casein 
kinase I (CKI) phosphorylation motif and several tyrosine residues. A similar CKI 
substrate motif is in fact present in the cytoplasmic tails of six members of the TNF 
family. Although the molecular mechanisms and functional consequences have not 
been completely unravelled, at least in the cases of FasL and TNF- , serine phos-
phorylation of that motif was implicated in reverse signal transduction (Sun and 
Fink 2007).

The PRD (aa 37–70) within the intracellular part of FasL is absolutely unique 
within the TNF family and is of special interest as a protein–protein interaction 
site. As mentioned (see Sect. 5), most of the PRD-interacting adapter proteins 
analysed in more detail so far are regulators of FasL storage and transport. 
Interestingly, before the FasL-interaction was described for the PCH family 
member CD2BP1, this protein had been implicated in synapse formation and T 
cell activation by facilitating actin reorganisation upon interaction with an APC 
(Badour et al. 2003). Moreover, CD2BP1 can interact with the phosphatase PTP-
PEST, which is involved in negative regulation of lymphocyte activation (Yang 
and Reinherz 2006). Thus, besides its role for the subcellular localisation of 
FasL, CD2BP1 might also contribute to reverse signalling by recruiting PTP-
PEST (Baum et al. 2005).

TCR ligation results in the activation of T cell-specific Src kinases Fyn and 
Lck, which phosphorylate immunoreceptor tyrosine-based activation motifs 
(ITAMs) within TCR-associated  chains to serve as docking sites for the Syk-
type kinase ZAP-79 (Fig. 3). Subsequently, active ZAP-70 phosphorylates an 
array of regulators of the membrane-proximal activation complex, including the 
‘linker for the activation of T cells’ (LAT). Phosphorylated LAT can then recruit 
different SH2 domain containing adapter proteins such as Gads/SLP-76 and thus 
initiate the Grb2/SOS/Ras/MAPK signalling cascade and the activation of phos-
pholipase C 1 (PLC 1). Resting lymphocytes require a costimulatory signal for 
full activation, otherwise T cells fail to produce cytokines like IL-2, stop prolif-
eration and undergo apoptosis. Costimulation in turn can be negatively modu-
lated by the expression of inhibitory receptors. The prototypic costimulatory 
signal is transmitted through the costimulatory receptor CD28 and results in an 
activation of the PI3 kinase/Akt pathway. Together with the ‘inducible costimu-
lator’ (ICOS) they form the class of disulfide-linked homodimers that bind to 
different members of the B7 family of surface molecules. It is important to note 
that several members of the TNF receptor family such as CD40, OX40, CD30, 
CD95 meanwhile form a novel class of costimulatory molecules (Frauwirth and 
Thompson 2002). Finally, the different signalling cascades initiated by the TCR 
and costimulatory receptors merge at the level of transcription to alter the pro-
tein profile required for proliferation, differentiation or induction of anergy or 
apoptosis.

The first evidence for a signalling capacity of FasL came from two independent 
studies on murine T cells from Fas(lpr)/FasL(gld) mutant mice. The first report 
described the costimulatory capacity of FasL in CTL lines generated from B6 
wildtype, lpr- and gld-mice and suggested that FasL ligation might be required as 
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Fig. 3 FasL, an enhancer or inhibitor of T cell activation. The TNF family member FasL has been 
implicated in so-called reverse signal transduction. In this context, FasL affects TCR activation by 
positive (a) or negative (b) costimulation. (a) FasL enhances the TCR signal by activating several 
important signalling cascades, including the ERK-, p38 MAPK-, and JNK-pathways. In addition, 
Nck interacts with WASP, which in turn leads to cytoskeleton reorganisation, resulting in 
improved TCR clustering. (b) Under certain conditions, FasL blocks T cell activation. One expla-
nation might be that recruitment of CD2BP1 and PTP-PEST inhibits p38, PLC, and ERK, but the 
exact mechanism of this proposal has not yet been investigated (Figure modified from Lettau  
et al. 2008).
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a costimulatory signal to achieve optimal proliferation (Suzuki and Fink 1998). 
This ‘FasL effect’ was only seen in CD8+ but not in CD4+ T lymphocytes. It needed 
TCR coengagement and was independent of CD28. In contrast to these data, 
Desbarats et al. showed that FasL engagement on freshly isolated murine CD4+ T 
cells inhibited TCR-stimulated cell proliferation and blocked IL-2 production 
(Desbarats et al. 1998).

Follow-up studies provided more evidence for a positive costimulation by FasL on 
the proliferation of mature murine CTL and during thymocyte maturation (Boursalian 
and Fink 2003; Suzuki et al. 2000). In terms of signalling, differences in the phospho-
rylation patterns induced by TCR ligation alone or in the presence of FasL-ligating 
FasFc fusion proteins were reported in murine CTLs. In this experimental model, 
phosphorylation of Akt, ERK and FasL itself was increased by FasL costimulation. 
Furthermore, FasL translocated to lipid raft platforms, and this association was 
supposed to be essential for the recruitment of adaptor molecules to enable a 
FasL-to-TCR cross-talk. Moreover, at the level of transcription factors, the nuclear 
translocation of NFAT and activation of the AP-1 complex were enhanced upon 
FasL-crosslinking, leading to an elevated production of IFN-  (Sun et al. 2006).

Employing Jurkat T cells that overexpress a fusion, construct of FasL with an 
N-terminal myristylation motif (that tethers the molecule to the membrane) and the 
intracellular part of FasL provided first direct evidence that the cytoplasmic domain 
is sufficient to mediate TCR-costimulation. Interestingly, the casein kinase sub-
strate motif and the PRD proved to be important for reverse signalling, since muta-
tions within the CKI motif also interfered with NFAT translocation, indicating a 
more complex scenario for FasL signalling besides PRD-mediated alterations. 
Nevertheless, the deletion of amino acids 45–54 within the PRD abrogated ERK 
activation via the PI3 kinase pathway and blocked costimulation. At the same time, 
however, FasL-induced apoptosis on Fas-expressing cells was not influenced (Sun 
et al. 2007).

Apparently, these data somehow do not really match with the data by Julie 
Desbarats and colleagues described earlier (Desbarats et al. 1998). However, our 
own experiments on freshly isolated peripheral human T cells clearly show that 
TCR/CD3/CD28-induced proliferation and activation are completely blocked by 
immobilised (but not soluble) FasFc fusion protein or anti-FasL pAb at early 
stages of TCR signal initiation (Paulsen et al., Int. Immunol., in revision). In our 
hands, the degree of cross-linking does not account for the observed differences 
in the FasL signal, as FasFc fusion protein presented as a dimer or further cross-
linked by anti-human IgGFc show similar effects. The inhibition of TCR signal-
ling by FasL occurs at early stages, since activation-induced TCR internalisation 
and MAPK activation are blocked, whereas stimulation with phorbol ester and 
calcium ionophore is unaffected by FasL engagement. Whether the observed dif-
ferences reflect the use of different cell types (murine/human, activated/resting, 
CD4+/CD8+) is still open. Nevertheless, although the exact FasL-dependent sig-
nalling events or cascades that interfere with TCR signal initiation are still not 
clear, there is increasing evidence that T cell activation is definitely modulated by 
the Fas/FasL system (Fig. 3).
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Impact of TNF-R1 and CD95 Internalization  
on Apoptotic and Antiapoptotic Signaling

Stefan Schütze and Wulf Schneider-Brachert 

Abstract Internalization of cell surface receptors has long been regarded as a pure 
means to terminate signaling via receptor degradation. A growing body of information 
points to the fact that many internalized receptors are still in their active state and 
that signaling continues along the endocytic pathway. Thus endocytosis orchestrates 
cell signaling by coupling and integrating different cascades on the surface of endo-
cytic vesicles to control the quality, duration, intensity, and distribution of signaling 
events. The death receptors tumor necrosis factor-receptor 1 (TNF-R1) and CD95 
(Fas, APO-1) are known not only to signal for cell death via apoptosis but are also 
capable of inducing antiapoptotic signals via transcription factor NF- B induction 
or activation of the proliferative mitogen-activated protein kinase (MAPK)/ERK 
(extracellular signal-regulated kinase) protein kinase cascades, resulting in cell pro-
tection and tissue regeneration. A clue to the understanding of these contradictory 
biological phenomena may arise from recent findings which reveal a regulatory role of 
receptor internalization and intracellular receptor trafficking in selectively transmitting 
signals, which lead either to apoptosis or to the survival of the cell.

In this chapter, we discuss the dichotomy of pro- and antiapoptotic signaling of 
the death receptors TNF-R1 and CD95. First, we will address the role of lipid rafts 
and post-translational modifications of death receptors in regulating the formation 
of receptor complexes. Then, we will discuss the role of internalization in determining 
the fate of the receptors and subsequently the specificity of signaling events. 
We propose that fusion of internalized TNF-receptosomes with trans-Golgi vesicles 
should be recognized as a novel mechanism to transduce death signals along the 
endocytic route. Finally, the lessons learnt from the strategy of adenovirus to escape 
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apoptosis by targeting death receptor internalization demonstrate the biological 
significance of TNF receptor compartmentalization for immunosurveillance.

1 Pathways of Receptor Internalization

It is now widely accepted that many internalized receptors are still in their active 
state and that signaling by these receptors continues along the endocytic pathway 
(McPherson et al. 2001; Sorkin and Von Zastrow 2002; Teis and Huber 2003; 
Miaczynska et al. 2004). The compartmentalization of signaling pathways would 
ensure the precise spatial and temporal regulation to evoke a unique, receptor-
specific response.

The classical model of signal transduction involves cell surface receptors that are 
activated after binding to their ligands and transmit intracellular signals by recruitment 
of adaptor proteins to the intracytoplasmic tail to generate secondary messengers.

Receptors and ligands can internalize from the cell surface by different routes. 
The best known mechanism of endocytosis is clathrin-mediated endocytosis 
(CME). The first step in CME involves the selective recruitment of transmembrane 
receptors and their bound ligands into specialized membrane microdomains 
(termed clathrin-coated pits (CCPs)). Several adaptor protein complexes participate 
in this process, initiated by the binding of the adaptor protein complex-2 to the 
plasma membrane through its lipid-binding domains and to specific transport 
sequences within the intracellular sequence of the activated receptor. The best-
characterized endocytosis motifs of cargo proteins are the tyrosine-based YXX  
motif (where Y represents tyrosine, X any amino acid, and  a bulky hydrophobic 
amino acid) and dileucine-based motifs. Interaction of AP2 with the GTPase 
dynamin then forms rings around the neck of budding vesicles, which results in 
membrane fission and generation of free clathrin-coated vesicles (CCVs). After 
uncoating during intracellular trafficking, CCVs fuse with early endosomes from 
which ligand–receptor complexes are sorted to various intracellular compartments 
such as trans-Golgi vesicles or late endosomes (also known as multivesicular bod-
ies (MVBs)). Receptor complexes that are destined for degradation then fuse with 
lysosomes and are proteolysed.

In addition, clathrin-independent pathways also play important roles in endocy-
tosis (reviewed in Le Roy and Wrana (2005), Glebov et al. (2006), and Mayor and 
Pagano (2007)). One form of clathrin-independent endocytosis is based on choles-
terol and sphingolipid-enriched membrane domains (lipid rafts) and special mem-
brane invaginations (caveolae), termed RCE (raft/caveolar endocytosis). Raft 
association tends to concentrate specific proteins within the plasma membrane 
microdomains, thereby affecting receptor signaling pathways (recently reviewed in 
Lajoie and Nabi (2007)). In addition, several different dynamin-independent 
endocytosis mechanisms distinct from both CCPs and caveolae have been identified 
(recently reviewed in Parton and Simons (2007), Simons and Toomre (2000), and 
Helms and Zurzolo (2004)).
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2 Apoptosis Signaling by Death Receptors

A subgroup of the TNF receptor family are the “death receptors” including TNF 
receptor-1 (TNF-R1), CD95 (Fas/APO-1), TNF-related apoptosis-inducing ligand 
(TRAIL) receptors (TRAIL-R1/DR4 and TRAIL R2/DR5), DR3, DR6, and p75 
NTR. These death receptors share a “death domain” (DD), a conserved, 80-amino 
acid sequence in the cytoplasmic tail which is necessary for direct activation of the 
apoptotic program of the cells by some (TNF-R1, CD95, TRAIL-R1, TRAIL-R2) 
of these receptors. Ligand-activated TNF-R1 recruits the TNFR-associated death 
domain (TRADD) protein to the cytoplasmic DD of the receptor (Hsu et al. 1996a). 
In turn, TRADD functions as an assembly platform to diverge TNF-R1 signaling 
from the DD; interaction of TRADD with receptor interacting protein-1 (RIP-1) 
and TNFR-associated TRAF2 (TNF receptor associated protein-2) leads to the 
activation of the survival transcription factor nuclear factor- B (NF- B) and induc-
tion of the c-Jun N-terminal kinase (JNK) cascade (Hsu et al. 1996b). Alternatively, 
TRADD can recruit FADD (Fas-associated via death domain) to form the death-
inducing signaling complex (DISC). In the case of CD95 and TRAIL receptors, the 
adaptor TRADD is not required for the recruitment of FADD; FADD directly binds 
by homotypic interaction through its own DD to the DD of CD95, TRAIL-R1, or 
TRAIL-R2. Subsequently, FADD recruits caspase-8 to the DISC, through its sec-
ond functional domain, the death effector domain (DED).

Recruitment of caspase-8 to the DISC results in the activation of this initiator 
caspase by autoproteolytic self-activation. Then, cell death can follow two paths 
depending on the level of DISC formed. Activated caspase-8 directly cleaves caspase-3 
to initiate the effector arm of the caspase cascade which leads to apoptosis (type I path-
way (Scaffidi et al. 1998; Barnhart et al. 2003) characteristic of type I cells). However, 
if the activation of caspase-8 is not sufficient to mediate efficient caspase-3 activation, 
an amplification loop is required. Caspase-8 mediates cleavage of the proapoptotic 
Bcl-2 family member Bid. The truncated form, tBid, then translocates to the mitochon-
dria to initiate apoptosome assembly (cytochrome c, Apaf-1, caspase-9, and ATP), 
which leads to the activation of caspase-3 and -7 (type II pathway, in type II cells). Both 
apoptotic pathways are tightly controlled by multiple agonistic and antagonistic regula-
tors of caspase activation; at the level of the DISC, the inhibitory proteins (cFLIP, cIAP) 
can prevent recruitment of procaspase-8 by competitive binding to the DED of FADD 
(cIAP, cFLIP

S
) or by inhibition of caspase-8 activation within the FLICE-inhibitory 

protein (FLIP)-containing DISC (cFLIP
L
). Type II signaling is regulated by antiapoptotic 

Bcl-2 proteins such as Bcl-2 or Bcl-X
L
, which inhibit the function of their proapoptotic 

counterparts (such as Bcl-2-associated X protein (BAX) and Bcl-2-antagonist of cell 
death (BAD)) to block tBid-mediated apoptosis, or by the inhibitory protein X inhibitor 
of apoptosis protein (XIAP) which prevents caspas-9 activation. These inhibitory pro-
teins themselves are counteracted by mitochondrial proteins such as Smac Direct IAP 
Binding Protein with low isoeiectric point (DIABLO), which are released in response 
to apoptotic stimuli to guarantee caspase activation.

Micheau and Tschopp (2003) proposed a model in which TNF-R1 signaling 
involves assembly of two molecularly and spatially distinct signaling complexes 
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that sequentially activate NF-kB and caspases. TNF-R1 recruits RIP-1, TRAF-2, 
and TRADD to form a signaling complex at the cell surface termed “complex I” 
within a few minutes of TNF binding. Complex I signals for NF- B activation 
through recruitment of the I- B kinase “signalosome” high molecular weight 
complex. At later time points and after TNF-R1 internalization, in this model, RIP-1, 
TRAF-2, and TRADD are modified by ubiquitinylation and dissociate from the 
receptor. Within the cytosol, this complex then recruits FADD and caspase-8 to a 
secondary signaling complex (termed “complex II”).

Three recent reports of our group (Schneider-Brachert et al. 2004, 2006; Neumeyer 
et al. 2006) confirmed the existence of spatially distinct signaling complexes at the 
cell surface and intracellularly, as proposed (Harper et al. 2003; Micheau and Tschopp 
2003). However, we showed that recruitment of RIP-1 and TRAF-2 to the cell surface 
TNF-R1 is sufficient to signal for NF- B and could demonstrate that the DISC was 
found to be still associated together with the internalized TNF receptor in TNF-R1 
receptosomes (Schneider-Brachert et al. 2004, 2006) (see below).

3 Role of Lipid Rafts in TNF-R1 Signaling

TNF was first described as a cytokine that exhibits antitumor effects in mouse 
models and is now recognized as a highly pleiotropic cytokine that elicits diverse 
cellular responses, which range from proliferation and differentiation to activation 
of apoptosis (Locksley et al. 2001; Wajant et al. 2003). The biological activities of 
TNF are mediated by two distinct cell surface receptors: TNF-R1 (also known as 
p55/60; CD120a) and TNF-R2 (also known as p75/80; CD120b). In contrast to 
TNF-R1, TNF-R2 does not contain a DD and cannot transmit apoptosis signals.

Binding of TNF initiates rapid clustering of the TNF-R1, followed by internali-
zation of the ligand–receptor complex (Mosselmans et al. 1988; Bradley et al. 
1993; Schütze et al. 1999; Schneider-Brachert et al. 2004, 2006). At the level of the 
plasma membrane, lipid rafts have been implicated to play a role in TNF-R1 signal-
ing. TNF-R1 translocations to lipid rafts within 2 min of ligand binding have been 
observed in the human fibrosarcoma cell line HT1080, concomitant with the 
recruitment of the adaptor molecules RIP-1, TRADD, and TRAF2 (Legler et al. 
2003). Disruption of lipid rafts by cholesterol depletion results in inhibition of I -
Ba phosphorylation, which is required for NF- B activation (and subsequently 
transmission of survival signals) in response to TNF treatment, switching the TNF-
response to induction of apoptosis.

However, the role of lipid rafts for TNF-R1 signaling still remains unclear and 
may depend on the cell type. In contrast to the HT1080 cell line (Legler et al. 2003), 
TNF-R1-induced apoptosis has been reported to depend on lipid rafts in the U937 
myeloid cell line (Doan et al. 2004). In primary mouse macrophages, lipid rafts 
appear to be important for transducing TNF-R1 signaling to the MAPK/ERK path-
way but not to NF- B activation (Ko et al. 1999). A selective lipid raft dependency 
of TNF-R1 signaling to p42mapk/erk2 was observed in primary mouse macrophages 
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(Doan et al. 2004), but in human airway smooth muscle cells NF- B and MAPK 
activation by TNF was found to be independent of lipid rafts (Hunter and Nixon 
2006). In the human endothelial cell line EA.hy926, TNF-R1-mediated activation 
of phosphatidyl-inositol 3-kinase (PI3K), but not of NF- B, seems to originate 
from caveolae after interaction of TNF-R1 with caveolin-1 (D’Alessio et al. 2005). 
By contrast, disruption of lipid rafts in HT1080 fibrosarcoma blocked NF- B acti-
vation and sensitized cells to apoptosis (Legler et al. 2003). Thus, redistribution of 
TNF-R1 into lipid rafts and nonraft regions of the plasma membrane seems to regu-
late diversity of signaling responses by TNF in various cell types, but the quality of 
signals transduced from lipid rafts varies significantly between different cell lines.

4 Role of Internalization in TNF-R1 Signaling

In various cell types, TNF-R1 endocytosis is mediated by CCP formation (Mosselmans 
et al. 1988; Bradley et al. 1993; Schütze et al. 1999; Schneider-Brachert et al. 2004, 
2006) (Table 1). In human endothelial cells, TNF receptor endocytosis was linked to 
TNF-induced expression of NF- B regulated genes, which encode the cell adhesion 
molecules endothelial leucocyte adhesion molecule-1 (ELAM-1), intracellular adhe-
sion molecule-1(ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) (Bradley 
et al. 1993). Earlier reports suggested that TNF receptor internalization in other cells 
may play a role in mediating TNF cytotoxicity (Kull Jr and Cuatrecasas 1981, 
Pastorino et al. 1996). In U937 cells, it was demonstrated that selected TNF-R1 DD 
signaling pathways including the pathways that lead to apoptosis were dependent on 
TNF receptor internalization, while others were not (Schütze et al. 1999): blocking 
CCP formation by monodansyl cadaverine (MDC) inhibited activation of the endo-
lysosomal acid sphingomyelinase (A-SMase) and JNK, as well as TNF-induced cell 
death. By contrast, the interaction of the adaptor molecules factor associated with 
neutral sphingomyelinase (FAN) and TRADD to TNF-R1 at the cell surface and the 
activation of plasma membrane-associated neutral sphingomyelinase (N-SMase) as 
well as the stimulation of proline-directed protein kinases (PDPK) were not influ-
enced by inhibition of TNF-R1 internalization (Schütze et al. 1999). These findings 
point to a role of TNF-R1 internalization in transmitting proapoptotic signals from 
intracellular compartments, while nonapoptotic signaling occurs from TNF-R1 at the 
cell surface. As another example, in nonphagocytic cells TNF receptor internalization 
is required for TNF-induced production of reactive oxygen species (ROS) and activa-
tion of MAPKs and AKT/protein kinase B (PKB), but not for activation of NF- B 
(Woo et al. 2006).

Thus, TNF-R1 compartmentalization seems to play an important role for selec-
tive internalization-dependent (cytotoxic, proapoptotic) and internalization-inde-
pendent (mitogenic and proinflammatory) signaling pathways. On the basis of 
these observations, the endosomal compartment has to be recognized as a novel 
signaling organelle that is involved in selectively transmitting death signals from 
TNF-R1 (see Table 1).
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An important question is how apoptotic signals are further transmitted from this 
intracellular compartment. As discussed above, TNF receptor triggering activates 
the endo-lysosomal enzyme A-SMase (Schütze et al. 1992; Wiegmann et al. 1994, 
1999; Schwandner et al. 1998), generating the potent proapoptotic lipid second 
messenger ceramide (reviewed in Lin et al. (2000) and Morales et al. (2007)). 
A role for A-SMase in transmitting apoptotic signals of death receptors has been 
reported for TNF (Monney et al. 1998; Garcia-Ruiz et al. 2003; Heinrich et al. 
2004), CD95 (Cifone et al. 1994; Herr et al. 1997; De Maria et al. 1998; Brenner 
et al. 1998), and TRAIL (Dumitru and Gulbins 2006; Thon et al. 2006).

Table 1 Role of TNF-R1 internalization for selective TNF signaling

Cell type
Internalization-dependent 
effects

Internalization-independent 
effects Reference

L-M, murine  
tumorigenic 
fibroblasts

Tumor necrosis serum cyto-
toxicity

n.d. Kull, Jr. and 
Cuatrecasas 
(1981)

Human myosar-
coma cell line 
KYM

TNF-cytotoxicity n.d. Watanabe et al. 
(1988)

Human umbilical 
vein endothelial 
cells

TNF-induced ICAM-1 and 
VCAM-1- expression

n.d. Bradley et al. 
(1993)

U937 cells TNF-cytotoxicity, activation 
of A-SMase and JNK

Activation of N-SMase 
and PDP-kinase

Schütze et al. 
(1999)

U937 cells, murine 
fibroblasts, 
70Z/3 murine 
pre-B cells

TNF-mediated apoptosis, 
activation of A-SMase, 
CTSD, TNF-R1 recruit-
ment of TRADD and 
FADD, activation of 
caspase-8

Activation of N-SMase, 
TNF-R1 recruitment 
of RIP-1 and TRAF-2

Schneider-
Brachert et 
al. (2004)

Murine fibroblasts TNF-mediated apoptosis, 
activation of caspase-8 
and caspase-9

Residual apoptosis, and 
activation of  
caspase-3 that is 
mediated by enhanced 
N-SMase activity

Neumeyer et al. 
(2006)

NIH 3T3 and C127 
murine fibro-
blasts, human 
H1299 fibrosar- 
coma cells and 
HeLa cells

Adenovirus 14.7K selec-
tively blocks TNF-R1 
internalization, DISC-
recruitment, activation of 
caspase-8 and apoptosis

14.7K does not block 
TNF-R1 recruitment 
of RIP-1 and  
TRAF-2, and  
activation of NF-kB

Schneider-
Brachert  
et al. (2006)

HEK293 cells ROS production, activation 
of MAP kinase, PI3K 
and PKB

Activation of NF-kB Woo et al. 
(2006)

TNF tumor necrosis factor; ICAM-1 Intracellular adhesion molecule-1; VCAM-1 vascular cell 
adhesion molecule 1; A-SMase acid sphingomyelinase; JNK c-jun N-terminal protein kinase; 
N-SMase neutral sphingomyelinase; PDP-kinase proline-directed protein kinase; CTSD cathepsin 
D; TRADD, TNF receptor-associated death domain protein; FADD Fas-associated via death 
domain protein; RIP-1 receptor interacting protein-1; TRAF-2 TNF receptor associated protein-2; 
DISC death-inducing signaling complex; NF- B nuclear factor B; ROS reactive oxygen species; 
MAP kinase mitogen-activated protein kinase; PKB protein kinase B
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The aspatate-protease cathepsin D (CTSD) is a direct downstream target for 
ceramide within the same endo-lysosomal compartment (Heinrich et al. 1999). The 
proapoptotic Bcl-2 protein family member Bid colocalizes with CTSD-positive 
vesicles and after TNF stimulation both CTSD and Bid are located in ROS5 posi-
tive early endosomes, implicating that Bid is located at the subcellular site of CTSD 
activation. After TNF-induced, ceramide-mediated translocation through the 
endosomal membrane, it was shown that CTSD cleaves Bid, leading to activation 
of caspase-9 and -3 (Heinrich et al. 2004).

Thus, endo-lysosomal proteases such as CTSD can be understood, like caspases, 
as a group of proteases that are activated in a cascade-like manner. Once released 
to the cytoplasm, these proteases may execute apoptosis either independent of 
caspases or might individually participate in different apoptotic or cell death signaling 
cascades by connecting the endosomal compartment to the classical apoptosis 
signaling pathways.

5 DISC Assembly Occurs at Internalized TNF Receptosomes

The key elements of the signaling pathways of apoptosis (the TNF-R1 adaptor proteins 
TRADD, FADD, and caspase-8) and of NF- B (TRADD, RIP-1, and TRAFs) are 
well defined (reviewed in Chen and Goeddel (2002) and Wajant et al. (2003)). 
However, the molecular mechanisms that regulate the formation of the initial signaling 
complexes at the activated TNF-R1 to selectively transmit specific signal transduc-
tion events to various intracellular compartments are poorly understood.

We recently demonstrated the important role of internalized TNF-R1 as the 
essential platform for recruiting the DISC to the TNF-R1 receptosomes (Schneider-
Brachert et al. 2004, 2006). Recruitment of the adaptor proteins TRADD, FADD, 
and caspase-8 to form the DISC occurred within 3 min after TNF stimulation, and 
DISC was still associated with TNF-R1 after 60 min. Inhibition of TNF-R1 inter-
nalization blocked DISC recruitment and apoptosis but still allowed the recruitment 
of RIP-1 and TRAF-2 to signal for NF- B activation. We used a novel experimental 
approach: TNF receptors were labeled with biotin-TNF coupled to streptavidin-
coated magnetic nanobeads, and intact TNF–TNFR complexes were isolated within 
their native membrane environment using a specialized magnetic device (Schütze 
and Tchikov 2008). Immunomagnetic isolation of morphologically intact vesicles 
revealed trafficking and maturation of TNF receptosomes along the endocytic path-
way and fusion of TNF receptosomes with trans-Golgi membranes resulting in 
formation of multivesicular endosomes (Schneider-Brachert et al. 2004).

Deletion of the TNFR internalization domain (TRID) within the cytoplasmic tail 
of TNF-R1 or point mutations within the YQRW internalization motif resulted in 
complete elimination of TNF-R1 internalization. These mutations prevented the 
recruitment of TRADD, FADD, and caspase-8 and led to an almost entire inhibition 
of TNF-induced apoptosis (Schneider-Brachert et al. 2004). In cells that express 
TNF-R1 TRID, a residual DISC-independent cell death was observed after 
prolonged incubation as a result of high local production of ceramide by overactivated 
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N-SMase. In adenovirus-infected cells or cells transduced with the adenoviral 
E3-14.7K, however, inhibition TNF-R1 endocytosis correlated with a complete 
blocking of TNF-induced apoptosis (Schneider-Brachert et al. 2006).

The DD of internalization-deficient TNF-R1 TRID could still recruit RIP-1 and 
TRAF2 for activation of NF- B even in the absence of TRADD as an assembly platform 
(Schneider-Brachert et al. 2004, 2006). Although it is generally accepted that TRADD is 
required for RIP-1 recruitment to TNF-R1, this observation is in line with previous reports 
on a direct interaction of RIP-1 with TNF-R1 and CD95 (Stanger et al. 1995; Hsu et al. 
1996b). In addition, Zheng et al. (2006), and Jin and El Deiry (2006), showed that 
TRADD and RIP-1 can independently and competitively associate with TNF-R1. RIP-1 
is essential for TNF-R1-mediated NF- B activation, since cells derived from mice with a 
functional deletion of RIP-1 showed no NF- B activation and were highly sensitive to the 
induction of apoptosis (Kelliher et al. 1998). RIP-1 then can interact with TRAF-2 (Hsu 
et al. 1996b), and TRAF-2 in turn mediates the physical interaction with the NF- B-
inducing I-kappa B kinase (IKK) complex (Devin et al. 2000).

How are the signaling events during endocytosis of TNF receptor complexes 
regulated? Since TRADD, RIP-1, and TRAF-2 are co-internalized with TNF-R1, 
NF- B signaling has to be downregulated during TNF receptor endocytosis, allowing 
for full propagation of DISC-mediated proapoptotic signaling. The ubiquitin 
protein ligase CARP-2 was identified as a constitutive negative regulator of TNF-
induced NF- B activation (Liao et al. 2008). CARP-2 is localized to endocytic vesicles 
where it interacts with internalized TNF receptosomes and, together with A20, 
mediates ubiquitinylation and degradation of RIP-1 and subsequently downregula-
tion of NF- B signaling.

In summary, two temporary and spatially distinct TNF-R1 signaling complexes 
are formed with the capacity to either signal for NF- B activation from the cell 
surface or for apoptosis from internalized receptosomes (see Fig. 1), indicating that 
TNF-R1 compartmentalization has an important role in the diversification of 
TNF-mediated biological responses. The reason for the discrepancy between our 
findings of TNF-R1-associated DISC and the results of Harper et al. (2003) and 
Micheau and Tschopp (2003) might be due to the different detergents used for 
solubilization of TNF-R1 from (clathrin-coated) endosomes and the fact that we 
used a different labeling and precipitation protocol. Furthermore, early DISC 
formation at TNF-receptosomes occurs rapidly and transiently and may be detectable 
only when the internalization is synchronized by prelabeling the receptors with 
TNF at 4°C followed by a rapid increase in the temperature to 37°C.

6 Regulation of CD95 Activation

CD95 is a key mediator of apoptosis (Li-Weber and Krammer 2003); however, liga-
tion of CD95 can also mediate several nonapoptotic activities (recently discussed 
in Peter et al. (2007)). Thus, under certain conditions and in some cell types, CD95 
ligation may also protect cells and regulate tissue regeneration and proliferation. 
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A clue to the understanding of these contradicting biological activities of CD95 
may lie, as discussed earlier for the TNFR system, in the balance of the dynamics 
of CD95 membrane localization and internalization-dependent and internalization-
independent pathways to signal for apoptosis and other functions.

A current view of the early events in CD95 signaling is depicted in Fig. 2.
Earlier work on the discovery of the CD95 DISC by Kischkel et al. (1995), 

Scaffidi et al. (1997), and Medema et al. (1997) showed that recruitment of FADD 
and caspase-8 occurs in a very rapid phase, within seconds. A further significant 
enhancement of p26/p28 and p18/p10 active caspase-8 was detected between 5 and 
10 min after CD95 ligation, indicating two phases of caspase-8 activation. Also, 

Fig. 1 Signaling from cell surface TNF-R1 or from internalized TNF-R1 decisive for NF- B 
activation or induction of apoptosis. Ligand-activated TNF-R1 promotes activation of NF- B via 
recruitment of TRADD, RIP-1, and TRAF-2 at the cell surface. When receptor internalization is 
blocked (by mutations within the TNF-receptor internalization domain (TRID) or by the adenovi-
rus protein 14.7K), the recruitment of RIP-1 and TRAF2 to the cytoplasmic death domain (DD) 
of cell surface TNF-R1 is sufficient for NF- B signaling. TNF-R1 is internalized via clathrin-
dependent endocytosis within minutes, and NF- B signaling is terminated by recruitment of the 
ubiquitin-E3 ligase CARP-2, together with A20, leading to the degradation of RIP-1. TRADD 
then recruits FADD and caspase-8 to TNF-R1 at the internalized receptosomes. Subsequently, 
caspase-8 is activated, which can induce caspase-3 activation. Along the endocytic pathway, TNF-
receptosomes fuse with trans-Golgi vesicles that contain pro A-SMase and pre-pro CTSD to form 
multivesicular bodies (MVB). Within the MVB, activated caspase-8 stimulates the A-SMase/
ceramide/CTSD cascade, which is capable of mediating apoptosis through cleavage of Bid and 
activation of caspase-9 and caspase-3
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within seconds after ligand binding, CD95 forms sodium dodecyl sulfate (SDS)- 
and mercaptoethanol-stable aggregates (Kischkel et al. 1995; Kamitani et al. 1997; 
Papoff et al. 1999; Algeciras-Schimnich et al. 2002; Feig et al. 2007). These highly 
aggregated CD95 forms of approximately 180 kDa in SDS–PAGE were termed 
CD95hi (Feig et al. 2007). SDS-stable CD95hi is likely the result of the caspase-8-
independent formation of supramolecular oligomers (Henkler et al. 2005).

CD95hi then forms higher-order aggregates through interactions with actin 
filaments within 15 min after ligand binding (Algeciras-Schimnich et al. 2002; 

Fig. 2 CD95 compartmentalization linked to pro- and nonapoptotic signaling. Ligation of CD95 
leads to rapid formation of SDS-stable microaggregates (CD95hi), which translocate to lipid raft 
plasma membrane microdomains, a process that is regulated by palmitoylation (PA) and ezrin-
mediated association of the receptor with the actin cytoskeleton. Low amounts of FADD and 
caspase-8 are recruited within this very early time frame and “signaling protein oligomerization 
transduction structures” (SPOTS) are then formed resulting in clustering of CD95 (“capping”), 
which depends on active caspase-8. This leads to the formation of large lipid raft platforms. At 
this stage, CD95 has the potential to activate nonapoptotic pathways by inducing activation of the 
mitogen-activated protein kinase (MAPK) and the transcription factor nuclear factor NF- B, leading 
to cell proliferation and migration, but is unable to kill type I cells. Between 5 and 15 min after 
CD95 triggering, CD95 is internalized in a clathrin-dependent manner into endosomal compartments 
via ezrin-mediated actin filament association. During endosomal trafficking, DISC proteins 
(FADD and caspase-8) are massively recruited, resulting in strong caspase-8 activation within 
very high molecular weight structures of many megadaltons in size (hiDISC complexes) resulting 
in the propagation of apoptosis signaling
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Henkler et al. 2005). These aggregates could be detected by fluorescence micros-
copy as “signaling protein oligomerization transduction structures” (SPOTS) in 
cells that die by the type I death pathway (type I cells) (Siegel et al. 2004).

Between 15 min and 1 h and after initial caspase-8 activation, a lateral segregation 
of CD95 complexes forming large clusters on one pole of the cells, termed “caps,”, 
that correspond to internalized receptors, derived from hiDISC structures, was 
observed (Algeciras-Schimnich et al. 2002; Lee et al. 2006; Feig et al. 2007). However, 
small amounts of low molecular weight DISC also form at the cell surface prior to 
receptor internalization in type I cells or at the plasma membrane of type II cells but 
fail to internalize CD95. Notably, this low molecular weight DISC seems to be capable 
of mediating nonapoptotic signaling (Barnhart et al. 2004; Lee et al. 2006).

7 The Role of Lipid Rafts in CD95 Signaling

On the basis of experiments in cholesterol-depleted membranes, it has been postu-
lated that CD95 apoptosis signals independently from rafts (Algeciras-Schimnich 
et al. 2002; Algeciras-Schimnich and Peter 2003; O’Reilly et al. 2004). However, 
several other studies have indicated a constitutive and inducible association of 
CD95 with lipid rafts (Henkler et al. 2005; Siegel et al. 2004; Grassme et al. 2001; 
Hueber et al. 2002; Scheel-Toellner et al. 2002; Muppidi et al. 2004; Eramo et al. 
2004; Miyaji et al. 2005; Nakayama et al. 2006; Legembre et al. 2005; Chakrabandhu 
et al. 2007; Koncz et al. 2007). It was indeed thought that CD95 preassociation, 
lipid raft translocation, SPOT formation, DISC recruitment, and initiation of apop-
tosis signaling from lipid rafts are restricted to type I cells (Siegel et al. 2004; 
Eramo et al. 2004; Nakayama et al. 2006). In type II cells, CD95 was mostly found 
to be absent from lipid rafts. A number of reports showed that in type II cells lipid 
raft translocation of CD95 could be induced either by pretreatments with antitumor 
drugs (Gajate et al. 2004; Gajate and Mollinedo 2007), by T-cell receptor restimulation 
of activated CD4+ T cells before binding of CD95L (Muppidi et al. 2004), or by 
coligation of the membrane receptor CD28 (Legembre et al. 2005, 2006). Since 
these treatments also resulted in amplification of CD95-mediated apoptosis, lipid 
raft localization of CD95 seems to be important for apoptosis signaling.

By comparing various type I and type II cells, the study of Eramo et al. (2004) 
demonstrated that in type II cells also CD95 translocated to lipid rafts, but with a much 
slower kinetic than in type I cells. At later times, CD95 was also able to internalize 
from these membrane structures and recruit the DISC, but to a much lesser extent. 
Thus, the differences between type I and type II cells may also be related to differences 
in the kinetics of CD95 ligand (CD95L)-induced CD95 translocation, internalization, 
and signaling. According to Feig et al. (2007), recruitment and activation of 
caspase-8 may occur in lipid rafts, but signaling for apoptosis is mediated from 
high molecular weight aggregates that are localized inside and outside lipid rafts.

The observation that the localization of CD95 to lipid raft microdomains and the 
formation of “caps” are enhanced by the action of ceramide generated by A-SMase 
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(Cremesti et al. 2001) points to another important regulatory mechanism in early CD95 
activation. In WR19L lymphoid transfectants, CD95 translocation to lipid rafts, DISC 
formation, and apoptosis depended on the sphingomyelin content of the plasma mem-
branes (Miyaji et al. 2005). These findings indeed suggest that CD95 is recruited to a 
special class of lipid raft microdomains that contain more sphingomyelin than others.

The facts that “cap” formation of CD95 represents internalized CD95 receptors 
(Lee et al. 2006) and that internalization as well as CD95-induced apoptosis is more 
pronounced in type I cells (Algeciras-Schimnich et al. 2002; Feig et al. 2007; Lee 
et al. 2006) point to an important role of CD95 internalization in the propagation of 
the apoptotic signal.

8 Impact of CD95 Internalization

Internalization of CD95 in response to agonistic antibody or CD95 ligand stimulation 
in various lymphoid and nonlymphoid type I cells was first described by Algeciras-
Schimnich et al. (2002). These data confirmed that the role of receptor internalization 
for signaling in apoptosis is not restricted to TNF-R1 but is also valid for another 
member of the TNF death receptor family (Table 2).

A clathrin- and actin-filament-dependent CD95 internalization was observed 
between 5 and 15 min after stimulation. The connection between CD95 and actin 
filaments is mediated through the association of CD95 with ezrin, a membrane 
cytoskeletal crosslinker protein (Chakrabandhu et al. 2007; Parlato et al. 2000). 
Ezrin/actin cytoskeleton rearrangements were proposed to be regulated by the 
SH2-domain-containing tyrosine phosphatase SHP1 (Koncz et al. 2007). According 
to Algeciras-Schimnich et al. (2002), FADD- and caspase-8 recruitment preceded 
CD95 internalization in lymphoblasts and T cells, pointing toward the regulatory 
role of caspase-8 in CD95 internalization. CD95 internalization was not observed 
in type II cells (Jurkat T cells and CEM lymphoblasts), and disruption of the actin 
filaments by Latrunculin A had no effect on apoptosis sensitivity in these cells, 
suggesting that CD95 signaling in type II cells is different from that in type I cells 
and independent of actin (Algeciras-Schimnich et al. 2002).

Caspase-8 has a regulatory role in CD95 internalization in type I cells (Siegel et 
al. 2004). The SPOTS are formed in lipid rafts and preceded caspase-8 activation and 
CD95 internalization; thus, CD95 internalization most likely occurs from lipid raft 
microdomains. In the same lane, electron microscopy revealed that after CD95 stimula-
tion lipid rafts aggregated in large clusters that were internalized in endosomal vesicles, 
and caspase-8 was processed and activated within these vesicles (Eramo et al. 2004).

A recent study by Lee et al. (2006) highlighted the role of receptor endocytosis for 
apoptosis and other nonapoptotic biological functions of CD95 in type I cells. 
According to Lee, internalization of CD95 was already detected after 3 min, as 
evident from the recruitment of endocytosis markers such as Rab4, EEA-1, and 
cathepsin D at isolated CD95 receptosomes (Lee et al. 2006; Feig et al. 2007). At 
this time, active caspase-8 (p43/41 and p18) was also detected at isolated CD95 
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Table 2 Impact of receptor internalization in CD95 signaling

Cell type CD95 signaling from rafts Reference

SKW 6.4B-lymphoblasts, 
H9 T cells, Burkitt’s 
lymphoma, BL-60 
transfectants

Formation of SDS-stable CD95  
microaggregates, caspase-8-dependent 
and actin-dependent CD95 clustering, 
DISC-formation and internalization from 
non-rafts

Algeciras-Schimnich 
et al. (2002); 
Algeciras-
Schimnich and 
Peter (2003)

SKW 6.4 and H9 cells, 
Jurkat cells, Cos-7 
transfectants

Type I cells: FADD-mediated early  
formation of CD95 SPOTs in lipid rafts, 
caspase-8 dependent capping, and  
internalization of CD95 from lipid rafts.

Siegel et al. (2004)

JY B-cell line and HuT78 
–cells, Jurkat cells,  
and CEM lympho-
blasts

Type I cells: rapid caspase-8-independent 
CD95 translocation, rapid CD95  
internalization, and DISC formation from 
lipid rafts. Type II cells: slow CD95 trans-
location, delayed internalization, and less 
DISC formation compared to type I cells.

Eramo et al. (2004)

SKW 6.4, BJAB, ACHN, 
H9, MCF-7, primary  
T lymphocytes, Jurkat 
and HCT15 cells

Type I cells: clathrin-mediated CD95  
internalization: DISC-proteins are 
recruited to endosomes (CD95  
receptosomes). CD95 internalization-
independent signaling: activation of  
ERK and NF-kB, cell motility and  
invasiveness after blocking CD95  
internalization in type I cells,  
or stimulation with nonapoptotic anti 
APO-1 antibody

Lee et al. (2006)

HEK293 cells, L1210 
mouse T-cell  
transfectants,  
peripheral T cells, 
Jurkat cells

CD95 palmitoylation targets CD95  
to cytoskeleton-linked lipid rafts, mediates 
raft-dependent, ezrin-mediated  
cytoskeleton association to CD95, which 
is required for CD95 internalization, 
DISC-formation, and apoptosis.

Chakrabandhu et al. 
(2007)

SKW 6.4 cells, 293 T 
cells, NIH 3T3 cells

Formation of high molecular weight CD95 
complexes (CD95 hi) preceeds CD95  
internalization. Formation of  
SDS-stable megadalton-size DISC  
complexes (hiDISC) initiate  
apoptosis signaling. Most hiDISC is 
formed outside rafts. Palmitoylation of 
CD95 regulates CD95 aggregation, 
 CD95 internalization, DISC formation, 
and apoptosis

Feig et al. (2007)

A20 murine B cells, 
murine spleen B cells

SHP1-regulates downmodulation of  
CD95-ezrin-actin linkage via Vav  
dephosphorylation: a fine-tuned  
switch-off mechanism to terminate  
CD95 internalization, DISC formation, 
and cell death

Koncz et al. (2007)

FADD Fas-associated via death domain protein; DISC death-inducing signaling complex; SPOTs 
signaling protein oligomerization transduction structures; ERK extracellular signal-related kinase; 
SHP-1 SH2-homology containing protein-tyrosine phosphatase-1; Vav GDP/GTP nucleotide 
exchange factor regulated by tyrosine phosphorylation
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receptosomes. These activation profiles correspond to the second phase of enhanced 
caspase-8 activation between 5 and 10 min as described earlier by Kischkel et al. 
(1995), Scaffidi et al. (1997), and Medema et al. (1997). The isolation of internalizing 
receptosomes that contained magnetically labeled CD95 protein complexes (Schütze 
and Tchikov 2008; Lee et al. 2006) revealed that Rab4 and EEA-1 were readily detect-
able very early after stimulation and peaking at 10 min, consistent with the ability of 
CD95 to internalize in type I cells. Low levels of FADD were detected in CD95-
containing membrane structures at basal levels, whereas maximal FADD recruitment 
in magnetically labeled CD95 receptosomes was observed at 30 min. Similar to 
FADD, caspase-8 and its intermediate cleavage products peaked at 10 min and could 
be detected in isolated receptosomes as late as 3 h following stimulation, suggest-
ing that most of the caspase-8 activation occurred inside the cells and is located on 
endosomal and even lysosomal vesicles. Blocking CD95 internalization resulted in 
the inhibition of DISC recruitment and apoptosis. In contrast to type I cells, no signifi-
cant increase in Rab4, EEA-1, or CTSD was observed in type II cells, confirming a lack of 
directional movement of CD95 into endosomal vesicles within 1 h. All these 
approaches demonstrated that DISC assembly occurs predominantly after CD95 was 
internalized and has entered an early endosomal compartment (see Fig. 2).

Since the physiological stimulus of CD95 is more likely to be membrane-bound 
(mCD95L) than soluble ligand (sCD95L), the intriguing question is whether CD95 
internalization also takes place after stimulation of CD95 with mCD95L. In cocul-
ture experiments using cells that express noncleavable membrane CD95L, it could 
be shown that mCD95 induces internalization of CD95 and similar levels of 
caspase-8 activation as in stimulation with crosslinked sCD95L (Lee et al. 2006). 
In the same lane, binding of agonistic anti APO-1 antibodies to CD95 is required 
for CD95 aggregation but is no longer required for CD95 internalization, DISC formation, 
and caspase-8 activation (Feig et al. 2007).

Inhibition of CD95 internalization, which blocks signaling for apoptosis, 
enabled the induction of NF- B activation and activation of ERK1/2 following 
CD95 engagement (Lee et al. 2006). These observations suggest that additional 
types of signaling occur independently of CD95 internalization. Indeed, treatment 
of CD95L-resistant MCF7 (FB) cells with anti APO-1 antibody or soluble CD95L 
that did not induce CD95 internalization increased tumor cell motility and invasive-
ness (Lee et al. 2006). These observations provided the molecular basis for the 
assumption that activation of nonapoptotic signaling pathways by CD95L, includ-
ing MAPK and NF- B signaling pathways, plays a role in the tumorigenesis of 
CD95-resistant tumors (Barnhart et al. 2004; Ahn et al. 2001). Alternative theo-
ries, however, postulate that proliferative signaling is mediated via the caspase-8 
inhibitor FLIP to promote activation of NF- B and ERK signaling pathways in 
various cell lines (Kataoka et al. 2000; Golks et al. 2006).

Thus, it appears that the dynamics of CD95 membrane localization and inter-
nalization plays a critical role to balance internalization-dependent apoptotic and 
internalization-independent nonapoptotic pathways to drive cellular cell death and 
other functions, respectively (Fig. 2).
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9 Regulation of CD95 by Post-translational Modifications

The important and apparent decisive role of CD95 compartmentalization for selec-
tive CD95 signal transduction raises the question as to how the different steps in 
CD95 activation are regulated at the molecular level. It is well known that mem-
brane proteins that are post-translationally modified by N-myristoylation and/or 
S-palmitoylation can be found in lipid rafts, whereas proteins that are modified by 
unsaturated fatty acids or prenyl groups are excluded from lipid rafts (reviewed in 
Smotrys and Linder (2004)). Indeed, human and murine CD95 was found to be 
palmitoylated at the membrane proximal Cys199 or Cys194, respectively (Feig et al. 
2007; Chakrabandhu et al. 2007). Mutations in these sites or competition for CD95 
palmitoylation prevented CD95hi complex formation and resulted in a marked 
reduction of CD95 translocation to lipid rafts, CD95L-induced CD95 internalization, 
DISC formation, and apoptosis. Thus, CD95 palmitoylation appears to play an 
essential role in the initiation of CD95 apoptotic signaling pathway.

10 Not on the Same TRAIL?

Two recent studies aimed to characterize the specific contribution of TRAIL receptor 
endocytosis for apoptosis signaling. Within the first 30 min after stimulation with 
labeled ligands, TRAIL-R1 and TRAIL-R2 were rapidly internalized, concomitant 
with the recruitment of FADD and caspase-8 (Austin et al. 2006; Kohlhaas et al. 
2007). Ultrastructural analysis of the early phase of TRAIL endocytosis localized the 
labeled ligand at the cell surface within CCPs (Austin et al. 2006). However, a sig-
nificant portion of TRAIL receptors was internalized by a non-clathrin-mediated 
pathway (Kohlhaas et al. 2007). Prolonged stimulation of TRAIL for 2 h induced 
caspase-mediated cleavage of the clathrin heavy chain (CHC), and the  subunit of 
adaptor protein-2 (AP2) terminated TRAIL receptor endocytosis (Austin et al. 2006). 
However, under the condition in which TRAIL receptor endocytosis was blocked, 
TRAIL-induced apoptosis signaling was not inhibited, but rather amplified. Taken 
together, these results suggest that TRAIL stimulated internalization of its cognate 
receptors proceeds along both clathrin-dependent and clathrin-independent pathways, 
but TRAIL-induced DISC formation, caspase activation, and apoptosis signaling also 
occur in the absence of clathrin-mediated TRAIL receptor endocytosis.

11 Viral Targeting of Death Receptors

In this section, we focus on molecular mechanisms by which adenovirus selectively 
manipulate death receptor internalization to inhibit apoptosis (Fig. 3). During their 
coevolution with the immune system, pathogens successfully adopt sophisticated 
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strategies to counteract the innate and adaptive immune responses mounted by the 
infected host (Benedict et al. 2002). Many of the antiimmune mechanisms are 
directed against activation of the apoptotic pathway particularly by members of 
the TNF cytokine family (Benedict et al. 2003; Rahman and McFadden 2006).

The adenovirus early transcription unit 3 (E3) encodes several proteins to pro-
tect infected cells from death signals mediated by TNF, CD95L, and TRAIL 
(Lichtenstein et al. 2004b). Expression of the receptor internalization and degrada-
tion (RID) complex specifically downregulates presentation of CD95 and TRAIL-R1 
on the cell surface within the first hours after adenovirus infection to prevent lig-
and-induced apoptosis (Shisler et al. 1997; Tollefson et al. 1998, 2001; Benedict  

Fig. 3 Adenovirus targeting of death receptor endocytosis as a novel immune escape mechanism. 
The adenovirus early transcription region 3 (E3) encodes several proteins that interfere with apop-
tosis signaling by targeting TNF-R1, CD95, and TRAIL receptor internalization. The cytosolic 
E3-14.7 protein (14.7K) prevents internalization of the ligand-activated TNF-R1, thereby selec-
tively inhibiting the assembly of the death-inducing complex (DISC) at intracellular TNF-R1 
receptosomes. On the other hand, the recruitment of RIP-1 and TRAF-2 to the DD of TNF-R1 to 
mediate NF- B activation is unaffected. Expression of E3-10.4K and E3-14.6K (termed RID 
complex for receptor internalization and degradation) can induce the ligand-independent receptor 
internalization of TNF-R1, CD95, and TRAIL receptor 1. In addition, RID together with an other 
E3-enconded protein, E3-6.7K, is necessary to remove TRAIL receptor 2 from the cell surface. 
The RID complex is expressed as a heterotrimer together with the E3-6.7K at the cell membrane 
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et al. 2001). In addition, internalization of TRAIL-R2 requires simultaneous 
expression of the RID complex together with another E3-encoded membrane pro-
tein, E3-6.7K (Lichtenstein et al. 2004a).

The molecular mechanism of RID-mediated receptor downregulation involves 
the ligand-independent recruitment of the AP2 complex to the intracellular recep-
tor tail, which usually contains either an Yxx  or a dileucin transport motif. 
Both RID proteins (RID  and RID ) harbor distinct transport motifs within 
their intracellular tail to mediate ligand-independent death receptor endocytosis 
(Lichtenstein et al. 2002; Zanardi et al. 2003). Thus, RID pirates the clathrin-
mediated endocytic route of receptor internalization to remove CD95 and TRAIL 
receptors from the cell surface, followed by their lysosomal degradation (Fig. 3). 
The RID complex also protects cells from TNF-mediated apoptosis; however, 
there is conflicting evidence as to whether this protection is mediated by forced 
TNF-R1 removal from the cell membrane (Shisler et al. 1997; Fessler et al. 2004; 
Chin and Horwitz 2005, 2006).

14.7K is a potent antiimmune protein encoded by the E3 region of adenoviruses, 
which was shown to protect from apoptosis induced by TNF, CD95L, and TRAIL 
(Lichtenstein et al. 2004b). The anti-TNF effect occurred independently of other 
adenovirus proteins and did not affect the level of TNF-R1 expression on the cell 
surface (Horton et al. 1991). Only recently was the molecular mechanism of 
14.7K-mediated TNF resistance elucidated. Murine and human cells either stably 
expressing 14.7K or infected with adenovirus showed a significantly reduced rate 
of TNF-R1 internalization (Schneider-Brachert et al. 2006). It was demonstrated 
that 14.7K-mediated inhibition of TNF-R1 internalization resulted in a complete 
blockade in the recruitment of the DISC proteins. Notably, TNF-triggered recruit-
ment of RIP-1 and TRAF-2 to the DD of TNF-R1 was not affected by 14.7K, 
providing evidence for its selective interference only with the apoptotic pathway. 
Thus, 14.7K inhibits TNF-induced apoptosis by a new molecular mechanism to 
escape immunosurveillance by targeting TNF-R1 endocytosis to selectively pre-
vent DISC formation (Schneider-Brachert et al. 2006).

As illustrated above, interference with death receptor endocytosis is a 
sophisticated strategy to block the apoptotic response of the host. Understanding 
of the targeting of death-receptor internalization by viral proteins may provide 
a unique and powerful tool to develop novel strategies to combat death 
receptor–mediated diseases.

12 Conclusions

The current data suggest that internalization of TNF-R1 and CD95 is an important 
mechanism for the diversification of intracellular signaling, determining the bio-
logical outcomes after ligand binding. Clathrin-mediated internalization of both 
TNF-R1 and CD95 is a prerequisite for efficient recruitment of DISC proteins and 
apoptosis signaling from endosomal compartments. By contrast, antiapoptotic 
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 signaling through activation of NF-kB and MAPKs occurs independently of recep-
tor internalization through RIP-1 and TRAF-2 binding to TNF-R1 or low-level 
recruitment of caspase-8 to CD95, respectively. The physiological relevance of 
TNF-R1 internalization becomes evident while considering infection by pathogens; 
for example, adenoviruses use the inhibition of TNF-R1 endocytosis to selectively 
prevent TNF-mediated apoptosis of infected cells, leaving other signaling events 
from the cell surface unaffected.

On the basis of these novel findings, it will be interesting to evaluate whether 
resistance of cells infected with other pathogens or the resistance of tumor cells 
against TNF- and CD95L-induced apoptosis is related to defects in internaliza-
tion and intracellular trafficking pathways of TNF-R1 and CD95. Elucidation 
of the pathway(s) involved in TRAIL receptor internalization, which seems to 
be mediated independently of clathrin, remains another challenge. Once we 
know more about these events, pharmacological interference with the mecha-
nisms involved in TNF-R1 and CD95 compartmentalization might be a promising 
strategy to break the resistance of infected cells or tumors against immunosurveil-
lance and therapeutic interventions.
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Ubiquitination and TNFR1 Signaling
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Abstract Death receptors are a subset of the tumor necrosis factor receptor (TNFR) 
family of proteins and share a characteristic cytoplasmic motif called the “death 
domain.” In addition to mediating cell death, these receptors regulate cell prolif-
eration, inflammatory responses, and tumor progression. Receptor occupancy triggers 
the assembly of several cytoplasmic molecules into distinct complexes, each initiating 
separate signaling events leading to different biological responses. Post-translational 
modifications involving ubiquitin, a peptide of 76 amino acids, regulate events at 
nearly all stages of signaling. All ubiquitin chains function as docking platforms for 
molecules with specific recognition motifs that either propagate the signal or target 
the protein for proteasomal degradation. Moreover, enzymes with ubiquitin thioesterase 
activity (deubiquitinating enzymes, or DUBs) reverse modifications by removing 
the ubiquitin chains, allowing ubiquitin editing at the molecular level. Ubiquitin protein 
ligases (E3s), DUBs, and signaling molecules with ubiquitin recognition motifs 
control TNFR1 mediated cell death and activation of NF- B and JNK. Here, we 
discuss the current understanding of how these proteins regulate TNFR1 signaling.

1  Introduction

1.1  General

Death receptor (DR) proteins, TNF-R1 (Tumor necrosis factor alpha-receptor-1/
DR1/p55/p60/CD120a), Fas (APO-1/DR2/CD95), DR3 (APO-3/TRAMP/WSL1), 
TRAIL-R1 (TNF related apoptosis-inducing ligand-receptor 1/APO-2/DR4), 
TRAIL-R2 (KILLER/DR5/TRICK2), DR6, ectodysplasin A receptor (EDAR) and 
nerve growth factor receptor (NGFR) form a subset of Type-I plasma membrane 
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TNF receptor super family (Dempsey et al. 2003). These receptors are characterized 
by the presence of a death domain (DD) of 80 amino acids in the intracellular portion 
that acts upon activation, as a platform to assemble signaling complexes (Lavrik 
et al. 2005). Death ligands play a critical role in apoptosis, a process of programmed 
cell death (PCD) that is essential for normal organismal development. In addition to 
apoptosis, DRs mediate a variety of biological processes in different tissues that 
control development, differentiation, and immune responses (MacEwan 2002). 
Dysregulation of DR mediated signaling was reported in a host of pathogenic 
diseases including arthritis, Crohn’s disease, sepsis, cerebral malaria, diabetes, oste-
oporosis, allograft rejection, and autoimmune diseases such as multiple sclerosis, 
rheumatoid arthritis, and inflammatory bowel diseases. Unchecked death-ligand 
responses lead in some cases to tumorogenesis. Receptor occupancy leads to trimeri-
zation of the receptor and recruitment of many cytosolic proteins that form a signaling 
complex at the intracellular tail end involving the DD. Most of the proteins of this 
higher-order complex contain distinct functional domains such as DD, death effector 
domain (DED), kinase domain, caspase recruiting domain (CARD), really interest-
ing gene (RING) some of which being protein–protein interaction motifs help these 
molecules to get recruited to the complex. Close proximity of catalytically active 
molecules is believed to result in extensive modifications, such as phosphorylation 
and ubiquitination, of many components of the complex and these events are the key 
for propagation of the signal.

Ubiquitination has emerged as an important protein modification in various 
biological processes, including degradation of proteins, receptor endocytosis, DNA 
repair, gene transcription, virus budding, the cell cycle, inflammation, and immune 
responses (Haglund and Dikic 2005). Many of these functions are dependent on the 
action of ubiquitin protein ligases (E3), which catalyze the transfer of ubiquitin to a 
protein substrate, leading to distinct types of ubiquitin modifications of the target 
proteins. Ubiquitination is a reversible process as ubiquitin or polyubiquitin chains 
can be cleaved from its protein substrates by deubiquitinating enzymes (DUBs). 
Covalently attached ubiquitin chains confer further specificity to the macromolecular 
interactions, and help to control the duration and the intensity of signaling. While 
proteins that are linked with polyubiquitin molecules via K48-chains are targeted by 
proteasome complexes for degradation, K63 or head to tail linked ubiquitin moieties 
were shown to facilitate signal transmission to the downstream complexes (Fig. 1c).

Many DR pathways share critical cytosolic molecules and function in a conserved 
fashion. For example, the death inducing signaling complexes (DISC) initiated by Fas, 
tumor necrosis factor receptor 1 (TNFR1), and TRAIL receptors share Fas associated 
death domain (FADD) and caspase-8 and activate downstream caspase pathways in a 
similar manner. Some of the DRs like TNFR1, mediate the activation of a critical 
transcription factor nuclear factor-kappa B (NF- B) and c-JUN kinase (JNK). Here, 
we discuss the role ubiquitination plays in TNFR1 mediated cell death, NF- B, JNK 
signaling. We will begin by describing the hierarchical cascade of ubiquitin conjuga-
tion and TNFR1 signaling, and will then include recent advances in the mechanisms 
of action of individual molecules involved in signaling via ubiquitination (Table 1).
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1.2  Ubiquitination

Ubiquitination is a reversible posttranslational modification by which ubiquitin, a 
highly conserved peptide of 76 amino acids, is covalently attached to substrates by 
an isopeptide bond between the C-terminal glycine (Gly 76) of ubiquitin and a 
specific lysine residue on the substrate (Weissman 2001) (Fig. 1a). Attachment of 

Table 1 Summary of gene ablation phenotypes of proteins involved in TNF signaling

Protein KO in mice Reference

A20 Premature lethality with severe inflammation and 
cachexia. Mice are highly sensitive to TNF

Lee et al. (2000)

A20-deficient MEFs in response to TNF  show 
prolonged activation of NF- B and JNK

RIP1 Lethality at early embryonic stage. RIP1-deficient 
MEFs in response to TNF  show impaired 
NF- B, but normal JNK signaling

Kelliher et al. (1998)

TAX1BP1 Premature lethality with severe inflammation and 
cardiac valvulitis. TAX1BP1-deficient MEFs  
in response to TNF  show prolonged activa-
tion of NF- B and JNK

Shembade et al. (2007),  
Iha et al. (2008)

Itch Premature lethality with pulmonary interstitial 
inflammation, develop diverse immunological 
disorders. Itch-deficient MEFs in response to 
TNF  show prolonged NF- B and JNK  
activation

Hustad et al. (1995),  
Fang et al. (2002), 
Shembade et al. 
(2008)

NEMO Lethality at embryonic stage with liver  
degeneration. Heterozygous female mice 
develop skin lesions similar to the human 
incontinentia pigmenti. NEMO-deficient  
MEFs in response to TNF  treatment show 
impaired NF- B signaling

Rudolph et al. (2000), 
Schmidt-Supprian 
et al. (2000)

CYLD Male mice are sterile owing to defects in  
seminiferous tubular organization. CYLD-
deficient macrophages in response to TNF  
treatment show increased JNK activation

Wright et al. (2007),  
Bignell et al. (2000), 
Simonson et al. (2007)

TRAF2 Lethality at embryonic stage. TRAF2-deficient 
MEFs in response to TNF  treatment show 
increased JNK activation

Yeh et al. (1997)

XIAP Viable. MEFs without the RING domain of XIAP 
in response to TNF  treatment show increased 
caspase-3 activity

Schile et al. (2008)

cIAP-1 Viable. Acute loss in tumor cells leads to  
TNF -mediated apoptosis

Conze et al. (2005),  
Wu et al. (2007)

cIAP-2 Viable. Acute loss in tumor cells leads to  
TNF -mediated apoptosis

Conte et al. (2006),  
Wu et al. (2007)

ABIN-1 Lethality at embryonic stage with fetal liver  
apoptosis. ABIN-1-deficient MEFs in response 
to TNF  show hypersensitivity to apoptosis

Oshima et al. (2009)
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a single ubiquitin molecule is known as monoubiquitination and addition of several 
single ubiquitin molecules to different lysine residues results in multiubiquitination. 
Both these modifications are generally implicated in cellular functions such as 
DNA repair and endosomal sorting (Bonifacino and Traub 2003; Gao and Karin 
2005). Alternatively, ubiquitin itself contains seven lysine residues (K6, K11, K27, 
K29, K33, K48, and K63), and all these lysines in an interactive process known as 
polyubiquitination can possibly form bonds with other ubiquitin molecules 
(Fig. 1a). Ubiquitin chains linked via K48 and K63 are best characterized thus far 
and, as discussed earlier, these modifications target conjugated proteins for either 
proteasomal degradation (molecules with K48 chains), or to establish stable protein–
protein interactions (molecules with K63 chains) (Gao and Karin 2005; Haglund 
and Dikic 2005). One reason for this selectivity appears to be the differences in the 
conformations with the ubiquitin chains conjugated via K63 linkages, which are 
much more extended than the ones linked via K48 chains. A notion that polyubiquitin 
chains can be formed with both kinds of linkages increasing the complexity even 
further. It is generally believed that proteins with specialized Ub-binding domains 
(UBDs) that form diverse structural folds interact in vivo with Ub chains or 
ubiquitinylated proteins with different affinities and this allows formation of specific 
Ub-mediated networks. This concept is supported by the evidence that a specific 
ubiquitin-binding protein, NEMO,is associated with polyUb much more strongly 
than with monoUb (Lo et al. 2009). Moreover, modifications of proteins with multiple 
ubiquitin moieties attached in head to tail fashion have also been reported, although 
many details of this kind of modifications remain unknown (Kirisako et al. 2006; 
Tokunaga et al. 2009).

Ubiquitinations occur in an energy intensive multistep process involving 
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2 or UBC) and 
ubiquitin protein ligating enzyme (E3). In most organisms, in an initial step the 
C-terminal glycine (G76) of ubiquitin is covalently linked, in an ATP-dependent 
manner, to ubiquitin-activating enzyme (Gao and Karin 2005; Weissman 2001) 
(Fig. 1b). The activated ubiquitin is subsequently transferred to a cysteine thus 
forming E2-ubiquitin thioester linkage on an E2 or an UBC. A member of the 
ubiquitin protein ligases then recruits the ubiquitin-conjugated E2 and facilitates 
the transfer of the ubiquitin to specific lysine residue on the substrate (Fang and 
Weissman 2004; Gao and Karin 2005; Haglund and Dikic 2005). The hierarchal 
nature of the ubiquitin conjugation is appreciated by the fact that most eukaryotes 
possess only one E1, scores of E2s, and hundreds of E3s. Each E3 in conjunction 
with one or a few E2s selectively targets substrates for modification. E3 ligases can 
be divided broadly in to three categories: homologous to E6-AP carboxyl terminus 
(HECT), really interesting new gene (RING) finger, and U-box domain-containing 
proteins (Gao and Karin 2005). While structurally related RING finger and U-box 
domains mediate the transfer of ubiquitin to the substrate by facilitating the interac-
tion between an E2 and the target protein, in case of HECT E3s the interaction with 
an E2-uniquitin results in the conjugation of uniquitin to a specific cysteine residue 
of the HECT domain which subsequently is transferred to interacting substrates. 
Multiple E3s, as components of a ubiquitin ligase complex, are known to facilitate 
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the assembly of linear ubiquitin chains (Kirisako et al. 2006). In addition, proteins 
with zinc finger domains (example, A20) were shown to facilitate ubiquitination 
(Wertz et al. 2004). Other factors that regulate ubiquitin-mediated signaling are 
molecules with ubiquitin thioesterase, also known deubiquitinating (DUB) activity. 
These proteins with ubiquitin-specific processing protease activity that removes 
ubiquitin moieties from proteins serve as ubiquitin-editing enzymes. Although 
many details remain to be elucidated at least two proteins, A20 and CYLD, are 
reported to negatively regulate TNFR1 signaling via DUB activity (Brummelkamp 
et al. 2003; Kovalenko et al. 2003; Trompouki et al. 2003; Wertz et al. 2004).

1.3  TNFR1 Signaling

1.3.1  NF- B and JNK Activation

Tumor Necrosis Factor alpha (TNF ) was first identified as an endotoxin-induced 
serum factor that promotes necrosis in tumor cells (Carswell et al. 1975). Numerous 
subsequent studies have demonstrated that TNF , in addition to stimulating cell 
death, elicits many biological responses that are critical for cellular homeostasis 
(Dempsey et al. 2003; MacEwan 2002). Among the two receptors (TNFR1 and 
TNFR2) that TNF  uses to exert its function, TNFR2 lacks the DD and is less well 
characterized (MacEwan 2002). Hence, this article focuses exclusively on TNFR1 
and discusses TNFR1 signaling pathways that control cell survival via NF- B acti-
vation, and cell death via JNK or caspase activation (Fig. 2a, b). TNFR1 signaling 
involves sequential formation of two complexes, known as complex I, and DISC (or 
complex II) (Micheau and Tschopp 2003; Schneider-Brachert et al. 2004). Complex 
I contains TNFR1, TNF-receptor-associated death domain protein (TRADD), 
RIP1, and the RING domain-containing molecules TNF-receptor-associated factor 
2 (TRAF2), cellular IAP1 (cIAP-1), and cIAP-2. The assembly of complex I that 
takes place immediately after stimulation at the plasma membrane triggers the 
activation of I B kinase (IKK) complex that consists of two catalytically active 
kinase subunits (IKK  and IKK ) and a regulatory subunit IKK  (Baud and Karin 
2001; Dempsey et al. 2003; Hayden and Ghosh 2008). NF- B represents a group 
of structurally related and evolutionarily conserved family of transcriptional factors 
that control diverse biological responses (Ghosh and Karin 2002; Karin et al. 2002). 
In resting cells, most of the NF- B is sequestered in the cytoplasm by a family of 
inhibitory proteins known as I B. Stimulation with TNF  triggers signal transduc-
tion pathways that ultimately leads to the phosphorylation of specific serine resi-
dues on I B proteins resulting in their ubiquitination and degradation, and nuclear 
translocation of NF- B where it affects the expression of target genes (Fig. 2a). 
Modification of I B by ubiquitin and its degradation were the first ubiquitination 
events reported in TNFR1 signaling and have since then been widely reviewed in 
the literature (Chen and Greene 2004; Ghosh and Karin 2002; Perkins 2006), and 
thus are not discussed here. Both RIP1 and NEMO are essential for animal development, 
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Fig. 2 (continued) (a) Components of the receptor complex including RIP1 and TRAF2 are 
ubiquitinated, and the K-63 ubiquitin chains recruit TAK1- and NEMO-containing complexes, 
leading to IKK activation and I B  phosphorylation, resulting in the degradation of I B  and 
nuclear translocation of NF- B. In a negative feed back loop NF- B upregulates the expression 
of I B , 20, and CYLD. While A20 in complex with TAX1BP1, Itch and RNF11 terminates 
signaling by targeting RIP1 for degradation, CYLD exerts its function via DUB activity. 
Constitutively expressed CARP1, and CARP2 proteins also limit NF- B activation by targeting 
RIP1. In addition, linear- and K63-Ub chains on NEMO are known to contribute to the regulation 
of NF- B signaling. (b) The RING domain-containing proteins XIAP, cIAP-1, cIAP-2, Itch, 
CARP1, and CARP2 regulate apoptosis by acting at different stages of signaling. While CARP1 
and CARP2 can act as negative regulators by promoting caspase-8 degradation, JNK substrate 
Itch functions as a positive regulator by ubiquitinating and removing cFLIP, thus facilitating 
caspase-8 recruitment to the DISC. IAPs function by acting as inhibitors of caspase-3, caspase-7, 
and caspase-9, or at the level of the receptor complex

c-IAP1/2c-IAP1/2

b

CARP1/2

Caspase-8

FADD

Caspase-8

Itch

K48-
Ub

cFLIP

DISC

JNK

TNFR1

RIP1

TRAF2

TNF

TRADD

K48-Ub

IAPs

Caspase-3

Apoptosis

48

48

P

ASK1

and TNF -induced NF- B activation. TNF  stimulation of cells that are deficient 
in either RIP1 or NEMO failed to activate NF- B (Kelliher et al. 1998; Rudolph 
et al. 2000; Schmidt-Supprian et al. 2000; Ting et al. 1996).

Although TRAF2 possesses the E3 activity, TRAF2-deficiency had minimal 
effect on NF- B activation and this was due to the functional redundancy by 
another member of the TRAF family, TRAF5 (Au and Yeh 2007; Tada et al. 2001; 
Yeh et al. 1997). Though no formal proof is available, TRAF2 in collaboration with 
an E2 dimer UEV1/UBC13 is believed to promote K63-linked ubiquitin chains on 
RIP1, as absence of TRAF2 had caused a decrease in the ubiquitination of RIP1 
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(Au and Yeh 2007; Lee et al. 2004; Wertz et al. 2004). In addition to its function as 
an E3 for RIP1 in NF- B activation, TRAF2 also regulates TNF -induced activation 
of JNK and overexpression TRAF2 increases JNK activity (Au and Yeh 2007; 
Meylan and Tschopp 2005). Moreover, apoptosis signal-regulated kinase 1 (ASK1) 
is activated in response to TNF  treatment, or TRAF2 overexpression, and a 
dominant negative form of ASK1 inhibited both TNF - and TRAF2-induced JNK 
activation (Hoeflich et al. 1999; Ichijo et al. 1997; Nishitoh et al. 1998) suggesting 
that TRAF2 acts via ASK1 activation. Importantly, deletion of ASK1 resulted in 
defective JNK activation and concomitantly cell death upon TNF  treatment 
(Tobiume et al. 2001). While ASK1 functions downstream of TRAF2 in JNK path-
way, TGF -activating kinase 1 (TAK1) connects TRAF2 and IKK signaling pathway. 
TAK1 complex consists of its regulator TAB2, which directly phosphorylates IKK  
of the IKK complex, thereby activating NF- B pathway (Tobiume et al. 2001). 
Interestingly, the novel zinc finger (NZF) domain of TAB2 binds preferentially 
K63-linked ubiquitin chains on ubiquitinated RIP1, and ubiquitin modification of 
RIP1 is required for TAK1 and IKK activations (Ea et al. 2006; Kanayama et al. 
2004) (Fig. 2a, b). The functional significance of the ubiquitin sensor motifs on 
NEMO and other molecules will be discussed in detail later.

1.3.2  Apoptosis

Apoptosis or PCD is a physiologically controlled cell suicide process that plays an 
essential role in homeostasis of multicellular organisms by the elimination of 
unwanted, damaged, or infected cells (Jacobson et al. 1997; Steller 1995). 
Dysregulation of apoptosis is implicated in the pathogenesis of a wide spectrum of 
diseases including neurological disorders such as Alzheimer’s and Parkinson’s 
diseases, and autoimmunity (Esposito et al. 2007; Gorman 2008; Martin 2001; 
Reich et al. 2008). Suppression of apoptotic programs often plays a key role in the 
survival of tumor cells. Stimulation of members of the DR family by death ligands 
results in the recruitment of several cytosolic molecules to the DD and activation of 
downstream caspase cascade (Baud and Karin 2001; Lavrik et al. 2005; MacEwan 
2002; Schutze et al. 2008) (Fig. 2b). In spite of the differences in composition and 
kinetics of the assembly of the DISC, all DRs initiate the activation of apoptotic 
cascade by recruiting the DD-containing adaptor molecule FADD and caspase-8 as 
components of the DISC (Fig. 2b). Caspases are central components of apoptotic 
machinery and belong to a family of cysteine-dependent aspartate-specific 
proteases that are synthesized as inactive zymogens (procaspases) (Chang and 
Yang 2000; Yuan 2006). Cleavage of procaspase into two unequal subunits triggers 
the formation of a heterotetramer containing two copies of each that are function-
ally active. Recruitment of procaspase 8 in to the DISC is believed to result in 
increased local concentration, thus leading to its processing (Boatright et al. 2003). 
Apoptosis can be induced by stimulation with the members of the TNF family of 
ligands, including TNF , Fas ligand (FasL, also known as CD95L or APO1L) and 
TNF-related apoptosis-inducing ligand (TRAIL, also known as APO2L). These “death 
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ligands” bind to their cognate “death receptors” thus resulting in the formation of 
the DISC and the activation of the executionar caspases like caspase 3. One of the 
cellular inhibitor of apoptosis, cellular FLICE inhibitory protein (c-FLIP) possess, 
like caspase-8 and caspase-10, a DED and a functionally inactive caspase-like 
domain. The apoptotic inhibitor c-FLIP exerts its function by interfering with the 
recruitment of caspase-8 to the DISC. While c-FLIP itself had no E3 function, its 
cellular levels are regulated by TNF  in an ubiquitin-dependent manner, thus 
affecting caspase-8 activation and apoptosis. The RING-domain containing inhibi-
tors of apoptosis (IAPs) also control the death ligand-mediated apoptosis by inhibiting 
the protease activity of caspase-9, caspase-7 and caspase-3. Moreover, TNF  activated 
JNK facilitates caspase activation and apoptosis in a ubiquitination-dependent 
manner. TNFR1-mediated activation of NF- B, JNK and apoptotic processes is 
controlled at different stages of propagation by several molecules involving complex 
ubiquitin modifications. For simplicity we will describe the current knowledge of 
these molecules individually and discuss the mechanism of their function.

2  Regulators of Ubiquitination

2.1  A20

NF- B family of transcriptional factors control the expression of numerous genes 
involved in inflammatory responses. Activation of NF- B by TNF  is transient and 
genetic and biochemical evidence shows that the ubiquitin editing protein, A20, 
plays a key role in limiting the duration of NF- B signaling (Liu et al. 2005). A20, a 
cytoplasmic protein with an N-terminal ovarian tumor (OTU) domain and seven 
zinc fingers, negatively regulates TNF -induced activation of NF- B (Rothe et al. 
1995). Overwhelming evidence supports an indispensable function for A20 that 
acts by targeting RIP1 in a negative feedback mechanism.

A physiological role for A20 in restricting NF- B and inflammation in vivo was 
provided by A20 knockout mice that died prematurely from multi-organ inflammation 
(Lee et al. 2000). Importantly, a similar role for A20 in humans is supported by 
the observed correlation between multiple polymorphisms in the A20 region and 
autoimmune diseases like Crohn’s disease, systemic lupus erythomatosus, and 
rheumatoid arthritis (Wellcome Trust Case Control Consortium 2007; Graham 
et al. 2008; Musone et al. 2008; Plenge et al. 2007; Thomson et al. 2007). Recently, 
inactive genetic deletions and somatic mutations in A20 have been reported in 
marginal zone B-cell lymphomas (Chanudet et al. 2009; Novak et al. 2009). TNF  
treatment dramatically induced A20 transcription in all tissues, and this rapid 
increase in A20 expression is essential for limiting NF- B responses. In addition, 
A20 may also control apoptosis and JNK responses (Coornaert et al. 2009). 
Notwithstanding the deregulation of Toll-like receptor (TLR) signaling, cells from 
A20-deficient mice failed to downregulate TNF , but not interleukin-1  (IL-1 ) 
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signaling (Lee et al. 2000; Wertz et al. 2004). Treatment of wild type MEFs 
with TNF  resulted in rapid I B  degradation, and NF- B nuclear translocation, 
followed by re-accumulation of I B  protein and decreased nuclear NF- B by 
60 min. In contrast, loss in I B  protein and the presence of NF- B in the nucleus 
persisted in A20-deficient MEFs until 180 min. Moreover, direct measurements 
showed prolonged IKK activation and synthesis of I B  mRNA in A20 −/− MEFs 
confirming the continued TNF signaling in A20 null cells (Lee et al. 2000; Werner 
et al. 2005). Similarities in the activation kinetics of IKK activation until 60 min 
between A20 positive and null cells indicate the requirement of de novo synthesis 
of A20 for its inhibitory function. Importantly, A20 null mice exposed to low doses of 
TNF  (0.1 mg kg−1) died within 2 h, where as wild type mice survived high doses 
(0.4 mg kg−1) (Lee et al. 2000).

Initial reports proposed a two sequential step mechanism involving distinct ubiquitin 
modulating activities to explain the inhibitory function of A20. The N-terminal 
OTU domain of A20 exhibits DUB activity and removes K63-linked ubiquitin chains 
from RIP1, an essential mediator of the proximal TNFR1 signaling complex (Wertz 
et al. 2004). The K63 polyubiquitin chains on RIP1 act as anchoring moieties for 
downstream signaling complexes such as IKK complex (Ea et al. 2006; Wu et al. 
2006). This step is essential for the activation of IKK that triggers I B  degradation, 
nuclear translocation of NF- B transcriptional factor, and induction of target gene 
expression. However, to sufficiently turn off NF- B signaling removal of K63-
linked ubiquitin chains by A20 OTU is followed by the proteasomal degradation of 
the receptor-associated RIP1. Interestingly, the C-terminal Zn finger motifs of A20 
also possess ubiquitin ligase activity and this function facilitated the ligation of 
K48-linked ubiquitin chains on RIP1 leading to its degradation (Wertz et al. 2004). 
While reconstitution of A20 −/− MEFs with wild type A20 promoted degradation 
of TNFR1-associated RIP1 over time, the loss of ubiquitinated RIP1 was blocked 
in cells complimented with either OTU, or ZnF4 inactive mutants. These studies 
confirmed separate DUB and ubiquitin protein ligase functions of A20 domains, 
and participation of both activities in regulating TNFR1 signaling. There is a growing 
body of evidence that several additional molecules, at least in certain tissues, 
play important roles in A20-mediated negative regulation as components of a 
quaternary complex known as A20 ubiquitin editing complex.

2.2  TAX1BP1

TAX1BP1 (also known as TXBP151 or T6BP) is an 86 kDa negative regulator of 
NF- B, and its affinity to A20 was first unraveled in a yeast two-hybrid screen 
(Gachon et al. 1998; Jin et al. 1997). TAX1BP1 also associates with RIP1, and in 
TAX1BP1-null fibroblasts, as in case of A20 −/− MEFs, RIP1 remained hyperubiq-
uitinated upon TNF  treatment indicating that TAX1BP1 might affect TNF -
induced NF- B signaling by influencing A20-RIP1 complex formation (Iha et al. 
2008; Shembade et al. 2007). This is indeed supported by the finding that suppression 
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of TAX1BP1 (with siRNA) expression prevented stimulus-dependent RIP1-A20 
complex assembly. Furthermore, overexpression of TAX1BP1 was unable to 
inhibit RIP1 signaling in A20-deficient MEFs, suggesting the requirement of A20 
for TAX1BP1 inhibitory function. The lack of any known E3 activity of TAX1BP1, 
and the requirement of A20 implicates TAX1BP1 as an adaptor molecule that 
recruits A20 to RIP1-containing complex. Interestingly, a novel ubiquitin-binding 
Zn finger (UBZ) in TAX1BP1 that binds to purified K48 and K63 polyubiquitin 
molecules has been reported (Iha et al. 2008). So it is conceivable that TAX1BP1 
recognizes ubiquitinated-signaling molecules such as RIP1 via UBZ, and recruits 
A20 for deubiquitination. In spite of the similarities in the kinetics of TNF signaling 
in cultured A20- and TAX1BP1-null fibroblasts, large differences exist between the 
phenotypes of A20 and TAX1BP1 knockout mice. While A20-deficient mice died 
young due to massive inflammation in multiple organs, TAX1BP1 KO mice 
showed age dependent inflammation-induced, valve disease (cardiac valvulitis) 
with infiltration of macrophages and T-cells in the myocardium and cardiac valves 
(Iha et al. 2008). The phenotype correlated with increased in vivo NF- B activation - 
with elevated I B  mRNA, and proinflammatory cytokines IL-1 , IL-2, and 
TNF  - in heart valve tissues of KO mice. The tissue-restricted phenotype of 
TAX1BP1-deficient mice could be due to the redundancy with other A20 adaptor 
molecules. Another study that generated TAX1BP1-deficient mutant mice by gene-
trap strategy had reported that TAX1BP1 homozygous mutant (termed m/m) mice 
were not viable (Shembade et al. 2007). The difference between these studies could 
be the result of various technical and scientific approaches used to generate the 
mice and/or genetic backgrounds. Moreover, SV40 large T antigen transformed 
MEFs from TAX1BP1 m/m mice, showed persistent JNK activity, which was not 
observed in primary MEFs from KO mice. Despite these differences, the kinetics 
of NF- B activation in fibroblasts from both TAX1BP1 m/m and KO mice was 
consistent, and these results collectively demonstrate a pivotal role for TAX1BP1 
in limiting the TNF -induced NF- B signaling.

2.3  RNF11

RNF11, a RING-H2 finger domain-containing protein, was identified as a molecule 
overexpressed in the breast, colon, and pancreas tumors, and was proposed to play 
a regulatory role in protein ubiquitinylation by interacting with ubiquitin conjugating 
enzymes and ubiquitin protein ligases (Burger et al. 1998; Seki et al. 1999; 
Subramaniam et al. 2003). Notwithstanding its function as a promoter of transform-
ing growth factor-beta (TGF- ) signaling, a potential role for RNF11 in NF- B 
activation was suggested as it pulled numerous regulators of TNF signaling as 
binding partners in a yeast two-hybrid screen (Azmi and Seth 2005; Colland et al. 
2004; Li and Seth 2004; Subramaniam et al. 2003). These proteins include A20 
binding and inhibitor of NF- B (ABIN)-1, NEMO, ITCH and TAX1BP1, mole-
cules with either known E3 activity, or ubiquitin-binding function that are critical 
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for  cytokine-induced NF- B signaling. Recent reports proposed that RNF11 nega-
tively regulates TNFR1-signaling by acting together with RIP1, A20 and TAX1BP1 
(Shembade et al. 2009). Both endogenous and exogenous RNF11 interacted with 
RIP1 and A20 in TNF -stimulated, but not untreated cells. Interaction between 
endogenous molecules, in bone marrow-derived macrophages (BMDMs) and 
MEFs was observed as early as in 30 min of stimulation. Interestingly, this associa-
tion appears to have occurred not at the receptor level, but in the cytosol. Unlike 
the association of RNF11 with TAX1BP1 or A20 that lasted for an hour, the inter-
action with RIP1 was prolonged, and could be observed even after 2 h of stimula-
tion. Suppression of RNF11 expression (with siRNA) in monocyte cell line THP-1 
led to TNF -mediated specific enhancement of NF- B reporter activity, prolonged 
I B  degradation, and persistent JNK phosphorylation compared with a scrambled 
control siRNA (Shembade et al. 2009). Moreover, RNF11 knockdown also resulted 
in increased expression of NF- B genes IL-6, I B , and A20. The enhanced 
NF- B signaling observed was strikingly similar to what has been reported in cells 
deficient in individual components of A20-editing complex that function by target-
ing RIP1 indicating that RNF11 might also function as an another subunit of this 
complex. In agreement with such an idea, the suppression of RNF11 expression 
impaired the recruitment of A20 to RIP1, and elevated the levels of ubiquiti-
nated RIP1 in TNF -stimulated cells. Correspondingly, in the absence of RNF11, 
A20 failed to trigger the degradation of endogenous RIP1 in MEFs, or to inhibit 
TNF -induced activation of NF- B. The RING domain and the PPXY motif are 
required for binding of RNF11 to A20 and limiting NF- B signaling as single point 
mutations in RNF11, a mutation in either the RING domain (C99A) or the PPXY 
motif (Y40A), abrogated the interaction between A20 and RNF11 and the inhibi-
tory effect of RNF11 on TNF signaling (Shembade et al. 2009). Although these 
results suggested an essential function for RNF11 in limiting cytokine-induced 
NF- B activation, generation and characterization of RNF11-deficient mice will be 
required to understand the biological function of RNF11 in TNF signaling.

2.4  Itch

Itch is a HECT E3 ligase with WW domains, and the loss of its function in mice 
leads to constant itching of the skin with inflammatory disorders including hyper-
plasia in the lymph nodes and spleen. Itch-deficient mice died by 35 weeks because 
of pulmonary interstitial inflammation (Fang et al. 2002; Hustad et al. 1995). 
The deleterious autoimmune-like disease phenotype is mediated by lymphocytes as the 
deficiency of Itch in recombinase-activating gene 1 (Rag1) null background that 
lacks mature B and T lymphocytes, did not cause severe inflammation (Shembade 
et al. 2008). CD4+ T-cells from Itch −/− mice in response to TNF  showed, unlike 
cells from wild type mice, persistent phosphorylation and degradation of I B  
suggesting a negative regulatory role for Itch in TNF -mediated NF- B signaling. 
In agreement with such an idea, lack of Itch in MEFs also impaired the termination 
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of NF- B DNA binding as measured by electrophoretic mobility shift assay 
(EMSA). Consistent with these results Itch −/− MEFs, unlike wild type MEFs that 
showed only transient activation, exhibited persistent activation of IKK and JNK in 
response to TNF  treatment. Moreover, the defect in Itch null cells appears to be 
specific for pathways controlled by cytokines as stimulation with agonistic antibodies 
to CD3 and CD28 elicited normal NF- B responses in T-cells from both wild type 
and Itch-null mice (Fang et al. 2002; Shembade et al. 2008). While reconstitution 
of Itch −/− MEFs with wild type Itch restored transient IKK activation, overexpres-
sion of an Itch mutant with impaired E3 ligase activity (Itch C830A) failed to 
inhibit TNF -induced NF- B activation suggesting that Itch helps to maintain the 
optimal duration of responses in TNF -stimulated cells in an E3 ligase-dependent 
manner. Consistent with the enhanced NF- B activation, the polyubiquitin chains 
on RIP1 in Itch-deficient MEFs were found to be conjugated via K63-linkages. 
This finding is in contrast to the K48-linked polyubiquitin chains observed on RIP1 
in TNF  treated Itch +/+ MEFs indicating that Itch might promote K48-linked 
ubiquitination of RIP1. In fact, in overexpression experiments with hemagglutinin-
tagged ubiquitin variants exogenous Itch triggered the K-48 linked ubiquitination, 
and degradation of RIP1 (Shembade et al. 2008). These functional effects of Itch 
on TNF signaling appear to overlap with that of A20 and TAX1BP1 molecules. 
Surprisingly, suppression of A20 expression with siRNA impaired Itch-induced 
RIP1 degradation suggesting that A20 and Itch might cooperate in promoting RIP1 
degradation. Results from several experiments supported such a notion. For example, 
stimulus-dependent association between RIP1 and A20 requires Itch and in conjun-
ction with such a role for Itch, A20 failed to inhibit TNF -induced expression of 
NF- B luciferase reporter gene in Itch-deficient MEFs. These results collectively 
suggest that Itch E3 ligase activity play an indispensable role in terminating TNF -
induced NF- B responses as a component of A20-containing complex (Fig. 2a).

Interestingly, Itch also plays a decisive role in determining the cell fate in response 
to TNF . As mentioned above, binding of TNF  to TNFR1 triggers formation of  
signaling complexes that promote cell survival pathways by activating NF- B, and 
cell death pathways by activating JNK (Bradley and Pober 2001; Deng et al. 2003). 
The complex formed at the plasma membrane internalizes and during the endocytic 
journey it reassembles to form DISC by recruiting FADD and caspase-8, leading to 
caspase activation and apoptosis (Micheau and Tschopp 2003; Schneider-Brachert 
et al. 2004; Schutze et al. 2008). It was established that NF- B upregulates the 
expression of cellular FLICE Inhibitory Protein long isoform (c-FLIP

L
), a negative 

regulator of proximal caspases (Micheau et al. 2001). The amount of c-FLIP
L
 deter-

mines the fate of cell as it prevents the recruitment of caspase-8 to FADD and its 
activation (Muppidi et al. 2004). Lack of c-FLIP

L
 renders cells sensitive to TNF -

induced apoptosis even in the absence of NF- B activity indicating that induction of 
c-FLIP

L
 is the primary mechanism by which NF- B prevents activation of caspase-8 

and apoptosis during early stages of TNFR1 signaling (Yeh et al. 2000). However, 
TNF  activated JNK enhances cell death by promoting the ubiquitination and degra-
dation of c-FLIP

L
 via Itch phosphorylation (Chang et al. 2006). Treatment with TNF  

and CHX resulted in the loss of c-FLIP
L
 protein in wild type, but not JNK1-deficient 
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hepatocytes, and the loss was prevented by treatment with proteasomal inhibitor 
MG-132 demonstrating that TNF  induces proteasomal degradation of c-FLIP

L
 in a 

JNK1-dependent manner (Chang et al. 2006). JNK1 did not phosphorylate c-FLIP
L
 

directly, but facilitated its degradation via phosphorylation-dependent activation of 
Itch. Incubation of Itch-deficient fibroblasts with TNF  plus CHX resulted in, 
compared to wild type fibroblasts, minimal loss of c-FLIP

L
 protein, and very little 

cleavage of caspase-8. Reconstitution of Itch −/− cells with wild type, but not a 
mutant form of Itch that is refractory to JNK1-induced phosphorylation (AA-Itch), 
restored the loss of c-FLIP

L.
 Itch associated directly with c-FLIP

L,
 but not with other 

isoform c-FLIP
s
, and as a result coexpression of Itch and activated JNK1 specifically 

promoted the ubiquitination and degradation of c-FLIP
L
. Importantly, the absence of 

Itch protected mice from TNF  plus GalN (d-galactosamine)-induced liver damage 
and morbidity. Thus, the ubiquitin modifications mediated by the E3 activity of Itch 
play a key role in determining the biological outcome of TNF  treatment.

2.5  CYLD

CYLD is a cytoplasmic protein with three cytoskeletal-associated protein–glycine-
conserved (CAP-GLY) domains that functions as a tumor suppressor. Mutations in 
the CYLD gene have been associated with familial cylindromatosis, also known as 
turban tumor syndrome, an autosomal-dominant condition that predisposes affected 
individuals to the development of multiple skin tumors (Almeida et al. 2008; 
Bignell et al. 2000). The tumors, which are believed to arise from the secretory 
glands and the hair follicles, are called cylindromas because of their characteristic 
microscopic architecture. Several studies have revealed that CYLD possess DUB 
function and with this thioesterase activity CYLD can remove from the target 
proteins, polyubiquitin chains that are conjugated via either K63- or K48-linkages 
(Brummelkamp et al. 2003; Kovalenko et al. 2003; Trompouki et al. 2003). 
Although many details remain to be elucidated, CYLD appears to regulate multiple 
signaling events of immune system including TNFR1-mediated NF- B and JNK 
pathways (Glittenberg and Ligoxygakis 2007; Reiley et al. 2004; Simonson et al. 
2007). Initial studies have suggested that CYLD negatively regulates activation of 
NF- B by removing K63-linked polyubiquitin chains from TRAF2 and NEMO, 
both positive regulators of NF- B. Evidence from CYLD-deficient mice and over 
expression experiments supported a physiological role for CYLD in the negative 
regulation of TNF signaling. Overexpression of CYLD inhibited activation of 
NF- B induced either by TNF , or by several members of the TNFR1 complex 
including TNFR1, TRAF2, TRADD and RIP1, and conversely, suppression of 
CYLD expression with siRNA enhanced TNF -induced NF- B signaling 
(Kovalenko et al. 2003). Absence of CYLD in primary keratinocytes led to rapid 
decrease in I B  level and higher activation of NF- B activation. A physiological 
role for CYLD in animal developmental processes was demonstrated by recent 
studies using CYLD knockout mouse. CYLD-deficient male mice are sterile owing 
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to defects in seminiferous tubular organization, and decreased apoptosis during 
the early stages of spermatogenesis (Wright et al. 2007). CYLD binds and 
negatively regulates RIP1 ubiquitination and function indicating that in germ 
cells CYLD controls RIP1/NF- B signaling. Accordingly, the spermatogonia of 
CYLD-null mice showed increased polyubiquitinated RIP1 and this concomi-
tantly associated with enhanced basal NF- B activity. These results establish that 
in testicular cells CYLD regulates NF- B activation by removing signaling 
polyubiquitin chains on RIP1.

Furthermore, TNF  treatment of peritoneal macrophages from CYLD null mice 
resulted in, an increase in the levels of ubiquitinated TRAF2 and phospho-JNK 
suggesting that in mammalian cells in addition to NF- B, CYLD negatively regu-
lates JNK signaling (Glittenberg and Ligoxygakis 2007; Simonson et al. 2007).  
In contrast, evidence from Drosophila studies indicate that CYLD functions as a 
positive regulator of TNF -induced JNK signaling and apoptosis (Tsichritzis et al. 
2007). In fly, ectopic expression of Egr (Eiger, the Drosophila ortholog of TNF ) 
in the developing eye triggers apoptosis via JNK signaling resulting in a reduction 
in the adult eye size. The small eye phenotype was totally suppressed by the 
deletion of Drosophila CYLD (dCYLD) indicating that the activity of dCYLD is 
required for Egr-induced activation of JNK and apoptosis. The effect was due to the 
loss of dCYLD function as the suppression of the small eye phenotype under 
dCYLD null background could be rescued by the expression of wild type dCYLD. 
Importantly, mutant dCYLD without the DUB functional domains had no effect on 
the suppression of the Egr eye phenotype implying that the DUB activity is required 
for dCYLD function in Egr-induced cell death. In Drosophila dTRAF2 is the adaptor 
protein that mediates Egr-induced JNK signaling. dCYLD appears to regulate JNK 
activation positively by binding and deubiquitinating dTRAF2, and promoting the 
accumulation of dTRAF2 protein in vivo. Biochemical analysis of the protein 
extracts from dCYLD-null flies showed marked increase in ubiquitinated dTRAF2 
and substantial reduction in dTRAF2 protein levels. Interestingly, positive modulation 
of JNK signaling by CYLD was reported in some cell types of mammals as well 
with thymocytes from CYLD-deficient mice exhibiting decreased JNK activity 
(Reiley et al. 2004). Thus, these results collectively indicate that CYLD regulates 
TNF signaling in a DUB-dependent, cell-type specific manner and this process is 
evolutionarily conserved.

2.6  CARPs

TNFR1 signaling complex formed at the plasma membrane that is essential for the 
activation of NF- B is known to internalize immediately after formation, and fuse 
with intracellular membrane vesicles to form multivesicular endosomes (MVE), 
and this event is believed to be critical to attenuate NF- B activation and diversifi-
cation of TNF signaling (Schutze et al. 2008). Caspase-8 and -10 associated RING 
proteins (CARP)-1 and CARP-2 are E3 ligases with a phospholipid-binding motif 
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known as FYVE (conserved in Fab1p/YOTB/Vac1p/EEA1) domain that is known 
to target the protein endocytic membrane vesicles (McDonald and El-Deiry 2004). 
Both CARP1 and CARP2 were shown to associate constitutively with intracellular 
compartments that include vesicles that are positive to endosomal proteins Rab 5 
and Rab 11 (Araki et al. 2003; Coumailleau et al. 2004; Liao et al. 2008). Analysis 
of purified TNF-receptosomes (internalized TNFR1 signaling complexes) revealed 
that endocytosed receptor-containing MVE associated with CARP-containing vesicles 
as early as 5 min after internalization. At this stage, CARP proteins appeared to 
target the receptor-associated RIP1 for ubiquitination and proteasome-mediated 
degradation (Liao et al. 2008, 2009). Endogenous CARP2 interacted with endogenous 
RIP1 in TNF -stimulated cells and owing to the ability of CARP2 to enhance RIP1 
degradation, endogenous interaction between these proteins could be observed 
only when proteasomal degradation was inhibited. Moreover, CARP proteins 
promoted K48-linked polyubiquitination and degradation of RIP1 in vivo. 
Suppression of CARP protein expression, using small hairpin RNA (shRNA), stabilized 
the receptor-associated ubiquitinated RIP1 and enhanced NF- B reporter activity. 
Conversely, overexpression of CARP wildtype, but not a RING mutant that unable 
to function as an active E3 protein ligase, decreased IKK activation, I B  
degradation and cytokine IL-6 secretion in TNF -stimulated cells (Liao et al. 
2008, 2009). Interestingly, CARP proteins initially identified in a yeast two-hybrid 
screen as molecules that interact with procaspase-8 and -10 (McDonald and 
El-Deiry 2004). In coexpression experiments both proteins were shown to promote 
the degradation of caspases. Suppression with shRNA of either CARP1 or CARP2 
enhanced TNF -induced caspase activity and cell death. These results demonstrate 
that both CARP1 and CARP2 are E3 ligases that target obligatory signaling inter-
mediates of TNF signaling and limit both cell survival and cell death pathways. 
Given the similarities in substrate affinity and tissue distribution, functional redun-
dancy may exist between CARP1 and CARP2 proteins. CARP2-deficient mice 
indeed exhibited no overt phenotype, and MEFs derived from these mice showed 
no changes in TNF -induced apoptosis or NF- B activation (Ahmed et al. 2009). 
Analysis of mice that lack expression of both CARP1 and CARP2 may be required to 
understand the physiological function of these endosomal-associated E3 molecules.

3  Ubiquitin Sensors

3.1  NEMO

Ubiquitin chains act as a nexus for the assembly, and thereby promoting the activation 
of downstream cytosolic molecules. Studies have shown that in TNF -stimulated 
cells RIP1 acquires polyubiquitin chains and this event is crucial for the activation 
of IKK and NF- B. Results from transfection experiments using ubiquitin mutants 
that possess either K63 or K48 for ubiquitin conjugation indicated that both kinds 
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of linkages are involved, albeit at different stages, in RIP1 ubiquitination (Ea et al. 
2006; Li et al. 2006; Wertz et al. 2004; Wu et al. 2006; Zhang et al. 2000). This was 
further confirmed by evidence from a study using linkage-specific antibodies that 
recognized polyubiquitin chains on RIP1 that are linked through K63 in the early 
stages and chains that are conjugated with K48-linkages at later stages of signaling 
(Newton et al. 2008). Moreover, reconstitution of RIP1-deficient cells with mutated 
RIP1 (K377R mutation that disrupts stimulus dependent K63-polyubiquitination of 
RIP1) substantially reduced the TNF -induced NF- B activation suggesting that 
K63-linked ubiquitin chains on RIP1 are critical for mediating NF- B signaling  
(Ea et al. 2006; Li et al. 2006). This also led to the idea that K63-linked ubiquitin 
chains serve as a platform for oligomerization of NEMO-containing IKK signaling 
complex. A clue that NEMO might sense ubiquitin chains came from a yeast two-
hybrid screen in which NEMO pulled out endogenous ubiquitin precursors, tandem 
diubiquitin (di-Ub) or triubiquitin (tri-Ub) molecules (Wu et al. 2006). Deletion 
mapping analysis of NEMO revealed that the domain encompassing coiled–coil 
(CC2) and Leucine-Zipper (LZ) motifs was necessary and sufficient for its interaction 
with ubiquitin. In vitro binding assays demonstrated that this interaction is specific 
for di-Ub or K63-linked ubiquitin chains as GST-NEMO had shown little affinity 
towards mono-Ub or K48-linked polyUb molecules (Lo et al. 2009; Rahighi et al. 
2009). Importantly, mutations that occur naturally in the ubiquitin-binding region 
have been shown to cause immunodeficiency and ectodermal dysplasia in humans 
as a result of impaired NF- B activation (Wu et al. 2006). Reduced NF- B activity 
in NEMO-deficient cells that express mutant NEMO also correlated with decreased 
affinity of mutant protein towards polyubiquitinated RIP1. Consistent with this 
observation GST-NEMO mutant protein, unlike wildtype, did not associate with 
K63-linked polyubiquitin molecules in vitro. Interestingly, regions with high 
homology to NEMO CC2-LZ are identified in other proteins such as ABIN 1–3 and 
Optineurin, and this conserved motif was referred as the ubiquitin-binding in ABIN 
and NEMO (UBAN) domain (Wagner et al. 2008; Wu et al. 2006; Zhu et al. 2007). 
It is now generally believed that docking of the UBAN with polyubiquitin chains 
is the key for TNF -induced NF- B and apoptosis events. It was also proposed 
that Optineurin or ABIN proteins affect NF- B signaling by interfering with the 
association of the UBAN of NEMO to the K63-linked Ub chains.

While initial studies focused exclusively on the importance of K63-linkages to 
TNF signaling, subsequent structural, biochemical and functional experiments 
provided evidence that the UBAN binding to linear ubiquitin chains also play essential 
roles in NF- B pathway (Rahighi et al. 2009). Quantitative isothermal titration 
measurements using the UBAN of NEMO detected nearly 100-fold more affinity 
towards tandem di-Ub than K63-linked di-Ub (with dissociation constants 1.4 M 
vs. 131 M) indicating that linear ubiquitin chains may physiologically be more 
relevant than once thought (Lo et al. 2009). On the other hand, low affinity of 
NEMO to K63-linked di-Ub in vitro is not surprising given that NEMO is reported 
to interact preferentially with longer chain of K63-linked ubiquitin molecules  
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(Wu et al. 2006). Details of intrinsic conformational differences between linear 
di-Ub and K63-linked di-Ub that contribute to differential NEMO binding are 
available. Structural and biochemical evidence suggested that the UBAN of NEMO 
forms a parallel coiled-coil dimer, and it employs distinct surface patches for its 
interaction with individual ubiquitin moieties of tandem di-Ub and K63-linked 
di-Ub (Lo et al. 2009; Rahighi et al. 2009). Amino acids of the UBAN that are the 
key for its association with linear di-Ub, but not with K63-linked di-Ub have been 
identified (Rahighi et al. 2009). As expected changes in these amino acids that 
disrupted the association of the UBAN with linear tetraubiquitin had only minimal 
effect on interaction between K63-linked tetraubiquitin and the UBAN. Interestingly, 
reconstitution of MEFs from NEMO knockout mice with mutants that can still bind 
to K63-linked tetraubiquitin in vitro, had failed to restore the activation of NF- B, 
or to protect cells from apoptosis upon TNF  treatment. These results revealed that 
both K63 and linear ubiquitin chains play an important role in TNF -induced 
NF- B signaling.

Although many details remain unknown, genetic and biochemical evidence in 
support of a biological role for linear ubiquitin chains is available. Linear ubiqui-
tin chain assembly complex (LUBAC) is an E3 complex consisting of two RING 
finger proteins HOIL-1L and HOIP that facilitates conjugation of linear polyubiq-
uitin chains on substrates (Kirisako et al. 2006). Hepatocytes from mice-deficient 
for HOIL-1 exhibited impaired TNF -induced activation of NF- B and increased 
apoptosis. However, according to initial reports the target for LUBAC-mediated 
linear polyubiquitination appears to be NEMO, but not RIP1 (Tokunaga et al. 
2009). LUBAC associated with NEMO in vivo and the Zn finger domains of 
HOIP and HOIL-1L are indispensable for NEMO binding. Furthermore, the 
UBAN domain of NEMO is essential for LUBAC interaction and coexpression in 
NEMO-deficient N-1 cells of LUBAC with NEMO lacking the UBAN domain 
failed to activate NF- B. LUBAC promoted polyubiquitination of NEMO in vitro, but 
not IKK / , and induced polyubiquitination of endogenous NEMO in vivo. 
LUBAC-mediated modification of NEMO in the presence of ubiquitin mutant 
with no free lysine residues, i.e., ubiquitin in which all lysine residues were 
mutated to arginine indicated that LUBAC might promote linkage between the 
C-terminus of one ubiquitin and the N-terminal amino group of another ubiquitin 
(linear linkages). In agreement with such an idea when blocked ubiquitin in which 
all amino groups including the N-terminal -amino group of ubiquitin were meth-
ylated was used in these assays no polyubiquitination of NEMO was detected 
(Tokunaga et al. 2009). Moreover, an antibody that specifically detected linear 
ubiquitin chains reacted with immunoprecipitates of NEMO from denatured 
extracts of cells expressing LUBAC and NEMO. Mass spectroscopy and mutant 
analyzes showed that Lys 285 and Lys 309 of NEMO are the acceptors of polyu-
biquitylation mediated by LUBAC. These results collectively demonstrate that 
NEMO recognition of both K63-linked and linear ubiquitin chains are required for 
NF- B signaling (Haas 2009).
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3.2  ABIN-1

Increasing evidence also suggest a role for ubiquitin sensing proteins in the regulation 
of TNF -induced apoptotic pathways. ABIN-1 (A20 binding and inhibitor of NF- B) 
also known as NEF-associated factor 1 (NAF1) was originally found as an interactor 
of the HIV-1 NEF protein in a yeast two-hybrid screen (Fukushi et al. 1999). 
Not-withstanding earlier reports that suggested that ABIN-1 binds A20 and inhibits 
of NF- B, a recent study using ABIN-1 null cells have revealed only a subtle role for 
ABIN-1 in limiting NF- B signaling (Heyninck et al. 1999; Oshima et al. 2009). This 
study, however, found ABIN-1 as an ubiquitin sensor with an essential role in embry-
onic development. Mice deficient for ABIN-1 died during embryogenesis with lower 
hematocrits (anemia), and hypocellularity in liver due to apoptosis. The failure to 
protect embryonic fetal livers from apoptosis is the result of dysregulation of TNF 
signaling as TNF-deficiency rescued ABIN-1 null embryos, thus confirming physio-
logical role for ABIN-1 in TNF signaling. In agreement with this ABIN-1 deficient 
cells exhibited increased sensitivity to TNF-induced apoptosis. ABIN-1 appears to 
exert its function independent of A20, which is also known to protect cells against 
apoptosis, as ABIN-1 blocked cell death in A20 null cells (Oshima et al. 2009). 
Interestingly, ABIN-1 protects cells from death by interfering with the assembly of 
the DISC components. ABIN-1 recruited to FADD in a stimulus-dependent manner, 
and in cells where ABIN-1 expression was suppressed, greater amounts of endog-
enous FADD associated with caspase-8 indicating that ABIN-1 affects the interaction 
between FADD and caspase-8. ABIN-1 also contains a region that shared homology 
with the UBAN of NEMO, In GST-pull down assays ABIN-1, like NEMO, bound 
to K63-linked polyubiquitin chains with a preference for chains of three ubiquitin 
moieties or more (Oshima et al. 2009). ABIN-1 proteins harboring mutations of the 
conserved amino acids residues (QQ477/478 EE or F482S) failed to associate with 
K63 ubiquitin chains. Importantly, expression of either of these ubiquitin-binding 
deficient ABIN-1 mutants, but not wild type, failed to protect ABIN-1 null fibroblasts 
from TNF -induced apoptosis. In agreement with this wild type, but not the mutant 
ABIN-1 (QQ477/478 EE) blocked the association between endogenous FADD and 
caspase-8 proteins. These results provide evidence that polyubiquitin modifications, 
probably of the DISC components regulate TNF -induced caspase-8 activation and 
apoptosis by recruiting ABIN-1. It would be interesting to know whether removal of 
the polyubiquitin chains is necessary for the assembly of stable DISC. The finding 
that the action of CYLD, a K63- deubiquitinating enzyme, is required to form a 
caspase-8-activating complex consisting of FADD and caspase-8 supports such a 
notion (Wang et al. 2008).

3.3  IAPs

IAPs with ubiquitin protein ligase activity, namely X-linked IAP (XIAP), cIAP-1 
and cIAP-2 are known to affect TNF -signaling (Srinivasula and Ashwell 2008). 
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These proteins, when present at higher concentrations, protect cells from death 
against several onslaughts including stimulation by death ligands. Although initial 
structural and functional studies indicated that IAPs could inhibit cell death by 
binding and inhibiting caspases independent of the RING, genetic evidence is now 
available in favor of a physiological role for ubiquitin protein ligase activity (Vaux 
and Silke 2005). For example, in Drosophila the E3 function of Drosophila IAP1 
appears to promote ubiquitination of the Drosophila caspase DRONC and this E3 
activity is required to block apoptosis. Mice in which the RING motif of XIAP was 
inactivated by gene targeting showed, in some cells types, increased caspase activity 
and apoptosis (Schile et al. 2008). Previous studies that were based mostly on over-
expression and in vitro experiments, have reported that the RING domain promotes 
autoubiquitination and degradation of IAPs (Yang et al. 2000). Consistent with 
these findings removal of the RING domain of XIAP in mice that impaired the E3 
activity, stabilized XIAP protein in apoptotic thymocytes (Schile et al. 2008). 
Moreover, fibroblasts and embryonic stem cells that express XIAP without the 
RING domain had impaired ubiquitination of active caspase-3 and increased 
caspase-3 activity. Importantly, these cells were strongly sensitive to TNF -
induced apoptosis thus, demonstrating the contribution of the E3 activity of XIAP 
to TNF signaling (Schile et al. 2008).

The proteins cIAP-1 and cIAP-2 were originally identified as components of 
TNFR1 complex, yet no definitive evidence for a physiological role for these 
molecules TNFR1 signaling is forthcoming (Rothe et al. 1995; Shu et al. 1996; 
Conte et al. 2006; Conze et al. 2005). Primary human umbilical vein endothelial 
cells (HUVEC) deficient in both cIAP-1 and cIAP-2 showed limited TNF -induced 
NF- B activation, leading to the notion that cIAPs might regulate TNF signaling 
by acting at the proximal level (Santoro et al. 2007). Recent findings that acute 
deficiency of cIAPs leads to TNFR1-mediated cell death further supported this 
notion (Gaither et al. 2007; Petersen et al. 2007; Varfolomeev et al. 2007; Vince 
et al. 2007). IAP-antagonists (known as SMAC mimetics) bind and trigger the 
E3-mediated autoubiquitination and degradation of cIAP-1 and cIAP-2. Loss of 
cIAP proteins resulted in increased NF- B activation leading to enhanced autocrine 
TNF  production and cell death in some tumor cell lines (Wu et al. 2007). Absence 
of cIAP also affected the assembly of TNFR1 signaling complex directly. Treatment 
of cell lines with IAP antagonists resulted in the formation of a death complex 
consisting of RIP1, FADD, and caspase-8, and cIAP degradation required for the 
assembly of this death complex. More studies are needed to understand the mecha-
nistic details by which IAPs contribute to the signaling complex formation. In this 
context, the recent identification of ubiquitin-binding motifs in IAP proteins is 
intriguing as this motif enables IAPs, like NEMO and ABIN-1, to participate in 
Ub-dependent TNF signaling processes (Blankenship et al. 2009; Gyrd-Hansen 
et al. 2008). Sequence analysis and structural algorithms identified an evolutionarily 
conserved ubiquitin-associated (UBA) domain that consists of three tightly packed 

-helices in XIAP, cIAP-1 and cIAP-2 in a region N-terminus to the RING domain. 
In vitro binding experiments revealed interactions by XIAP and cIAP-2 with K63-
linked Ub molecules and by cIAP-1 with both K63- and K48-polyubiquitins. Point 
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mutations in the conserved amino acid residues in the UBA domain abrogated 
the interaction, thus underlying the importance of the UBA for polyUb binding. 
Furthermore, formation of higher-order oligomeric forms of IAPs is required for 
this interaction as deletion mutants of XIAP or cIAP-1 that do not dimerize, failed 
to bind with ubiquitin molecules. Immortalized MEFs from cIAP-1 knockout mice 
are sensitive to TNF -induced apoptosis, and expression of wild type cIAP-1, but 
not the polyUb-binding defective mutant, restored resistance to TNF . Importantly, 
in zebrafish zcIAP-1 function is required for endothelial cell survival, and zcIAP-1 
null mutants showed vascular defects, described in the literature as tomato mutant 
phenotype, as a result of increased caspase-8 dependent apoptosis. This phenotype 
could be rescued by the expression wild type zcIAP-1. Interestingly, mutant 
zcIAP-1 that does not bind ubiquitin molecules failed to rescue the tomato 
mutant phenotype. These results suggest that the Ub-binding is a critical cIAP-1 
function in endothelial survival in vertebrates (Blankenship et al. 2009). Although 
many details remain unknown, evidence thus far indicate that IAP E3 activity and 
ubiquitin-binding function contribute to TNF -mediated NF- B signaling and 
apoptosis.

4  Conclusions

Modification of proteins by ubiquitin has emerged as a critical signal for the 
regulation of a variety of biological processes including TNFR1 signaling. It is 
now revealed that ubiquitin modifications of key signaling components affect, 
at multiple steps of the pathways, protein stability, localization, and a network 
of protein–protein interactions. It is important to know whether the ubiquitin-
editing events such as the replacement of K63-linked ubiquitin chains involved 
in signal propagation with degradative K48 chains are more common, and 
whether such an exchange can occur between two activating K63 and linear 
ubiquitin chains. Given the possibility that K63-linked and linear ubiquitin 
chains promote distinct functions, knowledge of molecules that facilitate ubiq-
uitin-editing might be the key for our understanding of the diversification of 
TNFR1 signaling. One of the many other questions that need attention is how 
the activation of E3 ligases is regulated, and the role played by phosphorylation 
in the E3 activation and its substrate recognition. The existence of large number 
of E3 ligases and the likelihood that ubiquitin moieties can be conjugated via 
more than one kind of linkages (mixed chains) make answers to these questions 
both complex and exciting.

Acknowledgments We apologize to those researchers whose contributions have not been cited 
due to space limitations. The research was supported by the Intramural Research Program of the 
NIH, Center for Cancer research, National Cancer Institute. We thank Jonathan Ashwell for help-
ful discussions.



Ubiquitination and TNFR1 Signaling 109

References

Ahmed AU, Moulin M, Coumailleau F, Wong WW, Miasari M, Carter H, Silke J, Cohen-Tannoudji 
M, Vince JE, Vaux DL (2009) CARP2 deficiency does not alter induction of NF-kappaB by 
TNFalpha. Curr Biol 19:R15–17 author reply R17–19

Almeida S, Maillard C, Itin P, Hohl D, Huber M (2008) Five new CYLD mutations in skin 
appendage tumors and evidence that aspartic acid 681 in CYLD is essential for deubiquitinase 
activity. J Invest Dermatol 128:587–593

Araki K, Kawamura M, Suzuki T, Matsuda N, Kanbe D, Ishii K, Ichikawa T, Kumanishi T, Chiba 
T, Tanaka K, Nawa H (2003) A palmitoylated RING finger ubiquitin ligase and its homologue 
in the brain membranes. J Neurochem 86:749–762

Au PY, Yeh WC (2007) Physiological roles and mechanisms of signaling by TRAF2 and TRAF5. 
Adv Exp Med Biol 597:32–47

Azmi P, Seth A (2005) RNF11 is a multifunctional modulator of growth factor receptor signalling 
and transcriptional regulation. Eur J Cancer 41:2549–2560

Baud V, Karin M (2001) Signal transduction by tumor necrosis factor and its relatives. Trends Cell 
Biol 11:372–377

Bignell GR, Warren W, Seal S, Takahashi M, Rapley E, Barfoot R, Green H, Brown C, Biggs PJ, 
Lakhani SR et al (2000) Identification of the familial cylindromatosis tumour-suppressor gene. 
Nat Genet 25:160–165

Blankenship JW, Varfolomeev E, Goncharov T, Fedorova AV, Kirkpatrick DS, Izrael-Tomasevic A, 
Phu L, Arnott D, Aghajan M, Zobel K et al (2009) Ubiquitin binding modulates IAP antagonist-
stimulated proteasomal degradation of c-IAP1 and c-IAP2(1). Biochem J 417:149–160

Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM, Ricci JE, Edris WA, 
Sutherlin DP, Green DR, Salvesen GS (2003) A unified model for apical caspase activation. 
Mol Cell 11:529–541

Bonifacino JS, Traub LM (2003) Signals for sorting of transmembrane proteins to endosomes and 
lysosomes. Annu Rev Biochem 72:395–447

Bradley JR, Pober JS (2001) Tumor necrosis factor receptor-associated factors (TRAFs). Oncogene 
20:6482–6491

Brummelkamp TR, Nijman SM, Dirac AM, Bernards R (2003) Loss of the cylindromatosis 
tumour suppressor inhibits apoptosis by activating NF-kappaB. Nature 424:797–801

Burger A, Li H, Zhang XK, Pienkowska M, Venanzoni M, Vournakis J, Papas T, Seth A (1998) 
Breast cancer genome anatomy: correlation of morphological changes in breast carcinomas 
with expression of the novel gene product Di12. Oncogene 16:327–333

Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, Williamson B (1975) An endotoxin-induced 
serum factor that causes necrosis of tumors. Proc Natl Acad Sci USA 72:3666–3670

Chang HY, Yang X (2000) Proteases for cell suicide: functions and regulation of caspases. 
Microbiol Mol Biol Rev 64:821–846

Chang L, Kamata H, Solinas G, Luo JL, Maeda S, Venuprasad K, Liu YC, Karin M (2006) The 
E3 ubiquitin ligase itch couples JNK activation to TNFalpha-induced cell death by inducing 
c-FLIP(L) turnover. Cell 124:601–613

Chanudet E, Ye H, Ferry J, Bacon CM, Adam P, Muller-Hermelink HK, Radford J, Pileri SA, 
Ichimura K, Collins VP et al (2009) A20 deletion is associated with copy number gain at the 
TNFA/B/C locus and occurs preferentially in translocation-negative MALT lymphoma of the 
ocular adnexa and salivary glands. J Pathol 217:420–430

Chen LF, Greene WC (2004) Shaping the nuclear action of NF-kappaB. Nat Rev Mol Cell Biol 
5:392–401

Colland F, Jacq X, Trouplin V, Mougin C, Groizeleau C, Hamburger A, Meil A, Wojcik J, Legrain P, 
Gauthier JM (2004) Functional proteomics mapping of a human signaling pathway. Genome 
Res 14:1324–1332



110 Ken-ichi Fujita and S.M. Srinivasula

Conte D, Holcik M, Lefebvre CA, Lacasse E, Picketts DJ, Wright KE, Korneluk RG (2006) 
Inhibitor of apoptosis protein cIAP2 is essential for lipopolysaccharide-induced macrophage 
survival. Mol Cell Biol 26:699–708

Conze DB, Albert L, Ferrick DA, Goeddel DV, Yeh WC, Mak T, Ashwell JD (2005) 
Posttranscriptional downregulation of c-IAP2 by the ubiquitin protein ligase c-IAP1 in vivo. 
Mol Cell Biol 25:3348–3356

Coornaert B, Carpentier I, Beyaert R (2009) A20: central gatekeeper in inflammation and immu-
nity. J Biol Chem 284:8217–8221

Coumailleau F, Das V, Alcover A, Raposo G, Vandormael-Pournin S, Le Bras S, Baldacci P, 
Dautry-Varsat A, Babinet C, Cohen-Tannoudji M (2004) Over-expression of Rififylin, a new 
RING finger and FYVE-like domain-containing protein, inhibits recycling from the endocytic 
recycling compartment. Mol Biol Cell 15:4444–4456

Dempsey PW, Doyle SE, He JQ, Cheng G (2003) The signaling adaptors and pathways activated 
by TNF superfamily. Cytokine Growth Factor Rev 14:193–209

Deng Y, Ren X, Yang L, Lin Y, Wu X (2003) A JNK-dependent pathway is required for TNFalpha-
induced apoptosis. Cell 115:61–70

Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ (2006) Activation of IKK by TNFalpha requires site-
specific ubiquitination of RIP1 and polyubiquitin binding by NEMO. Mol Cell 22:245–257

Esposito E, Di Matteo V, Di Giovanni G (2007) Death in the substantia nigra: a motor tragedy. 
Expert Rev Neurother 7:677–697

Fang S, Weissman AM (2004) A field guide to ubiquitylation. Cell Mol Life Sci 61:1546–1561
Fang D, Elly C, Gao B, Fang N, Altman Y, Joazeiro C, Hunter T, Copeland N, Jenkins N, Liu YC 

(2002) Dysregulation of T lymphocyte function in itchy mice: a role for itch in TH2 differen-
tiation. Nat Immunol 3:281–287

Fukushi M, Dixon J, Kimura T, Tsurutani N, Dixon MJ, Yamamoto N (1999) Identification and 
cloning of a novel cellular protein Naf1, Nef-associated factor 1, that increases cell surface 
CD4 expression. FEBS Lett 442:83–88

Gachon F, Peleraux A, Thebault S, Dick J, Lemasson I, Devaux C, Mesnard JM (1998) CREB-2, 
a cellular CRE-dependent transcription repressor, functions in association with Tax as an acti-
vator of the human T-cell leukemia virus type 1 promoter. J Virol 72:8332–8337

Gaither A, Porter D, Yao Y, Borawski J, Yang G, Donovan J, Sage D, Slisz J, Tran M, Straub C 
et al (2007) A Smac mimetic rescue screen reveals roles for inhibitor of apoptosis proteins in 
tumor necrosis factor-alpha signaling. Cancer Res 67:11493–11498

Gao M, Karin M (2005) Regulating the regulators: control of protein ubiquitination and ubiquitin-
like modifications by extracellular stimuli. Mol Cell 19:581–593

Ghosh S, Karin M (2002) Missing pieces in the NF-kappaB puzzle. Cell 109 Suppl:S81–96
Glittenberg M, Ligoxygakis P (2007) CYLD: a multifunctional deubiquitinase. Fly (Austin) 

1:330–332
Gorman AM (2008) Neuronal cell death in neurodegenerative diseases: recurring themes around 

protein handling. J Cell Mol Med 12:2263–2280
Graham RR, Cotsapas C, Davies L, Hackett R, Lessard CJ, Leon JM, Burtt NP, Guiducci C, 

Parkin M, Gates C et al (2008) Genetic variants near TNFAIP3 on 6q23 are associated with 
systemic lupus erythematosus. Nat Genet 40:1059–1061

Gyrd-Hansen M, Darding M, Miasari M, Santoro MM, Zender L, Xue W, Tenev T, da Fonseca 
PC, Zvelebil M, Bujnicki JM et al (2008) IAPs contain an evolutionarily conserved ubiquitin-
binding domain that regulates NF-kappaB as well as cell survival and oncogenesis. Nat Cell 
Biol 10:1309–1317

Haas AL (2009) Linear polyubiquitylation: the missing link in NF-kappaB signalling. Nat Cell 
Biol 11:116–118

Haglund K, Dikic I (2005) Ubiquitylation and cell signaling. EMBO J 24:3353–3359
Hayden MS, Ghosh S (2008) Shared principles in NF-kappaB signaling. Cell 132:344–362
Heyninck K, De Valck D, Vanden Berghe W, Van Criekinge W, Contreras R, Fiers W, Haegeman G, 

Beyaert R (1999) The zinc finger protein A20 inhibits TNF-induced NF-kappaB-dependent 
gene expression by interfering with an RIP- or TRAF2-mediated transactivation signal and 
directly binds to a novel NF-kappaB-inhibiting protein ABIN. J Cell Biol 145:1471–1482



Ubiquitination and TNFR1 Signaling 111

Hoeflich KP, Yeh WC, Yao Z, Mak TW, Woodgett JR (1999) Mediation of TNF receptor-associated 
factor effector functions by apoptosis signal-regulating kinase-1 (ASK1). Oncogene 18:5814–5820

Hustad CM, Perry WL, Siracusa LD, Rasberry C, Cobb L, Cattanach BM, Kovatch R, Copeland 
NG, Jenkins NA (1995) Molecular genetic characterization of six recessive viable alleles of 
the mouse agouti locus. Genetics 140:255–265

Ichijo H, Nishida E, Irie K, ten Dijke P, Saitoh M, Moriguchi T, Takagi M, Matsumoto K, 
Miyazono K, Gotoh Y (1997) Induction of apoptosis by ASK1, a mammalian MAPKKK that 
activates SAPK/JNK and p38 signaling pathways. Science 275:90–94

Iha H, Peloponese JM, Verstrepen L, Zapart G, Ikeda F, Smith CD, Starost MF, Yedavalli V, 
Heyninck K, Dikic I et al (2008) Inflammatory cardiac valvulitis in TAX1BP1-deficient mice 
through selective NF-kappaB activation. EMBO J 27:629–641

Jacobson MD, Weil M, Raff MC (1997) Programmed cell death in animal development. Cell 
88:347–354

Jin DY, Teramoto H, Giam CZ, Chun RF, Gutkind JS, Jeang KT (1997) A human suppressor of c-Jun 
N-terminal kinase 1 activation by tumor necrosis factor alpha. J Biol Chem 272:25816–25823

Kanayama A, Seth RB, Sun L, Ea CK, Hong M, Shaito A, Chiu YH, Deng L, Chen ZJ (2004) 
TAB2 and TAB3 activate the NF-kappaB pathway through binding to polyubiquitin chains. 
Mol Cell 15:535–548

Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB in cancer: from innocent bystander to 
major culprit. Nat Rev Cancer 2:301–310

Kelliher MA, Grimm S, Ishida Y, Kuo F, Stanger BZ, Leder P (1998) The death domain kinase 
RIP mediates the TNF-induced NF-kappaB signal. Immunity 8:297–303

Kirisako T, Kamei K, Murata S, Kato M, Fukumoto H, Kanie M, Sano S, Tokunaga F, Tanaka K, 
Iwai K (2006) A ubiquitin ligase complex assembles linear polyubiquitin chains. EMBO J 
25:4877–4887

Kovalenko A, Chable-Bessia C, Cantarella G, Israel A, Wallach D, Courtois G (2003) The tumour 
suppressor CYLD negatively regulates NF-kappaB signalling by deubiquitination. Nature 
424:801–805

Lavrik I, Golks A, Krammer PH (2005) Death receptor signaling. J Cell Sci 118:265–267
Lee EG, Boone DL, Chai S, Libby SL, Chien M, Lodolce JP, Ma A (2000) Failure to regulate TNF-

induced NF-kappaB and cell death responses in A20-deficient mice. Science 289:2350–2354
Lee TH, Shank J, Cusson N, Kelliher MA (2004) The kinase activity of Rip1 is not required for 

tumor necrosis factor-alpha-induced IkappaB kinase or p38 MAP kinase activation or for the 
ubiquitination of Rip1 by Traf2. J Biol Chem 279:33185–33191

Li H, Seth A (2004) An RNF11: Smurf2 complex mediates ubiquitination of the AMSH protein. 
Oncogene 23:1801–1808

Li H, Kobayashi M, Blonska M, You Y, Lin X (2006) Ubiquitination of RIP is required for tumor 
necrosis factor alpha-induced NF-kappaB activation. J Biol Chem 281:13636–13643

Liao W, Xiao Q, Tchikov V, Fujita K, Yang W, Wincovitch S, Garfield S, Conze D, El-Deiry WS, 
Schutze S, Srinivasula SM (2008) CARP-2 is an endosome-associated ubiquitin ligase for RIP 
and regulates TNF-induced NF-kappaB activation. Curr Biol 18:641–649

Liao W, Fujita K, Xiao Q, Tchikov V, Yang W, Gunsor M, Garfield S, Goldsmith P, El-Deiry WS, 
Schutze S, Srinivasula SM (2009) Response: CARP1 regulates induction of NF- B by TNF- . 
Curr Biol 19:R17–R19

Liu YC, Penninger J, Karin M (2005) Immunity by ubiquitylation: a reversible process of modi-
fication. Nat Rev Immunol 5:941–952

Lo YC, Lin SC, Rospigliosi CC, Conze DB, Wu CJ, Ashwell JD, Eliezer D, Wu H (2009) 
Structural basis for recognition of diubiquitins by NEMO. Mol Cell 33:602–615

MacEwan DJ (2002) TNF receptor subtype signalling: differences and cellular consequences. Cell 
Signal 14:477–492

Martin LJ (2001) Neuronal cell death in nervous system development, disease, and injury (Review). 
Int J Mol Med 7:455–478

McDonald ER 3rd, El-Deiry WS (2004) Suppression of caspase-8- and -10-associated RING 
proteins results in sensitization to death ligands and inhibition of tumor cell growth. Proc Natl 
Acad Sci USA 101:6170–6175



112 Ken-ichi Fujita and S.M. Srinivasula

Meylan E, Tschopp J (2005) The RIP kinases: crucial integrators of cellular stress. Trends 
Biochem Sci 30:151–159

Micheau O, Tschopp J (2003) Induction of TNF receptor I-mediated apoptosis via two sequential 
signaling complexes. Cell 114:181–190

Micheau O, Lens S, Gaide O, Alevizopoulos K, Tschopp J (2001) NF-kappaB signals induce the 
expression of c-FLIP. Mol Cell Biol 21:5299–5305

Muppidi JR, Tschopp J, Siegel RM (2004) Life and death decisions: secondary complexes and 
lipid rafts in TNF receptor family signal transduction. Immunity 21:461–465

Musone SL, Taylor KE, Lu TT, Nititham J, Ferreira RC, Ortmann W, Shifrin N, Petri MA, 
Kamboh MI, Manzi S et al (2008) Multiple polymorphisms in the TNFAIP3 region are inde-
pendently associated with systemic lupus erythematosus. Nat Genet 40:1062–1064

Newton K, Matsumoto ML, Wertz IE, Kirkpatrick DS, Lill JR, Tan J, Dugger D, Gordon N, Sidhu 
SS, Fellouse FA et al (2008) Ubiquitin chain editing revealed by polyubiquitin linkage-specific 
antibodies. Cell 134:668–678

Nishitoh H, Saitoh M, Mochida Y, Takeda K, Nakano H, Rothe M, Miyazono K, Ichijo H (1998) 
ASK1 is essential for JNK/SAPK activation by TRAF2. Mol Cell 2:389–395

Novak U, Rinaldi A, Kwee I, Nandula SV, Rancoita PM, Compagno M, Cerri M, Rossi D, Murty 
VV, Zucca E, et al (2009) The NF-{kappa}B negative regulator TNFAIP3 (A20) is inactivated 
by somatic mutations and genomic deletions in marginal zone B-cell lymphomas. Blood 
113:4918-4921

Oshima S, Turer EE, Callahan JA, Chai S, Advincula R, Barrera J, Shifrin N, Lee B, Yen B, Woo 
T et al (2009) ABIN-1 is a ubiquitin sensor that restricts cell death and sustains embryonic 
development. Nature 457:906–909

Perkins ND (2006) Post-translational modifications regulating the activity and function of the 
nuclear factor kappa B pathway. Oncogene 25:6717–6730

Petersen SL, Wang L, Yalcin-Chin A, Li L, Peyton M, Minna J, Harran P, Wang X (2007) 
Autocrine TNFalpha signaling renders human cancer cells susceptible to Smac-mimetic-
induced apoptosis. Cancer Cell 12:445–456

Plenge RM, Cotsapas C, Davies L, Price AL, de Bakker PI, Maller J, Pe’er I, Burtt NP, Blumenstiel 
B, DeFelice M et al (2007) Two independent alleles at 6q23 associated with risk of rheumatoid 
arthritis. Nat Genet 39:1477–1482

Rahighi S, Ikeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, Kensche T, Uejima T, Bloor S, 
Komander D et al (2009) Specific recognition of linear ubiquitin chains by NEMO is important 
for NF-kappaB activation. Cell 136:1098–1109

Reich A, Spering C, Schulz JB (2008) Death receptor Fas (CD95) signaling in the central nervous 
system: tuning neuroplasticity? Trends Neurosci 31:478–486

Reiley W, Zhang M, Sun SC (2004) Negative regulation of JNK signaling by the tumor suppressor 
CYLD. J Biol Chem 279:55161–55167

Rothe M, Pan MG, Henzel WJ, Ayres TM, Goeddel DV (1995) The TNFR2-TRAF signaling 
complex contains two novel proteins related to baculoviral inhibitor of apoptosis proteins. Cell 
83:1243–1252

Rudolph D, Yeh WC, Wakeham A, Rudolph B, Nallainathan D, Potter J, Elia AJ, Mak TW (2000) 
Severe liver degeneration and lack of NF-kappaB activation in NEMO/IKKgamma-deficient 
mice. Genes Dev 14:854–862

Santoro MM, Samuel T, Mitchell T, Reed JC, Stainier DY (2007) Birc2 (cIap1) regulates endothe-
lial cell integrity and blood vessel homeostasis. Nat Genet 39:1397–1402

Schile AJ, Garcia-Fernandez M, Steller H (2008) Regulation of apoptosis by XIAP ubiquitin-
ligase activity. Genes Dev 22:2256–2266

Schmidt-Supprian M, Bloch W, Courtois G, Addicks K, Israel A, Rajewsky K, Pasparakis M 
(2000) NEMO/IKK gamma-deficient mice model incontinentia pigmenti. Mol Cell 5:981–992

Schneider-Brachert W, Tchikov V, Neumeyer J, Jakob M, Winoto-Morbach S, Held-Feindt J, 
Heinrich M, Merkel O, Ehrenschwender M, Adam D et al (2004) Compartmentalization of TNF 
receptor 1 signaling: internalized TNF receptosomes as death signaling vesicles. Immunity 
21:415–428



Ubiquitination and TNFR1 Signaling 113

Schutze S, Tchikov V, Schneider-Brachert W (2008) Regulation of TNFR1 and CD95 signalling 
by receptor compartmentalization. Nat Rev Mol Cell Biol 9:655–662

Seki N, Hattori A, Hayashi A, Kozuma S, Sasaki M, Suzuki Y, Sugano S, Muramatsu MA, Saito T 
(1999) Cloning and expression profile of mouse and human genes, Rnf11/RNF11, encoding a 
novel RING-H2 finger protein. Biochim Biophys Acta 1489:421–427

Shembade N, Harhaj NS, Liebl DJ, Harhaj EW (2007) Essential role for TAX1BP1 in the termination 
of TNF-alpha-, IL-1- and LPS-mediated NF-kappaB and JNK signaling. EMBO J 26:3910–3922

Shembade N, Harhaj NS, Parvatiyar K, Copeland NG, Jenkins NA, Matesic LE, Harhaj EW 
(2008) The E3 ligase Itch negatively regulates inflammatory signaling pathways by controlling 
the function of the ubiquitin-editing enzyme A20. Nat Immunol 9:254–262

Shembade N, Parvatiyar K, Harhaj NS, Harhaj EW (2009) The ubiquitin-editing enzyme A20 
requires RNF11 to downregulate NF-kappaB signalling. EMBO J 28:513–522

Shu HB, Takeuchi M, Goeddel DV (1996) The tumor necrosis factor receptor 2 signal transducers 
TRAF2 and c-IAP1 are components of the tumor necrosis factor receptor 1 signaling complex. 
Proc Natl Acad Sci USA 93:13973–13978

Simonson SJ, Wu ZH, Miyamoto S (2007) CYLD: a DUB with many talents. Dev Cell 13: 
601–603

Srinivasula SM, Ashwell JD (2008) IAPs: what’s in a name? Mol Cell 30:123–135
Steller H (1995) Mechanisms and genes of cellular suicide. Science 267:1445–1449
Subramaniam V, Li H, Wong M, Kitching R, Attisano L, Wrana J, Zubovits J, Burger AM, Seth 

A (2003) The RING-H2 protein RNF11 is overexpressed in breast cancer and is a target of 
Smurf2 E3 ligase. Br J Cancer 89:1538–1544

Tada K, Okazaki T, Sakon S, Kobarai T, Kurosawa K, Yamaoka S, Hashimoto H, Mak TW, Yagita 
H, Okumura K et al (2001) Critical roles of TRAF2 and TRAF5 in tumor necrosis factor-induced 
NF-kappa B activation and protection from cell death. J Biol Chem 276:36530–36534

Thomson W, Barton A, Ke X, Eyre S, Hinks A, Bowes J, Donn R, Symmons D, Hider S, Bruce 
IN et al (2007) Rheumatoid arthritis association at 6q23. Nat Genet 39:1431–1433

Ting AT, Pimentel-Muinos FX, Seed B (1996) RIP mediates tumor necrosis factor receptor 1 
activation of NF-kappaB but not Fas/APO-1-initiated apoptosis. EMBO J 15:6189–6196

Tobiume K, Matsuzawa A, Takahashi T, Nishitoh H, Morita K, Takeda K, Minowa O, Miyazono K, 
Noda T, Ichijo H (2001) ASK1 is required for sustained activations of JNK/p38 MAP kinases 
and apoptosis. EMBO Rep 2:222–228

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

Trompouki E, Hatzivassiliou E, Tsichritzis T, Farmer H, Ashworth A, Mosialos G (2003) CYLD 
is a deubiquitinating enzyme that negatively regulates NF-kappaB activation by TNFR family 
members. Nature 424:793–796

Tsichritzis T, Gaentzsch PC, Kosmidis S, Brown AE, Skoulakis EM, Ligoxygakis P, Mosialos G 
(2007) A Drosophila ortholog of the human cylindromatosis tumor suppressor gene regulates 
triglyceride content and antibacterial defense. Development 134:2605–2614

Varfolomeev E, Blankenship JW, Wayson SM, Fedorova AV, Kayagaki N, Garg P, Zobel K, Dynek JN, 
Elliott LO, Wallweber HJ et al (2007) IAP antagonists induce autoubiquitination of c-IAPs, 
NF-kappaB activation, and TNFalpha-dependent apoptosis. Cell 131:669–681

Vaux DL, Silke J (2005) IAPs, RINGs and ubiquitylation. Nat Rev Mol Cell Biol 6:287–297
Vince JE, Wong WW, Khan N, Feltham R, Chau D, Ahmed AU, Benetatos CA, Chunduru SK, 

Condon SM, McKinlay M et al (2007) IAP antagonists target cIAP1 to induce TNFalpha-
dependent apoptosis. Cell 131:682–693

Wagner S, Carpentier I, Rogov V, Kreike M, Ikeda F, Lohr F, Wu CJ, Ashwell JD, Dotsch V, Dikic I, 
Beyaert R (2008) Ubiquitin binding mediates the NF-kappaB inhibitory potential of ABIN 
proteins. Oncogene 27:3739–3745

Wang L, Du F, Wang X (2008) TNF-alpha induces two distinct caspase-8 activation pathways. 
Cell 133:693–703



114 Ken-ichi Fujita and S.M. Srinivasula

Weissman AM (2001) Themes and variations on ubiquitylation. Nat Rev Mol Cell Biol 2:169–178
Wellcome Trust Case Control Consortium (2007) Genome-wide association study of 14,000 cases 

of seven common diseases and 3000 shared controls. Nature 447:661–678
Werner SL, Barken D, Hoffmann A (2005) Stimulus specificity of gene expression programs 

determined by temporal control of IKK activity. Science 309:1857–1861
Wertz IE, O’Rourke KM, Zhou H, Eby M, Aravind L, Seshagiri S, Wu P, Wiesmann C, Baker R, 

Boone DL et al (2004) De-ubiquitination and ubiquitin ligase domains of A20 downregulate 
NF-kappaB signalling. Nature 430:694–699

Wright A, Reiley WW, Chang M, Jin W, Lee AJ, Zhang M, Sun SC (2007) Regulation of early 
wave of germ cell apoptosis and spermatogenesis by deubiquitinating enzyme CYLD. Dev 
Cell 13:705–716

Wu CJ, Conze DB, Li T, Srinivasula SM, Ashwell JD (2006) Sensing of Lys 63-linked polyubiq-
uitination by NEMO is a key event in NF-kappaB activation [corrected]. Nat Cell Biol 
8:398–406

Wu H, Tschopp J, Lin SC (2007) Smac mimetics and TNFalpha: a dangerous liaison? Cell 
131:655–658

Yang Y, Fang S, Jensen JP, Weissman AM, Ashwell JD (2000) Ubiquitin protein ligase activity of 
IAPs and their degradation in proteasomes in response to apoptotic stimuli. Science 
288:874–877

Yeh WC, Shahinian A, Speiser D, Kraunus J, Billia F, Wakeham A, de la Pompa JL, Ferrick D, 
Hum B, Iscove N et al (1997) Early lethality, functional NF-kappaB activation, and increased 
sensitivity to TNF-induced cell death in TRAF2-deficient mice. Immunity 7:715–725

Yeh WC, Itie A, Elia AJ, Ng M, Shu HB, Wakeham A, Mirtsos C, Suzuki N, Bonnard M, Goeddel 
DV, Mak TW (2000) Requirement for Casper (c-FLIP) in regulation of death receptor-induced 
apoptosis and embryonic development. Immunity 12:633–642

Yuan J (2006) Divergence from a dedicated cellular suicide mechanism: exploring the evolution 
of cell death. Mol Cell 23:1–12

Zhang SQ, Kovalenko A, Cantarella G, Wallach D (2000) Recruitment of the IKK signalosome to 
the p55 TNF receptor: RIP and A20 bind to NEMO (IKKgamma) upon receptor stimulation. 
Immunity 12:301–311

Zhu G, Wu CJ, Zhao Y, Ashwell JD (2007) Optineurin negatively regulates TNFalpha- induced 
NF-kappaB activation by competing with NEMO for ubiquitinated RIP. Curr Biol 
17:1438–1443



From Biochemical Principles of Apoptosis 
Induction by TRAIL to Application in  
Tumour Therapy

Stefanie M. Cordier1, Kerstin Papenfuss1, and Henning Walczak

Abstract The tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) 
is a member of the TNF superfamily which has been shown to selectively kill 
tumour cells, while sparing normal tissue. This attribute makes TRAIL an attractive 
drug candidate for cancer therapy. Although most primary tumour cells turned out 
to be primarily TRAIL-resistant, recent studies evidenced that a variety of cancers 
can be sensitised to TRAIL-induced apoptosis upon pre-treatment with chemo-
therapeutic agents or irradiation, while normal cells remain TRAIL-resistant. 
However, biomarkers that reliably predict which patients may benefit from such 
combinatorial therapies are required. Thus, it is essential to better understand the 
mechanisms underlying TRAIL resistance versus sensitivity. In this chapter, we 
introduce the signalling events which take place during TRAIL-induced apopto-
sis, describe the physiological function of TRAIL and summarise pre-clinical and 
clinical results obtained so far with TRAIL-receptor agonists.

1 Introduction

Apoptosis is a form of programmed cell death necessary for tissue remodelling, 
homeostasis and the development of multi-cellular organisms (Danial and Korsmeyer 
2004; Hanahan and Weinberg 2000; Steller 1995; Thompson 1995). Unlike necrosis, 
apoptosis does not induce an inflammatory response as it specifically eliminates 
abnormal, infected or aged cells without any damage to the surrounding tissue. 
Apoptosis can either be induced by intracellular stimuli such as DNA damage or by 
extracellular engagement of so called death receptors, which are all members of the 
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tumour necrosis factor receptor superfamily (TNFRSF). So far, six death receptors 
are described with TNF-R1, CD95 (APO-1, Fas), TRAIL-Receptor 1 (TRAIL-R1, 
DR4) and TRAIL-R2 (APO-2, DR5, KILLER, TRICK2) being best characterised.

When it was found that TNF-R1 and CD95 stimulation can efficiently kill 
tumour cells, the hope for generating a new strategy to fight cancer arose. However, 
TNF-R1 and CD95 agonists not only affect cancer cells, but they also exert fatal 
unwanted effects when applied systemically, entailing severe side effects such as 
systemic inflammation and hepatoxicity (Creagan et al. 1988; Creaven et al. 1987; 
Daniel et al. 2001; Galle et al. 1995; Hersh et al. 1991; Ogasawara et al. 1993); so 
a broad clinical application of such drugs is rather unlikely. A revival in the field of 
death-receptor targeting anti-cancer therapy took place when the tumour necrosis 
factor-related apoptosis inducing-ligand (TRAIL) was identified (Pitti et al. 1996; 
Wiley et al. 1995). TRAIL selectively eliminates tumour cells without inducing any 
life-threatening toxicity in vivo (Ashkenazi et al. 1999; Walczak et al. 1999). 
For reasons that are not yet completely elucidated, tumour cells are more susceptible 
to the induction of apoptosis by TRAIL than are normal cells. Thus, TRAIL represents 
a promising tool for the treatment of cancer.

So far, five receptors have been described which are able to bind TRAIL (Fig. 1). 
Comprising an intracellular death domain (DD), TRAIL-R1 and TRAIL-R2 are 
capable of transmitting the apoptotic signal to the cell’s inside (Pan et al. 1997a, b; 
Screaton et al. 1997; Sheridan et al. 1997; Walczak et al. 1997; Wu et al. 1997). Both 
receptors are characterised by the presence of two complete and one partial cysteine 
rich repeats (CRRs) in their extracellular parts, facilitating TRAIL binding. It is still 
not completely understood why two apoptosis-inducing TRAIL receptors are 
expressed in humans though only one receptor is sufficient to induce apoptosis in a 
variety of tumour cell lines following TRAIL application (Sprick et al. 2002). The 
functional difference between TRAIL-R1 and TRAIL-R2 remains to be elucidated.

Although TRAIL-R3 (Degli-Esposti et al. 1997b) and TRAIL-R4 (Degli-Esposti 
et al. 1997a) are highly homologous in their extracellular domains to their 
apoptosis-inducing counterparts, they are unable to induce apoptosis due to a 
complete or partial lack of the DD, respectively (Schneider et al. 1997). TRAIL-R3 
and -R4 are referred to as decoy receptors. However, a decoy function has so far 
almost exclusively been demonstrated in overexpression systems; evidence for a 
decoy function in a more physiological setting is still very rare. In this respect, 
Merino et al. recently showed for the first time that these two receptors might use 
different mechanism to inhibit TRAIL-induced apoptosis (Merino et al. 2006). 
On the one hand, TRAIL-R3 titrates TRAIL within lipid rafts, thereby blocking 
TRAIL-induced cell death by competition. On the other hand, a TRAIL-dependent 
interaction of TRAIL-R4 with TRAIL-R2 might result in impaired formation of a 
death receptor-signalling complex, accompanied by reduced levels of caspase-8 
activation, the main executor of apoptosis (Merino et al. 2006). However, as 
these studies were not performed under physiological expression levels, more 
studies are required to demonstrate that the role of TRAIL-R3 and TRAIL-R4 is 
‘regulatory’ rather than being a ‘decoy’. Accordingly, although all TRAIL-receptors 
are widely expressed within normal as well as malignant cell types, the expression 
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of TRAIL-R3 and TRAIL-R4 does not correlate with the resistance of a given cell 
towards TRAIL-induced apoptosis. Thus, the mechanism responsible for TRAIL’s 
tumour-selective apoptosis-inducing activity remains elusive.

Osteoprotegerin (OPG) is the fifth, rather low-affinity receptor for TRAIL 
(Truneh et al. 2000), primary function whose is linked to bone metabolism. Upon 
binding to RANKL, another member of the TNFSF, OPG competitively inhibits the 
RANKL–RANK interaction, thereby suppressing osteoclast formation. As TRAIL−/− 

Fig. 1 The human TRAIL/TRAIL-R system. Soluble or membrane-embedded human TRAIL is 
able to bind to five receptors. Possessing an intracellular death domain, TRAIL-R1 and TRAIL-R2 
transmit a signal which results in apoptosis. In contrast, TRAIL-R3 and TRAIL-R4 completely or 
partially lack a functional death domain, respectively, and are therefore unable to induce apopto-
sis. OPG is the fifth, rather low-affinity receptor for TRAIL; its function is better defined in 
osteoclastogenesis
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and TRAIL-R−/− mice do not exhibit any defects in bone architecture, it is rather 
unlikely that the TRAIL–OPG interaction plays a major role in bone remodelling 
(Cretney et al. 2002; Diehl et al. 2004; Finnberg et al. 2005).

Surprisingly, not only the expression of TRAIL, but also that of its receptors is 
widely spread through human tissues, including the spleen, thymus, peripheral 
blood lymphocytes, prostate, testis, ovary, uterus and multiple tissues along the 
gastrointestinal tract, as has been shown on mRNA level (Walczak et al. 1997; 
Wiley et al. 1995). Thus, in contrast to the CD95 system, which is controlled by 
tight expression of CD95L, the control point for TRAIL-induced apoptosis does not 
seem to refer to the transcriptional level, but rather regulated by the expression of 
intracellular pro- and anti-apoptotic molecules involved in TRAIL-R signalling 
(see chapter TRAIL – Receptor Signalling). 

Taken together, TRAIL-R1 and -R2 induce apoptosis in a variety of cells by using 
similar, but probably not identical pathways that allow for fine-tuned regulation of 
TRAIL-induced apoptosis. Although TRAIL stimulation correlates with cell death in 
most cases, a pro-survival function involving NF– B, JNK and MAPK and a pro-
migratory function for TRAIL signalling have been described for some cell types 
(reviewed in Falschlehner et al. 2007). The exact mechanisms and conditions required 
to transmit pro-survival signals upon TRAIL-R triggering are currently investigated.

2 TRAIL-Receptor Signalling

Apoptosis is a tightly controlled process regulated by a complex signalling machinery 
with a variety of check-points at several levels of signalling (Fig. 2). Binding of 
membrane-embedded or soluble TRAIL (generated by metalloprotease cleavage) to its 
two apoptosis-inducing receptors TRAIL-R1 and TRAIL-R2 induces receptor oligom-
erisation, thereby bringing the intracellular DDs of the receptors into close proximity. 
Protein crystallography experiments suggested that TRAIL binds as a trimer to pre-
assembled receptor complexes that are connected via their pre-ligand binding assem-
bly domain (PLAD), which by itself is not capable of transmitting a death signal (Chan 
et al. 2000). However, once TRAIL is bound to this pre-assembled receptor complex, 
juxtapositioning of the DDs creates a structure that allows for the recruitment of the 
Fas-associated death domain (FADD) protein, which binds via its DD to the DD of 
TRAIL-R1 and -2. Subsequently, pro-caspase-8 and -10 are recruited by the interac-
tion of the death-effector domain (DED) of FADD with the DEDs of these caspases. 
This complex is known as death-inducing signalling complex (DISC).

Caspases are cysteinyl–aspartate specific proteases which possess a cysteine 
residue in their active centre that is crucial for cleaving target proteins after aspartic 
acid residues. Caspases are synthesised as pro-enzymes consisting of a large and a 
small catalytic subunit and an amino-terminal pro-domain. They can be sub-classified 
in initiator (i.e. caspase-2, -8, -9, -10) and effector caspases (i.e. caspase-3, -6, -7). 
While caspase-8 is essential in the induction of apoptosis, the role of caspase-10 in 
this process remains controversial. Whereas Kischkel et al. reported that caspase-10 
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can functionally substitute for caspase-8 (Kischkel et al. 2001), Sprick et al. 
demonstrated that although caspase-10 is recruited to the DISC by FADD, it is not 
required for apoptosis induction and is unable to functionally substitute for 
caspase-8 (Sprick et al. 2002). This suggests that caspase-10 may function to alter 
the apoptotic response by diversifying the apoptotic and/or non-apoptotic signal 
induced by TRAIL-R1, -R2 and CD95 engagement.

Assembly of the DISC creates a structure allowing for the recruitment of pro-
caspases 8 and 10, which results in their activation by auto-catalytic processing. To 
promote the apoptotic process following pro-caspase-8 (and -10) activation, pro-
caspase-3 is activated in a two-step mechanism. Initially, active caspase-8 separates 
the large from the small subunit. By an auto-catalytic maturation step, caspase-3 then 
removes its pro-domain, which renders the enzyme fully active. Once activated, cas-
pase-3 cleaves a variety of cellular proteins, including PARP, lamins and cytokeratins. 
Furthermore, it inactivates ICAD/DFF45, the inhibitor of Caspase activated DNase 
(CAD/DFF40). Thus, CAD is no longer restrained by ICAD, but is rather able to 
enter the nucleus and to fragment DNA, thereby producing the ‘DNA ladder’ charac-
teristic for apoptotic cells (Inohara et al. 1999; Liu et al. 1998).

In contrast to the extrinsic pathway, which requires signals from outside the cell, 
the intrinsic pathway is triggered autonomously by intracellular activation of 
caspases, for instance, following DNA damage. A key player in inducing the intrinsic 
apoptotic pathway is the mitochondrion. Upon genotoxic stress or DNA damage, 
the permeability of the outer mitochondrial membrane is increased, resulting in the 
release of cytochrome c and other pro-apoptotic molecules from the mitochondrial 
intermembrane space. Together with Apaf-1 and pro-caspase-9, cytochrome c forms 
a complex referred to as apoptosome (Baliga and Kumar 2003). Like caspase-8, 
apoptosome-activated caspase-9 is also able to activate pro-caspase-3. Once 
caspase-3 is activated, it will not only cleave its target proteins, but also new 
pro-caspase-9 molecules that in turn further activate pro-caspase-3. This positive 
feedback loop ensures apoptosis to be inevitably carried out.

Mitochondrial integrity is tightly regulated by a functionally diverse class of 
proteins that belong to the Bcl-2 family. Because of their domain structure, 
members of the Bcl-2 family can be subdivided into three groups (Borner 2003). 
Anti-apoptotic proteins like Bcl-2, Bcl-X

L
 and Mcl-1 are associated with the outer 

membrane of the mitochondria in order to maintain mitochondrial integrity, to prevent 
cytochrome c release and to promote cell survival. In contrast, members of the pro-
apoptotic Bcl-2 family (i.e. Bax, Bak, Bok) destabilise mitochondrial integrity possibly 
by generating a transmembrane pore through the outer mitochondrial membrane during 
apoptosis, thereby inducing loss of the mitochondrial transmembrane potential and 
release of pro-apoptotic factors. Pro-apoptotic Bcl-2 family members are activated by 
molecules referred to as BH-3 only proteins (e.g. Bid, Bim, Bad, Bmf, Puma, Noxa). 
It remains controversial as to whether they only do so indirectly via neutralisation of 
Bcl-2-like anti-apoptotic proteins or also directly by activating the pro-apoptotic Bcl-2 
proteins Bax and Bak (Certo et al. 2006; Strasser 2005; Youle and Strasser 2008).

BH3-only proteins are activated by a variety of intracellular stimuli including 
DNA damage and cellular stress. TRAIL-receptor cross-linking also activates a 
BH3-only protein. This protein is Bid. Bid is cleaved by caspase-8 (and -10) to 
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truncated Bid (tBid). tBid then translocates to mitochondria to induce the release of 
pro-apoptotic factors by the not yet completely understood mechanism referred to 
above. Thus, Bid forms a bridge connecting the extracellular and intracellular 
pathways.

Depending on the need of the intrinsic apoptotic pathway to undergo death 
receptor induced apoptosis, cells can be classified as type I and type II cells, respectively. 
Type I cells are characterised by strong DISC formation and therefore strong 
caspase-8 activation, which is sufficient for subsequent caspase-3 activation. 
In contrast, DISC formation in type II cells is rather weak. Thus, these cells additionally 
require the mitochondrial amplification loop to efficiently activate effector cas-
pases to undergo apoptosis (Barnhart et al. 2003; Ozoren and El-Deiry 2002).

The apoptotic signal is regulated at several stages. Due to the presence of two 
DEDs, the cellular FLICE-like inhibitory protein (cFLIP) competes with caspase-8 
for binding to FADD (Krueger et al. 2001). Displacement of caspase-8 from the 
DISC prevents the initiation of the caspase cascade responsible for apoptosis trans-
mission. The amount of cFLIP within a cell inversely correlates with the amount of 
caspases that are activated at the DISC and therefore with the decision whether 
apoptosis is induced. Three splice variants of cFLIP are reported, i.e. cFLIP

L
, 

cFLIP
s
 and cFLIP

R
 (Golks et al. 2005). Comprising two DEDs and an additional 

C-terminal caspase domain, cFLIP
L
 closely resembles caspase-8 in its overall struc-

tural organisation. However, due to a lack of the critical cysteine residue within the 
active centre, cFLIP

L
 does not possess proteolytic activity. Whereas cFLIP

S
 and 

cFLIP
R
 can inhibit cleavage of pro-caspase-8 at the DISC altogether, cFLIP

L
 rather 

interferes with the full maturation of DISC-recruited pro-caspase-8. However inter-
estingly, a heterodimer of caspase-8 and cFLIP

L
 has been shown to possess stronger 

caspase-8 activity than a monodimer of solely caspase-8 in a cell free system 
(Micheau et al. 2002). Also possessing a pro-apoptotic activity in this context, the 
role of cFLIP

L
 might be more complex than initially assumed.

Other proteins inhibiting the apoptotic process are the cellular inhibitor of 
apoptosis proteins (IAPs) (Salvesen and Duckett 2002). Among these, XIAP is the 
most prominent member that is known to prevent the activation of caspase-3 and 
-9 by direct interaction (Riedl et al. 2001). XIAP blocks the removal of the inhibi-
tory pro-domain of caspase-3, thereby inhibiting the before-mentioned maturation 
step. However, XIAP has also been shown to catalyse the ubiquitination of cas-
pase-3, leading to its proteasomal degradation (Vaux and Silke 2005). Consequently, 
the activation of the initiator caspases such as caspase-8 and -10 are not necessarily 
associated with apoptosis. Type II cells are often hallmarked by high expression 
levels of XIAP, providing an additional if not alternative explanation for the need 
of the mitochondrial pathway in type II cells.

The activity of IAPs themselves is in turn controlled by another set of proteins 
that antagonises their function. Once released from the mitochondrial intermembrane 
space, the pro-apoptotic Smac/DIABLO protein interacts with XIAP, which 
removes it from caspase-3 and -9. Caspase-3 is then auto-catalytically activated, 
thereby allowing apoptosis to proceed.

Taken together, TRAIL-induced apoptosis is a complex, highly regulated proc-
ess that is influenced by a variety of pro- as well as anti-apoptotic proteins. While 
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caspases are the main executors of apoptosis, intracellular factors like anti-
apoptotic Bcl-2 family members, cFLIP and IAPs are able to reduce the sensitivity 
of a given cell towards apoptosis. It is therefore not surprising that many tumour 
cells overexpress these inhibitory molecules or downregulate pro-apoptotic Bcl-2 
proteins. In many cancers, the balance of anti- and pro-apoptotic effectors is shifted 
in favour of the former, indicating that cells continue to replicate in spite of being 
damaged.

Although the molecules so far detected in the TRAIL–R DISC are the same ones 
as those of the CD95 DISC, the biological outcome of activation by these two 
receptor–ligand systems is extremely diverse. While systemic CD95 stimulation 
also kills normal tissue including hepatocytes, TRAIL can specifically eliminate 
malignantly transformed cells without damaging healthy normal tissue. Therefore, 
it is highly likely that the composition of the receptor-associated signalling complex 
in these two systems will in fact be different. New studies are required which 
compare both receptor complexes following stimulation in order to detect novel 
factors that are only present in one of the two systems and might therefore explain 
the difference in functional outcome.

3 Physiological Role of the TRAIL/TRAIL-Receptor System

The physiological role of TRAIL has so far mainly been studied in the immune 
system. Although TRAIL is not expressed on the surface of freshly isolated T cells, 
NK cells, NKT cells, B cells, dendritic cells (DCs) and monocytes, high levels of 
TRAIL can be induced by stimulation. For instance, IL-2, interferons (IFNs) and 
IL-15 can induce the expression of TRAIL on NK cells (Johnsen et al. 1999; Kashii 
et al. 1999; Kayagaki et al. 1999). Following infection and subsequent DC activation, 
type I and type II IFNs are secreted facilitating the elimination of infected cells via 
TRAIL by two means. On the one hand, they induce the expression of TRAIL on 
the surface of NK cells, monocytes and DCs, thereby allowing for direct killing of 
target cells. At the same time, IFNs bind to their respective receptors on infected 
cells, which sensitises these cells to TRAIL-induced apoptosis. Due to the 
autocrine production of IFN- , a subset of freshly isolated liver NK cells constitutively 
expresses TRAIL (Takeda et al. 2001). Besides CD95L and perforin, TRAIL 
contributes to most of the cytotoxic activity of NK cells against virus-infected target 
cells or cancer cells. Accordingly, Smyth et al. demonstrated that NK cell-derived 
TRAIL induced by IFN-  treatment prevents formation of primary tumours and 
experimental metastases (Smyth et al. 2001).

The physiological role of TRAIL is not constrained to innate immune cells. 
Recent studies suggest a role for TRAIL in T cell homeostasis. So called ‘helpless’ 
CD8+ T cells that were primed in the absence of ‘help’ CD4+ T cells are able to 
mediate effector functions upon first antigen encounter. However, following 
re-stimulation, they do not undergo a second round of clonal expansion but, in 
contrast to ‘helped’ CD8+ T cells, they express TRAIL (Janssen et al. 2005). 
TRAIL-deficient ‘helpless’ T cells are able to expand a second time upon re-stimulation, 



From Biochemical Principles of Apoptosis Induction by TRAIL 123

indicating that TRAIL expressed by wild-type ‘helpless’ T cells is responsible for 
their lack in expansion, possibly due to activation-induced cell death of these ‘helpless’ 
T cells. The repression of TRAIL expression imposed by CD4+ T cell help might 
therefore contribute to the generation of memory CD8+ T cells and represent a 
novel mechanism for controlling adaptive immune responses.

In addition, TRAIL has recently been shown to contribute to the regulation of 
infectious immunological tolerance following presentation of apoptotic cells 
(Griffith et al. 2007). This phenomenon, mediated by CD8+ regulatory T cells, had 
already been described over 30 years ago as being executed by T suppressor cells 
(Gershon and Kondo 1971; Greene and Benacerraf 1980; Sy et al. 1977). Griffith 
et al. could now show that apoptotic cells induce the expression of TRAIL on CD8+ 
T cells. These thereby generated CD8+ regulatory T cells transfer unresponsiveness 
to naïve nontolerant recipient mice. In contrast, CD8+ regulatory T cells of TRAIL-
deficient animals were unable to transfer tolerance, underlining that TRAIL acts as 
important effector molecule in this tolerance pathway. Opposed to the ‘helpless’ T 
cells described above, these regulatory CD8+ T cells were not themselves subjected 
to activation-induced cell death, but rather eliminated (self-reactive) T cells specific 
for apoptotic antigens, thereby conferring tolerance. Using appropriate mouse 
models, it will be interesting to determine under what conditions CD8+ T cells 
possessing a ‘helpless’ phenotype induce immunological tolerance or are themselves 
committed to activation-induced cell death.

To further analyse the physiological role of the TRAIL/TRAIL-R system, 
TRAIL−/− and TRAIL-R−/− mice were generated (N.B. mice only express one 
apoptosis-inducing receptor that is equally homologous to human TRAIL-R1 
and TRAIL-R2). Being viable, fertile and not displaying any developmental 
defects, absence of a functional TRAIL/TRAIL-R system does not result in an 
overt phenotype (Cretney et al. 2002; Sedger et al. 2002). However, Syngeneic 
tumour models indicate that the TRAIL/TRAIL-R system is involved in tumour-
igenesis. Accordingly, growth and incidence of tumours are increased in the 
absence of TRAIL following transplantation of a variety of TRAIL sensitive 
tumour lines. Autochthonous tumour models point to an ambiguous role of the 
TRAIL/TRAIL-R system in tumourigenesis. Depending on the experimental set-
ting and mouse model applied, TRAIL or TRAIL-R deficiency did or did not 
affect tumour development. Whereas the incidence of spontaneous tumour 
development at early stages was independent of TRAIL and TRAIL-R (Cretney 
et al. 2002; Diehl et al. 2004; Grosse-Wilde et al. 2008; Sedger et al. 2002), aged 
mice displayed more lymphomas in the absence of TRAIL (Zerafa et al. 2005). 
Controversial results were reported for tumour formation in absence of p53 in 
an inhibited TRAIL/TRAIL-R system. While the frequency of sarcomas and 
lymphomas in TRAIL−/− p53 +/− mice was increased in one study (Zerafa et al. 
2005), others were unable to detect a change in tumours in TRAIL-R−/− mice on 
a p53−/− background (Yue et al. 2005).

Intriguingly, we recently determined that the Trail-r gene is a metastasis 
suppressor gene in autochthonous skin tumourigenesis (Grosse-Wilde et al. 2008). 
While the development and frequency of primary tumours was not affected by the 
presence of TRAIL-R in an autochthonous DMBA/TPA-induced skin carcinoma 
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model, significantly fewer metastases developed in wild-type mice compared to 
TRAIL-R−/− mice. Detachment of tumour cells from the primary tumour is an 
obligatory step for metastasis formation. Cell detachment sensitises TRAIL-resistant 
tumour cells to TRAIL-induced apoptosis by inactivation of the ERK signalling 
pathway in vitro. Thus, TRAIL-R expressing tumour cells might become susceptible 
to TRAIL-mediated cell death during the process of metastasis formation. Further 
studies are required to determine which cells are responsible for the killing of 
detached tumour cells in vivo.

Taken together, the TRAIL/TRAIL-R system does not seem to play a general 
role early in tumourigenesis as it fails to suppress tumour growth, especially in 
autochthonous tumour models. However, TRAIL-expressing immune cells, most 
probably NK cells and lymphocytes, are able to kill tumour cells when detached. 
Being an essential step in metastasis formation, detachment of tumour cells from 
the primary tumour origin sensitises these cells to TRAIL-induced apoptosis. Thus, 
patients with tumours that express TRAIL-R1 and/or TRAIL-R2 might benefit 
from a treatment with TRAIL-R agonists to inhibit metastasis formation following 
the removal of the primary tumour.

4 TRAIL as a Therapeutic Agent

In contrast to systemic treatment with CD95L or TNF, TRAIL selectively induces 
apoptosis in about 50% of tumour cell lines while leaving normal cells unharmed 
(Ashkenazi et al. 1999; Walczak et al. 1999). Thus, TRAIL application might dis-
play a promising strategy in the fight against cancer.

Unfortunately, recent studies revealed that most primary tumour cells are 
TRAIL-resistant in the first place (Todaro et al. 2008). However, many of these 
primary cancer cells can be sensitised to TRAIL-induced apoptosis by chemothera-
peutic agents or irradiation. Currently, several companies pursue TRAIL-R-targeted 
therapies in clinical trials using TRAIL-R agonists alone or in combination with 
other cancer therapeutics. This chapter will introduce a variety of TRAIL-R agonists 
developed so far, discuss new bio-engineering approaches invented to improve the 
targeting of TRAIL-R agonists to the tumour site and will summarise the available 
data about their effects on primary tumours in vitro and in clinical trials.

4.1 TRAIL-R Agonists and Their Toxicities

In order to trigger the TRAIL-mediated apoptotic pathway, soluble recombinant 
versions of TRAIL as well as agonistic antibodies targeting TRAIL-R1 or 
TRAIL-R2 can be applied. Ideally, these agonists should display high anti-tumour 
activity and at the same time low toxicity to normal cells, thereby ensuring safe and 
efficient application as anti-cancer drugs in the clinics.
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4.1.1 Agonistic TRAIL-R-Specific Monoclonal Antibodies

It is still a matter of debate whether TRAIL-R3 and TRAIL-R4 truly act as decoy 
receptors and whether their overexpression protects cancer cells from TRAIL-
induced apoptosis (reviewed in Buchsbaum et al. 2006). However, also based on 
the rationale of overcoming a potential safeguarding effect of TRAIL-R3 and 
TRAIL-R4, agonistic monoclonal antibodies specifically targeting apoptosis-
inducing TRAIL-R1 or TRAIL-R2 have been developed. Additionally, the in vivo 
half-life of these monoclonal antibodies is more than 100 times that of recombinant 
TRAIL (14–21 days as compared to 30–60 min). These properties which at first 
sight seem advantageous may, however, also be the source of potential toxicity to 
normal cells. Yet, the TRAIL-R2-specific antibody TRA-8 for instance has been 
reported to kill leukemia cells, astrocytoma and engrafted breast cells while sparing 
normal human astrocytes, B and T cells as wells as primary human hepatocytes 
(Buchsbaum et al. 2003; Ichikawa et al. 2001).

A third difference is that monoclonal antibodies are bifunctional molecules, i.e. 
apart from their two antigen-combining moieties, they also contain an Fc-domain, 
which is capable of inducing a number of effector functions. Due to the formation of 
higher order complexes and the recruitment and activation of innate immune cells, 
additional cross-linking of TRAIL-R-specific antibodies by Fc-receptor-expressing 
immune cells can lead to a higher efficiency in the anti-tumour response (Takeda et 
al. 2004). A combination of a TRAIL-R antibody with CD40- and 4-1BB-targeting 
antibodies was even able to completely eradicate syngeneic tumours without any 
observed toxicity in mice (Uno et al. 2006). In this model, anti-TRAIL-R antibodies 
did not only kill TRAIL-sensitive tumour cells, but also recruited Fc-receptor 
expressing cells such as DCs and macrophages via the constant region of the anti-
body. These antigen-presenting cells (APCs) subsequently engulf the apoptotic 
tumour cells, process tumour antigens and present them to surrounding T cells. 
Concomitant stimulation with anti-CD40 and anti-4-1BB antibodies induces further 
APC and T cell activation in order to efficiently stimulate surrounding cytotoxic T 
cells (CTLs). Being properly activated, CTLs are then able to kill the TRAIL-resistant 
tumour burden expressing tumour-associated antigens. It will be interesting to deter-
mine the molecular signatures of such ‘properly’ activated CTLs.

Yet again, besides leading to increased anti-tumour responses, cross-linking of 
TRAIL-R-specific antibodies may also result in higher toxicity for normal cells, 
including primary human hepatocytes (Mori et al. 2004) and cholangiocytes 
(Takeda et al. 2008).

4.1.2 Recombinant TRAIL

In contrast to TRAIL-R1- or TRAIL-R2-specific antibodies, recombinant forms of 
TRAIL allow for the activation of TRAIL-R1 and TRAIL-R2 at the same time. This 
might be a promising strategy as the expression profile of TRAIL-Rs on tumours 
seems to vary substantially. So far, a variety of soluble TRAIL versions has been 
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generated; many of these versions encode the extracellular domain of human 
TRAIL amino-terminally fused to an oligomerisation motif, e.g. a poly-histidine 
tag (His-TRAIL) (Pitti et al. 1996), a FLAG-epitope (Schneider 2000), a leucine 
zipper (Walczak et al. 1999) or an isoleucine zipper motif (Ganten et al. 2006). 
These additional tags improve receptor oligomerisation which is necessary to 
successfully transmit the death signal. Yet again, as has been discussed for 
TRAIL-R- specific antibodies, the ability of at least some of these recombinant, 
tagged versions of TRAIL to form higher-order complexes might coincide with 
increased toxicity to normal cells (Koschny et al. 2007c; Lawrence et al. 2001).

It seems that two main factors determine TRAIL sensitivity of normal human 
cells, i.e. the form of the recombinant TRAIL used and the model system chosen. 
Highly oligomerised forms of TRAIL, e.g. cross-linked FLAG–TRAIL were 
reported to induce killing of primary human hepatocytes, keratinocytes and astrocytes 
in some model systems (reviewed in Koschny et al. 2007c). However, it is still a 
matter of debate which of the model systems most reliably resembles the 
physiological conditions. studies by Ganten et al. in primary human hepatocytes 
shed new light on this matter (Ganten et al. 2005). Here, freshly isolated primary 
human hepatocytes at day one of in vitro culture were efficiently killed by highly 
aggregated forms of TRAIL. However, on day four of in vitro culture, on which 
the phenotype of primary human hepatocytes resembles normal liver tissue, the 
primary human hepatocytes turned out to be TRAIL-resistant. These results 
correspond to the ones obtained in an elegant in vivo study by Hao et al. in which 
orthotopically xenotransplanted human liver cells in mice were not killed by 
systemic treatment with non-tagged TRAIL (Hao et al. 2004). Furthermore, 
application of TRAIL alone or in combination with chemotherapeutics in vivo, as 
has been shown in mice, cynomolgous monkeys and chimpanzees, did not lead 
to any signs of toxicity (Ashkenazi et al. 1999). However, one has to bear in mind 
that toxicity could potentially occur under certain sensitising conditions like 
viral or non-viral hepatitis or in a pro-inflammatory milieu (Liang et al. 2007; 
Mundt et al. 2005).

Non-tagged TRAIL seemed to exhibit the lowest potential for toxicity to normal 
cells in vitro when compared to highly oligomerised forms of TRAIL, e.g. His- or 
FLAG–TRAIL, but nevertheless showed substantial killing activity, especially 
when combined with chemotherapeutics. Thus, a non-tagged form of human soluble 
TRAIL called Apo2L/TRAIL has been chosen as the first recombinant TRAIL drug 
candidate to enter clinical development (see below). Studies comparing recombinant 
versions of TRAIL to TRAIL-R-specific antibodies are still missing today. 
However, for the CD95 and TNF receptors–ligand systems it is known that the killing 
potential of the recombinant cognate ligand is superior to the respective antibody 
(Schlosser et al. 2000). The same phenomenon is likely to apply to the TRAIL 
system. Thus, despite having a much lower half-life than TRAIL-R-specific antibodies, 
recombinant forms of TRAIL may turn out to be powerful novel cancer therapeutics. 
Accordingly, Apo2L/TRAIL was reported to possess high anti-tumour activity in 
vivo, which may, at least in part, be attributable to its excellent tumour penetration 
(Kelley and Ashkenazi 2004; Koschny et al. 2007a).
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Taking all this into consideration, the data obtained so far suggest TRAIL-R 
agonists, including TRAIL-R1 and TRAIL-R2-specific antibodies as well as soluble 
recombinant forms of TRAIL to be promising novel tools for future treatment of 
cancers. Hence, a novel class of cancer drugs is emerging.

4.2 Targeted TRAIL Delivery

Large amounts of recombinant TRAIL are required to inhibit tumour growth in 
vivo as most protein is already cleared within 5 h following injection (Walczak 
et al. 1999). In line with this, the anti-tumour activity of TRAIL is most pro-
nounced when TRAIL is administered shortly after tumour implantation (Ashkenazi 
et al. 1999; Chinnaiyan et al. 2000; Gliniak and Le 1999; Walczak et al. 1999). 
However, as this is an unrealistic scenario with respect to cancer therapy in humans, 
new strategies need to be devised. For this purpose, a recombinant, replication-defi-
cient adenoviral vector encoding human TRAIL (Ad5-TRAIL) was engineered 
(Griffith and Broghammer 2001). The use of Ad5-TRAIL possesses many advan-
tages over a recombinant TRAIL-based therapy: First of all, it kills TRAIL-
sensitive tumour cells as efficiently as a soluble ligand, but does not require 
consecutive applications. Moreover, tumour growth is still inhibited when 
Ad5-TRAIL is not applied directly following tumour implantation, but rather 10 
days later. In contrast to the short half-life of recombinant TRAIL, the expression 
of TRAIL following Ad5-TRAIL intratumoural injection is maintained over a long 
period, with sustained, regional high TRAIL expression levels. Even though the 
expression of TRAIL is not restricted to tumour cells, at least in prostate cancer, 
Ad5-TRAIL treatment is nevertheless safe and specifically kills tumour cells while 
sparing normal tissue. Infection of normal epithelial prostate cells is even advanta-
geous as TRAIL expressed by these resistant cells also contributes to the killing of 
adjacent tumour tissue. Interim results from a phase I clinical study applying 
Ad5-TRAIL gene therapy so far looked promising as the treatment was well tolerated 
in three patients suffering from organ-confined prostate cancer.

As Ad5-TRAIL is induced only locally at the tumour site, it is unlikely that it 
travels to other locations within the body. Therefore, Ad5-TRAIL is less efficient 
in the elimination of metastasis. For this purpose, it might be beneficial to combine 
Ad5-therapy with systemic soluble TRAIL treatment.

The main problem with regard to adenoviral therapy is that many tumour cells 
(especially in the prostate) exhibit reduced expression of the Coxsackie-adenovirus 
receptor (CAR), which is responsible for recognition and subsequent internalisation 
of adenoviruses (Okegawa et al. 2000; Rauen et al. 2002). If only a few vectors 
were taken up, the expression of TRAIL at the site of the tumour would be reduced 
and consequently the efficiency of the therapy decreased. To overcome this limi-
tation, Ad5-TRAIL therapy can be combined with the administration of histone 
deacetylase inhibitors (HDACi), which were reported to increase CAR expression 
(Hemminki et al. 2003; Sachs et al. 2004). As HDACi are also reported to sensitise 
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tumour cells to TRAIL-induced apoptosis (Inoue et al. 2004; Lindemann et al. 
2007), such a combinatorial treatment presents a feasible alternative for the killing 
of tumour cells (VanOosten et al. 2007). However, more studies are required to rule 
out possible side effects associated with adenoviral therapy.

The widespread expression of TRAIL-Rs on normal tissues limits the success of 
TRAIL-based cancer therapies as soluble TRAIL (sTRAIL) does not specifically 
accumulate at the tumour site. Additionally, untagged soluble TRAIL is character-
ised by a fast-on/fast-off binding rate. To overcome these problems, soluble TRAIL 
can be genetically linked to a single chain variable antibody fragment (scFv), which 
retains fast-on/slow-off rates (Bremer et al. 2004). The application of scFv:sTRAIL 
fusion proteins that bind via the scFv portion to a pre-selected tumour-specific 
target antigen induce accumulation of cross-linked TRAIL at the tumour site.

A variety of TRAIL fusion proteins were generated lately, including 
scFvEGP:sTRAIL (Bremer et al. 2004), in which TRAIL is genetically linked to the 
pan-carcinoma associated cell surface antigen EGP (EpCAM) that is highly expressed 
on a variety of human tumours including breast, colorectal carcinoma (CRC) and 
small cell lung cancer (SCLC) (Balzar et al. 1999; Moldenhauer et al. 1987).

Other tumour entities that can be targeted by scFv:sTRAIL fusion proteins 
are T cell leukemias and lymphomas. In these malignancies, current therapeutic 
protocols often result in severe side effects and limited response. To address this 
medical need, a scFvCD7:sTRAIL fusion protein was generated, in which soluble 
TRAIL was genetically linked to scFv specific for the T cell surface antigen CD7. 
Although CD7 is also expressed on resting leukocytes, activated T cells and vascular 
endothelial cells, scFvCD7:sTRAIL specifically induces apoptosis in malignantly 
transformed T cell lines and cells freshly isolated from T cell acute lymphoblastic 
leukaemia patients (Bremer et al. 2005a). Similar results were obtained for B cell 
malignancies upon application of scFvCD19:sTRAIL (Stieglmaier et al. 2008). 
CD19 is a glycoprotein of the immunoglobulin superfamily expressed during all 
stages of B cell development (Stamenkovic and Seed 1988) and on the majority of 
chronic B lymphocytic leukaemia, non-Hodgin lymphoma and acute B lymphob-
lastic leukaemia cells (Uckun et al. 1988).

The scFv425:sTRAIL fusion protein is another example of tumour-restricted 
TRAIL accumulation. Due to binding of the EGFR-blocking antibody fragment 
scFv425 to EGF receptors (EGFR), which are known to be overexpressed or 
dysregulated in a variety of human tumours, large amounts of TRAIL accumulate 
at the tumour site (Bremer et al. 2005b). In addition to tumour-restricted TRAIL 
aggregation, the EGFR-blocking antibody fragment also causes dephosphorylation 
of EGFR, thereby inhibiting downstream mitogenic signalling. Inhibition of the 
PI3K and MAPK pathways is accompanied by downregulation of cFLIP

L
 and 

dephosphorylation of Bad, consequently sensitising tumour cells to TRAIL-induced 
apoptosis at the DISC and mitochondrial levels, respectively.

While all the described fusion proteins are marked by potent anti-tumour 
efficiency, no severe side effects have been reported so far, making fusion proteins 
a safe alternative to conventional cytotoxic therapy. As reported for the anti-CD20 
antibody rituximab, some tumours might lose target antigen expression during 
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tumour progression, thereby becoming resistant to antibody therapy (Kennedy et al. 
2002). A surplus of the sTRAIL domain on the target cell surface does not only 
induce apoptosis of the cell expressing the target antigen, but is also capable of 
killing neighbouring tumour cells that have lost the expression of the target antigen. 
This bystander anti-tumour effect makes TRAIL fusion proteins potentially 
valuable tools in the fight against cancer (Fig. 3). However, the success of this kind 
of therapeutics strongly depends on the expression of the target antigen by at least 
a considerable fraction of the tumour cells.

4.3 Efficiency of TRAIL in Primary Tumours

A variety of studies which investigated the effect of TRAIL on tumour cell lines so 
far have yielded very promising results. In contrast to this, the effect in primary 
tumour cells seems to be more diverse. Pre-clinical studies applying TRAIL to 
freshly isolated human myeloma cells showed that TRAIL can efficiently induce 
apoptosis in these otherwise chemotherapy-resistant cells (Gazitt 1999; Mitsiades 
et al. 2001). However, TRAIL could not do so in acute lymphoblastic leukaemia, 
acute myelogenous leukaemia, acute promyelocytic leukaemia and in primary B cell 
acute or chronic lymphocytic leukaemia (Clodi et al. 2000; MacFarlane et al. 2002). 
The factors that may determine TRAIL resistance of primary tumour cells have only 
been revealed or suggested for a few types of cancer. For example, Riccioni et al. 
(Riccioni et al. 2005) reported a correlation between TRAIL resistance and the 
expression of decoy receptors in myeloid leukaemia. Furthermore, it could be shown 
that TRAIL resistance in primary glioblastoma is dependent on the expression of the 
tumour suppressor PTEN (phosphatase and tensin homologue deleted on chromosome 
TEN) and cFLIP (Panner et al. 2005). Expression of wildtype PTEN and low levels 
of cFLIP rendered the cells TRAIL-sensitive, whereas the expression of mutated 
PTEN together with high levels cFLIP confers TRAIL resistance. However, the 
expression levels of cFLIP seem to be irrelevant for (oligo-) astrocytoma specimens 
of all four WHO grades of malignancy (Koschny et al. 2007a) as well as in isolated 
tumour cells form medullablastoma, meningeoma, esthesioneuroblastoma and soft 
tissue sarcoma, all of which are TRAIL-resistant (Clayer et al. 2001). Intriguingly, 
for pancreatic cancer and cholangiocarcinoma cells TRAIL treatment has been 
observed to enhance migration and metastatic spread in vitro and in vivo (Ishimura 
et al. 2006; Trauzold et al. 2006).

Taken together, as most primary tumour cells – unlike cancer cell lines – are 
TRAIL-resistant and TRAIL treatment was even counterproductive in some cases, 
a broad application of TRAIL as a single agent is unlikely and attempts to do so 
should be questioned. It is of major importance to carefully characterise the tumour 
specimen with regard to its TRAIL sensitivity prior to treatment in order to be able 
to administer a tailored therapy specific to the patient’s sensitivity profile. For this 
purpose, it is necessary to develop biomarkers and appropriate sensitivity tests 
(McCarthy et al. 2005). As the expression of O-glycosylating enzymes seems to 
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correlate with TRAIL sensitivity, these enzymes might be valuable markers to pre-
dict the prospect of success of a TRAIL-based therapy (Wagner et al. 2007). The 
expression of the O-glycosylating enzyme GALNT3 for instance correlates with 
TRAIL sensitivity in CRC and the expression of GALNT14 with TRAIL sensitivity 
in non-small cell lung cancer (NSCLC), pancreatic cancer and melanoma cell lines. 
Thus, specific O-glycosylating enzymes could potentially be used as predictive 
biomarkers for responsiveness to TRAIL-based cancer therapy. More of such 
biomarkers are needed for different tumour entities.

4.4 Sensitisation to TRAIL-Induced Apoptosis

As discussed above, TRAIL as a single agent is not able to induce apoptosis in 
most primary tumour cells. Fortunately, encouraging results have been obtained 
showing that the additional use of other cancer drugs sensitises tumour cells to 
the effects of TRAIL. An overview of the cytotoxic agents, the potential mecha-
nism and the model system used is given in Table 1. Table 2 summarises related 

Table 1 Combinatorial treatment

Primary Tumour
TRAIL in  
combination with Proposed mechanism Reference

ALL Vincristine (micro-
tubule inhibitor)

(Bremer et al. 2005a)

AML HDAC inhibitor (Nebbioso et al. 2005)
B-CLL Cyclohexamide Down-regulation of 

cFlipL
(Olsson et al. 2001)

CLL HDAC inhibitor Signal via TRAIL-R1 (Inoue et al. 2004; 
MacFarlane et al. 2005)

Colon cancer Irinotecan, 5-FU Up-regulation of 
TRAIL-R2

(Naka et al. 2002)

Erytholeukemic cells Irradiation Up-regulation of 
TRAIL-R1

(Di Pietro et al. 2001)

Multiple myeloma NF B inhibitor 
SN50

Down-regulation of 
Bcl-2, Bfl-1, IAPs, 
up-regulation of 
Bax

(Mitsiades et al., 2002)

(oligo-) astrocytoma Bortezomib Up-regulation of 
TRAIL-R1/R2, 
Bax/Bak

(Koschny et al. 2007b)

Down-regulation of 
cFlipL

Pancreatic cancer Gemcitabine, 
Doxorubicine, 
Cisplatin, 
Etoposide, 
Methotrexat

(Hylander et al. 2005)

Soft tissue sarcoma Cyclophosphamide (Clayer et al. 2001)
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toxicities of combinatorial treatment in normal cells. The synergistic effect of 
cytotoxic agents and TRAIL is believed to be mainly due to changes on the tran-
scriptional levels of proteins important for the TRAIL pathway (Cretney et al. 
2006; Wajant et al. 2002). Many studies suggest that changes on the receptor 
level, e.g. upregulation of TRAIL-R1 and TRAIL-R2, are already sufficient for 
the observed sensitising effect. However, although upregulation may correlate 
with the sensitising effect observed, in most cases it does not seem to be the cause 
of sensitisation. In our own studies, we could show that combinatorial treatment 
with 5-FU or bortezomib led to an upregulation of TRAIL-R1 and TRAIL-R2 
(Koschny et al. 2007a). However, this change on the receptor level was not 
responsible for sensitisation. Instead, sensitising agents improve the cells’ capability 
to form a TRAIL DISC, thereby shifting the threshold for apoptosis induction by 
TRAIL in tumour cells (Ganten et al. 2005). In addition, many drugs have been 
shown to downregulate anti-apoptotic molecules like IAPs, cFLIP, Bcl-2, Bcl-X

L
 

and Mcl-1 and to upregulate pro-apoptotic factors including death receptors, 
caspase-8, FADD, Bak or Bax (Held and Schulze-Osthoff 2001; Kelley and 
Ashkenazi 2004; Mitsiades et al. 2002).

For a safe use of a combinatorial therapy, it is important that tumour cells are 
preferentially sensitised to TRAIL-induced apoptosis while normal cells remain 
resistant. So far, only very high doses of the frequently applied chemotherapeutic 
agent cisplatin or the proteasome inhibitor bortezomib were shown to induce toxicity 

Table 2 Potential toxicities of TRAIL-comprising combinatorial treatments on several normal 
tissues as an extrapolation of effects on normal cells cultured in vitro

Cultured normal 
cell TRAIL in combination with Toxicity Reference

Erythoblasts Irradiation No (Di Pietro et al. 2001)
Hepatocytes 5-FU, Gemcitabine, 

Irinotecan, Oxaliplatin, 
Bortezomib (low dose)

No (Ganten et al. 2005; Ganten et al. 
2006)

Hepatocytes Cisplatin (high dose: 240 
M), Bortezomib (high 

dose: 3 M)

Yes (Ganten et al. 2006; Koschny et al. 
2007a)

Hepatocytes HDAC inhibitor No (Pathil et al. 2006)
Keratinocytes MG115 (Proteasome  

inhibitor)
Yes (Leverkus et al. 2003)

Myeloid 
Progenitors

HDAC inhibitor No (Nebbioso et al. 2005)

Osteoblasts Etoposide, Cisplatin; 
Doxorubicin, 
Methotrexate, 
Cyclophosphamide

No (Atkins et al. 2002; Evdokiou et al. 
2002)

Osteoblasts Etoposide No (Van Valen et al. 2003)
Osteoblasts Cisplatin, Doxorubicine Yes (Van Valen et al. 2003)
PBMC HDAC inhibitor No (Inoue et al. 2004; Nakata et al. 2004)
Prostate stromal 

cells
Doxorubicin No (Wu et al. 2002)
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in primary human hepatocytes at day 4 of in vitro culture when combined with 
TRAIL (Ganten et al. 2005). However, the concentration of bortezomib was about 
40 times higher than actually needed for TRAIL sensitisation of tumour cells. Thus, 
combining TRAIL with bortezomib may open a therapeutic window for treatment 
of tumour patients without severe toxicity. It is noteworthy that, data obtained with 
different proteasome inhibitors show that each combination has to be assessed care-
fully, even though the sensitisers belong to the same class of cytotoxic agents. In 
this respect, normal primary human keratinocytes were sensitised to TRAIL even 
with low concentrations of the proteasome inhibitor MG-115 (Sudarshan et al. 
2005). Most probably, MG-115 activates the mitochondrial pathway in these cells. 
Thereby, XIAP, which is expressed at high levels in primary keratinocytes, is inhib-
ited by Smac/DIABLO, allowing for caspases-3 activation and apoptosis to occur 
(Leverkus et al. 2003). Interestingly, a study employing a combination of a TRAIL-
R-specific antibody and bortezomib in mice in vivo did not lead to alterations in the 
skin and did not report toxicity (Shanker et al. 2008).

As mentioned earlier, HDAC is constitute another class of TRAIL-sensitising 
agents. Although some studies hint towards an HDACi-mediated activation of 
caspase-2 and subsequent caspase-8 activation (VanOosten et al. 2007), the exact 
mechanism of HDACi-dependent sensitisation to TRAIL-induced apoptosis is not 
yet completely clear. However, it efficiently induces apoptosis in hepatoma cell lines 
(Lindemann et al. 2007; Schuchmann et al. 2006), B cell lymphomas (Lindemann et 
al. 2007), primary AML and CCL cells (Inoue et al. 2004; MacFarlane et al. 2005; 
Nebbioso et al. 2005), while primary human hepatocytes, normal peripheral mononu-
clear blood cells and myeloid progenitors remain unharmed.

Taken together, these pre-clinical data point towards a great potential of combi-
natorial treatments that comprise TRAIL-R agonists in the therapy of cancer. 
However, with many of such drugs now in clinical trials and with the described 
diversity of outcomes of TRAIL-R stimulation in cancerous and non-cancerous 
cells, there is a clear need for a better understanding of the principles of TRAIL 
apoptosis sensitivity versus resistance. Thereby, it should be possible to further 
refine and tailor TRAIL-based approaches in cancer therapy.

4.5  Clinical Development of Apoptosis-Inducing TRAIL 
Receptor Agonists (TRAs)

Based on the promising pre-clinical findings of TRAIL-R-targeting approaches, 
several companies have begun to develop TRAIL receptor agonists (TRAs), which 
define a sub-class of the pro-apoptotic receptor agonists (PARAs) that have recently 
been described by Ashkenazi and Herbst (Ashkenazi and Herbst 2008). The 
progress of one recombinant ligand, one anti-TRAIL-R1 and five anti-TRAIL-R2 
antibodies in clinical trials will be summarised.

Human Genomic Sciences (HGS) is developing two fully humanised monoclonal 
antibodies Mapatumumab (HGS-ETR1) that activates TRAIL-R1 and Lexatumumab 
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(HGS-ETR2) which is specific for TRAIL-R2, respectively. These two antibodies 
have been very successful in pre-clinical studies and induced apoptosis across a 
wide range of human tumour cell lines as well as in primary cells isolated from 
solid as well as haematological malignancies. In all studies conducted so far, 
Mapatumumab was generally well tolerated, with the maximum tolerated dose yet 
to be reached. It has yielded stable disease as best clinical response in a phase Ia 
setting (Tolcher et al. 2007). In contrast, phase Ib studies in which Mapatumumab 
was tested in combination with either gemcitabine-cisplatin or paclitaxel-cisplatin 
have yielded partial responses (28 and 23%, respectively) (Chow et al. 2006; Hotte 
et al. 2005). In this case, a dose-limiting toxicity could be observed for one patient. 
Mapatumumab’s activity could also be validated in three Phase II studies with 
patients suffering from Non-Hodgkin’s lymphoma (NHL), CRC and NSCLC. For 
NHL, Mapatumumab as a single agent has yielded three objective clinical responses 
in patients suffering from NHL. However, phase II studies in CRC and NSCLC 
have produced stable disease as the best response in 34 and 29% of the cases, 
respectively. The mono-therapy was well tolerated with only one drug-related serious 
adverse event recorded. Another phase II study is currently investigating the efficiency 
and safety of Mapatumumab in combination with bortezomib in patients suffering 
from advanced multiple myeloma (study number: HGS 1012-C1055).

The results for Lexatumumab resemble those obtained for Mapatumumab. In a 
phase Ia clinical study several patients have reached stable disease with 
Lexatumumab as a monotherapeutic agent, but no tumour response has yet been 
recorded (Patnaik et al. 2006). In contrast, combinations of Lexatumumab with 
FOLFIRI (a chemotherapy cocktail made up of the drugs folic acid, 5-fluorouracil and 
irinotecan) or doxorubicin were well tolerated and induced tumour shrinkage and 
partial response in a wide range of cancer types. Several grade 3 toxicities, among 
them elevated liver enzymes, were related to Lexatumumab treatment and the 
maximum tolerated dose was reached at 20 mg kg−1. Nevertheless, Lexatumumab 
could safely be administered, making further evaluations with regard to combinato-
rial therapy warranted. It is noteworthy that a pre-clinical study showed a complete 
regression of various tumour cell line xenografts in vivo upon treatment with 
Lexatumumab and the Smac-mimetic SM-164.

The humanised anti-TRAIL-R2 antibody TRA-8 is developed for treatment of 
solid tumours and lymphoma by Daiichi Sankyo. It exhibits high anti-tumour activity 
against astrocytoma and leukemia cells in vitro, against engrafted breast cancer 
cells in vivo and is currently in phase I clinical development.

Novartis is producing the TRAIL-R2-specific antibody LBY135, which is able 
to induce apoptosis in 50% of a panel of 40 human colon cancer cell lines with an 
IC

50
 of <10 nM. Currently, Novartis is recruiting patients for a phase I/II study of 

LBY135 alone or in combination with capecitabine in advanced solid tumours 
(Nevada Cancer Institute). So far, the anti-tumour activity of LBY135 has been 
proven in human CRC xenograft models in mice (Buchsbaum et al. 2003; Ichikawa 
et al. 2001).

The fully humanised TRAIL-R2-targeting antibody Apomab has been developed 
by Genentech. Currently, Apomab is in phase I and phase II clinical trials for solid 
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tumours. Preliminary results of the phase Ia study revealed that Apomab was safe 
and well tolerated and yielded 52% stable disease. Two dose-limiting toxicities 
occurred comprising asymptomatic transaminitis and pulmonary embolism in one 
patient each (Camidge et al. 2007). In 2007, a phase II study was initiated, evaluat-
ing Apomab as a mono-therapeutic agent for the treatment of sarcoma and in combina-
tion with the VEGF-blocking anti-angiogenic antibody vastin to treat NSCLC. An 
additional study evaluating the effect of Apomab in combination with the CD20-
targeting antibody Rituximab as a first line treatment for NSCLC is planned.

A fully humanised monoclonal antibody against TRAIL-R2 referred to as AMG 
655 has been developed by Amgen. In phase Ib clinical trials, it showed anti-tumour 
effects against CRC and NSCLC, in which it led to metabolic partial responses or 
partial responses, respectively. So far, neither dose limiting toxicities nor severe side 
effects were recorded when AMG 655 was applied at doses of 20 mg kg−1 every 2 
weeks. However, 9 of 11 patients showed adverse effects including hypomagnesae-
mia, fever and fatigue (LoRusso et al. 2007).

The only recombinant form of TRAIL so far tested in clinical trials is an 
untagged version of human TRAIL, referred to as Apo2L/TRAIL that is developed 
by Genentech in cooperation with Amgen. Pharmacokinetics and safety studies 
(phase Ib/II) were carried out in patients suffering from low-grade NHL. Preliminary 
results have proven Apo2L/TRAIL to be safe and active either alone or in combination 
with Rituximab. To date no dose-limiting toxcities have been reported; of the five 
patients investigated, two showed complete response, one partial response and two 
stable disease. More NHL patients are being recruited for further dose optimisation 
(Herbst et al. 2006) (Table 3).

Table 3 Development status of TARAs

TRA Combination Development stage

Mapatumumab Phase II completed: NHL, CRC, NSCLC
+ Paclitaxel + Carboplatin Phase Ib: advanced solid tumours
+ Gemcitabine Phase Ib: advanced solid tumours
+ Cisplatin + Bortezomib Phase II: advanced multiple myeloma

Lexatumumab Phase I: advanced solid tumours
+ Chemotherapy Phase Ib: advanced solid tumours

TRA-8 Phase I: advanced solid tumours and lymphomas 
(not yet recruiting)

LBY135 Phase I/II: advanced solid tumours
+ Capecitabine Phase I/II: advanced solid tumours (recruiting 

since 2006)
Apomab Phase I/II: advanced solid tumours

+ Avastin Phase II: advanced solid tumours (initiated in 
2007)

AMG655 Phase II: NSCLC, colorectal cancer (initiated in 
2005)

Apo2L/TRAIL Phase Ib
+ Rituximab Phase Ib/II: NHL (recruiting since 2006)

Ad5-TRAIL Phase I
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5 Future Perspectives

The pre-clinical and clinical data summarised in this chapter warrant the targeting 
of TRAIL’s apoptosis-inducing receptors with TRAIL-receptor agonists as a prom-
ising novel approach in cancer therapy. However, to appreciate the full potential of 
this new approach, it is essential to deepen our understanding of the biochemical 
mechanisms conferring TRAIL resistance to tumour cells. The current limitations 
in cancer treatment can only be overcome by knowledge-based decisions for a 
particular therapeutic combination in a given tumour patient.
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Therapeutic Targeting of TWEAK/Fn14  
in Cancer: Exploiting the Intrinsic Tumor  
Cell Killing Capacity of the Pathway

Jennifer S. Michaelson and Linda C. Burkly

Abstract TNF-like weak inducer of apoptosis (TWEAK) and FGF-inducible 
molecule 14 (Fn14) are a TNF superfamily ligand–receptor pair. Initially identified 
as an inducer of tumor cell killing, TWEAK has pleiotropic effects, mediating pro-
inflammatory and pro-angiogenic activity as well as stimulation of invasion, migra-
tion, and survival through its widely recognized receptor, Fn14. Fn14 is expressed 
at relatively low levels in normal tissues, but is dramatically elevated locally in 
injured and diseased tissues, where it plays a role in tissue remodeling. Herein we 
review the link between the TWEAK/Fn14 pathway and cancer as well as discuss 
potential therapeutic strategies targeting this pathway for cancer treatment. Many 
of the activities associated with the TWEAK/Fn14 pathway are linked with 
tumorigenesis and could thereby provide a growth advantage to tumors, suggesting 
that inhibition of the pathway may be beneficial in the treatment of cancer. At the 
same time, the elevated expression of Fn14 by tumor cells as well as the intrinsic 
tumor cell killing capacity of this receptor represents a promising alternative of 
harnessing the intrinsic tumor cell killing capacity of Fn14 to treat cancer.

1 Introduction

1.1 Tweak

TWEAK was cloned from a macrophage library in 1997 and recognized to be a 
TNF ligand superfamily member based on the presence of the TNF homology 
domain (Chicheportiche et al. 1997). First described as a weak inducer of apop-
tosis of tumor cells, TWEAK has since been shown to mediate multiple cellular 
processes, including pro-inflammatory activity, angiogenesis, and cell proliferation 
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(recently reviewed in Burkly et al. 2007). TWEAK is a Type II transmembrane 
protein that is considered to act primarily as a secreted soluble cytokine due to 
efficient furin protease cleavage within the trans Golgi network. While TWEAK 
mRNA has been identified in a wide range of cell types, TWEAK protein has thus 
far been shown to be expressed by inflammatory cells and tumor cells (reviewed in 
Burkly et al. 2007).

1.2 Fn14

The receptor for TWEAK was definitively identified as Fn14 by expression cloning 
in 2001 (Wiley et al. 2001). Although Fn14 had previously been discovered as an 
FGF-inducible gene (Meighan-Mantha et al. 1999), it was not recognized as a TNF 
receptor family member at that time as it had only one cysteine-rich domain. Like 
other TNF receptor family members, Fn14 is a Type I transmembrane receptor and 
contains a well-recognized TNF receptor-associated (TRAF) binding sequence in 
its cytoplasmic tail, which confers signaling potential (see Sect. 1.3)

The possibility of alternative ligands for Fn14 or receptors for TWEAK has 
been suggested in a handful of studies (De Ketelaere et al. 2004; Dogra et al. 
2007; Polek et al. 2003; Tanabe et al. 2003); however, no other partners were 
identified. Recently, a report showed TWEAK interaction with CD163, a scaven-
ger receptor on macrophages (Bover et al. 2007), however, this report has not 
been confirmed. 

Fn14 expression is detected in a variety of cell types, including epithelial, endothelial 
and mesenchymal cells, progenitor cells, and cells from the nervous system (reviewed 
in Burkly et al. 2007). However, Fn14 levels are generally low in normal cells, and 
increases locally only in the contexts of tissue injury and inflammatory diseases, and in 
cancer (see Sect. 2). There is growing support for the notion that the TWEAK/Fn14 
pathway plays a physiological role in facilitating tissue repair after acute injury and a 
pathological role in tissue remodeling in the end organ sites of chronic inflammatory 
disease (reviewed in Burkly et al. 2007; Zheng and Burkly 2008).

1.3 TWEAK/Fn14 Signaling Pathways

Fn14 has the shortest cytoplasmic domain, only 28 amino acids, among all TNF 
receptor superfamily members. While it lacks a death domain, Fn14 contains the 
PIEET canonical TRAF-binding sequence in its cytoplasmic domain. Direct asso-
ciation between the cytoplasmic domain of Fn14 and TRAF-1, 2, 3, and 5 has been 
demonstrated in vitro (Brown et al. 2003), and thus it is believed that recruitment 
of TRAF adapter proteins by Fn14 is responsible for the activation of downstream 
signaling pathways, including NF- B (Brown et al. 2003; Saitoh et al. 2003) as 
well as the MAPK and AKT pathways (Ando et al. 2006). Although PIEET is 
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the widely recognized TRAF-binding motif, it appears that an adjacent KAFF 
sequence is also important in NF- B signaling, as a KAFF-deleted mutant resulted 
in total abrogation of NF- B activation (T.S. Zheng, unpublished).

TWEAK has been shown to induce prolonged NF- B activation through temporally 
regulated biphasic activation of both canonical and noncanonical NF- B pathways 
(Brown et al. 2003; Saitoh et al., 2003), in contrast to TNF which mainly activates the 
canonical pathway. Activation of the NF- B pathway by TWEAK has been dem-
onstrated in many contexts in vitro (reviewed in Burkly et al. 2007), and there is now 
evidence for TWEAK-induced NF- B activation in vivo (Campbell et al. 2006). The 
ability of TWEAK/Fn14 to trigger NF- B activation and the resulting pro-
inflammatory activities correlate well with, and indeed have been linked to, the docu-
mented role of this pathway in inflammatory disease (reviewed in Burkly et al. 2007). 
However, given that Fn14 lacks a death domain, the signaling pathways responsible for 
cell killing mediated through Fn14 are less clear, as discussed later (see Sect. 4.4).

1.4 TWEAK and Fn14: Link to Cancer

Significantly, elevated levels of Fn14 are observed in the context of tumors, as 
described in detail further (see Sect. 2). Many of the activities associated with 
TWEAK, such as the ability to induce proliferation, survival, invasion, and angio-
genesis, are characteristic properties of a tumor. Thus, Fn14 upregulation may 
provide an advantage to tumors, and inhibition of the TWEAK pathway could be 
beneficial in the treatment of cancer. At the same time, the fact that Fn14 expression 
is elevated in human tumors as compared to normal tissue suggests that it may be 
a potential tumor antigen, and therefore, on the basis of expression alone, a valua-
ble therapeutic target. Indeed, novel tumor-specific antigens continue to be sought 
in the oncology arena. Moreover, the differential expression of Fn14 in cancer 
presents an opportunity to exploit the intrinsic tumor cell killing capacity of this 
pathway as an attractive therapeutic approach to targeting cancer. Importantly, in 
conceptualizing the potential for the TWEAK/Fn14 pathway from the perspective 
of cancer therapeutics, there are several possibilities to consider – and these may 
not be mutually exclusive.

2 TWEAK/Fn14 Pathway Expression in Cancer

2.1 Fn14 Expression in Human Tumors

There is increasing evidence that Fn14 expression is elevated in a variety of human 
tumors (Table 1). In an examination of human primary breast tumors, we detected 
mRNA expression in 58% (35/60) by in situ hybridization, and protein expression 
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in 52% (10/19) by immunohistochemistry (Michaelson et al. 2005). In contrast, 
Fn14 mRNA was not detected in normal breast samples (0/10), and only 10% 
(1/10) of normal breast samples had detectable Fn14 protein expression (Michaelson 
et al. 2005). In glioblastoma, Tran et al. reported fivefold or more over-expression 
of Fn14 mRNA in 68% of specimens examined (Tran et al. 2003). More recently, 
in an analysis of 27 glioblastoma samples for Fn14 protein expression, 1 tumor was 
negative (4%), 3 were weakly positive (11%), 20 were moderately positive (74%), 
and 3 were strongly positive (11%) (Tran et al. 2006). In a genome wide survey of 
gene expression, Fn14 was identified as one of the most highly up-regulated genes 
in pancreatic tumor cell lines (Han et al. 2002). This finding was confirmed in an 
immunohistochemical study of human pancreatic tumors, where 38% (16/42) 
stained positively for Fn14 compared with adjacent normal stromal tissue 
(Han et al. 2005). In a recent immunohistochemical analysis, we observed Fn14 
over-expression in 50% (10/20) of human pancreatic tumor samples relative to 
normal pancreatic tissue (J.S.M. and L.C.B. unpublished). Fn14 mRNA was also 
identified to be elevated in esophageal tumors (Wang et al. 2006), with subsequent 
confirmation of upregulation of protein expression (Watts et al. 2007). In addition, 
Fn14 over-expression has been detected in hepatocellular carcinoma, though only 
a small number of specimens was examined exclusively at the mRNA level (Feng 
et al. 2000). Finally, transcriptional profiling studies identified Fn14 as highly 
expressed in testicular carcinoma in situ (Almstrup et al. 2004). Interestingly, in 
certain tumor types, for example, lung and prostate cancer, expression of Fn14 
may not be elevated relative to normal tissue (J.S.M. unpublished).

Table 1 Fn14 expression in human tumors and correlation with clinical disease

Tumor type
mRNA 
expression

Protein 
expression

Correlation of expression 
with clinical disease References

Breast Correlation with lymph 
node status, metastasis

Michaelson et al. 
(2005); Willis  
et al. (2008)Correlation with HER2+/

ER- status
Correlation with invasive 

tumor type
Glioma Correlation with  

increasing tumor grade
Tran et al. (2003, 
2006)

Inverse correlation with 
patient survival

Esophageal Correlation with disease 
progression

Wang et al. (2006); 
Watts et al. (2007)

Correlation with invasive 
tumor cells

Pancreatic ND Han et al. (2002, 
2005); JSM and 
LCB,unpublished

Hepatocellular ND ND Feng et al. (2000)
Testicular ND ND Almstrup et al. (2004)

ND, Not Done
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2.2 Correlation of Fn14 Expression with Tumor Progression

While increased expression of Fn14 in tumors is suggestive of a link to cancer, even 
more notable is that in some tumor types there appears to be a significant correlation 
between Fn14 expression and tumor grade and/or prognosis (Table 1). In glioma, 
Tran et al. first reported that while anaplastic astrocytomas showed modest over-
expression of Fn14 relative to normal brain, highest levels of over-expression were 
observed in glioblastoma specimens (Tran et al. 2003). This observation was 
recently confirmed with a larger data set, and further validated by immunohisto-
chemical analysis, with highest levels of Fn14 expression in glioblastoma, as com-
pared to modestly elevated levels of expression in oligoastrocytomas and anaplastic 
astrocytoma, relative to control brain samples (Tran et al. 2006). Moreover, Fn14 
mRNA levels in glioblastoma samples were shown to be inversely correlated with 
patient survival (Tran et al. 2006). Similarly, in a microarray analysis of varying 
pathological stages of esophageal neoplasia, Fn14 was one of the 12 genes that most 
specifically correlated with disease progression, with the highest levels of expres-
sion detected in esophageal adenocarcinoma (EAC) (Wang et al. 2006). This was 
recently confirmed in clinical samples by immunohistochemistry (Watts et al. 2007). 
While 12% of normal squamous cells were positive for Fn14 expression, positive 
staining was observed in 88% of EAC cells, and expression was strongest in the 
invasive tumor cells of advanced EAC. Finally, in breast cancer, 42% of invasive 
lobular carcinoma samples scored strongly positive for Fn14, while all ductal carci-
noma in situ samples scored negatively or weakly (Willis et al. 2008). In addition, a 
positive correlation was identified between Fn14 expression and metastasis, positive 
lymph node status, and HER2-positive/ER-negative tumors (Willis et al. 2008). 
Taken together, there appears to be an increasing body of evidence that Fn14 expres-
sion positively correlates with tumor progression in multiple cancer types.

2.3 TWEAK Expression in Cancer

There are several reports suggesting that the ligand for Fn14, namely TWEAK, is 
expressed in the context of human tumors. Ho et al. examined TWEAK mRNA 
expression in a panel of tumor and normal paired specimens, and detected expres-
sion in all tumor and normal samples at variable levels, though particularly notable 
was the enhanced expression in kidney tumors relative to normal tissue (Ho et al. 
2004). In breast cancer, TWEAK expression was evident in more than half of the 
tumor samples we examined, in contrast to normal tissue where only weak expres-
sion was observed in a small minority of samples (Michaelson et al. 2005). In a 
differential gene expression profiling study of breast tumors, TWEAK was identi-
fied as up-regulated in invasive lobular as compared to ductal carcinomas (Zhao et 
al. 2004). With respect to colon cancer, TWEAK mRNA and protein was detected 
in 4/4 human colonic adenocarcinoma cell lines (Kawakita et al. 2005). Interestingly, 
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in glioma, TWEAK mRNA expression was reported as low in glioblastoma sam-
ples relative to normal brain tissue (Tran et al. 2003), and there was no correlation 
between TWEAK mRNA levels and tumor grade (Tran et al. 2006). It is important 
to point out that the source of TWEAK in tumors may not necessarily reflect 
expression in the tumor cells, but rather may derive from TWEAK expression in 
stromal cells such as tumor infiltrating macrophages and fibroblasts.

3  Pro-Tumorigenic Effects of TWEAK/Fn14 and Rationale  
for Therapeutic Inhibition of the Pathway

Up-regulation of Fn14 and/or TWEAK expression in tumors is perhaps not surpris-
ing, considering that multiple activities induced by this pathway are likely benefi-
cial for a tumor cell and thereby may provide a differential growth advantage.

3.1 TWEAK Promotes Cell Survival

There is strong evidence in glioma that TWEAK has the capacity to promote tumor 
cell survival. When glioma cells are cultured with cytotoxic agents, TWEAK protects 
from apoptosis by inducing Bcl-2 family members (Tran et al. 2005). In fact, 
TWEAK was shown to directly induce expression of Bcl-X

L
 and BCL-W survival 

proteins, and the ability of TWEAK to promote survival being specifically dependent 
upon induction of Bcl-2 family members was confirmed by siRNA studies (Tran et 
al. 2005). Recent evidence suggests that this process requires stabilization of Bcl-2 
Antagonist of cell Death (BAD), which in turn is dependent on AKT function 
(Fortin et al. 2007). These data imply that blocking the TWEAK pathway may 
sensitize tumor cells to chemotherapeutic agents. This may be an important paradigm 
for the utility of TWEAK inhibition in cancer treatment, in that combination with 
chemotherapeutic agents may maximize their therapeutic potential.

3.2 TWEAK Promotes Migration and Invasion

TWEAK can also promote migration and invasion. In glioma cell lines, TWEAK 
treatment enhances cell migration through Rac1 and NF- B activation, and endog-
enous levels of migration are blocked by addition of soluble Fn14-Fc protein (Tran 
et al. 2003). Correlating with this, Fn14 expression is enhanced in glioma cells 
migrating at the rim as compared with core cells and, likewise, is up-regulated in 
patient-derived glioblastoma cells isolated from the tumor rim as compared with 
matched core (Tran et al. 2006). In a study of breast cancer cell lines, overexpression 
of Fn14 markedly induced invasion, whereas RNAi knockdown reduced the 
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invasive capacity (Willis et al. 2008). We have similarly used a trans-well assay to 
show that TWEAK can promote invasion in pancreatic tumor cell lines (JSM and 
L.C.B., unpublished). The mechanism by which TWEAK promotes invasion may 
be through its ability to up-regulate matrix expression of MMP-9 (Michaelson et al. 
2005; Winkles et al. 2006).

3.3 TWEAK Promotes Proliferation and Inhibits Differentiation

Another pro-tumorigenic activity of TWEAK is its potential to induce cell 
proliferation; however, there is limited data with regard to effects specifically in 
the context of tumor cell proliferation. In one report, TWEAK was shown to 
promote proliferation of multiple hepatocellular carcinoma cell lines in vitro 
(Kawakita et al. 2005). A related pro-tumorigenic feature of TWEAK is its 
capacity to inhibit differentiation (Ando et al. 2006, Girgenrath et al. 2006, 
Michaelson et al. 2005). Inhibition of functional differentiation by TWEAK was 
observed in several in vitro model systems, including Eph4 mammary epithelial 
cells grown in 3D culture (Michaelson et al. 2005), C2C12 muscle progenitor 
cells (Girgenrath et al. 2006), BMP-induced MC3T3-E1 osteoblast progenitors 
(Ando et al. 2006), primary osteoblasts and mesenchymal stem cells (Perper 
et al. 2006), and 3T3L1 pre-adipocytes (Burkly et al. 2007). Inhibition of pro-
genitor cell differentiation is particularly intriguing in the context of cancer and 
tumor stem cells. It is now well documented that at least certain tumors contain 
a population of so-called tumor stem cells that are slow cycling and have the 
capacity to both self-renew and give rise to more differentiated tumor cells 
(Buzzeo et al. 2007, Pardal et al. 2003). The tumor stem cell population is there-
fore considered to be relatively resistant to existing therapeutic modalities. It is 
tempting to speculate that the ability of TWEAK to inhibit progenitor cell dif-
ferentiation may also be at play in impeding differentiation of a progenitor 
tumor cell population, and therefore blocking the TWEAK pathway might 
promote a more differentiated and therefore less tumorigenic population and/or 
more therapeutically sensitive tumor cell population.

3.4 TWEAK Promotes Angiogenesis

In addition to its effects on tumor cells, TWEAK may be pro-tumorigenic through 
its pro-angiogenic effects on the tumor vasculature. The role of TWEAK in angio-
genesis is well described, including the ability of TWEAK to promote endothelial 
cell proliferation, survival, and migration in vitro (Lynch et al. 1999; Donohue 
et al. 2003, Jakubowski et al. 2002). Moreover, in vivo studies showed that 
TWEAK can induce neovascularization in a rat cornea model comparable to VEGF 
(Lynch et al. 1999), while soluble Fn14-Fc could inhibit FGF-2 stimulated angio-
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genesis in the mouse cornea (Wiley et al. 2001), and anti-TWEAK mAbs can 
inhibit angiogenesis in a mouse model of RA (Kamata et al. 2006; Perper et al. 
2006). More pertinent to cancer, TWEAK derived from colonic adenocarcinoma 
cells was specifically shown to induce endothelial cell tube formation in matrigel 
(Kawakita et al. 2005). Moreover, in an in vivo model relevant to tumor angiogen-
esis, HEK293 cells overexpressing TWEAK exhibited increased growth in nude 
mice, likely due to enhanced neovascularization (Ho et al. 2004). A further involve-
ment of TWEAK and the vasculature is the ability of TWEAK to enhance perme-
ability of the blood brain barrier (Polavarapu et al. 2005). The therapeutic 
implications of these vascular effects of TWEAK are that inhibition of TWEAK 
may normalize the leaky and highly permeable vasculature characteristic of tumors 
(Jain 2005), thereby normalizing interstitial pressure and improving the penetration and 
efficacy of co-administered chemotherapeutic agents.

3.5 TWEAK and Tumor Surveillance

An additional mechanism by which it is speculated that TWEAK may be pro-
tumorigenic is by repressing tumor surveillance. Recently it was reported that 
TWEAK deficient mice exhibit increased NK cell numbers and activity and are 
resistant to B16.F10 melanoma as a result of an enhanced innate and adaptive anti-
tumor immunity (Maecker et al. 2005). However, it should be noted that independ-
ently derived TWEAK deficient mice do not exhibit increased NK cell numbers or 
enhanced adaptive immunity after neoantigen immunization (LCB., unpublished), 
nor has the effect of TWEAK on NK cells been reproduced by others (H. Yagita, 
Juntendo Univ. School of Medicine, pers. comm.) and therefore these results must 
be interpreted with caution.

3.6 Rationale for Therapeutic Inhibition of TWEAK in Cancer

Taken together, it is evident that there are multiple mechanisms by which TWEAK 
may be capable of promoting tumorigenesis, indicating that it may be therapeutically 
beneficial to block the TWEAK/Fn14 pathway as a modality to cancer. Inhibition 
of the TWEAK pathway could directly impact the tumor cells, alter the microen-
vironment, and potentially enhance the efficacy of chemotherapeutic agents. One 
recent abstract describes efficacy of an anti-TWEAK mAb in significantly 
inhibiting growth of CT26 colorectal tumor cells grown in vivo (Nakamura et al. 
2008). Additional strategies for therapeutic inhibition of the pathway were 
recently reviewed (Winkles 2008). However, whether inhibition of the pathway 
will prove to be therapeutically beneficial in a broad range of tumors is yet to 
be determined.
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4  The Other Side of the Coin: TWEAK/Fn14  
and Tumor Cell Death

4.1 Fn14 as a Novel Tumor Antigen

Tumor antigens are sought as a means of specifically targeting cancer cells, and 
the finding that Fn14 expression is elevated in tumors relative to normal tissues 
suggests the identification of a novel tumor antigen target. Since Fn14 is 
expressed at relatively low levels in normal tissues, employment of a mono-
clonal antibody (mAb) targeting Fn14 could mediate ADCC, CDC, and/or 
enhance Fn14-mediated tumor cell killing via Fc-dependent receptor hyper-
crosslinking, by means of interaction of the mAb with Fc receptors on immune 
effector cells to specifically target tumor cells (Fig. 1). This is analogous to the 
presumed mechanism(s) of action of several mAbs in the clinic, including 
Rituximab (anti-CD20) in lymphoma. The differential expression of Fn14 in 
tumor cells may be of even greater value in light of the opportunity to exploit 
the intrinsic cell killing activity of the pathway.

Fig. 1 Model for differential targeting of tumor cells as compared to normal cells to Fn14 agonist 
antibody mediated killing. As compared to normal cells (a), tumor cells express relatively elevated 
levels of Fn14 (b). In addition, tumor cells may be preferentially sensitive to Fn14-mediated cell 
killing, as suggested by Vince et al. (2008). Fc receptor engagement by immune effector cells 
(c) may further enhance the efficacy of an Fn14 agonist antibody via ADCC and/or receptor 
hypercrosslinking to augment the apoptotic signal
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4.2  Precedence for Targeting Tumor Cell Killing Via TNF 
Receptors in Cancer

The TNF superfamily has historically represented an attractive approach for cancer 
therapy, given the associated tumor cell killing activity, dating back to early work 
with TNF and Fas/Apo1. However, while TNF and Fas/Apo1 ligands can effec-
tively induce tumor cell apoptosis through activation of their respective death-
domain receptors, toxicities related to systemic exposure have severely limited 
their development for cancer therapy. Nevertheless, alternative therapeutic strate-
gies, for example, employing TNF fusion proteins or local delivery, are still being 
pursued (Daniel and Wilson 2008). More recently, TNF-Related Apoptosis Inducing 
Ligand (TRAIL/Apo2L) has emerged as a promising therapeutic approach 
(reviewed in Buchsbaum et al. 2006; Daniel and Wilson 2008). Treatment of mice 
bearing human tumors with recombinant soluble TRAIL or agonist antibodies to 
the TRAIL receptors, TRAIL-R1 (DR4) and TRAIL-R2 (DR5), have shown effi-
cacy in tumor xenograft models, with enhanced activity when used in combination 
with chemotherapeutic agents or radiation therapy. Ongoing clinical trials with 
soluble TRAIL and antibodies to TRAIL receptors thus far demonstrate acceptable 
safety and tolerability and promising early signs of antitumor activity. Mechanistically 
speaking, TRAIL receptor stimulation results in recruitment of the adapter mole-
cule Fas-associated death domain (FADD), thereby promoting recruitment of 
procaspases 8 and 10, leading to an assembly of the death inducing signaling com-
plex (DISC) (reviewed in Daniel and Wilson 2008). Importantly, apoptosis does not 
appear to be activated in normal tissues, perhaps due to sensitization of cancer cells 
by oncogenes such as RAS and MYC (reviewed in Ashkenazi et al. 2008).

While the TRAIL receptors are characterized by an intracellular death domain, 
targeting of TNF family member receptors that lack a death domain, such as CD40, 
CD30, 41BB and LT R, has also shown preclinical efficacy (Gladue et al. 2006; 
Lukashev et al. 2006; Wahl et al. 2002; Lynch 2008). In Phase I trials, CD40 agonist 
antibodies are showing early promise in that they appear to be well tolerated and 
biologically active (Vonderheide et al., 2001). Of note, modifying the administration 
scheme to include an initial, lower loading dose followed by higher doses looks to 
be a potential strategy to mitigate inflammatory symptoms, which are an apparent 
safety concern for some TNF family member agonists (Advani et al. 2006).

4.3 Fn14 and Tumor Cell Killing

Fn14 is likewise a non-death domain containing TNF family member receptor, 
whereby stimulation of the receptor nevertheless results in cell death. TWEAK’s 
ability to weakly induce apoptosis of HT29 adenocarcinoma cells in vitro was 
initially described (Chicheportiche et al. 1997). Subsequently, it was shown that in 
some cell lines, such as Kym-1, the cell death is indirectly mediated by TNF, 
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whereas in other cell lines, including HSC3, HT-29, and KATO-III, the activity is 
TNF-independent (Nakayama et al., 2002; Schneider et al. 1999). Moreover, the 
cell death induced by TWEAK may occur through multiple pathways, including 
caspase-dependent and caspase-independent, with features of both apoptosis and 
cathepsin-B dependent necrosis (Wilson and Browning 2002; Nakayama et al. 
2003), and is wholly mediated by Fn14 (Nakayama et al. 2003). Cell death medi-
ated by TWEAK requires extended incubation periods and generally requires 
co-incubation with sensitizing agents such as IFN ; however, a reasonably broad 
range of tumor cell lines are sensitive to TWEAK-induced killing (Vince et al. 
2008; JSM and LCB, unpublished). Notably, there appears to be differential sensi-
tivity of transformed cells as compared to normal cells in their response to TWEAK. 
MEFs immortalized with SV40 large T antigen showed a 14-fold increase in cell 
death in response to TWEAK as compared to primary MEFs despite comparable 
Fn14 expression (Vince et al. 2008). These data support the intriguing possibility 
that targeting Fn14 will selectively kill tumor cells and spare normal cells, not only 
because of the upregulated Fn14 expression by tumor cells but also because of their 
differential sensitivity to Fn14-mediated cell death. Further studies are needed to 
further test this hypothesis. We have shown that primary, passaged human umbili-
cal cord endothelial cells (HUVEC) are not killed in response to TWEAK (JSM and 
LCB, unpublished). There have been only a limited number of reports where 
TWEAK was shown to induce cell death in normal, primary cell types in vitro, 
usually requiring IFN , including human peripheral blood monocytes and NK cells 
and murine cortical neurons (reviewed in Burkly et al. 2007). There are only two 
examples of TWEAK induced cell death in vivo, namely in the context of stroke 
(Potrovita et al. 2004), although neuronal cell death after cerebral ischemia may be 
secondary to the TWEAK-dependent inflammatory response, and in the process of 
mammary gland involution (J.S.M. and L.C.B., unpublished).

4.4 Mechanisms of Fn14-Induced Cell Death

An obvious conundrum yet to be unraveled pertains to the mechanism by which 
Fn14, a non-death domain containing receptor, induces tumor cell death. While 
TWEAK has been shown to activate both canonical and noncanonical NF- B pathways 
(Brown et al. 2003; Saitoh et al. 2003), as well as the MAPK and AKT pathways 
(Ando et al. 2006), these signaling pathways are generally not associated with induc-
tion of apoptosis. Stimulation of the NF- B signaling pathway largely results in 
transcription of pro-inflammatory target genes (Karin 2006), and in the case of TNF-
R1, NF- B signaling is understood to oppose the death signal mediated through 
FADD (Daniel and Wilson 2008). Similarly, activation of the MAPK and AKT path-
ways is primarily associated with proliferative signals (Leicht et al. 2007). Thus, the 
question remains as to how the death signal is transduced. It is tempting to speculate 
that perhaps the capacity of TWEAK to activate the noncanonical NF- B pathway 
(Hacker and Karin 2002; Wang et al. 2002), that is, induction of NF- B2 p100, 
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accounts for its apoptotic effects. Interestingly, the ability of TWEAK/Fn14 to trig-
ger sustained NF- B activation through the alternative pathway is consistent with 
the extended incubation periods required for induction of apoptosis. A recent paper 
sheds some new light on the mechanistic aspects of TWEAK and apoptosis (Vince 
et al. 2008). Vince and colleagues show that TWEAK induces recruitment of a 
complex consisting of TRAF2 and cellular Inhibitor of Apoptosis (cIAP), as well as 
NF- B dependent up-regulation of TNF. The TRAF2–cIAP complex is subsequently 
degraded in a lysosomal compartment, resulting in sensitization of the cells to killing 
by TNF. However, one must be cautious in interpreting the TNF dependence of 
TWEAK-induced cell death. Although TWEAK-induced killing of Kym-1 cells, one 
of the same cell lines used in Vince et al. (2008), was TNF dependent (Schneider et 
al. 1999), Nakayama et al. (2002) examined several additional tumor cell lines and 
concluded that TWEAK induced apoptosis is generally not mediated by TNF, and 
we have similarly observed TNF-independent cell death in several cell lines (J.S.M. 
unpublished). Nevertheless, Vince et al. (2008) provide new insight into a putative 
TRAF2–cIAP complex being involved in the mechanism of TWEAK mediated cell 
killing, and further experiments are warranted to establish the relevance of TRAF2–
cIAP2 complexes to TWEAK-induced killing across a spectrum of tumor cell lines.

4.5  Agonist Approach to Therapeutic Targeting  
of Fn14 in Cancer

Intriguingly, emerging data suggests that activation of the TWEAK pathway to 
promote tumor cell killing may be effective in vivo. A monoclonal antibody to 
Fn14, capable of inducing tumor cell apoptosis in vitro, was efficacious in a 
range of tumor xenograft models, including colorectal, breast, renal, and head/
neck as recently reported (Culp et al. 2008). We have independently shown that 
administration of adenovirally delivered TWEAK, an Fc-TWEAK fusion 
protein, or an agonist antibody to Fn14 resulted in dramatic reduction in tumor 
growth in xenograft models (J.S.M. and L.C.B. unpublished). These exciting 
preliminary findings suggest that therapeutic activation of the TWEAK/Fn14 
pathway may represent a novel modality to inhibit tumor growth (Fig. 1). In 
considering the mechanistic potential of targeting Fn14 with an agonist antibody 
to trigger intrinsic tumor cell killing activity, there may be added efficacy 
afforded by the Fc portion of the antibody in mediating antitumor activity (e.g., 
via ADCC, CDC, and/or receptor hypercrosslinking). The contribution of ADCC 
activity to the observed in vivo tumor inhibition was suggested (Culp et al. 
2008). Finally, the exciting possibility that transformed cells are preferentially 
sensitive to TWEAK killing as compared to nontransformed cells (Vince et al. 
2008) is encouraging in considering the tolerability of systemic administration 
of an Fn14 agonist therapeutic. Further studies to support this exciting new 
therapeutic approach, that is, targeting cancer with agonists to the TWEAK/
Fn14 pathway, are in progress.
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5 Conclusions

There is increasing evidence that Fn14 expression is elevated in a wide variety of 
tumors, including breast, pancreas, esophageal, and glioma. Likely, overexpression 
in tumors arises precisely since it may be beneficial for tumors to up-regulate this 
pathway to promote growth, survival, mobility and angiogenesis. As such, there is 
rationale for inhibition of the TWEAK/Fn14 pathway as a therapeutic modality for 
treating cancer. However, perhaps more exciting is the notion of exploiting the dif-
ferential expression of Fn14 in human cancers to specifically target killing of tumor 
cells. This powerful therapeutic approach involves harnessing the intrinsic apop-
totic capacity of this pathway to induce tumor killing through Fn14. Triggering 
with an agonist antibody may have increased benefit through Fc-dependent antitu-
mor activity. Notably, the fact that Fn14 expression correlates with disease progres-
sion and metastatic status gives the prospect for a new therapeutic in advanced 
disease, where new therapies are most needed. Moreover, the suggestion of differ-
ential specificity of killing toward tumor rather than normal cells may be promising 
for the possibility of having a therapeutic window for treatment with a pathway 
agonist. Indeed, preliminary in vivo proof-of-concept preclinical studies show 
exciting promise in this area. Further investigation will undoubtedly be necessary 
to tease out whether therapeutic targeting of the TWEAK/Fn14 pathway in cancer 
will ultimately prove to be clinically beneficial.
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APRIL in B-cell Malignancies  
and Autoimmunity

Fiona C. Kimberley, Jan Paul Medema, and Michael Hahne

Abstract A Proliferation Inducing Ligand (APRIL) was first identified as a 
cytokine expressed predominantly by tumour tissues and was not found in most 
normal tissues. The activity of this new cytokine, in terms of its ability to stimulate 
tumour cell proliferation in vivo, determined the catchy acronym of yet another 
TNF family cytokine: APRIL. Reports showing an association between APRIL 
and cancer have since been prolific, in particular, those showing a link with B 
cell malignancies. Evidence is accumulating that APRIL is also a player in several 
autoimmune diseases, including systemic lupus erythematosus, rheumatoid arthri-
tis, and Sjoegren’s syndrome. However, we now know that APRIL also plays an 
important role in the immune system and in lymphocyte biology. In this chapter we 
outline the physiological role of APRIL in immunity and describe what is known 
regarding the role of APRIL in B cell malignancies and autoimmune disease.

1 The APRIL Protein

APRIL is expressed as a type-II transmembrane protein, but unlike most other 
TNF family members, it is never expressed at the cell membrane. Instead, it is 
cleaved in the Golgi apparatus by a furin convertase to release a soluble active 
form, which is subsequently secreted (Lopez-Fraga et al. 2001). Like other TNF 
family members APRIL assembles as a non-covalently linked homo-trimer with 
similar structural homology in protein fold to a number of other TNF family ligands 
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(Wallweber et al. 2004). The human APRIL gene contains six exons, which can be 
transcribed as three alternatively spliced mRNAs, encoding ,  and  forms of the 
protein, which result in a shorter form, a slightly longer form (seven amino acids) 
or a membrane-bound non-cleavable form of APRIL, respectively (Kelly et al. 
2000; Bossen and Schneider 2006). However, the relevance of these different 
forms is not known and similar sites are not found within the mouse gene. In addi-
tion, a unique intergenic splicing event creates a fusion between the transmem-
brane domain of TWEAK (a weak homologue of TNF) and the extracellular 
domain of APRIL, resulting in a membrane bound form of APRIL that is not 
cleaved inside the cell (Pradet-Balade et al. 2002; Kolfschoten et al. 2003). 
Unfortunately, this so-called TWE-PRIL is rather understudied and consequently 
there is little known about its expression and localisation, or when and where it is 
functionally relevant. It is possible that this form of APRIL is cleaved at the cell  
membrane by proteases and that APRIL generated in this fashion can also contribute 
to the soluble APRIL pool.

APRIL shows high homology (30%) to another member of the TNF super-
family, B cell activating factor belonging to the TNF family (BAFF or B 
Lymphocyte stimulator, BLyS). APRIL and BAFF share binding to two receptors 
of the TNF receptor superfamily: B cell maturation antigen (BCMA) and trans-
membrane activator and cyclophilin ligand interactor (TACI) (Fig. 1) (Marsters 
et al. 2000; Rennert et al. 2000; Wu et al. 2000; Yu et al. 2000). Since APRIL and 
BAFF bind the same receptors there is consequently large overlap in their function 
and it has been suggested that they can even form mixed trimers (Roschke et al. 
2002). Such mixed trimers were found to occur at a higher prevalence in the serum 
of rheumatoid arthritis patients, though the significance of this is not yet known. 
BAFF also binds with high affinity to a unique receptor, BAFF-receptor (BAFF-R) 
(Thompson et al. 2001; Yan et al. 2001a) and APRIL has recently been shown to 
bind heparan sulfate proteoglycans (HSPGs) (Hendriks et al. 2005; Ingold et al. 
2005). The HSPG binding domain of APRIL is located at the N-terminus and 
consists of two regions: (1) the consensus HSPG binding motif (QKQKKQ) and 
(2) three basic amino acids: R146, H220 and R189 (Hendriks et al. 2005; Ingold 
et al. 2005).

APRIL is predominantly expressed by immune cell subsets such as monocytes, 
macrophages, dendritic cells, neutrophils and T-cells, many of which also express 
BAFF. Significantly, both ligands are expressed on activated B cells both in vitro 
and in vivo and by resting B1 cells and developing B cells in the bone marrow. The 
expression of APRIL by many of these cells occurs in response to cytokines, via the 
engagement of CD40 or via the activation of pattern recognition receptors (PRRs) 
(Litinskiy et al. 2002; Craxton et al. 2003). Monocyte derived dendritic cells 
(MoDCs) have been shown to secrete large amounts of APRIL in response to CpG 
(Hardenberg et al. 2007). APRIL can also be expressed by some non-immune cells 
such as osteoclasts, epithelial cells and a variety of tumour tissues (Moreaux et al. 
2005; He et al. 2007). Since APRIL has been shown to bind and stimulate several 
cell lines that do not express either BCMA or TACI, it is possible that the HSPG 
interaction may represent a third receptor, or function as an important co-factor 
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for an as yet unidentified interaction (Rennert et al. 2000). However, recent studies 
of our own have shown that the HSPG binding domain of APRIL serves as a plat-
form for natural ligand cross-linking and multimerisation, which means that HSPGs 
in the extracellular matrix or other proteoglycans serve to cross-link APRIL for 
effective signalling (Kimberley et al., manuscript submitted). Without this binding 
capacity APRIL was non-functional in a number of different assays. So, HSPGs are 
necessary for natural cross-linking to present APRIL to the receptors, but it could 
be imagined that in areas of dense HSPG-deposition, such as certain extracellular 
matrix, APRIL can be super-clustered and thus presented to the receptor as 
multimers.

Despite homology between BAFF and APRIL, receptor specificity may be 
partly achieved by differential expression patterns of the ligands and different trig-
gers for production, by differences in the affinity of the ligands for each of the two 
receptors or by the requirements of the receptors themselves for the way in which 

Fig. 1 APRIL and BAFF Interactions. APRIL and BAFF are homologous members of the TNF 
ligand superfamily. Both bind to the TNF receptors BCMA (B cell maturation antigen) and TACI 
(Transmembrane activator and calcium modulator and cyclophilin ligand interactor), though with 
differing affinities. BAFF also binds its unique receptor, BAFF-receptor, and APRIL has been 
shown to interact with HSPGs. In addition, it has been shown that certain syndecans (prototypic 
HSPGs) can both bind and activate signalling via TACI. Little is known about the role of these 
interactions in the context of APRIL or BAFF signalling. *Affinities are taken from Day et al. 
Biochemistry. 2005; 44(6):1919–1931
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the ligand is presented. It has been suggested that TACI has a specific requirement 
for oligomerised ligands (Bossen et al. 2008). Since BAFF was crystallised as both 
a trimer and also a higher multimeric form, which reportedly occurs physiologi-
cally, it may be that these higher forms of BAFF preferentially signal via TACI. 
This would also suggest that TACI responds preferentially to membrane-bound 
ligand, which would suggest a more prominent role for TWE-PRIL in TACI-
dependent responses or the requirement for ‘super-clustering’ of soluble APRIL 
by HSPGs, though further work is necessary to make this distinction. A reliance 
on HSPGs for effective positioning is illustrated by FGF, where binding to 
heparin induces the formation of dimers, which are the biologically active form 
(Moy et al. 1997).

2 The Role of APRIL in the Immune System

2.1 APRIL Receptors and Signalling

BCMA and TACI are both type II transmembrane proteins, which lack a signal 
peptide. Structurally they are similar to other TNFRs with characteristic cysteine-
rich domains (CRDs) in the extracellular region. TACI consists of two CRDs: 
CRD2 is ligand binding while CRD1 has been shown to form a pre-ligand assembly 
domain (PLAD), first described for Fas and TNFR1 (Chan et al. 2000; Siegel et al. 
2000). The PLAD holds the receptor in pre-assembled complexes to await the 
incoming ligand. BCMA is a small receptor consisting of only one CRD, which is 
also ligand binding, and so it is unlikely that this single CRD also constitutes a 
PLAD, though this has not yet been studied. APRIL has been crystallised as a solu-
ble ligand as well as in complex with BCMA, and the CRD2 (ligand binding 
portion) of TACI (Hymowitz et al. 2005). These structures revealed that the receptor 
binding interface occurs at the C-terminal end of each APRIL in the trimer, leaving 
the HSPG domain free from receptor interactions at the other end. Unlike other 
TNFR–ligand complexes, such as DR5 and TRAIL, TACI and BCMA receptor 
monomers bind directly to one APRIL strand within the trimer, rather than binding 
at the interface between monomers in each trimer.

Ligation of both BCMA and TACI leads to downstream activation of the classi-
cal NF- B pathway, and it is activation of this pathway that is thought to be at the 
crux of the proliferative signals delivered to malignant B-cells (Fig. 2). Signalling 
via both BCMA and TACI occurs via the recruitment of intracellular adaptors, 
termed TNF-receptor associated factors (TRAFS). TACI was originally shown to 
be a CAML interacting receptor, which can signal via the NFAT/AP-1 pathway, but 
it was later shown that ligation of TACI can also signal activation of NF- B and 
c-Jun NH2-terminal Kinase (JNK) (Xia et al. 2000). Using yeast two-hybrid assays, 
the intracellular portion of TACI was shown to bind TRAF -2, -5 and -6; it was also 
found that the TRAF- and CAML-binding sites are distinct (von Bulow et al. 2000; 



APRIL in B-cell Malignancies and Autoimmunity 165

Xia et al. 2000). BCMA has also been shown to activate p38 mitogen activating 
protein kinase (MAPK) and c-Jun NH2-terminal Kinase (JNK) (Hatzoglou et al. 
2000). However, the detailed complex formation following receptor ligation has 
not been well-studied for either receptor, and indeed the specific signalling compo-
nents required to deliver distinct signals via the same receptor are also ill-defined.

The expression profile for the APRIL receptors is still not fully clear, but it 
appears that they are expressed on B cells at various levels depending on their matu-
ration and activation state. TACI is expressed on distinct B cell populations and is 

Fig. 2 APRIL Signalling. APRIL activates the canonical NF-KB pathway via both BCMA and 
TACI to stimulate proliferation and survival. Specific signalling via BCMA has been shown to 
drive activation of p38, MAP kinase and JNK pathways, again to stimulate either survival and/or 
proliferation. APRIL signalling via TACI was shown to be responsible for class switch recombina-
tion of IgG and IgA, as well as cell survival, PKA activation and the down-regulation of several 
apoptotic regulators
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up-regulated following B cell stimulation and has been found on some T cell subsets 
(von Bulow et al. 2000). BCMA expression is more restricted to the differentiated B 
cells such as plasma cells, plasmablasts and tonsillar GC B cells and seems to be 
crucial for the survival of long-lived plasma B cells (O’Connor et al. 2004; Darce et 
al. 2007; Benson et al. 2008). BAFF-R is expressed on the peripheral B cells and is 
therefore involved in the survival of these subsets and explains why BAFF is so 
essential for the maintenance of the B cell population. Indeed, mice lacking BAFF 
or BAFF receptor fail to produce or maintain a mature B cell pool (Batten et al. 
2000; Thompson et al. 2000; Schiemann et al. 2001; Thompson et al. 2001). 
Recently, TACI was shown to be expressed by human memory B cells, plasma cells 
and a sub-population of CD27 negative B cells (Darce et al. 2007). TACI expression 
was found to be inducible early upon B cell activation and this expression was medi-
ated via ERK1/2 signalling pathways. BCMA expression was found to be acquired 
in the memory B cells following loss of BAFF-R expression.

2.2 APRIL in B Cell Biology

Knockout and transgenic mice for APRIL, BAFF and their receptors, have been 
instrumental in revealing the pivotal role of these cytokines in B cell biology. 
BAFF knockout mice did not develop mature B cells, and thus had a decreased 
antibody-mediated response (Gross et al. 2001; Schiemann et al. 2001). In contrast, 
BAFF transgenic mice developed B cell hyperplasia, hyperglobulinemia, splenom-
egaly and autoimmunity (Mackay et al. 1999; Stohl et al. 2005). Likewise, mice 
expressing a non-functional BAFF-R (A/WySnJ) were found to have a severely 
decreased peripheral B cell population, indicating a critical role for BAFF in the 
maintenance of B cell survival (Yan et al. 2001a).

APRIL transgenic mice were generated using a T-cell driven promoter, since 
APRIL was found to be up-regulated in activated T cells (Stein et al. 2002). These 
mice were found to develop normally, though the T cell population showed enhanced 
survival, and IgM antibodies were found at elevated concentrations. In addition, T 
cell independent type II responses were enhanced in these mice. Of significance was 
the finding that aged APRIL transgenic mice displayed extreme enlargement and 
re-organisation of the lymph system and enlarged spleen due to infiltration of CD5 
positive B cells (Planelles et al. 2004). This development of a B1 neoplasm closely 
resembled the human B-CLL phenotype (see later discussion).

APRIL deficient mice were generated by two independent research groups 
(Castigli et al. 2004; Varfolomeev et al. 2004). In one case the mice were found to 
develop normally and did not show any abnormalities of the immune system in 
aspects including T-cell dependent and independent responses to antigens 
(Varfolomeev et al. 2004). However, the second strain was found to have decreased 
levels of circulating IgA (Castigli et al. 2004). These mice showed decreased serum 
IgA responses when challenged with a T-dependent antigen. This data pointed 
towards a role for APRIL in humoral immunity and indeed later work showed that 
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APRIL, along with BAFF, is responsible for class-switch recombination (CSR) of 
antibodies to both IgG and IgA (Litinskiy et al. 2002). Class-switch is primarily 
driven by CD40–CD40L interactions in response to antigenic stimuli; CD40 ligand 
is up-regulated on T cells and then engages CD40 on B cells. However, it was 
shown that APRIL and BAFF could drive class-switch independently of the CD40 
T-dependent signal (Litinskiy et al. 2002). This effect was shown to occur via either 
TACI in the case of APRIL-driven effects, or BAFF-R (Castigli et al. 2005a). Both 
cytokines were found to be up-regulated in response to a number of different patho-
genic stimuli, suggesting a role in early innate immunity.

Recently, it was shown that commensal bacteria in the gut stimulate dendritic 
and intestinal epithelial cells to secrete APRIL, which in turn drives the production 
of IgA2 immunoglobulin (Tezuka et al. 2007). APRIL was found to be directly 
responsible for the switch from IgA1 producing cells to IgA2 secreting cells. The 
benefit is that IgA2 is less sensitive to the various proteases present in the gut and 
so this switch is an important event to maintain antibody defence in the intestine.

While APRIL is less critical than BAFF at the level of B cell maintenance, it 
does have a role in B cell signalling and has been shown to drive both proliferation 
and survival of human and murine B cells in vitro (Yu et al. 2000; Craxton et al. 
2003). APRIL has also been shown to have a co-stimulatory effect on B cells 
treated with IL-4 and IL-6, by stimulating the up-regulation of certain co-stimulatory 
molecules (CD40, MHC-II, B7.1 and B7.2), which act to enhance antigen presentation 
(Yang et al. 2005). This event is thought to be mediated primarily via BCMA, 
which is up-regulated in response to these interleukins (Yang et al. 2005). However, 
a more recent study used TACI−/− murine B cells and demonstrated that the 
up-regulation of MHC class II in response to APRIL is a TACI-dependent event 
(Bossen et al. 2007). However, this study used very low doses of IL-4 and IL-6 and 
required antibody-mediated cross-linking of soluble APRIL to see a response. 
Therefore, it may be that at higher doses of interleukins the expression of BCMA 
dominates. In addition, different forms of APRIL used in vitro appear to have 
differences in activity and different requirements for cross-linking.

In humans, mutations in TACI are associated with about 5–10% of patients who 
develop common variable immunodeficiency (CVID), a disease characterised by 
recurrent bacterial infections, autoimmune complications, lymphoproliferation and 
splenomegaly (Castigli et al. 2005b; Salzer et al. 2005). Patients with CVID have 
impaired production of certain antibodies following challenge by vaccination or 
exposure. In similarity with other diseases caused by mutations in TNF receptors, 
patients are heterozygous for the specific point mutation in TACI. However, it has 
been shown that the C104R mutation leads to loss of ligand binding (both BAFF 
and APRIL) (Castigli et al. 2005a, b; Salzer et al. 2005). Since the receptors pre-
associate on the cell surface via the PLAD, the result is a dominant negative effect 
on TACI signalling due to the formation of mixed complexes between wild-type 
and mutant receptors (Garibyan et al. 2007). Thus, the lack of antibodies in CVID 
patients appears to be due to impaired APRIL signalling.

Recently, higher than average levels of BAFF, APRIL and TACI were reported 
in the serum of CVID patients, but this did not correlate with the disease severity 
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or any particular mutation (Knight et al. 2007). Intriguingly, TACI knockout mouse 
manifest with the opposite phenotype to CVID patients; the mice have elevated 
levels of B-2/Marginal Zone (MZ) B cells, fatal lymphoproliferation and autoim-
munity, suggesting that TACI plays a negative regulatory role on murine B cells 
(Yan et al. 2001b).

Examination of BCMA-deficient mice initially revealed an apparently normal 
phenotype, but upon further investigation the mice were found to have decreased 
levels of long-lived plasma B cells, which fits with the expression pattern of the 
receptor in the later stages of B cell development (Xu and Lam 2001; O’Connor 
et al. 2004). Recently, two studies confirmed that long-lived bone marrow plasma 
B cells depend on APRIL signalling and that this is mediated via BCMA (Belnoue 
et al. 2008; Benson et al. 2008). It was also shown that memory B cells survive 
independently of both BAFF and APRIL (Benson et al. 2008).

2.3 APRIL in T Cell Biology

The role of APRIL in T cell biology has been the subject of much controversy. This 
has been somewhat confused by conflicting reports with regards to the expression 
of TACI on T cells of mice and humans. BCMA is exclusively expressed on B cells, 
but TACI expression has been shown on CD3-positive synovioctes from RA 
patients and on T cells from the peritoneal cavity of mice (Yu et al. 2000) (Stein et al. 
2002). Several studies have suggested that both APRIL and BAFF can co-stimulate 
CD3-activated T-cells in vitro (Huard et al. 2001; Ng et al. 2004). Studies of APRIL 
transgenic mouse also indicated a co-stimulatory role, but this result was not found 
using mouse APRIL to treat isolated murine and human T-cells.

The APRIL deficient and the APRIL transgenic mice showed no gross abnor-
malities in T cell activity and repertoire (Castigli et al. 2004; Planelles et al. 2004; 
Varfolomeev et al. 2004). Likewise, the TACI transgenic and TACI knockout mice 
did not show any adverse effects on the T cell population, other than a subtle 
increase in the CD4+ T cell population in the deficient mice (Gross et al. 2001; 
von Bulow et al. 2001; Yan et al. 2001b). More recently, functional data using viral 
challenge and various immune models suggest that a role for APRIL and BAFF in 
T cell maintenance is limited (Hardenberg et al., 2008).

3 The Role of APRIL in Cancer: B Cell Malignancies

The first association of APRIL with cancer was the initial description of this protein 
in 1998 (Hahne et al. 1998). High expression levels of APRIL mRNA were found 
in a panel of tumour cell lines as well as human primary tumours, such as colon and 
a lymphoid carcinoma. In addition, APRIL transfected murine fibroblast NIH-3T3 
cells were shown to grow out more rapidly than parental cells in immunodeficient 
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mice. A subsequent study confirmed this finding and also described that tumour 
growth of lung and colon carcinomas endogenously expressing APRIL can be 
blocked by a soluble APRIL receptor (Rennert et al. 2000). Since this, there have 
been multiple reports associating APRIL with cancer and in particular B cell 
malignancies.

3.1 Chronic Lymphocytic Leukaemia

Chronic Lymphocytic Leukaemia (CLL) is the most prevalent leukaemia in 
Western countries, and is characterised by a gradual accumulation of CD5 B cells 
due to a survival advantage. The first evidence for an involvement of APRIL in 
CLL came from reports that detected APRIL and APRIL-receptor transcripts in 
tumour cells (Novak et al. 2002b; Kern et al. 2004). APRIL was also detected at the 
protein level on the surface of CLL tumour cells (Kern et al. 2004). It was shown 
that recombinant APRIL protected CLL cells against spontaneous and drug-induced 
apoptosis and stimulated NF- B activation. A later study used flow cytometry to 
confirm that the majority of CLL tumour cells express detectable levels of BCMA 
and TACI on the cell surface, and in addition found that all the cells tested expressed 
BAFF-R (Endo et al. 2007). It was also shown that signalling via both BCMA and 
TACI in these cell lines led to activation of the canonical NF- B pathway. In con-
trast, BAFF-R triggering induced the non-canonical NF- B pathway.

Treatment of CLL cells with soluble APRIL or BAFF induced I- B phosphor-
ylation and degradation, as well as translocation of the NF- B p65 subunit to the 
nucleus (Endo et al. 2007). Blocking of the canonical NF- B pathway abrogated 
the capacity of BAFF and APRIL to promote CLL cell survival in vitro. In view of 
these results, therapeutic application of IKK  inhibitors, to block canonical NF- B 
signalling, has been promoted (Endo et al. 2007). A further study of CLL cells 
found that APRIL or BAFF did not activate the mitogen-activated protein-kinases 
(MAPK) ERK1/2 or the serine/threonine kinase PKB/AKT in CLL cells (Kipps 
1997; Nishio et al. 2005).

A retrospective study was performed in our laboratory on 95 CLL patients 
(Planelles et al. 2007). We found increased levels of APRIL in serum of the 
majority of samples tested. Importantly, we found that APRIL serum levels correlated 
with disease progression and overall patient survival, with a poorer prognosis for 
patients with high APRIL serum levels. This contrasts with another report in 
which elevated APRIL serum levels were found only in some of the samples 
tested, with no significant difference to control samples (Kolb et al. 2003; Haiat 
et al. 2006). However, it is noteworthy that various sources of APRIL have been 
identified, including non-hematopoietic cells. Therefore, it is likely that not only 
the CLL tumour cells contribute to the measured APRIL serum levels. Indeed, it 
has been described that nurse-like cells, which differentiate from CD14-positive 
cells originating from CLL patients when cultured with CLL B cells, are impor-
tant producers of APRIL and BAFF (Nishio et al. 2005). Survival of CLL cells 
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was rapidly reduced when nurse-like cells were removed from cell cultures, 
 suggesting that APRIL and/or BAFF are essential for their survival. The viability 
of CLL cells was more affected by the addition of BCMA-Fc than BAFFR-Fc, 
pointing to a pivotal role for APRIL in CLL survival. However, addition of 
BCMA-Fc had no effect on the viability of CLL cells when cultured in the 
absence of nurse-like cells. This suggests that APRIL is solely provided by the 
supporting cells and stimulates CLL tumour growth in a paracrine fashion. 
However, this finding contrasts with other reports describing that addition of 
BCMA-Fc or anti-APRIL antibodies actually enhance B-CLL apoptosis (Novak 
et al. 2002a; Kern et al. 2004). The expression of various pro- and anti-apoptotic 
proteins was also analysed and it was found that the anti-apoptotic BCL-2 family 
member Mcl-1 is up-regulated in CLL cells when cultured in the presence of 
APRIL or BAFF (Nishio et al. 2005).

Further support for a role of APRIL in B cell malignancies came from our own 
studies of aged transgenic mice, where we observed the development of lymphoid 
tumours, originating from expansion of the peritoneal B-1 cell population (Planelles 
et al. 2004). In particular, CD5-positive B-1 cells infiltrated lymphoid and 
non-lymphoid organs, initiating hyperplasia. The significance of this finding 
was that this phenotype closely resembles human CLL and can therefore be used 
as a potential model to further study the disease. Nevertheless, an important 
difference is that the CD5-positive B cells accumulating in human patients are 
considered to be antigen-experienced and are therefore different to those found in 
the transgenic mice.

3.2 Hodgkin’s Lymphoma

Hodgkin’s lymphoma (HL) is characterised by the clonal expansion of Reed–
Sternberg (RS) cells derived from B cells. Malignant B cells constitute only about 
10% of the tumour mass. It was found that both the RS cells and the inflammatory 
cells express APRIL and BAFF, and therefore stimulation occurs in both an auto-
crine and paracrine fashion (Chiu et al. 2007). Stimulation of BCMA and TACI on 
RS cells was found to trigger NF- B activation, Bcl-2, Bcl-xL and c-Myc up-regulation, 
as well as Bax down-regulation. RS cells were negative for BAFF-R. APRIL was 
found to co-localise in RS cell lines with BCMA, TACI and the adaptor molecule 
TRAF2 in the cytoplasm, in contrast to BAFF that co-localised with BCMA, TACI 
and TRAF2 only on the cell surface. Chiu et al. also analysed whether HPSGs 
contribute to APRIL signalling. Treatment of RS cells with either heparinase or 
heparinitase, enzymes that cleave side chains of HPSGs, abrogated APRIL binding 
and attenuated spontaneous and APRIL-stimulated proliferation. Administration of 
the HPSG analogue heparin also abrogated APRIL binding, but increased 
spontaneous and APRIL-stimulated proliferation. This data suggests that both 
membrane-anchored and extracellular matrix HPSGs enhance APRIL signalling on 
RS cells. A recent report confirmed that HSPGs are involved in the binding of 



APRIL in B-cell Malignancies and Autoimmunity 171

APRIL to RS cells (Mhawech-Fauceglia et al. 2006). However, in this study, the 
tumour-infiltrating neutrophils were found to be the main source of soluble APRIL, 
rather than the RS cells, which were found to be negative for APRIL expression at 
both the RNA and protein level.

3.3 Non-Hodgkin’s Lymphoma

Non-Hodgkin’s lymphomas (NHL) comprise a diverse group of diseases including 
T and B cell lymphoma, such as CLL, Burkitt’s lymphoma and diffuse large B cell 
lymphoma (DLBCL). Based on their aggressiveness, NHL can be categorised into 
indolent (low-grade), aggressive (intermediate-grade) and highly aggressive (high-
grade). Expression of BAFFR, BCMA and TACI was reported on NHL cells and it 
was shown that treatment with APRIL or BAFF increased survival via NF- B acti-
vation, up-regulation of Bcl-2 and Bcl-xL and down-regulation of Bax (He et al. 
2004). In addition, APRIL transcripts were detected in several NHL cell types, 
including CLL, DLBCL and Burkitt lymphoma.

An extensive study of APRIL protein expression on tumour tissues from NHL 
patients revealed high numbers of APRIL-producing cells. Increased levels of 
secreted APRIL was found in about 50% of the DLBCL and 20% of the Burkitt 
lymphoma samples tested, but not in lower-grade B-cell lymphomas (Schwaller 
et al. 2007, #216). A retrospective clinical analysis of 39 DLBCL patients 
showed that high APRIL expression in cancer lesions correlated with a poor 
survival rate. The main cellular source of APRIL in DLBCL was found to be the 
tumour-infiltrating neutrophils, and secreted APRIL was found to localise to 
proteoglycans on DLBCL cells that also expressed BCMA and TACI. It was sug-
gested that on both DLBCL and RS cells, HSPGs function as both a co-receptor for 
APRIL as well as a means by which to establish a concentrated supply of ligand 
ready for signalling.

3.4 Multiple Myeloma

Multiple myeloma (MM) is a progressive and incurable disease characterised by 
the build-up of plasma cells in the bone marrow. Expression of the APRIL receptors 
in MM cell lines was analysed, and transcripts of BCMA, TACI and BAFFR were 
found in the majority of MM cell lines and purified primary myeloma cells tested 
(Moreaux et al. 2004). In MM cell lines, APRIL and BAFF were found to induce 
activation of NF- B, PI-3 kinase/Akt pathway and MAP kinases, as well as induce 
up-regulation of Mcl-1 and Bcl-2. Moreover, APRIL and BAFF were able to rescue 
IL-6 dependent MM cell lines from IL-6 deprivation, as well as rescue primary 
MM cells from dexamethasone-induced apoptosis. A remarkable finding was that 
both APRIL and BAFF were increased fivefold in the serum of MM patients 
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 compared to normal controls. It was also found that MM cells undergo apoptosis 
when cultured in the presence of TACI-Fc, suggesting an autocrine role for APRIL. 
However, a separate study of MM patients reported APRIL production by neu-
trophils and monocytes in the bone marrow environment; the most important pro-
ducers in the bone marrow environment were found to be osteoclasts. While this 
finding points more towards a paracrine effect of APRIL and BAFF in MM, it is 
possible that in reality both play a role since APRIL that is secreted directly from 
the tumour cells themselves may stick to HSPGs so rapidly that it will never be 
measured in the serum. However, the significance of osteoclasts as APRIL produc-
ers was also highlighted in a study in which TACI-Fc significantly enhanced apop-
tosis of MM cells in osteoclast-co-cultures (Abe et al. 2006). This finding points 
towards the use of TACI-Fc or APRIL and BAFF blocking antibodies as therapeutic 
agents in the treatment of MM.

3.5 Solid Tumours

APRIL was initially discovered as a ligand over-expressed in a number of different 
cell lines, many of which were derived from solid tumours (Hahne et al. 1998). 
Indeed, APRIL was able to stimulate in vitro proliferation of a number of these cell 
lines, which were later found to lack expression of both known APRIL receptors, 
BCMA and TACI (Hahne et al. 1998; Rennert et al. 2000). Despite its discovery 10 
years ago, we are still no further in understanding how APRIL delivers a proliferative 
signal in many of these cell lines, though we now know that interactions with HSPGs 
are possible and may be of greater relevance to APRIL signalling in certain cells.

Because of the expression pattern of APRIL and its receptors, primarily on 
immune cells, a link with APRIL and most solid tumours is not intuitive. Nevertheless, 
there have been several studies reporting stimulatory capacity and over-expression of 
APRIL at the mRNA and protein level for a number of solid tumour cell lines. APRIL 
was shown to stimulate proliferation of several malignant glioblastoma cell lines, and 
expression of BCMA and TACI in these cells was also found (Roth et al. 2001; 
Deshayes et al. 2004). Another study reported APRIL expression in colon, cervix, 
hepatocellular carcinomas and melanomas, using an antibody that binds to the portion 
of APRIL left after furin cleavage and thus specifically detects cells endogenously 
expressing APRIL (Mhawech-Fauceglia et al. 2006).

In addition, as already mentioned, it is important to remember that APRIL can 
also be delivered to the tumour by infiltrating cells, such as neutrophils and dendritic 
cells. In certain cases it has been shown that APRIL found in histological samples 
is derived from the infiltrating cells, rather than the tumours themselves (Schwaller 
et al. 2007). Most recently, the expression of APRIL was studied in human breast 
cancer biopsies using immunohistochemical techniques (Pelekanou et al. 2008). 
Intriguingly, APRIL expression was higher in normal breast tissue compared to the 
tumour biopsies, and its expression declined with an increase in tumour grade. 
Thus, this is the first evidence indicating a potential role for APRIL in normal 
breast tissue development.
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4 APRIL and Autoimmune Disease

4.1 Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease with a high 
incidence in the Caucasian population: 3.9 cases per 100,000 Caucasian females 
and 0.4 cases per 100,000 Caucasian males (Planelles et al., submitted). SLE carries 
a significant risk of mortality and long-term morbidity, despite improvements in prognosis 
and treatments such as corticosteroids and immunosuppressive drugs. The pathogenesis 
of SLE has been linked to a unique form of B-cell hyper-proliferation. B-cells from 
SLE patients generate excessive quantities of IgG auto-antibodies, which include 
anti-nuclear and anti-dsDNA antibodies and patients show characteristic features 
of an antigen-driven T cell dependent immune response (Maddison 1999). These 
auto-antibodies form immune complexes that ultimately lead to lupus nephritis 
and renal failure. Auto-reactive B cells are therefore an attractive therapeutic 
target in this disease.

Constitutive over-expression of BAFF in mice generates a SLE-like disease 
(reviewed in Dillon et al. (2006)) and mice that naturally develop SLE harbour 
elevated circulating levels of BAFF. Treatment of these mice with BAFF antagonists 
was shown to halt disease progression and enhance survival (Gross et al. 2000). The 
level of BAFF was also found to be elevated in the serum of SLE patients (Cheema 
et al. 2001; Zhang et al. 2001; Stohl et al. 2003) and several companies are currently 
testing the therapeutic potential of BAFF antagonistic antibodies. However, while 
there is a consensus in the literature that increased BAFF in the serum of SLE 
patients reflects a contribution to disease, reports regarding the level of APRIL in the 
serum are contradictory. An initial report analysed APRIL in the serum of 68 SLE 
patients, which were followed-up for a median of 369 days (Stohl et al. 2004). 
However, they observed no correlation between the serum levels of APRIL and 
BAFF. Notably, short courses of corticosteroids decreased serum levels of BAFF 
while APRIL levels remained unchanged, suggesting different regulatory mecha-
nisms for the two cytokines. The mRNA levels of APRIL and BAFF in the blood 
cells of SLE patients were also measured and found to parallel the observed serum 
levels. Nevertheless, any conclusions drawn from serum levels must be made with 
caution as evidence is increasing that non-hematopoietic cells are also important 
producers of APRIL (reviewed in Dillon et al. (2006)).

Patients with positive titres of anti-dsDNA antibodies were shown to display a 
modest, but significant, inverse correlation between the serum levels of APRIL and 
anti-dsDNA antibodies (Stohl et al. 2004). This same report described a modest, yet 
significant inverse correlation of APRIL serum level and disease activity, as 
assessed by the SLE Disease Activity Index (SLEDAI) that contains 24 descriptors 
(clinical, biochemical and serological parameters including anti-nuclear (ANA) and 
anti-dsDNA antibodies) with pre-assigned severity weighting (Bombardier et al. 
1992). Both inverse correlations, however, were only obtained when patients were 
analysed in aggregates, that is when serum samples from all patients at the different 
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time points were included. It was proposed that APRIL can act as a down modulator 
of autoimmunity in SLE, although an exact mechanism was not proposed.

This hypothesis was challenged in a subsequent report in which APRIL serum 
levels were compared between healthy subjects, patients with SLE and patients 
with rheumatoid arthritis (Koyama et al. 2005). The level of APRIL in the serum 
was found to be significantly higher in SLE patients than in patients with RA and 
healthy donors. A retrospective analysis revealed that APRIL serum levels tended 
to correlate with anti-dsDNA antibody titres. Disease activity was scored following 
two different indices: The disease activity index of the British Isles Lupus 
Assessment Group (BILAG) and the SLEDAI. The major difference between both 
indices is that the BILAG scores disease activity in different organs separately, in 
contrast to the SLEDAI in which a global score for disease activity is calculated 
(Hay et al. 1993). In the study carried out by Koyama et al., serum APRIL levels 
did not correlate with the SLEDAI, but instead were found to correlate with the 
BILAG index of musculoskeletal disease, mostly in arthritis. Based on these obser-
vations, opposing therapeutic strategies have been proposed (Stohl et al. 2004; 
Koyama et al. 2005).

In our laboratory, a study was also performed on 43 SLE patients that were posi-
tive for anti-dsDNA antibodies at least once in their medical record (Morel et al. 
manuscript submitted). In agreement with the study by Stohl et al., we found that 
APRIL serum levels showed a modest inverse correlation with anti-dsDNA titres 
and that patients with high levels of serum APRIL tended to have a lower incidence 
of renal involvement. In addition, we also found that APRIL levels in SLE patients 
inversely correlated with levels of BAFF, suggesting opposing roles for APRIL and 
BAFF in SLE. This would support the use of specific BAFF-antagonizing agents 
for the treatment of SLE, rather than the use of soluble TACI or BCMA receptors, 
which antagonize both BAFF and APRIL.

One study followed APRIL and BAFF serum levels over a period of 6 months 
in a small number of SLE patients (n = 10) treated with the B cell depleting anti-
CD20 antibody rituximab (Vallerskog et al. 2006). CD20 is exclusively expressed 
on B cells and rituximab efficiently depletes temporary circulating B cells. No 
significant differences were observed between circulating APRIL in untreated SLE 
patients and controls, although BAFF was found to be elevated in SLE patients. 
During B cell depletion serum levels of APRIL significantly decreased in contrast 
to those of BAFF, which actually increased. When B cell numbers had recovered, 
the APRIL and BAFF levels returned to the normal levels before treatment. The 
different evolution of serum levels during B cell depletion is rather opposing for the 
two ligands in SLE. At present, there is no clear explanation for the different find-
ings regarding APRIL levels in SLE patients, though it is possible that the different 
ELISA systems employed have differing sensitivities and are responsible for these 
discrepancies.

Several reports have investigated whether polymorphisms in APRIL and its 
receptor TACI occur in SLE. The sequence of TACI was analysed in 119 unrelated 
SLE patients and four variants were detected (Salzer et al. 2007). The frequency of 
these variants was not significantly different to those of healthy subjects and none 
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of the mutations found in the TACI coding regions appeared to be associated with 
disease. Two studies analysed the coding regions of the APRIL gene in Japanese 
SLE patients (n = 148, and 266, respectively) and described two single-nucleotide 
polymorphisms (SNPs) at codons 67 (glycine/arginine) and 96 (asparagine/serine), 
with the codon for glycine at position 67 found to be significantly elevated in 
patients with SLE susceptibility (Kawasaki et al. 2007). This finding was con-
firmed in a separate study, which also identified that the haplotype 67 glycine + 96 
asparagine confers risk, whereas the haplotype 67 arginine + 96 serine is protective 
(Kawasaki et al. 2007). The SNP at APRIL codon 67A was also found to be associ-
ated with risk of SLE in other ethnic groups (204 European-American, 103 African-
American and 41 Hispanic) (Lee et al. 2007).

Several reports have described the introduction of adenovirus-encoded or puri-
fied soluble TACI-Fc fusion protein into lupus prone mice, in order to block BAFF 
and APRIL activity (Gross et al. 2000; Liu et al. 2004; Ramanujam et al. 2004). 
Treatment of lupus prone mice with soluble TACI-Fc fusion protein inhibited dis-
ease development and prolonged survival. One report compared the effect of 
TACI-Fc fusion protein with that of BAFF receptor -Fc (blocking only BAFF) in 
lupus prone NZB/WF1 mice (Ramanujam et al. 2006). Both reagents showed a 
comparable efficacy in NZB/WF1 mice. However, TACI-Fc treatment resulted in 
reduced IgM serum levels, decreased frequency of splenic plasma cells and inhib-
ited the IgM response to a T cell-dependent antigen. This was likely due to APRIL 
effects on B cell production of neutralising anti-IgM antibodies. Thus a specific 
BAFF blocking agent would be more effective. It was concluded that a reagent 
specifically blocking BAFF might be favourable, since agents blocking both BAFF 
and APRIL may interfere with the development of neutralizing IgM antibodies, 
leaving patients more susceptible to infection.

4.2 Rheumatoid Arthritis

Arthritis is an inflammation of one or several joints and symptoms include swell-
ing, pain, and restriction of motion. Many different forms of inflammatory arthri-
tis exist though rheumatoid arthritis (RA) is the most common. RA affects the 
tissue of the joint lining called synoviu, which is normally a relatively acellular 
structure with a delicate intimal lining one or two cell layers deep. Rheumatoid 
synovial tissue is characterised by hyperproliferation of fibroblast-like synovio-
cytes (FLS) in the intimal lining layer and infiltration of the sub-lining by mac-
rophages and T and B cells. This infiltration promotes inflammation as well as 
destruction of the bone and cartilage. RA is also characterized by the production 
of auto-antibodies.

The first clue that there may be a link between APRIL and RA came from mouse 
studies (Gross et al. 2001; Wang et al. 2001). Immunization of susceptible mouse 
strains with type II collagen (CII) from heterologous species leads to a pathology 
similar to human RA. This is now a common model used to study RA and is called 
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collagen-induced arthritis (CIA) (Courtenay et al. 1980). Both CII antibodies and 
CD4+ T cells are required for the development of CIA. Inhibition of APRIL and 
BAFF with TACI-Fc in the CIA mouse model was found to prevent disease pro-
gression and lower disease scores, compared with controls (Gross et al. 2001; 
Wang et al. 2001). It was later reported that the synovial fluid of patients with inflam-
matory arthritis had significantly increased APRIL levels compared with those 
patients suffering from non-inflammatory arthritis such as osteoarthritis (Tan et al. 
2003; Stohl 2006). BAFF levels were also found to be higher in patients with 
inflammatory arthritis, but did not correlate with APRIL levels. It is likely that both 
cytokines are involved in regulating pathogenic B or T cells in inflamed joints. 
Interestingly, one study analysed serum samples from patients with a range of 
different systemic immune-based rheumatic diseases (SLE, RA, Reiter’s syndrome, 
psoriatic arthritis, polymyositis and ankylosing spondylitis) and found significantly 
increased APRIL levels in patients, in addition to the presence of APRIL/BAFF 
hetero-trimers (Roschke et al. 2002). However, taken the small number of samples 
analyzed, it will be interesting to see whether the concentration of APRIL/BAFF 
hetero-trimers are more pronounced in any particular rheumatic disease and if they 
have functional relevance.

A further study analysed serum from 16 RA patients and detected increased 
APRIL levels compared to controls (Nagatani et al. 2007). Significantly, they found 
that synovial fibroblasts in RA patients express BCMA, but could not find expres-
sion in the same cells from patients with osteoarthritis. APRIL treatment was found 
to enhance proliferation and induce the production of pro-inflammatory cytokines, 
such as IL-6 and TNF-alpha, suggesting that APRIL is one of the main regulators 
in the pathogenesis of RA.

Further evidence that APRIL plays a role in RA comes from two other studies. 
APRIL and BAFF serum levels were followed over a period of 6 months in nine 
RA patients treated with rituximab (Vallerskog et al. 2006). APRIL, but not BAFF 
serum levels, were elevated in the RA patients compared with controls. During B 
cell depletion, serum levels of APRIL remained unchanged whereas, as observed in 
SLE patients, concentrations of BAFF were significantly increased during B cell 
depletion.

APRIL was also found to be important following an examination of synovial 
biopsies from 72 RA patients for B cell function and expression of APRIL and 
BAFF (Seyler et al. 2005). Synovitis artnntis, that is inflamed synovial tissues, 
were classified according to their lymphoid micro-architecture: ectopic germinal 
centres (GCs), T cell–B cell aggregates lacking germinal centre reactions and unor-
ganized diffuse infiltrates. It has been shown that about half of the RA patients have 
sinusitis with GCs or GC-negative T cell–B cell aggregates, whereas the other half 
of the patients have scattered synovial infiltrates (Weyand et al. 2003). APRIL was 
found to be exclusively expressed in CD83+ dendritic cells, with the highest expres-
sion levels in GC synovitis; BAFF expression was similar in the different types of 
synovitis and restricted to CD68+ macrophages. CD138+ plasma cells were found 
to express TACI. In addition, a subset of T cells expressed TACI in aggregate and 
diffuse synovitis, but not in GC synovitis. To test for a possible functional difference 



APRIL in B-cell Malignancies and Autoimmunity 177

between the different compartments, synovium-SCID mouse chimeras were treated 
with TACI-Fc. The result was a disappearance of GCs in synovial tissue, decreased 
Ig production and decreased production of IFN-gamma. The response to TACI-Fc 
treatment in aggregate and diffuse synovitis was rather contrary, with unaltered Ig 
levels and increased IFN-gamma production. It therefore appears that, depending on 
the type of synovitis, TACI-ligands trigger either stimulatory or suppressive signals.

4.3 Sjögren’s Syndrome

Sjögren’s syndrome (SS) is an autoimmune disease that affects exocrine glands and 
often occurs in association with RA and SLE. Typical anti-nuclear antibodies found 
in patients with SS are SSA/Ro and SSB/La, the latter being more specific for SS. 
Symptoms resembling SS were described in BAFF transgenic mice (Groom et al. 
2002), but not in APRIL transgenic mice. Nevertheless, increased serum levels of 
both APRIL and BAFF have been found in patients with SS, in particular in those 
positive for SSA/Ro (Jonsson et al. 1986). Moreover, there was a positive correla-
tion between serum levels of both cytokines, though the precise role in this disease 
remains to be determined.

5 Conclusion

APRIL is an intriguing ligand that seems to play a crucial role in the survival and 
proliferative capacity of several B-cell malignancies, as well as some solid tumours. 
APRIL is also emerging as a key player in autoimmunity, especially rheumatoid 
arthritis where it appears to play an active role in disease pathology. Thus, strategies 
to antagonise APRIL are an obvious therapeutic goal for a number of diseases. At the 
in-vitro level, soluble receptor Fc-fusion proteins function as efficient blockers of 
APRIL activity. However, for in-vivo blocking of APRIL, the challenge is to design 
molecules that target APRIL specifically, and leave the activity of BAFF unaffected. 
Although BAFF is a contributing factor to some of the same conditions as APRIL, 
inhibition of BAFF systemically may be detrimental to normal B-cell maintenance. 
Therefore, the development of APRIL-specific blocking antibodies or APRIL-
specific receptor Fc-fusion proteins will be an important advancement. Such mole-
cules would be a realistic therapy for a number of conditions in which circulating 
soluble APRIL correlates with disease activity and progression. Further understand-
ing of the HSPG interactions of APRIL will also prove important in this field, both in 
terms of its effect on canonical TNF receptor signalling, and also in solid tumours, 
where BCMA and TACI appear not to play a role. Indeed, HSPG interactions may 
allow APRIL to be readily captured onto HSPG-rich extracellular matrix within the 
tumour bundle, potentially before systemic therapeutic agents can take effect.
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Autophagy in Cancer and Chemotherapy

Shida Yousefi and Hans-Uwe Simon

Abstract Cancer cells often exhibit mutations in critical molecules of the apoptotic 
machinery, resulting in resistance to common anticancer therapies. In the absence 
of apoptosis, autophagic cell death can be an alternative form of cell death by 
excessive self-digestion. Therefore, autophagic cell death can be considered as a 
backup cell death mechanism when apoptotic cell death mechanisms fail. However, 
many tumors also exhibit deficiencies in autophagy that may result in both genomic 
instability and further anticancer drug resistance. This chapter summarizes our 
current understanding regarding the regulation of autophagy in tumors and discusses 
potential new anticancer drug treatment strategies.

1 Autophagy Definition

Autophagy is an ubiquitous cellular process in eukaryotic cells that results in the 
breakdown of cytoplasm within the lysosome in response to stress conditions and 
that allows the cells to adapt to environmental changes. Although initially considered 
as being a physiologic process, which largely results in the degradation of proteins 
and cell organelles, recent studies have revealed an integral role for autophagy in 
human pathophysiology (Klionsky 2007). When cells encounter environmental 
stresses, such as nutrient starvation and pathogen infection, their autophagic activity 
is increased, resulting in either adaptation and survival or cell death. A key conserved 
pathway regulating autophagy is mediated by the mammalian target of rapamycin 
(mTOR). Inactivation of mTOR induces autophagy, while TOR activation inhibits 
the process (Shintani and Klionsky 2004) (Fig. 1).

Autophagy is regulated by autophagy genes (Atgs), which are mostly involved in 
the process of autophagosome formation and generate two ubiquitin-like  conjugation 
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systems: (1) the Atg12-Atg5 and (2) the Atg8 (LC3)-phosphatidylethanolamine (PE) 
systems. Atg12 covalently links to Atg5. The mode of conjugation of Atg12 to Atg5 is 
similar to that of ubiquitination, since Atg12 is first activated by Atg7 (=ubiquitin-
activating enzyme E2) before it binds to Atg5. LC3 (microtubule-associated protein 1 
light chain 3) is the mammalian ortholog of Atg8. In the process of autophagy, LC3 is 
cleaved by Atg4, resulting in the cytosolic form LC3-I, which is, similar to Atg12, first 
activated by Atg7, but then transferred to Atg3 and subsequently, interacts as LC3-II 
with PE. This results in the integration of LC3 into the membranes of pre-autophago-
somes and phagosomes. Interestingly, this process is Atg5-dependent (Mizushima et al. 
1998b; Ichimura et al. 2004).

Although autophagy plays an important role in cellular survival by providing 
energy during periods of starvation, but when stress conditions are excessive, 
increased autophagic activity above a certain level may mediate a cellular suicide 
pathway, operating by digestion of essential cellular proteins and structures (Gozuacik 
and Kimchi 2004). Such autophagic cell death is now considered as an alternative, 
non-apoptotic form of programmed cell death. Morphological change observed in 
this type of cell death involves double-membrane autophagic vacuoles, called 
autophagosomes, which degrade and recycle long-lived organelles and proteins by 
merging with lysosomes to form autolysosomes (Levine and Klionsky 2004).

Fig. 1 Simplified view about the role of autophagy in cancer and its regulation. Key molecules 
mentioned in this article are displayed. mTOR and Bcl-2 inhibit autophagic activity by blocking 
different Atgs. Reduced autophagy is often associated with cancer. Novel therapeutic anticancer 
strategies aim to increase autophagic activity in cancer cells by either inhibiting mTOR (e.g., 
rapamycin) or Bcl-2 (e.g., ABT-737). Increased autophagic activity may increase genomic stability 
as well as the susceptibility towards anticancer drugs
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2 The Role of Autophagy in Cancer

Increasing evidence indicates the importance of autophagy in cancer. Our understanding 
of the role of autophagy in cancer is at a very early stage, and even the most 
fundamental question, whether increased autophagic activity kills cancer cells or 
protects them from unfavorable conditions, has not been clearly defined (Kondo 
et al. 2005; Yousefi and Simon 2007). In some earlier studies, it was shown that 
amount of proteolysis or autophagic degradation was reduced in cancer cells com-
pared with normal cells (Gunn et al. 1977; Kisen et al. 1993). One potential mecha-
nism downregulating the autophagy machinery might be deletion and/or 
downregulation of key autophagy genes, such as Atg5 and Atg6 (beclin-1) (Fig. 1). 
The first hint that linked autophagy to cancer was suspected when researchers 
observed a deletion of one allele of Atg6 in a human breast tumor cell line (Liang 
et al. 1999). This discovery led to a whole new era of research aiming to understand 
the role of autophagy in cancer. Besides Atg6, levels of Atg5 may also control 
cancer development (Yousefi et al. 2006). In the following, we summarize the cur-
rent knowledge on the expression and function of both Atg5 and Atg6 in cancer.

3 Atg5

Atg5 is an essential protein required for autophagy at the stage of autophagosome-
precursor synthesis and its deletion in yeast or mammalian cells/mice effectively 
blocks autophagy (Kametaka et al. 1996; Mizushima et al. 1998a; Kuma et al. 2004). 
Besides regulating autophagosome formation, Atg5 may be important in apoptosis. 
Atg5 interacts with FADD (Fas-associated protein with death domain) and this 
interaction mediates interferon-  (IFN- )-induced cell death. Downregulation of 
Atg5 in HeLa cells reduced cell death and vacuole formation induced by IFN- , and 
ectopic expression of Atg5-increased cell death. Atg5 did not modulate cell death 
caused by etoposide, staurosporine, or cisplatin. However, FADD-induced cell death 
was not affected by the reduced expression of Atg5 and by treatment with 3-MA, a 
class III PI-3 kinase inhibitor widely used to block autophagosome formation. Also, 
only cell death but not vacuole formation was blocked by caspase inhibition (Pyo 
et al. 2005). These data suggested that Atg5 may participate both in autophagy and 
certain forms of cell death, but that the two processes could be dissociated.

It was also shown that Atg5-overexpressing cells are sensitized towards various 
death stimuli and that silencing of Atg5 reduces anticancer drug-induced cell 
death. Death stimulation resulted in calpain activation, leading to Atg5 cleavage. 
Truncated Atg5 induced cytochrome c release and apoptosis, and both were 
blocked by high levels of Bcl-2. These data suggested that Atg5 represents a 
molecular switch between autophagy and apoptosis (Yousefi et al. 2006). These 
data indicated a direct link between Atg5 expression level and tumor cell suscep-
tibility towards anticancer drugs. Interestingly, Atg5 may exhibit tumor suppressor 
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activities, since cancer cells overexpressing Atg5 grow much slower in nude mice 
(Yousefi et al. 2006).

4 Atg6 (beclin1)

Atg6 was originally identified using yeast two-hybrid system with anti-apoptotic 
protein Bcl-2 as bait (Liang et al. 1998). Atg6 expression is low in mammary cancer 
cell line MCF-7 and, similar to Atg5, when overexpressed, it induced autophagy and 
decreased the tumorigenicity of cancer cells (Liang et al. 1999). In contrast, under-
expression of Atg6 prevented autophagic cell death (Shimizu et al. 2004). A screen 
of 22 breast cell lines by Atg6-specific FISH analysis showed the presence of Atg6 
allelic deletion in 41% (Aita et al. 1999). Additional studies showed that Atg6 protein 
expression was lost in eight out of 11 human breast carcinoma cell lines. The homozy-
gotic deletion of Atg6 is lethal and heterozygotous deletion of Atg6 in mice leads to 
spontaneous tumors in liver, lungs, and B cells, suggesting that Atg6 is a haplo-
insufficient tumor suppressor gene (Qu et al. 2003; Yue et al. 2003). The Atg6 gene 
is localized at chromosome 17q21, a locus that is deleted in 75% of ovarian, in 50% 
of breast, and in 40% of prostate cancers (Pattingre and Levine 2006). To date, Atg6 
is the only member of the Atg family reported to be a tumor suppressor.

5 Atg and Bcl-2 Family Member Interactions

Bcl-2 and Bcl-x
L
 are anti-apoptotic proteins that have been reported to bind to 

Atg5 and Atg6, resulting in a block of both autophagy and autophagic cell death 
(Pattingre et al. 2005; Yousefi et al. 2006; Luo and Rubinsztein 2007). The interaction 
between Atg6 and Bcl-2 involves a BH3 domain within Atg6 (residues 114–123). 
Interestingly, the strength of molecular interaction is dependent on conditions 
known to modulate autophagic activity. Under nutrient-rich conditions, when 
autophagy is inhibited, Atg6 and Bcl-2 interact strongly. In contrast, during starva-
tion, when autophagic rates are high, the interaction between Atg6 and Bcl-2 is 
weak. Recent data show that Bcl-2 phosphorylation by the kinase JNK1 is an 
important regulatory element. Under starvation conditions, JNK1 phosphorylates 
Bcl-2, and as a result, inhibits its interaction with Atg6, stimulating autophagy 
(Fig. 1). In contrast, under nutrient-rich conditions, Bcl-2 phosphorylation is 
inhibited, allowing Bcl-2 to interact with Atg6 and thus reducing autophagy (Wei 
et al. 2008). The ability of Bcl-2 to inhibit autophagy through a direct interaction 
with Atg6 is of a particular interest with respect to cancer. Pharmacological BH3 
mimetic ABT-737 competitively inhibits the interaction between Atg6 and Bcl-2/
Bcl-x

L
 that antagonizes autophagy inhibition by Bcl-2/Bcl-x

L
 and hence stimulates 

autophagy as well as apoptosis (Maiuri et al. 2007; Adams and Cory 2007). ABT-737 
is currently used in several clinical trials to cure cancer.
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6 mTOR Activity and Autophagy

mTOR is a conserved Ser/Thr protein kinase that regulates cell growth, cell cycle 
progression, nutrient import, protein synthesis, and autophagy (Pattingre et al. 2007). 
mTOR is sensitive to rapamycin, a macrolide originally used for immunosuppression. 
Rapamycin is now known as a specific inhibitor of mTOR activity (Loewith et al. 
2002). The first evidence that mTOR has a role in regulating autophagy came from 
experiments involving rat hepatocytes. In this system, rapamycin partially reversed 
the inhibitory effects of amino acids on autophagic proteolysis (Blommaart et al. 
1995). Atg1 and p70 S6 kinase (S6K) are two potential downstream targets for 
mTOR involved in controlling autophagy (Fig. 1). It has been suggested that S6K 
may contribute to the basal activity of autophagy via feed back inhibition of the class 
I PI3K-dependent insulin signaling pathway (Codogno and Meijer 2005). Moreover, 
Atg1 has recently been shown to inhibit cell growth in Drosophila and mammalian 
cells by down-regulating S6K (Klionsky et al. 2005; Lee et al. 2007). These studies 
indicate that a crosstalk exists between autophagy and cell growth regulation. 
Therefore, rapamycin and some analogs of rapamycin (CCI-779, RAD001, AP23573) 
are in clinical development for anticancer therapy (Faivre et al. 2006). It should 
be mentioned here that mTOR-independent stimulation of autophagy may also exist 
and has been reported to occur in response to LiCl treatment (Sarkar et al. 2007; 
Criollo et al. 2007).

7 p53 and Autophagy

The transcription factor p53 is an essential tumor suppressor and apoptosis 
inducer. Recent publications suggests that p53 has a positive role in cell survival in 
response to physiological (as opposed to genotoxic) stress by stimulating anti-oxidant 
pathways (Vousden and Lane 2007) and autophagy (Zeng et al. 2007). Furthermore, p53 
has been shown to transactivate DRAM (damage regulated autophagy modulator), 
a lysosomal protein, that can stimulate the accumulation of autophagic vacuoles 
(Fig. 1). Knockdown of DRAM abolishes the accumulation of autophagic vacuoles 
induced by p53 and also reduced the induction of apoptosis (Crighton et al. 2006, 
2007). Therefore, dysregulated autophagic activity in cancer cells might at least 
partially be due to cancer-associated dysregulation of p53 (Tasdemir et al. 2008).

8 Autophagy Protects Genome Stability

Recent publications conclude that the tumor suppressive function of Atg6 is linked 
to the ability of autophagy to protect cells from DNA damage. In this respect, 
reduced autophagic activity might trigger oncogenic events, such as chromosomal 
aberrations and mutations by deregulating the turnover of centomers (which results 
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in multipolar division and chromosomal instability) or by compromising the quality 
control of mitochondria (which increase ROS production and ROS-mediated DNA 
damage) (Mathew et al. 2007a). Identification of this novel role of autophagy may 
be important for rational chemotherapy and therapeutic exploitation of autophagy 
inducers as potential chemopreventive agents (Mathew et al. 2007b).

9 Conclusion

Already in 1977, it was observed that the autophagic activity of cancer cell lines 
was often lower than their normal counterparts, especially under nutrient and/or 
serum deprivation (Gunn et al. 1977). This observation raised the possibility that 
the breakdown of the autophagy process may contribute to the development of 
cancer, but the direct evidence was missing. The identification of Atg6 as a novel 
tumor suppressor gene as well as the involvement of other well-established 
oncoproteins and tumor suppressor proteins in autophagy-related pathways 
indicate that autophagy plays an important role in cancer prevention.

One mechanism through which reduction of autophagic activity could contribute 
to malignant transformation emerges from the link of this fundamental process to 
apoptosis. Apoptosis is known to be the main type of programmed cell death that 
restrains abnormal cell proliferation (Green and Evan 2002). However, in case 
of blockage of apoptosis, which is common in cancer cells due to mutation or lack 
of essential apoptosis machinery, cell death still proceeds via activation of 
non-apoptotic pathways (Leist and Jaattela 2001).

Drugs that induce autophagic activities in tumors might be useful. Indeed, 
several preclinical and clinical studies indicate that pharmacological inhibition of 
mTOR, which leads to the induction of autophagy, is associated with anticancer 
effects (Hidalgo and Rowinsky 2000). Moreover, pharmacological inhibition of 
mTOR in combination with conventional anticancer therapies might be useful to 
induce apoptosis and/or autophagic cell death with high efficacy in cancer cells 
without mediating myelosuppression (Martinelli et al. 2006).
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Glucocorticoid-Mediated Apoptosis Resistance 
of Solid Tumors

Ingrid Herr, Markus W. Büchler, and Jürgen Mattern

Abstract More than a quarter of a century ago, the phenomenon of glucocorticoid-
induced apoptosis in the majority of hematological cells was first recognized. More 
recently, glucocorticoid-induced antiapoptotic signaling associated with apoptosis 
resistance towards cytotoxic therapy has been identified in cells of epithelial origin, 
most of malignant solid tumors and some other tissues. Despite these huge amounts 
of data demonstrating differential pro- and anti-apoptotic effects of glucocorticoids, 
the underlying mechanisms of cell type-specific glucocorticoid signaling are just 
beginning to be described. This review summarizes our present understanding of 
cell type-specific pro- and anti-apoptotic signaling induced by glucocorticoids. We 
shortly introduce mechanisms of glucocorticoid resistance of hematological cells. 
We highlight and discuss the emerging molecular evidence of a general induction 
of survival signaling in epithelial cells and carcinoma cells by glucocorticoids. 
We give a summary of our current knowledge of decreased proliferation rates in 
response to glucocorticoid pre- and combination treatment, which are suspicious to 
be involved not only in protection of normal tissues, but also in protection of solid 
tumors from cytotoxic effects of anticancer agents.

1 Introduction

For nearly 50 years, physicians have relied on glucocorticoids (GCs) – hormones 
normally secreted by the body in response to stress – to treat several types of cancer. 
With their ability to kill cancerous lympoid cells, GCs are important components 
of therapeutic approaches for treatment of lymphoid malignancies.1 Because of 
several other beneficial effects, such as reduction of nausea and emesis, protection 
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of normal tissue from cytotoxic side effects as well as presumably a reduction of 
tissue reactions against the invasive malignant growth, these steroid hormones are 
also widely used as co-medication in chemotherapy of solid tumors.2,3 However, 
and as reviewed here, GCs are highly suspicious to induce a resistant phenotype in 
cells of solid tumors while acting pro-apoptotic in lymphoid tumor cells. In addi-
tion, at the high doses usually required for co-medication in cancer chemotherapy, 
GCs suppress the immune system, weakening the patient’s ability to fight disease. 
Thus, despite many benefits in cancer therapy, GCs may mediate a faster growth 
and metastases of solid tumors.

2 The Therapeutic Effect of GCs Depends on GR Levels

Mechanistically, GCs function by interacting with an intracellular receptor, the 
glucocorticoid (GR), a ligand-regulated transcription factor that positively or nega-
tively alters the expression of specific target genes. Although some effects of GCs 
do not seem to be mediated by the GR, and are therefore designated nonspecific, 
there is growing evidence for rapid non-transcriptional actions of GR (Buttgereit 
and Scheffold 2002; Letuve et al. 2002). The non-transcriptional actions of GR 
involve the quick activation of protein kinases, such as the MAPK cascade, phos-
phatidylinositol-3 kinase (PI3-K), and Akt, leading to the activation of endothelial 
nitric oxide (NO) synthase (Limbourg and Liao 2003). However, a prerequisite in 
GC-induced apoptosis is binding of the GR to its ligand, followed by translocation 
to the nucleus, where it regulates a variety of target genes and molecular mecha-
nisms (Cato et al. 2002). GR functions as a hormone-dependent protein in mediat-
ing the effects of GCs on growth regulation, both through stimulation and inhibition 
of expression of target genes which include other transcription regulatory systems 
(Norgaard and Poulsen 1991). The processes of receptor activation, receptor-DNA-
binding, and the regulation of GR levels and transcription seem to be tissue-specific 
to a certain extent. Receptors for GCs have been found to be expressed in a large 
number of malignancies reflecting its wide distribution in human tissue (Table 1). 
Tumor receptor incidence is variable and may be dependent on either the histogenetic 

Table 1 Glucocorticoid receptors in biopsy samples of human 
malignancies

Tumor type
Total No. of 
tumors

No. of tumors 
positive (%)

Breast carcinoma [5–8] 376 169 45
Lung carcinoma [7, 9, 10] 112 52 46
Renal carcinoma [7] 7 4 57
Glioma [11–13] 28 14 50
Melanoma [14–16] 106 55 51
Sarcoma [17, 18] 33 13 39
Gastric carcinoma [19] 25 19 76
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origin of the lesion or the method assay. Lu and colleagues (2005) investigated the 
effects of dexamethasone (DEX), a synthetic, clinically used GC, on growth and 
chemosensitivity in 14 carcinoma cell lines. The authors demonstrated that the GR 
content of cell lines in which DEX blocked cell cycle progression was significantly 
higher than in those cell lines unaffected by DEX. Hofmann and colleagues (1995) 
found that human lung cancer cell lines responsive to DEX had higher GR concen-
trations than the non-responders. The growth-inhibitory effect of DEX could be 
blocked by the GR agonist RU-486. Zibera and colleagues (1992) made obvious 
that DEX inhibited the growth of GR-positive and -negative cells only at high doses 
(5–125 M). On the contrary, lower DEX concentrations (1.6–1,000 1987nM), 
resembling more plasma levels of patients receiving antiemetic GC therapy (Brady 
et al. ), increased the proliferation of GR-positive but not of -negative cells 
(Freshney et al. 1980). Langeveld and colleagues (1992) investigated the effect of 
DEX on the proliferation of seven human glioma cell lines. In two of them, DEX 
consistently stimulated the proliferation, which may be associated with a relatively 
high expression level of GR. Braunschweiger and colleagues (1982, 1984) investi-
gated the antiproliferative effects of DEX in solid tumors growing as xenografts in 
nude mice. The results from these kinetic and sequential treatment studies indicated 
that the duration of the DEX-induced cell cycle progression delay, and the timing 
of maximal S-phase cellularity after DEX was directly correlated with the level of 
GR in the treated tumors, that is, the higher the GR content the longer the progres-
sion delay. We ourselves could demonstrate that a human lung tumor line growing 
as xenografts in nude mice with high GR content responded to treatment with 
hydrocortisone, whereas another human tumor line with low GR content reacted 
only slightly to treatment with hormones (Mattern et al. 1985). In a clinical study 
with advanced non-small cell lung carcinomas, the authors found that outcome was 
significantly superior for patients whose tumors showed high GR expression 
compared to those with either low or nonexpression of GR. However, as almost all 
patients received GC treatment before chemotherapy as antiemetics or allergic 
preventive, they could not determine whether the better prognosis of NSCLC 
patients whose tumors showed high GR expression was related to the effect of GC 
or chemotherapy (Lu et al. 2006).

3 GC-Induced Anti-Apoptotic Signaling in Carcinoma Cells

GC-induced apoptosis critically depends on sufficient levels of GR and subsequent 
alterations in gene expression. The requirement for the receptor has been shown in 
thymocytes from genetically modified mice and human acute lymphoblastic leukemia 
(ALL) cell lines with mutated GR, and by conferring GC sensitivity to GC-resistant 
ALL cell lines by GR transgenesis (Schmidt et al. 2004). At least in leukemia cell 
lines, an autoregulatory upregulation of GR levels throughout the initiation and 
execution phase appears to be important, since removal of GCs (Brunet et al. 1998), 
or downregulation of tetracyclin-inducible GR expresssion (Ramdas et al. 1999), 
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prevented GC-induced apoptosis in lymphoid cell lines. In contrast, impaired 
autoinduction was observed in GC-resistant but not in GC-sensitive subclones of the 
same ALL model (Kofler et al. 2003). These studies therefore suggest that basal level 
GR expression is inadequate to mediate GC-induced apoptosis in GC-sensitive T cells 
and that positive autoregulation is a necessary component of this process. Therefore, 
a prerequisite in GC-induced apoptosis in lymphoid cell lines is binding of the GR to 
its ligand, followed by translocation to the nucleus, where it regulates a variety of target 
genes and molecular mechanisms (Cato et al. 2002). A summary of mechanisms by 
which GC induce apoptosis in hematological cells is given in Table 2.

While lymphoid tumors are among the few cell types that can respond to GC 
exposure by initiating their apoptotic program, GCs have been reported to exhibit 
potent anti-apoptotic effects in epithelial cells (Amsterdam and Sasson 2002; 
Messmer et al. 2001), hepatocytes (Buchmann et al. 1999; Yamamoto et al. 1998), 
fibroblasts,(Gascoyne et al. 2003; Hammer et al. 2004), and activated T cells 
(Baumann et al. 2005; Cui et al. 1996; D’Adamio et al. 1997; Iseki et al. 1991; Wang 
et al. 2001; Webster et al. 2002; Yang et al. 1995, 2000; Yerramasetti et al. 2002; 
Zipp et al. 2000). The physiological function of GCs extends to the maintenance of 
lobular–alveolar structures in female mice during lactation (Topper and Freeman 

Table 2 Molecules and pathways involved in GC-induced apoptosis in hematological cells

Name GC-mediated effect

Mitochondria Loss of mitochondrial membrane potential, caspase-9 activity,  
mitochondrial transloction of GR

Death receptor 
signaling

Secondary activation downstream of the mitochondrial death pathway

Bcl-2 family Bim and Puma are upregulated and are the most promising candidates for 
pro-apoptotic BH3-only proteins promoting GC-induced apoptosis; the 
level of Bcl-2 and Bcl-xL may determine sensitivity to GCs

Caspases Caspase-3, -8, and -9 are activated; antisense AP-4 is activated and  
downregulates caspase-9 expression

c-myc Downregulated gene expression: conflicting signal
IkB Induction of gene expression: conflicting signal by inhibition of the  

survival transcription factor NF-kB in lymphoid cells
Granzyme A Is activated and may promote GC-induced apoptosis by inducing cas-

pase-3 activity
TDAG8 Pro-apoptotic G protein-coupled receptor is activated and may promote 

GC-induced apoptosis
Lysosomes Cathepsin B is released to activate caspases or to directly cleave nuclear 

substrates
Proteasomal  

degradation
c-IAP1 and XIAP are degraded at the protein level; Bcl-2 counteracts 

proteasome activation by GCs
Stress pathway Repression of anti-apoptotic MKP-1 leads to JNK activity, involved in 

pro-apoptotic signaling
Other modulators H2O2, PKC, IL-6, T-cell receptor, Neurotropin-1/B-cell stimulating 

factor-3, Ca+/Na+/K+-homeostasis and intracellular pH, synthesis of 
sphinomyelin, ceramide and sphingosine, metabolism
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1980). After cessation of lactation, apoptosis of mouse mammary epithelial cells and 
subsequent involution of the mammary gland can be inhibited by GC treatment 
(Feng et al. 1995; Lund et al. 1996). GC-induced protection from apoptosis has also 
been demonstrated in several cells of solid tumors when used with various antican-
cer drugs and with radiotherapy (Herr and Pfitzenmaier 2006). Such observations were 
made in established carcinoma cell lines cultured in vitro, in xenografts on nude mice, and 
in primary cells that had been isolated from fresh surgical samples of solid tumors. 
Tumors analyzed were derived from bladder (Zhang et al. 2006d), bone (Meyer et al. 
2006; Zhang et al. 2006a), brain (Benedetti et al. 2003; Gorman et al. 2000; Rieger 
et al. 1999; Wolff et al. 1996; Wolff and Jurgens 1994; Zhang et al. 2006a), breast 
(Messmer et al. 2001; Mikosz et al. 2001; Pang et al. 2006; Sui et al. 2006; Wu 
et al. 2004; Zhang et al. 2006a), cervix (Herr et al. 2003; Kamradt et al. 2000, 2001; 
Rutz et al. 1998; Zhang et al. 2006a), colon or rectum (Zhang et al. 2005), liver 
(Evans-Storms and Cidlowski 2000; Zhang et al. 2005), lung (Bergman et al. 2001; 
Gassler et al. 2005; Wen et al. 1997), kidney (Zhang et al. 2006d), nerve tissue 
(Sengupta et al. 2000; Zhang et al. 2006a), ovary (Sui et al. 2006; Zhang et al. 2006c), 
pancreas (Zhang et al. 2006b), prostate (Kruit et al. 1999; Zhang et al. 2006d), skin 
(Zhang et al. 2006a), and testis (Zhang et al. 2006d). In the next parts of this review 
we investigate mechanisms of GC-induced anti-apoptotic signaling in cells derived 
from solid tumors, a possible influence of carcinomas’ tissue formation on 
GC-induced survival signaling along with summarizing the network of GC-induced 
signaling pathways. This part is shortly presented in Table 3.

Table 3 Molecules and pathways involved in resistance to GC-induced apoptosis in cells 
derived from a tissue

Name Factors that may be involved in GC-resistance

Downregulation of 
pro-apoptotic  
molecules

Death ligands such as CD95-L, TRAIL
Adapter molecules such as FADD, Bid
Caspases such as Caspase-8, -9, -3
Abnormal phosphorylation

Upregulation of anti-
apoptotic molecules

cFLIP, Bcl-2, and IAP-family members – after prolonged exposure to 
GCs, these proteins are even depleted

Mitochondrial 
potential

Block of drug-induced depolarization

GR Auto-upregulation and functionality of GR is required for GC-induced 
resistance

Tissue formation GCs induce formation of cell–cell contacts including expression of 
E-cadherin, involved in adhesion of epithelial cells. This is followed 
by PI3-K/Akt kinase activity and Akt-mediated phospho-repression 
of GSK3 signaling

PI3-K/Akt Is activated by GR and Cell-contacts, inactivates proapoptotic molecules 
e.g. caspases; blocks GSK3, inhibits FOXO transcription factors

SGK-1 Like Akt, SGK-1 is a downstream survival kinase of PI3-K and involved 
in survival signaling upon GCs, e.g. by inhibition of FOXO tran-
scription factors

(continued)
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3.1  Inhibition of Core Apoptosis Signaling Pathways  
by GC-Treatment of Malignant Solid Tumor Cells

Apoptosis mechanisms that are induced by GCs in sensitive lymphoid cells have 
been found to be blocked in carcinoma cells, thereby mediating resistance towards 
chemo- and radiation therapy-induced apoptosis (Herr et al. 2003; Rutz and Herr 
2004). A large number of dysregulated molecules within the apoptosis pathway were 
identified as underlying reason. A recent study used human cervical and lung 
carcinoma cells to experimentally address DEX-induced resistance disruption of critical 
cell death signaling following treatment of the cells with cisplatin, -irradiation, or 
ligation of death receptors (CD95, TRAIL) in vitro and in xenografts (Herr et al. 
2003). By using microarray assays, Western blot analysis, and RT-PCR, several 
genes of the death receptor and mitochondrial apoptosis pathways were identified 
to be influenced by DEX. DEX antagonized basal and cisplatin-induced expression 
of key elements of the cell death receptor pathway such as CD95-L, TRAIL, 
FADD, and caspase-8 in carcinoma but not in human leukemic T cells (Herr et al. 
2003). Correspondingly, GCs have been found to interfere with death receptor 
signaling in normal cells, since DEX increased cFLIP expression in hepatocytes 
(Oh et al. 2006). In this study, DEX administration into mice increased cFLIP 
expression in the liver and prevented CD95-induced hepatic injury by inhibiting 
caspase-8 and -3 activities (Oh et al. 2006). In functional assays, DEX-pretreatment 
prevented cisplatin-induced or serum-deprivation-induced depolarization of the 
mitochondrial membrane potential together with strong inhibition of expression 
and activity of caspase-9 in cervix carcinoma and hepatoma cells (Evans-Storms 
and Cidlowski 2000; Herr et al. 2003). These results indicate an action of GCs 
upstream of mitochondria. Also, the expression of BID, which links the death 
receptor pathway to mitochondria, was strongly downregulated in carcinomas 
(Herr et al. 2003). Proteins of the Bcl-2 and IAP family, which are preferentially 

Table 3 (continued)

Name Factors that may be involved in GC-resistance

MKP-1 MKP-1 is a phoshpatase downstream of GR and involved in survival 
signaling by blocking JNK activity

JNK The cellular stress pathway with its key molecules JNKs is inhibited by 
GR-induced MKP-1 and Akt-signaling thereby inhibiting apoptosis 
induction

Wnt/GSK3 Wnt signaling is activated by GCs, leads to phospho-repression of 
GSK3, and enhanced cell-contact

Transcription factors AS-AP4 is induced by GCs and inhibits Caspase-9 and apoptosis in 
fibroblasts by downregulation of the transcription factor AP4

NF-kB translocation to the nucleus and degradation of IkB may be 
involved in enhanced transcription of anti-apoptotic target genes such 
as Bcl-xL, caspase inhibitors and the pro-survival gene c-Myb

FOXO3a is inhibited by GC-induced activation of SGK-1 and Akt-1 
leading to inhibition of pro-apoptotic molecules and IGFBP-3
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located in mitochondrial membranes to stabilize them against permeabilization 
and to prevent cell death, were expressed in an anti-apoptotic manner after culture 
of carcinoma cells or primary cultured hepatocytes with GCs (Das et al. 2004; 
Messmer et al. 2001; Oh et al. 2006; Sasson and Amsterdam 2003; Sasson et al. 
2001; Yamamoto et al. 1998). Involvement of IAP proteins is underlined by a recent 
patient study (Runnebaum and Bruning 2005) in which a chemo-naive patient 
with ovarian carcinoma received DEX for palliation to reduce ascites production. 
Ascites was collected from the ovarian cancer patient before and after oral 
administration of DEX. By this way, a significantly higher level of expression of 
cIAP2 mRNA was found after treatment with DEX in cancer cells isolated from 
ascites. Thus, downregulation of pro-apoptotic genes along with upregulation of 
anti-apoptotic molecules seems to be involved in GC-induced therapy resistance. 
On the other hand, upregulation of anti-apoptotic proteins has been shown to 
depend on the time of incubation of a GC, since, after prolonged exposure with 
DEX, for 48 h and longer, even depletion of the anti-apoptotic molecules Bcl-2, 
IAP, and cFLIP was observed (Herr et al. 2003), suggesting the involvement of 
several distinct mechanisms in GC-induced resistance. Because of repression of 
anti- as well as pro-apoptotic genes after prolonged exposure to GCs (Herr et al. 
2003), one might speculate that the underlying reason for GC-induced resistance 
might be due to a broad spectrum inhibition of protein synthesis. However, since 
the well known global protein synthesis inhibitor cycloheximide did not mimic 
induction of therapy resistance in carcinoma cells (Herr et al. 2003), this assumption 
may be negligible. Nevertheless, GC-induced repression of the death receptor and 
mitochondrial pathway in carcinoma cells resulted in inhibition of caspase-8 and -9, 
leading to a decreased activity of the effector caspase-3 (Herr et al. 2003; Runnebaum 
and Bruning 2005). In line with these data, decrease of caspase-3 cleavage and 
apoptosis following exposure of primary human and rat hepatocytes to DEX has 
been demonstrated (Bailly-Maitre et al. 2001). Therefore, failure to activate caspases 
appears to be the main reason for DEX-induced apoptosis resistance in carcinoma 
cells. This suggestion is strongly supported by transfection experiments, showing 
that transfer of the genes as well as the active proteins of caspase-8 and -9 is able to 
restore the sensitivity of DEX-treated carcinoma cells to cisplatin-induced apoptosis 
in vitro and in vivo (Herr et al. 2003). Together, DEX-treatment of carcinoma cells results 
in inhibition of key elements of the death receptor and the mitochondrial apoptosis 
pathways, which may be sufficient to inhibit chemotherapy-induced apoptosis.

3.2  Anti-Apoptotic Signaling of GCs in Carcinoma Cells 
Depends on a Functional GR

DEX-mediated suppression of apoptosis in carcinoma cells is not due to a mutation 
of GR but rather involves transcriptional activity of the functional receptor. This 
conclusion was drawn by several investigators who found intact autoregulatory 
upregulation of GR expression and could partially rescue apoptosis sensitivity of 
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DEX-treated carcinoma cells by using the GR inhibitor RU486 (Herr et al. 2003; 
Messmer et al. 1999; Mikosz et al. 2001; Moran et al. 2000). Therefore, mutations 
of the GR may be excluded as a reason for DEX-mediated apoptosis inhibition in 
cancer cells from solid tumors. More likely, activated GR may transcriptionally 
affect gene expression in a cell type-specific manner, resulting in anti-apoptotic 
signaling in malignant cells of a solid tumor. The GR might negatively regulate 
promoter regions of pro-apoptotic genes in carcinomas but positively regulate them 
in lymphoid cells via direct or indirect effects. One example is the influence of GR 
on other transcription factors by cross-talk as described for AP-1, NF-AT, and 
NF-kB (Beato et al. 1995; Herrlich 2001). Recently, a competition between GR and 
NF-kB for control of the human CD95-L promoter has been described (Novac et al. 
2006). A negative GR element was found at position −990 in the CD95-L promoter, 
which overlaps with a known NF-kB binding site. GR downregulates CD95-L 
promoter by competing with NF-kB for binding to the common response element. 
This type of repression may depend on the cellular levels of NF-kB and may well 
contribute to cell type-specific pro- and anti-apoptotic GR signaling. Alternatively, 
reduced expression or release of cytokines upon GC treatment may be interpreted 
as an apoptosis-signal in dependent cells such as leukemic T cells (Harmon and 
Thompson 1981). In contrast, more cytokine-independent cells such as peripheral 
T lymphocytes (Ray and Prefontaine 1994; Reichardt et al. 1998) or carcinoma 
cells survive.

3.3  Tissue Formation as a Mediator of GC-Induced Resistance 
in Carcinoma Cells

Resistance mechanisms have been functionally identified in malignant hematological 
and malignant solid tumor cells in unicellular models. In contrast to hematological cells, 
cells of a solid tumor are growing in a tissue formation with intercellular com-
munication and attached to a matrix. Thus, implicit in unicellular models of resistant 
carcinoma cells is the lack of consideration of host–tumor cell interactions that may 
participate in the emergence of a resistant phenotype. Experimental data supporting 
this concept were provided by Teicher et al. (1990). These investigators showed 
that treatment of mice bearing breast cancer xenografts over a 6-month period with 
different chemotherapeutic agents resulted in the selection of a drug resistant 
phenotype in vivo. Conversely, the resistant phenotype was not detected in a unicel-
lular tissue culture system, indicating the influence of the microenvironment in 
mediating the expression of a functional drug resistant phenotype. One important 
explanation for these results may be based on the phenomenon of anoikis: upon 
detachment from the extracellular matrix, epithelial cells enter into programmed 
cell death, ensuring that they are unable to survive in an inappropriate location 
(Rennebeck et al. 2005). In 1998, Murakami et al. suggested that GCs could be 
involved in the dynamic control of normal cell–cell contacts and cell migration of 
human gastric carcinoma cells and speculate that there might be a correlation to 
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resistance and malignant behavior (Murakami et al. 1998). In these particular cells, 
DEX has been shown to inhibit cell migration by increasing cell adhesion to the 
matrix through stimulation of 1 1 integrin expression. In parallel, GCs are 
reported to induce intercellular communications by the formation of tight junctions 
in a variety of epithelial cells (Stevenson et al. 1986; Woo et al. 1996). Although the 
influence of a tissue structure to GC-induced apoptosis resistance is only marginally 
examined until now, recent data from epithelial-like granulosa cells of ovarian fol-
licles in which DEX induces apoptosis resistance point to this direction (Sasson and 
Amsterdam 2003). In these cells, GCs induced the development of a rigid network 
of actin cytoskeleton, increased incidence of adherence and gap junctions, together 
with a higher content of connexin 43 and total cadherins within 24 h of hormone 
stimulation. The same authors showed in another study that protein phosphoryla-
tion, cell–cell contact, and intracellular communication are important mediators in 
GC-induced protection against apoptosis (Sasson et al. 2003). Beneath direct cell 
contacts, attachment of epithelial cells to extracellular matrix is known to provide 
a survival signal, in which GC-induced activity of the survival kinase PI3-K/Akt is 
suggested to be involved (Khwaja et al. 1997). Binding of E-cadherin, a molecule 
involved in adhesion between epithelial cells, may play a role in preventing apop-
tosis, as examined in granulosa cells (Peluso et al. 2001) and in nasal epithelial cells, 
in which GCs induced expression of E-cadherin (Carayol et al. 2002). To determine 
whether disrupting E-cadherin binding leads to apoptosis, granulosa cells were 
cultured in serum in the presence of EGTA or an E-cadherin antibody. Disruption 
of all calcium-dependent contacts by EGTA, or preventing E-cadherin binding by 
the antibody, induced apoptosis. Exposure to EGTA reduced MEK and PI3-K/Akt 
kinase activity, while E-cadherin antibody only attenuated PI3-K/Akt kinase activ-
ity. Caspase-3 activity, controlled by PI3-K/Akt kinase, increased after serum 
depletion, or EGTA or E-cadherin antibody treatment (Peluso et al. 2001). These 
data are consistent with the concept that GC-induced and E-cadherin-mediated cell 
contact, either directly or indirectly, promotes PI3-K/Akt kinase activity, which 
results in the inhibition of apoptosis and survival signaling.

3.4  GC-Induced PI3-K/Akt Survival Signaling and Resistance  
of Carcinoma Cells

PI3-K/Akt kinase is known to be an important regulator of cell cycle progression 
and mediator of cellular survival (Song et al. 2005), and is assumed as a key 
molecule in signaling of GC-induced activities, especially in non-lymphoid cells. 
The detailed mechanism of PI3-K activation by GR is currently unknown, but 
seems to involve association of GR with the regulatory p85  subunit of PI3-K 
(Limbourg and Liao 2003). The importance of PI3-K/Akt signaling to survival has 
been shown repeatedly by both the ability of activated PI3-K to abrogate apoptosis 
and the ability of a dominant-negative PI3-K to enhance it. Further, a common 
method of inducing or enhancing apoptosis is by treatment with the PI3-K/Akt 
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inhibitor LY 294002 (Cox and Der 2003). Finally, PI3-K/Akt activation upon 
GC-treatment was clearly demonstrated (Hafezi-Moghadam et al. 2002; Limbourg 
and Liao 2003), supporting the proposed signaling sequence of GC-induced PI3-K/
Akt activation using cadherins and cell–cell as well as cell–matrix contacts as 
intermediates. PI3-K/Akt in turn phosphorylates a number of substrates important for 
inhibition of apoptosis and for promotion of proliferation. Only limited information 
is available about how GR-induced PI3-K/Akt signaling may mediate resistance. 
However, there are a few data available demonstrating that GR-induced PI3-K/Akt 
signaling directly influences the activity of apoptosis molecules. PI3-K/Akt inactivates, 
for example, caspase-9 by phosphorylation on Ser196 (Cardone et al. 1998), resulting 
in inhibition of downstream caspases as shown for caspase-3 (Peluso et al. 2001). 
Another pro-apoptotic target inactivated by PI3-K/Akt is BAD, a member of the 
Bcl-2 family, which binds to Bcl-2 and Bcl-xL to inhibit their anti-apoptotic potential 
(Datta et al. 1997; del Peso et al. 1997). In addition, PI3-K/Akt has been found to 
upregulate expression of anti-apoptotic proteins via phosphorylation of cyclic AMP 
(cAMP)-response element binding protein (CREB) transcription factor, which in 
turn activates expression of the anti-apoptotic genes Bcl-2 and Mcl-1 (Wang et al. 
1999). This szenario is described in detail in the following chapters and summarized 
in Figure 2 and Table 3.

3.5  GR-Mediated NF-kB Activity and Resistance  
in Carcinoma Cells

One prominent candidate gene for anti-apoptotic regulation by GCs is the transcription 
factor NF-kB, involved in the regulation of diverse apoptosis genes such as 
CD95-L, CD95, DR4, and DR5 that all carry NF-kB consensus sequences in their 
promoter regions (Herr and Debatin 2001). In carcinoma cells, DEX has been 
shown to enhance the activity of NF-kB by increasing the nuclear translocation of 
this transcription factor (Evans-Storms and Cidlowski 2000; Huang et al. 2000). 
NF-kB activation depends in most cases on the phosphorylation of the IkB kinase 
(IKK) complex and degradation of IkB, an inhibitor of NF-kB (Karin 1999). 
Machuca and colleagues (Machuca et al. 2006) found that DEX-mediated apoptosis 
protection is lost in MCF7 breast cancer cells expressing the dominant negative 
form of IkB. Through analyses of a number of apoptosis-associated genes or regulatory 
proteins, Fan and co-workers found that GCs antagonized paclitaxel-mediated 
NF-kB activation through induction of IkB synthesis (Fan et al. 2004). These results 
provide further support to the notion that GC-induced resistance may require NF-kB 
activation. GC-induced PI3-K/Akt signaling seems to contribute to NF-kB-induce 
resistance, since these kinases were shown to regulate IKK activity, both in a direct 
and an indirect manner (Kane et al. 1999). Subsequently, translocation and activation 
of NF-kB was found to be responsible for enhanced transcription of the anti-apoptotic 
target genes Bcl-xL, caspase inhibitors, and the pro-survival gene c-Myb (Barkett 
and Gilmore 1999; Lauder et al. 2001). However, NF-kB activation through PI3-K/
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Akt is a controversial issue due to cell type-specific variations (Madge and Pober 
2000; Pastorino et al. 1999). Although in some cells Akt acts upstream of NF-kB 
(Gustin et al. 2004; Ozes et al. 1999; Reddy et al. 2000), other authors describe 
DEX-induced therapy resistance in breast cancer cell lines to be completely independent 
from Akt function (Machuca et al. 2006). In consequence, and irrespective of Akt 
involvement, GK-induced translocation of NF-kB to the nucleus is one important 
candidate for anti-apoptotic regulation of apoptosis genes in carcinoma cells.

3.6  GC-Induced Expression and Enhanced Activity of SGK-1 
may be Involved in Apoptosis Resistance of Carcinoma Cells

Recently, induction of serum and GC-regulated kinase-1 (SGK-1) was found to be 
required for anti-apoptotic signaling following GR activation in epithelial cells and 
breast cancer cell lines such as MDA-MB-231 (Mikosz et al. 2001; Wu et al. 2004). 
SGK-1 was originally identified as an immediate early response gene that is regulated 
primarily by transcriptional induction following various environmental stimuli 
including GCs, as well as by post-translational phosphorylation, ubiquitin-modification, 
and proteasomal degradation (Belova et al. 2006; Lang and Cohen 2001). Like Akt, 
the serine/threonine kinase SGK-1 is a downstream effector of PI3-K signaling 
(Kobayashi et al. 1999), and was shown previously to contribute to survival signaling 
in neurons (Brunet et al. 2001), mammary epithelial cells, and breast cancer cell lines 
(Leong et al. 2003; Mikosz et al. 2001). In contrast to Akt, which shares with SGK-1 
about 50% amino acid homology in its kinase domain, SGK-1 is phosphorylated down-
stream of endogenous PI3-K activity (Leong et al. 2003). It has been well-docu-
mented that SGK-1 is transcriptionally upregulated following various stress stimuli 
including GCs, thereby providing a transient increase in SGK-1 protein levels, 
which provides a strong survival signal to epithelial cells (Belova et al. 2006; 
Leong et al. 2003; Wu et al. 2004). The link between Akt and SGK-1 signaling in 
GC-induced therapy resistance has been only marginally examined. However, a 
recent study in Caenorhabditis elegans demonstrated a function of both molecules 
in controlling the DAF-2 signaling pathway (Hertweck et al. 2004). The daf-2 gene 
encodes an insulin-like receptor, and mutations in daf-2 have been shown to double 
the lifespan of the worms. The gene is known to regulate reproductive develop-
ment, ageing, resistance to oxidative stress, thermotolerance, resistance to hypoxia, 
and also resistance to bacterial pathogens. DAF-2 is the only insulin/IGF-1-like 
receptor in the worm. Insulin/IGF-1-like signaling is conserved from worms to 
humans. DAF-2 acts to negatively regulate the forkhead transcription factor DAF-
16 through a phosphorylation cascade. Genetic analysis reveals that DAF-16 is 
required for daf-2-dependent lifespan extension. When not phosphorylated, DAF-
16 is active and present in the nucleus. SGK-1 seems to act in parallel to Akt to 
mediate DAF-2 signaling, since loss of the sgk-1 gene results in, for example, 
increased stress resistance and an extension of life span in the worm. These effects 
are suggested to be mediated by a protein complex formed by SGK-1 and Akt, 
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which is activated by and strictly depends on pyruvate dehydrogenase kinase, 
isoenzyme 1 (PDK-1). All three kinases of this complex are able to directly phospho-
rylate and thereby inactivate DAF-16, resulting in anti-apoptotic signaling.

3.7  GC-Induced Expression and Activity of MKP-1  
and Dependent Reduction of JNK Activity may be Involved 
in Apoptosis Resistance of Carcinoma Cells

In addition to activation of SGK-1, PI3-K/Akt, and NF-kB, GR-induced MKP-1 
expression has recently been shown to be required for GC-mediated cell survival in 
breast cancer cell lines (Wu et al. 2005). MKP-1 is a MAPK phosphatase, shown 
to exhibit anti-apoptotic effects in prostate (Magi-Galluzzi et al. 1997) and breast 
cancer cells (Wu et al. 2005). Endogenous or GC-induced overexpression of 
MKP-1 has been demonstrated in primary human breast (Loda et al. 1996), prostate 
cancers (Loda et al. 1996; Magi-Galluzzi et al. 1997), prostate cancer cell lines 
(Srikanth et al. 1999), pancreatic cancer cell lines (Zhang et al. 2006b), and ovarian 
carcinoma cell lines (Steinmetz et al. 2004; Zhang et al. 2006c). Additional evidence 
for an important function of MKP-1 together with SGK-1 in anti-apoptotic signaling 
of GCs in carcinoma cells comes from studies with SGK-1 and MKP-1 siRNA. 
Each siRNA decreased protein expression and subsequently reversed DEX-induced 
survival in breast cancer cells (Wu et al. 2005). Thus, induction of both genes 
together may be required for cell survival signaling downstream of GR activation. 
Following GR activation, induction of MKP-1-activity is associated with the 
dephosphorylation and inactivation of extracellular regulated kinases 1, 2 and c-Jun 
NH

2
-terminal kinases 1, 2 (JNK) (Engelbrecht et al. 2003; Wu et al. 2005). Since 

JNKs are induced by cytotoxic agents and are involved in induction of apoptosis 
(Herr and Debatin 2001), inhibition of these molecules by MKP-1-activity may 
contribute to GC-induced therapy resistance. Moreover, apoptosis triggered by 
activation of JNKs was found to be enhanced through repression of the JNK-
phosphatase MKP-1. Vice versa, ectopic expression of MKP-1 inhibited DNA-
damage-induced JNK activity and apoptosis (Hamdi et al. 2005). Independently of 
MKP-1, Akt activation may result in phosphorylation and thereby inactivation of 
three pro-apoptotic kinases upstream of JNK: Apoptosis signal-regulating kinase 1 
(ASK1/MKKK5), mixed lineage kinase 3 (MLK3/MKKK11), and (SEK1/MKKK4) 
molecules (Barthwal et al. 2003; Kim et al. 2001; Park et al. 2002). Thus, members 
of the JNK pathway may be inhibited by GR-induced MKP-1 and Akt signaling and 
participate by this way in GR-induced pro-survival signaling. Similar to GCs, long 
term treatment of cells with insulin stimulated expression of MKP-1, followed by 
inhibition of JNK activity in which PI3-K was involved (Desbois-Mouthon et al. 
2000). JNK activity recovered by the PI3-K inhibitors wortmannin and LY294002, 
while transient expression of an antisense MKP-1 RNA reduced the insulin inhibi-
tory effect on JNKs. Vice versa, over-expression of a dominant negative JNK1 
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mutant increased insulin stimulation of DNA synthesis and mimicked the protec-
tive effect of insulin against serum withdrawal-induced apoptosis. The over-expres-
sion of wild-type JNK1 or antisense MKP-1 RNA reduced the proliferative and/or 
anti-apoptotic responses to insulin. Altogether, these results demonstrate that 
PI3-K/Akt and MKP-1 signaling together are involved in inhibition of the pro-
apoptotic JNK/SAPK pathway, which may result in a switch to survival signaling 
following treatment of cells with GCs or insulin.

3.8  GR-Mediated Inhibition of FOXO Forkhead Transcription 
Factors and Resistance in Carcinoma Cells

While it is well known that ligand-bound GR interferes directly with transcription 
factors such as AP-1 or NF-kB, the indirect effects of the GR on other transcription 
factors regulating apoptosis molecules are not well understood. Recent data 
demonstrate the involvement of GR-mediated FOXO3a inactivation in mammary 
epithelial cell survival (Wu et al. 2006). This molecule is a member of the forkhead 
transcription factors (FOXO1, FOXO3a, FOXO4) exerting pro-apoptotic effects 
until phosphorylation by SGK-1 in coordination with Akt, which preferentially 
phosphorylates FOXO3a (Brunet et al. 2001). In addition, in C. elegans, SGK-1 
activity is required for the inactivating phosphorylation of the FOXO3a homologue 
Daf 16 (Hertweck et al. 2004), suggesting a highly conserved pathway involving 
SGK-1 and FOXO3a. Phosphorylated FOXO proteins are thought to activate 
promoters of extracellular ligands, including CD95-L, TRAIL, and TRADD, as 
well as intracellular apoptosis molecules like Bim, a pro-apoptotic Bcl-2 family 
member, and Bcl-6 (Burgering and Medema 2003; Song et al. 2005). Therefore, 
inactivation of FOXO proteins upon GC-induced Akt and SGK-1 activity may 
result in transcriptional downregulation of the above described pro-apoptotic 
proteins and contribute to GR-induced apoptosis resistance. Correspondingly, a 
recent report demonstrated that activation of the GR mediates phosphorylation and 
thereby inactivation of FOXO3a in mammary epithelial cancer cells (Wu et al. 
2006). To identify downstream target genes of FOXO3 inactivation, the authors of 
this study used a bioinformatic approach combining temporal gene expression data 
and FOXO3a binding motif analyses. This approach identified a group of known 
and novel FOXO3a target genes. Included among these genes are TRAIL, insulin 
growth factor binding protein-3 (IGFBP-3), and serine threonine kinase 11 
(STK11), all of which encode pro-apoptotic proteins. While TRAIL is a known 
target of FOXO3a, IGFBP-3 has not been previously identified as a FOXO3a target 
gene. To validate this relationship, the authors used chromatin immunoprecipitation 
(ChIP) and showed that DEX completely inhibited TRAIL and IGFBP-3 promoter 
occupancy by FOXO3a, while the GR antagonist RU486 restored occupancy (Wu 
et al. 2006). These data have been confirmed by overexpression of FOXO3a that 
induces IGFBP-3 or by siRNA-mediated repression of SGK-1 that reversed 
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GR-induced IGFBP-3 downregulation (Wu et al. 2006). Collectively, these data 
suggest that GR-mediated FOXO3a inactivation is an important mechanism con-
tributing to GC-mediated epithelial cell survival.

3.9 GR-Induced Activation of the Wnt/GSK3/b-Catenin Pathway

Several stimuli, including signaling by the GR, lead to Wnt activity. Wnt signaling 
is involved in various differentiation events during embryonic development and 
leads to tumor formation when aberrantly activated (Giles et al. 2003). Active Wnt 
signaling is also well understood for its ability to increase cell–cell contacts, adhe-
sion, and proliferation (Mulholland et al. 2005), which may enforce by this way 
GC-induced apoptosis resistance. A main downstream target of Wnt is glycogen 
synthase kinase 3 (GSK3), a serine/threonine protein kinase, initially identified as 
an enzyme that inhibits glycogen synthesis through phosphorylation of glycogen 
synthase (Embi et al. 1980; Woodgett 1990). Recent studies revealed that GSK3 
regulates a wide range of cellular functions, including development, gene expression, 
cytoskeletal organization, protein translation, cell cycle regulation, and apoptosis 
(Doble and Woodgett 2003; Harwood 2001; Pap and Cooper 1998), and the later 
involving inhibition of conformational activation of the pro-apoptotic Bax protein 
(Rathmell et al. 2003). GSK3 resides at the junction of the PI3-K/Akt and Wnt 
survival pathways and is phospho-inhibited by both (Doble and Woodgett 2003; 
Frame and Cohen 2001). Another function of GSK3 is regulation of metabolic 
pathways, for example, the import of nutrients into the cell, initially induced by 
enhanced levels of insulin. GCs mimic the effect of insulin and both lead to 
phosphorylation and activation of Akt, which has been implicated in a variety of 
insulin effects involving phospho-inhibition of forkhead transcription factors 
(Nakae et al. 1999), followed by anti-apoptotic signaling. Insulin-induced Akt 
activation allows cells to continue with the import of nutrients into the cell (Edinger 
and Thompson 2002; Vander Heiden et al. 2001), partially by phosphorylation and 
thereby inhibition of GSK3 (Cross et al. 1995). As a result of Wnt signaling, 

-catenin, another promiscuous Wnt signaling member, is dephosphorylated and 
escapes the ubiquitylation-dependent destruction machinery (van Noort et al. 2002). 
Phosphorylation of -catenin by GSK3 occurs within the destruction complex, 
which consists minimally of GSK3, -catenin, axin/conductin, and APC (Dihlmann 
and von Knebel Doeberitz 2005; Hinoi et al. 2000). The GR is able to modulate the 
integrity of this -catenin complex by involving Fascin, a negative regulator of 
epithelial adherens junctions in mammary epithelial tumor cells (Tao et al. 1996). 
Upon exposure to DEX, Fascin facilitates assembly of E-cadherin and -catenin 
complexes (Guan et al. 2004; Wong et al. 1999), resulting in enhancement of tight 
and adherens junctions (Buse et al. 1995a, b; Zettl et al. 1992). With the ability to 
stabilize adherens junctions, GCs may be beneficial in restoring polarization, 
morphology, or adhesiveness of poorly differentiated cancer cells. In this context, 
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mutations in -catenin that prevent its phosphorylation by GSK3 have been found 
in cancers of the skin, colon, prostate, liver, endometrium, and ovary (Polakis 2000).

4  Cell Cycle Arrest by GCs may be Involved in Mediating 
Resistance

GCs are suggested to act cytostatic rather than cytotoxic. Although cytotoxicity of 
GCs has been demonstrated in some cell culture systems (Mealey et al. 1971; 
Wellington and Moon 1961), this effect may be due to the use of steroid concentra-
tions exceeding the pharmacological levels found in patients. Where more physi-
ological concentrations have been used, both stimulation of cell proliferation 
(Kawamura et al. 1998; Langeveld et al. 1992; Zibera et al. 1992) and inhibition 
have been observed in cultures of human tumor cells (Braunschweiger et al. 1982; 
Chen et al. 2006; Kudawara et al. 2001; Yamamoto et al. 2002). In most cases, 
DEX significantly inhibited growth at high concentrations but stimulated growth 
at low concentrations. These effects on cell proliferation seem also to be depend-
ent on the cell line used and on the expression of GC receptors. Studies in a variety 
of cell lines in vitro have indicated that antiproliferative effects of GCs may be 
mediated by a reversible G1-block in cell cycle progression (Glick et al. 2000; 
Goya et al. 1993; Sanchez et al. 1993), since after withdrawal of corticosteroids 
cells synchronously progressed through the cell cycle (Braunschweiger et al. 
1978; Goya et al. 1993). Investigations with glioblastoma cells (Kaup et al. 2001), 
osteosarcoma cells (Yamamoto et al. 2002), and ovarian cancer cells (Chen et al. 
2006) have shown that DEX led to cell growth arrest in a time- and dose-dependent 
manner. Analyses of DNA content by flow cytometry, [3H]-thymidine incorpora-
tion, and autoradiography of [3H]-thymidine-labeled nuclei revealed that, after 
release from DEX, cells synchronously reinitiated cell cycle progression and 
entered S-phase with a peak between 12 and 36 h, depending on the dose of DEX, 
duration of treatment, and GC receptor content. These results were not only 
obtained in vitro (Goya et al. 1993; Zhang et al. 2007), but also in vivo using 
experimental solid tumors on mice (Braunschweiger et al. 1982, 1983, 1984; 
Kudawara et al. 2001). These animal studies indicated in addition that, upon cessa-
tion of DEX treatment, the subsequent cell cycle progression results in a relative 
enrichment of cells in the S-phase of the cell cycle after 24–48 h. Mechanistically, 
DEX-induced GR activity may block cell cycle progression by inhibition of p53-
dependent functions, including upregulation of p21WAF1/CIP1 as found in neuroblas-
toma cells (Sengupta et al. 2000). Similarly, GCs stimulated p21 gene expression 
by targeting multiple transcriptional elements within a steroid responsive region 
of the p21WAF1/CIP1 promoter in rat hepatoma cells (Cha et al. 1998).

General agreement exists that cancer chemotherapy is most successful when 
applied to rapidly growing cells (Shackney et al. 1978; Valeriote and van Putten 
1975). Experimental data obtained in a variety of systems ranging from mammalian 
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cell cultures to transplanted rodent and human tumors show that proliferating cells 
are more sensitive to most anticancer drugs than resting cells (Drewinko et al. 
1981; Mattern et al. 1984). Exposure of various tumor cell lines of different origin 
to DEX has shown that this GC interferes with the cytotoxic and antiproliferative 
actions of most chemotherapeutic drugs. These drugs include the major agents cur-
rently used for chemotherapy of solid tumors. The mechanisms of action vary 
widely and DEX-mediated cytoprotection is restricted neither to specific drugs nor 
to specific tumor types. This suggests that the observed therapy resistances are not 
the exception but a more common phenomenon. Most of the tumor cell lines were 
pretreated with DEX during 24–72 h of culture so that the proliferation in these 
cells may have been reduced or completely inhibited at the time point when the 
anticancer drugs are given. Since cytotoxicity is significantly less pronounced in 
nonproliferating compared with proliferating cells (Drewinko et al. 1981), it is 
predictable that the cells reacted less sensitive to the lethal activity of most anti-
cancer agents after pretreatment with DEX.

Similar as has been found for cytotoxic drugs, it is well documented that radiation 
sensitivity varies with the position of the cells in the cell cycle (Sinclair 1968; 
Terasima and Tolmach 1961). When cells were irradiated at different phases of the 
cell cycle, the cells in M phase showed the greatest sensitivity. Cells at the transition 
between G1 and S are also quite radiosensitive, but less than M-phase cells. Accordingly, 
the effect of a single dose of radiation on a population of asynchronously dividing 
cells will depend on the distribution of cells according to their specific cell replication 
cycle. Thus, a radiation dose kills the more sensitive cells and results in partial 
synchrony such that most of surviving cells are in a relatively resistant phase. When 
cells are pretreated with GC, an early G1 block in cell cycle progression is induced, 
so that the cells are in a relatively resistant cell cycle phase for irradiation.

5 Investigation of GC-Induced Resistance in Clinical Trials

To our knowledge there are only few clinical trials that were designed to assess 
whether the addition of corticosteroids would enhance or reduce the therapeutic 
effectiveness of adjuvant chemotherapy. In a prospective trial with premenopausal 
breast cancer patients, Tormey and colleagues (1990) compared the therapeutic 
effectiveness of CMF, CMFP, and CMFPT (plus tamoxifen). The lack of a signifi-
cant difference between the regimens in survival time and time to relapse and the 
associated toxicities of the CMFP overrides their recommendation for widespread 
routine use. The addition of prednisone to CMF was associated with less nausea/
emesis and thrombocytopenia, but more gastrointestinal side effects, infections, 
neurologic side effects, edema, weight gain, thrombophlebitis, cardiac events, and 
hypertension. Thus, the results of this trial do not suggest an overall therapeutic 
benefit for adding prednisone to CMF adjuvant treatment. Postmus and colleagues 
(1995) evaluated retrospectively the results of a phase II study of teniposide in 80 
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patients with brain metastases of small-cell lung cancer. Of 43 patients who 
received corticosteroids, only 9 responded (21%), whereas 17 of 37 patients not 
treated with steroids had a response (46%). Treatment with corticosteroids during 
therapy with teniposide resulted in a subjective improvement in this parameter in 
18 of 42 assessable patients (43%). Teniposide without corticosteroids resulted in 
subjective improvement in 20 of 34 assessable patients (59%). Patients who 
required corticosteroids for peritumoral edema had a significantly lower response 
rate than patients who did not receive corticosteroids. Marini and colleagues (1996) 
tested the hypothesis in patients with breast cancer that low-dose prednisone might 
influence the efficacy of the cytotoxic regimen used, the toxicity profiles, and the 
patterns of treatment failure (relapse, second malignancy, or death). They found 
that low-dose continuous prednisone added to adjuvant CMF chemotherapy enabled 
the use of higher doses of cytotoxic drugs. However, this increased dose had no 
beneficial effect on treatment outcome, but was associated with an increased risk 
of bone relapses and an increased incidence of second malignancies. Münstedt and 
colleagues (2004) evaluated retrospectively patients with ovarian carcinoma to 
elucidate the effects of corticosteroids on hematologic parameters during chemo-
therapy, on the response to chemotherapy, and on survival. Kaplan–Meier analyses 
showed no significant differences in survival between the groups. Patients who 
received GC treatment had significantly higher leukocyte values compared with 
patients who did not receive GCs. In conclusion, there was no evidence that GC 
treatment had a positive effect on outcomes in these patients; however, GCs exert 
protective effects on the bone marrow.

Many early investigations have been carried out on the effects of cortisone on 
experimental tumors. Most interest has centered around the action of cortisone on growth, 
heterotransplantability, and metastatic spread of certain experimental tumors. From 
these studies it seems that cortisone, depending on the dose, has a general inhibitory 
action that is slight and temporary on transplantable tumors of the lymphoid series 
and no action on transplantable tumors of an epithelial origin. The action of cortisone 
on the metastatic spread of tumors is well investigated with induced and transplanted 
tumors in mice. Agosin and colleagues (1952) and Molomut and colleagues (1952) 
have reported an increase in the incidence of metastases in cortisone-treated tumor-
bearing mice. These observations could be confirmed by many authors (Baserga 
and Shubik 1954; Iversen 1957; Pomeroy 1954). However, cortisone treatment has 
also been found to favor an increased metastatic spread in patients with breast car-
cinoma (Iversen and Hjort 1958; Sherlock and Hartmann 1962), lung carcinoma 
(Wolf et al. 1960), and renal carcinoma (Rasmuson et al. 2001). Recently, Sorensen 
and colleagues (2004) compared in a large population-based follow-up study 
among 59.043 individuals who received prescriptions for GCs, the observed and 
expected number of cases of skin cancer and non-Hodgkin lymphoma. They found 
an elevated risk for squamous cell carcinomas and basal cell carcinomas of the skin 
and also for non-Hodgkin lymphoma in patients who received prescriptions for GCs. 
These results further indicate that immunosuppression by GCs may be a risk for 
these malignancies.
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6 Conclusions and Future Perspective

The balance of GC-induced apoptosis vs. apoptosis resistance dramatically depends 
on the cell lineage. It seems that cells of hematopoietic origin such as monocytes, 
macrophages, lymphocytes, and lymphoma cells are very sensitive to GC stimulation 
of apoptosis. In contrast, cells of epithelial origin, such as mammary gland, ovarian 
follicular cells, and hepatocytes as well as the majority of transformed epithelial 
cells, are protected by GCs against various stimuli for apoptosis. A number of mod-
els have been postulated to explain the mechanism by which GCs induce apoptosis 
in most hematologic malignancies. There is convincing evidence indicating that 
resistance of hematological cells towards GC-induced apoptosis may concern 
defects in the GR itself; in GR binding partners, a dysregulation of GR target 
genes and transcription factors, it may be due to the activity of general resistance 
mechanisms, defects in the apoptosis pathway, or just reflect a shift of the balance 
of cellular signaling pathways to anti-apoptotic signaling. In contrast, GC-induced 
apoptosis resistance in most epithelial cells, including cells from solid malignant 
tumors, crucially depends on a functional GR. GC-mediated modification of cell–cell 
contacts, intracellular communication, and detachment to an extracellular matrix, 
unique for non-hematological and especially epithelial cells, seems to be crucially 
involved in survival signaling following GCs. Thus, GC-induced closer cell–cell 
contacts promote PI3-K/Akt kinase activity, which activates a variety of down-
stream pathways. These results may result in most cases in inhibition of apoptosis 
and survival signaling. In addition, the GR might negatively regulate promoter 
regions of pro-apoptotic genes in, for example, carcinoma cells but positively 
regulate them in, for example, lymphoid cells, dependent on tissue-specific factors. 
One example is the influence of GR to the transcription factor NF-kB by cross-talk. 
This type of repression may depend on the cellular levels of NF-kB and may well 
contribute to cell type specific pro- and anti-apoptotic GR signaling. Another 
important point that should be kept in mind is the documented capacity of GCs 
to exert antiproliferative effects in many normal and tumor cell systems. These antipro-
liferative effects are mediated by a G1-block in cell cycle progression. After with-
drawal of the GCs, cells synchronously progress through the cell cycle. The 
duration and magnitude of the antiproliferative effects is dose- and receptor-
dependent. Thus, cell cycle arrest induced by DEX pre- and combination treatment 
may be a mediator of chemo- and radiotherapy-resistance in many cases. Although 
GC-induced cell kinetic perturbations (e.g., synchronization of cells) have been 
observed in a variety of cell lines and experimental tumor systems, the therapeutic 
potential of these alterations have not yet been tested in the clinic. In the clinic, high 
doses of GCs are frequently given simultaneously with cell cycle-specific drugs in 
solid tumor chemotherapy. The cell kinetic and treatment resulting from many stud-
ies might indicate that, in solid tumors sensitive to GCs, the effectiveness of cycle 
active agents will be reduced when administered simultaneously with GC. 
Whether synchronization with steroid hormones and subsequent kinetically based 
cell cycle-specific chemotherapy would be more effective for tumor control and 
survival will require further studies. However, the in vitro and in vivo data reported 
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here provide plenty of evidence to reevaluate the indication of GCs in the manage-
ment of cancer patients.
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Targeting Death-Receptors  
in Radiation Therapy

Olivier Niemöller and Claus Belka

Abstract The development of apoptosis resistance is a crucial step during the 
pathogenesis of malignant tumors. Thus, any treatment approach overcoming apop-
tosis resistance may be a valuable tool in oncology. Although a variety of treatments 
induce apoptosis, only very few specifically trigger programmed cell death. In this 
regard, the class of apoptosis inducing ligands may turn out to have a considerable 
potential in oncology. TNF- -related apoptosis-inducing ligand (TRAIL/Apo2L) 
is the most promising candidate, either alone or in combination with established 
cancer therapies, since it induces apoptosis in a wide range of malignant cells while 
sparing most normal tissues.

Since death-receptor induced apoptosis is mainly mediated via nonmitochondrial 
death pathways, it is possible to induce apoptosis in cancer cell systems which 
mainly harbor defects within the mitochondrial death cascades.

Even more so it has been shown that conventional DNA damaging approaches 
reduced the killing threshold for receptor induced apoptosis, making TRAIL an 
ideal candidate for combined approaches. Thus, combined treatments might offer 
the chance to enhance therapeutic efficiency and overcome resistance. In combination, 
additive or synergistic apoptotic responses and substantially enhanced clonogenic 
cell kill has been documented. Furthermore, in several settings it has been shown 
that combined modality teatments were effective in malignant cells, which are 
highly resistant to either treatment, alone. Ionizing radiation is one of the most 
effective modalities in oncology. Thus, it is reasonable to test, how far combina-
tions of TRAIL with ionizing radiation may increase the efficacy. Indeed, the 
combination of TRAIL with ionizing radiation in several in vitro settings as well as 
xenograft models resulted in highly increased rates of cell kill and long-term tumor 
control. No increase in the rate and severity of side effects has been documented, 
indicating that the combination really increases the therapeutic ratio. It is important 
to note that TRAIL and TRAIL receptor agonistic antibodies, either as single 
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agent or in combination with cytotoxic drugs, were safe in human phase I trials. 
Ongoing phase II trials will hopefully document the clinical efficacy of this treatment 
approach.

1 Introduction

1.1 Apoptosis in Cancer Onset and Therapy

Resistance towards apoptosis induction plays a pivotal role in the onset of cancer 
progression and in the failure of treatment. In this regard different models of 
carcinogenesis have provided evidence that apoptosis resistance routinely occurs 
during the multistep pathogenesis of cancer (for review see (Vogelstein and Kinzler 
2004). Although other means of cell kill exist, most anticancer strategies (e.g., 
Radiation Therapy and Chemotherapy) exert their effects to a relevant amount by 
inducing apoptosis in malignant cells (Debatin et al. 2002; Herr and Debatin 2001; 
Johnstone et al. 2002). Thus alterations of apoptosis signaling may strongly affect 
therapeutic efficacy (Goh et al. 1995). Understanding the regulation of apoptosis in 
normal and malignant cells is therefore of importance, when attempting to improve 
the treatment gain.

1.2 Apoptotic Pathways

In principle, two main apoptotic pathways are distinguished (for review see (Danial 
and Korsmeyer 2004)), both culminating in a common downstream signal, namely 
the activation of cysteine–aspartate-specific proteases, called caspases.

The most important signaling step during chemo- and radiation-induced 
apoptotic cell death is mediated via the so called “intrinsic” or mitochondrial pathway 
of apoptosis (Debatin et al. 2002; Herr and Debatin 2001; Norbury and Zhivotovsky 
2004). The crucial step is the release of proapoptotic substances from the mitochon-
dria, triggering caspase activation. In opposition, the “extrinsic” pathway is initially 
activated by an autocatalytic, receptor mediated caspase activation. Although para-
digmatically distinct, both pathways are highly interconnected at different levels.

1.2.1 The Mitochondrial (Intrinsic) Apoptotic Pathway

Signaling of the mitochondrial pathway culminates in permeabilization of the outer 
mitochondrial membrane, which leads to release of proapoptotic molecules, including 
cytochrome c into the cytosol (Liu et al. 1996). Cytosolic cytochrome c binds 
Apoptotic protease-activating Factor (Apaf-1), d-ADP and pro-caspase-9 to form a 
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multiprotein complex, called the apotosome. Through the apotosome pro-caspase-9 
is activated by auto-cleavage and active caspase-9 is formed. Caspase-9 in turn 
cleaves effector caspases, thus leading to execution of the apoptotic program. 
Permeabilization of the mitochondrial membrane is tightly regulated, mainly by 
proteins of the Bcl-2-Family (Belka and Budach 2002; Yang et al. 1997), consisting 
of proapoptotic (Bax, Bak, Noxa, PUMA) and antiapoptotic (Bcl-2, BclX

L
) members.

Irradiation and most chemotherapeutics target the intrinsic pathway of apoptosis 
through their DNA-damaging and cell cycle interfering effects, leading to transcrip-
tional or conformational activation of proapoptotic and to the inhibition of antiap-
optotic members of the Bcl-2 family. Although different mechanisms, which 
connect DNA-damage to the mitochondrial death machinery have been identified 
(for review see (Norbury and Zhivotovsky 2004)), the p53 cascade may serve as 
paradigm. After induction of p53, the molecule increases the transcription rate of 
several proapoptotic members of the Bcl-2-family, namely Bax, Bak, Puma, and 
Noxa (Miyashita and Reed 1995; Nakano and Vousden 2001; Oda et al. 2000). 
Mutations in the p53 tumor suppressor gene are commonly found in many forms of 
human cancer and might be associated with poor prognosis (Goh et al. 1995) and 
decreased sensitivity to chemo and radiotherapy (Lowe et al. 1993, 1994).

1.2.2 The Death-Receptor (Extrinsic) Apoptotic Pathway

Signaling of the extrinsic pathway occurs through cell surface receptors, belonging 
to the TNF-Superfamily (TNFR1, CD95/Apo-1/Fas, TRAIL-R1/DR4 and 
TRAIL-R2/DR5) and their respective ligands (TNF- , CD95L/Apo1L/FasL, TNF-

-related apoptosis-inducing ligand: TRAIL/Apo2L). Although the receptors are 
clearly distinct, stimulation of the different death-receptors results in similar intra-
cellular death processes.

Since TRAIL has been shown to have the highest potential as therapeutic agent 
most of the data in the following paragraphs will be focused on TRAIL and the 
respective TRAIL receptors.

To date five TRAIL receptors are known: The proapoptotic receptors TRAIL-R1/
DR4 (Pan et al. 1997b), TRAIL-R2/DR5 (Pan et al. 1997a; Schneider et al. 1997) and 
the truncated forms TRAIL-R3/DcR1 (DegliEsposti et al. 1997; Pan et al. 1997a) and 
TRAIL-R4/DcR2 (Marsters et al. 1997), the latter two lacking a functional intracel-
lular death domain (DD). The function of the soluble receptor osteoprotegerin is 
unknown, since it does not bind TRAIL at physiological temperatures. TRAIL-R3/
DcR1 and TRAIL-R4/DcR2 act as decoy receptors, possibly through interfering with 
TRAIL-signaling by competitive binding of TRAIL (DcR1) and hetero-multimeriza-
tion with DR5 (Merino et al. 2006; Pan et al. 1997a; Sheridan et al. 1997).

Proapoptotic signaling occurs only though DR4 and DR5, both containing a 
specific intracellular domain, commonly called DD. Binding of TRAIL leads to 
receptor trimerization and recruitment of Fas associated death domain (FADD) to 
the DD. FADD binds pro-caspase-8 or pro-caspase-10, to form the death-inducing 
signaling complex (DISC), resulting in cleavage of pro-caspase-8 or pro-caspase-10 
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(Sprick et al. 2002). Active caspase-8 or 10 in turn process pro-caspase-3, triggering 
the cleavage of multiple proteins, finally resulting in an apoptotic phenotype (for 
review see (Falschlehner et al. 2007).

Although, initially thought to be a simple cascade process, it turned out that 
apoptosis induction via death-receptors is a tightly regulated and complex signaling 
process.

Although being a simplification, two principally different reaction patterns may be 
distinguished: In Type I cells, activation of death-receptors alone is sufficient to 
induce apoptosis. In contrast, in Type II cells adequate death induction relies on the 
amplification of the apoptotic signal via activation of the mitochondrial pathway 
(Scaffidi et al. 1998). The interconnection of both pathways is mainly mediated 
through cleavage of the proapoptotic Bid molecule by caspase-8 (Li et al. 1998; Luo 
et al. 1998; Wang et al. 1996). The resulting truncated Bid (t-bid) inactivates antiap-
optotic Bcl-2-family members, thereby releasing the proapoptotic members Bax and 
Bak to initiate the efflux of cytochrome c and other proapoptotic factors from the 
mitochondria. Furthermore, a direct interaction of t-Bid with Bax precedes the inser-
tion of Bax into the outer mitochondrial membrane (Eskes et al. 2000). Subsequently 
the activation of pro-caspase-9 and all downstream molecules takes place. Although 
initially described for CD95 triggered cells death, the Type I, Type II reaction pattern 
is also relevant during TRAIL induced cell death (Rudner et al. 2005).

In addition to the Bcl-2 regulated interplay on the mitochondrial death level, 
multiple negative regulators of TRAIL induced apoptosis have been identified. 
c-FLIP for example competes with pro-caspase-8 for binding to the DISC. Another 
class of negative regulators of apoptosis consists of the inhibitor of apoptosis 
proteins (IAPs). IAPs directly bind to caspases, thereby inhibiting the proteolytic 
activation (Suliman et al. 2001). The observation, that IAPs in turn are counteracted 
by Smac/DIABOLO upon release from the mitochondria represents a perfect example 
for the tight and complex regulatory network of TRAIL induced apoptosis.

Moreover, NF B is a possible candidate for the regulation of TRAIL induced 
apoptosis, since it was shown that the RelA/p65 subunit of NF B inhibits the 
expression of DR4 and DR5 and caspase-8. Furthermore, RelA/p63 positively regu-
lates the expression of cIAP1 and cIAP2, thereby acting as a survival factor (Chen 
et al. 2003; Yoshida et al. 2001).

2 TNF-a and Fas Ligand in Cancer Therapy

Since TNF-  and CD95 were highly effective inducers of apoptosis, the initial 
attempt to implement death-receptor agonists in cancer therapy was made with 
TNF-  or CD95L/Apo1L/FasL.

Although TNF-  and Fas-Ligand induce apoptosis in a variety of malignant 
cells, severe side effects in vivo prohibited a real clinical application. Triggering 
apoptosis by activation of the CD95 system for example causes extensive liver 
damage already found in murine test systems (Ni et al. 1994; Ogasawara et al. 
1993; Yin et al. 1999).
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3 TRAIL in Cancer Therapy

3.1 Rationale

As stated above, malignant cell systems are characterized by alterations of intrinsic 
apoptotic pathways. In contrast, apoptosis mediated through the activation of death-
receptors is not necessarily dependent on the mitochondrial release of cytochrome c. 
Thus, therapeutic targeting of death-receptors might induce cell death in cells with 
established resistance within mitochondrial death pathways. In addition, in situa-
tions of partial resistance the interaction of different apoptosis triggers may result 
in synergistic death induction. Indeed, profound synergistic effects in combined 
treatment with DNA-damaging approaches had been observed, especially in malignant 
cells resistant to conventional treatment.

Although apoptosis induction is relevant in a multitude of cell systems one of 
the crucial observations regarding TRAIL as an anticancer approach was the fact 
that the agent seemingly was specific for malignant cells (Ashkenazi et al. 1999; 
Walczak et al. 1999).

Moreover, in contrast to former death-receptor based approaches, administration 
of TRAIL and agonistic TRAIL receptor antibodies in vivo seems to be well tolerated 
(Herbst et al. 2006; Pacey et al. 2005; Tolcher et al. 2007).

3.2  TRAIL as Single Agent and in Combination  
with Cytotoxic Agents

As already stated a growing body of evidence exists concerning the clinical use of 
TRAIL and TRAIL-receptor agonistic antibodies, either as a single agent or in 
combination with cytotoxic drugs or so called targeted therapies. A detailed 
description is beyond the scope of this work. An overview of published and ongoing 
studies is found in a recent review by Ashkenazi (Ashkenazi 2008).

3.3 TRAIL in Combination with Radiotherapy

Based on the hypothesis that death-receptor agonists and ionizing radiation induce 
apoptotic cell death through distinct and possibly synergistic mechanisms, the 
mode of action of these two therapeutic approaches was investigated (Table 1).

The fact that radiation and death ligands act via distinct death pathways has been 
described using Bcl-2 and BclX

L
 as marker molecules. Whereas radiation induced 

apoptosis was abrogated in Bcl-2 or BclX
L
 over-expressing cells, CD95 induced 

apoptosis was only mildly influenced (Belka et al. 2000). In accordance, it was 
shown that caspase-8-deficiency lead to resistance to CD95L-, but not to radiation-
induced apoptosis (Belka et al. 2000).
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Although, most observations were initially made using CD95 as a trigger, 
subsequent studies proved that similar reaction patterns are responsible for TRAIL 
induced apoptosis. Using Bcl-2 over-expressing Jurkat-T-cells under tet–control, 
dose–response studies revealed the complex behavior of TRAIL induced cell death 
in relation to the expression level of Bcl-2 (Rudner et al. 2005). Whereas after low 
dose stimulation, Bcl-2 over-expression rendered the cells apoptosis-resistant, high 
doses of TRAIL readily killed all cells. In parallel, Bcl-2 over-expression shifts the 
onset of apoptosis to later time points.

These data shown conclusively is that, depending on the trigger dose and the 
level of Bcl-2 being present, apoptosis induction may rely on direct receptor cascades 
or a combination of both, direct caspase activation and mitochondrial feedback. 
Interestingly, the expression of a caspase-9 dominant negative mutant in Jurkat-T 
did not render those cells TRAIL resistant, indicating that death-receptor induced 
apoptosis might be indeed independent of mitochondrial caspase activation 
(Verbrugge et al. 2008).

Nevertheless both pathways are interconnected, as activation of caspase-8 and 
subsequent processing of Bid occurs in response to irradiation in wild type Jurkat-T-
cells, but not in Bcl-2 over-expressing cells, leading to the conclusion that caspase-8 
activation might not only occur in response to death-receptor stimulation, but also in 
response to irradiation, downstream of mitochondrial permeabilization.

On the other hand, processing of the Bid to its proapoptotic form occurred irre-
spective of Bcl-2 when apoptosis was induced with high doses of TRAIL (Belka 
et al. 2001). In this experimental setting, subsequent transactivation of the mito-
chondrial pathway was ascribed to Bid-cleavage (Luo et al. 1998).

3.3.1 Combined Treatment In Vitro

These findings demonstrated that induction of apoptosis by TRAIL indeed occurred 
via distinct but interconnected pathways, making a combination a rational approach. 
Consequently, the effect of combined treatment with ionizing radiation and death-
receptor stimulation was studied.

First data on the efficacy of ionizing radiation and TRAIL were provided by 
Chinnaiyan and coworkers using breast cancer cell lines. Synergy of apoptosis 
induction following TRAIL-exposure after irradiation was demonstrated (Chinnaiyan 
et al. 2000).

Interestingly, combined treatment was found to exert synergistic effects in cells 
with low intrinsic sensitivity to radiation-induced apoptosis and less than synergistic 
effects in cells sensitive to radiation alone. Furthermore, the biomathematical 
degree of interaction was not linked to the Bcl-2 status, but to the p53 status. In more 
detail, synergism was observed in cells expressing wild type p53, whereas in p53 
mutants only additive effects occurred (Chinnaiyan et al. 2000).

In a more mechanistically oriented approach, employing Jurkat-T-cells rendered 
apoptosis resistant by over-expression of Bcl-2, Belka and coworkers provided 
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evidence that the combination of TRAIL and radiation was highly efficient in situations 
of mitochondrial death resistance. In detail, at higher dose levels the combination 
turned out to be of similar efficacy compared to death induction in Bcl-2 negative 
cells. Of notice, a detailed mathematical analysis revealed that combined treatment 
exerted additive effects in wild type Jurkat-T-cells, whereas cell kill was synergistic 
in Bcl-2 over-expressing cells. Importantly these effects were found at low concen-
trations of TRAIL and clinically relevant radiation doses.

After the initial finding that radiation and TRAIL may act synergistically, these 
findings were confirmed in a multitude of different cell systems.

Marini and coworkers exposed cell lines derived from breast-, lung-, colorectal- 
and head and neck cancer to ionizing radiation (10 Gy) followed by treatment with 
TRAIL at low concentrations (0.1 ng ml−1), either immediately, or 12 h after irradiation 
(Marini et al. 2005). Treatment with TRAIL alone induced apoptosis to a low 
extent, as measured by Hoechst staining, while irradiation had substantial apoptosis 
inducing effects. Isobologramm analysis confirmed that a combination of irradiation, 
followed by immediate treatment with TRAIL induced apoptosis in a synergistic 
manner in three out of six cell lines. However when TRAIL was applied 12 h after 
irradiation, synergistic effects were observed in five of six cell lines, indicating that 
preirradiation is crucial for effective sensitization (Marini et al. 2005).

Up till now there are multiple sets of data describing synergistic or sensitizing 
effects of combined treatments with ionizing radiation and TRAIL in multiple 
malignant cell lines. Synergistic effects had been found in Jurkat-T-cells (Belka et al. 
2001), prostate cancer cells (Shankar et al. 2004), breast cancer cells (Chinnaiyan 
et al. 2000; Shankar et al. 2004a), and human glioma cells (Nagane et al. 2007).

Sensitizing effects of combined treatment in cells, normally exhibiting low 
radiation sensitivity, were found in erythroleukemic cells (Di Pietro et al. 2001), 
gastric cancer cells, lung cancer – and prostate cancer cell lines (Hamasu et al. 
2005), and cervical cancer cells (Maduro et al. 2008).

Meanwhile, the relevance of sequential treatment to induce strong apoptotic 
effects was confirmed in different malignant cell models, e. g. breast cancer cells 
(Shankar et al. 2004a), prostate cancer cells (Shankar et al. 2004b), lung -, colorectal 
- and head and neck-cancer cells (Marini et al. 2005), T-lymphoblastic leukemia- 
(Rezacova et al. 2008) and erythroleukemic cells (Di Pietro et al. 2001).

Although these results are an important observation, an increased rate of apoptosis 
does not necessarily mean that a given combination will be of clinical value. Since 
other complex death mechanisms exist, there is no one by one correlation of apoptosis 
induction and final eradication of clonogenic tumor cells (Aldridge et al. 1995). Thus, 
it is necessary to prove, that a given treatment approach finally results in increased 
and durable tumor cell eradication. In order to do so, colony forming assays comprise 
the initial experimental in vitro set up.

In this regard, several lines of evidence show that the increased apoptosis induction 
after combined treatment with ionizing radiation and TRAIL, translates into a substantial 
eradication of malignant clones (Belka et al. 2001; Fiveash et al. 2008; Maduro et al. 
2008; Nagane et al. 2007; Shankar et al. 2004b, 2005; Wissink et al. 2006).
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3.3.2 Combined Treatment In Vivo

In addition to colony formation assays, animal studies allow a much more precise 
efficacy estimation of a given anticancer strategy, since effects of tumor oxygenation, drug 
distribution, tumor–stroma interactions are integrated within the experimental set up.

One of the first works elucidating the in vivo activity of TRAIL in combination 
with ionizing radiation in an animal setting was carried out by Chinnaiyan and 
coworkers (Chinnaiyan et al. 2000). They demonstrated high efficiency of combined 
treatment in NIH III nude mice carrying MFC7 breast carcinoma xenografts. Radiation 
was administered in three fractions of 5 Gy. Multimeric-polyhistidine-tagged TRAIL 
(5 mg kg−1) was given intraperitoneally for 7 days. Within 15 days after single agent 
treatment with TRAIL or ionizing radiation, the mean tumor volume increased by 70 
and 150%, respectively. In contrast, upon combined treatment tumors regressed more 
than 50% in the same time. These findings were confirmed by diffusion-weighted 
MRI and histopathological analysis. No apparent toxicity was described.

In 2004 Shankar and coworkers assessed the combination of ionizing radiation 
and TRAIL in two xenograft models.

In the fist model, they found that sequential treatment with irradiation, followed 
by TRAIL, completely eradicated breast cancer xenografts in atymic nude mice and 
enhanced survival, without toxicity to normal tissues. Sequential treatment was 
superior to concomitant treatment, probably through radiation induced up-regulation 
of DR5 in a p53 dependent manner (Shankar et al. 2004a).

Similar findings were demonstrated in prostate cancer bearing mice (Shankar 
et al. 2004b). In vitro, combined treatment yielded synergistic apoptotic responses. 
TRAIL exposure following irradiation was superior to concurrent or reverse treatment 
in respect to induction of apoptosis and activation of caspase-3 and caspase-8, 
indicating improved efficacy of TRAIL induced caspase-8 activity after irradiation. 
In vivo, treatment with 5 Gy, followed by TRAIL administration after 24 h, weekly 
for 3 weeks, synergistically inhibited tumor growth and prolonged survival in Balb 
c nude mice bearing prostate cancer xenografts. Tumor tissues from treated mice 
showed increased apoptosis and activity of caspase-3 and caspase-7, as compared 
to single treatment. Furthermore, expression of DR5, Bax and Bak was increased 
following irradiation in vivo.

Similar results were described in SCID mice, bearing gastric cancer xenografts 
after treatment with TRAIL and ionizing radiation (Takahashi et al. 2008).

4 Monoclonal Agonistic Death-Receptor Antibodies

In addition to different preparations of recombinant TRAIL, agonistic monoclonal 
antibodies targeting either DR4 or DR5 had been developed (Ichikawa et al. 2001). 
Phase I and phase II clinical studies have shown low toxicity and some evidence of 
tumoricidal activity (Chow et al. 2006; Georgakis et al. 2005; Kanzler et al. 2005; 
Pacey et al. 2005; Pukac et al. 2005; Tolcher et al. 2007).
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Xenograft and in vitro experiments, combining agonistic antibodies directed 
against DR4 or DR5 with ionizing radiation, yielded similar results as former trials 
with recombinant TRAIL. In a colorectal xenograft model, median tumor doubling 
time was increased from about 5 days for untreated and irradiated animals, to 27.6 
and 71 days, after application of HGS-ETR1, a monoclonal DR4-agonistic antibody, 
alone and combined treatment, respectively (Marini et al. 2006).

Similar in vivo activity of combined treatment was demonstrated in malignant 
glioma-xenograft bearing nude mice with a death-receptor agonistic antibody 
(Fiveash et al. 2008).

5 Normal Tissue Toxicity

Since TRAIL was found to have a wide therapeutic ratio as single agent, as well as 
in combination with cytotoxic drugs, experiments were performed to investigate 
normal tissue toxicity after combined treatment with ionizing radiation. After 
combined treatment of human hepatocytes, fibroblasts, small muscle cells and 
epithelial cells from prostate, kidney, breast, small airways and umbilical cord with 
10 Gy, 12 h prior to TRAIL exposure (1 ng ml−1), no induction of apoptosis was 
observed, as assessed by morphological criteria after 48 h (Marini et al. 2005).

Similar results have been observed in erythroblasts and erythroleukemic cells 
after combined treatment. Ionizing radiation had a sensitizing effect on TRAIL-
induced apoptosis in erythroleukemic cells but not in normal erythroblasts (Di Pietro 
et al. 2001). In normal human astrocytes, TRAIL (100 ng ml−1) in combination with 
ionizing radiation (10 and 20 Gy) had no effect on viability, while in malignant 
T98G cells enhanced cytotoxicity was observed (Nagane et al. 2007).

In normal prostate cells, concurrent treatment induced slightly more apoptosis 
than either treatment alone. In these experiments, single treatment and combined 
treatment was found to induce roughly tenfold higher rate of apoptosis in malignant 
cells, compared to normal cells (Shankar et al. 2004b).

Little is still known about toxicity of combined treatment in vivo. To date 
increased toxicity has not been reported. In breast cancer bearing mice no apparent 
normal tissue toxicity was observed after combined treatment with irradiation and 
TRAIL (Shankar et al. 2004a).

First clinical studies combining TRAIL or monoclonal agonistic TRAIL-
receptor antibodies with DNA-damaging drugs, did not find markedly increased 
normal tissue toxicity (Chow et al. 2006; Mom et al. 2006).

6 Mechanistic Aspects

Although a few basic aspects of the underlying mechanisms have been described 
above, several important putative mechanisms will be described in the following 
paragraph (Fig. 1).
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One of the earliest observations was the fact that DNA-damage induces an 
up-regulation of CD95 type death-receptors (Fuchs et al. 1997; Williams et al. 1997).

Subsequently in several reports a close link between up-regulation of the 
TRAIL-receptors and an increased sensitivity was described.

Up-regulation of DR5, in a p53-dependent or p53-independent manner, after 
ionizing radiation or administration of chemotherapeutic drugs has been observed 
in different cell models (Guan et al. 2001; Hamasu et al. 2005; Wu et al. 1997).

In human glioma cells (Nagane et al. 2007), prostate cancer cell lines (Shankar 
et al. 2004b), breast cancer cells (Chinnaiyan et al. 2000), cervical cancer cells 
(Maduro et al. 2008) and gastric cancer cells, lung cancer cells and prostate cancer 
cells (Hamasu et al. 2005) increased levels of DR5 after irradiation had been 
observed. Moreover, it was found that DR5 was up-regulated in response to ionizing 
radiation in malignant, but not in normal prostate cells (Shankar et al. 2004b). 
In this study, up-regulation of DR5 was shown to be dependent on p53 since p53-
siRNA markedly reduced radiation induced up-regulation of DR5.

Up-regulation of DR4 in response to ionizing radiation has been described as 
well in hematological malignancies (Di Pietro et al. 2001; Rezacova et al. 2008).

Nevertheless, the amount of DR4 and DR5 is not strictly associated with sensitivity 
to TRAIL induced apoptosis (Marini et al. 2005; Wagner et al. 2007). Marini and 
coworkers for example, provided evidence that increased TRAIL-receptor levels 
after irradiation were detectable in four of six cell lines, but no one by one correla-
tion between sensitization and up-regulation was detectable (Marini et al. 2005).

Similarly, several studies revealed that TRAIL-receptor levels did not tightly 
correlate with sensitization by ionizing radiation (Chuntharapai et al. 2001; Ganten 
et al. 2004; Lacour et al. 2003; Singh et al. 2003).

In addition to up-regulation of the respective receptors, apoptosis threshold shift 
via up-regulation of proapoptotic members of the Bcl-2 family may constitute a 
putative mechanism of action (Chinnaiyan et al. 2000; Rudner et al. 2005). In one 
setting, the interaction of TRAIL and radiation was found to depend on the expres-
sion level of the proapoptotic Bcl-2 family member Bax. Lack of Bax was associ-
ated with a loss of interaction in several cell systems, including prostate cancer and 
colorectal cancer (von Haefen et al. 2004).

In addition to the analysis of death signals above, other factors explaining the 
interaction have been described. Signaling from both pathways culminates in acti-
vation of effector caspases, thereby resulting in increased levels of active caspase-3 
and caspase-7.

In this regard it has been shown, that both apoptosis pathways participated in 
apoptosis induction following combined treatment. Radiation induced apoptosis 
involved Bax and caspase-3, while TRAIL induced apoptosis involved caspase-8 or 
caspase-10 and the adapter protein FADD which links caspase-8 to the death-recep-
tor (Marini et al. 2003).

Recently, while trying to further elucidate the underlying mechanisms, Verbrugge 
and coworkers showed, that irradiation preceding application of TRAIL allowed 
bypassing of the mitochondrial pathway, rendering Type II cells into Type I cells 
(Verbrugge et al. 2008). In addition they demonstrated that TRAIL- and CD95-L 
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induced apoptosis, after irradiation or treatment with the DNA-damaging agent 
etoposide, was independent of the known components of the intrinsic apoptosis 
pathway like Bax/Bak and caspase-9, alteration of the NF B pathway or levels of 
c-FLIP. Upon combined treatment, no release of cytochrome c was observed and a 
stable knock down of Bax and Bak did not affect efficacy of combined treatment, 
indicating that the sensitizing effect occurs independent of the mitochondrial 
pathway. Moreover, the sensitivity of Jurkat-T-cells expressing a dominant negative 
caspase-9 to combined treatment was not diminished. Consequently, besides activation 
of the mitochondrial amplification loop, another mechanism of sensitization can be 
proposed.

Fig. 1 Interaction of death-receptor induced and irradiation induced apoptosis: Death-receptor 
ligation induces recruitment of FADD and Caspase-8 or -10 and subsequent autoactivation. Active 
caspase-8 and -10 activate caspse-3. Amplification of the death-signal is mediated by caspase-8-
dependent cleavage of Bid. t-bid releases proapoptotic Bax from inhibition by Bcl-2 and BclXL. 
Bax leads to the release of cytochrome c from the mitochondria. Cytochrome c, dATP and Apaf-1 
form the apotosome which activates caspase-9. Caspase-9 subsequently activates caspase-3 and -7, 
thus the apoptotic signal culminates in activation of effector caspases-3 and -7. Caspase activation 
is further facilitated by the antagonizing effect of Smac/DIABOLO on caspase inhibition by IAPs. 
Irradiation mediated mitochondrial permeabilization, can be mediated by p53-dependent up-
regulation of proapoptotic –  and downregulation of antiapoptotic Bcl-2-proteins. Possible mechanisms 
of increased induction of apoptosis in combined treatment are: I. Increased activation of effector 
caspases by coactivation of the intrinsic pathway. II. Increased expression of death-receptors leads 
to increased activation of caspase-8. III. Enhanced efficacy of FADD and caspse-8-recruciment to 
death-receptors following irradiation occurs
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Caspase-3 processing upon TRAIL- and CD95-Ligand treatment was found to be 
significantly enhanced in irradiated cells, leading to the conclusion that pretreatment 
with ionizing radiation improves the capacity of death-receptors to activate effector 
caspases. To exclude decreased levels of IAPs and hence decreased inhibition of caspases, 
genome-wide mRNA expression of IAP genes and protein levels of IAPs, following 
ionizing radiation, were determined. No relevant decrease in expression was 
detected. The expression of a Smac mutant, constitutively localized in the cytoplasm 
to antagonize IAPs, also had only minimal impact on the sensitizing effects of pre-
treatment with ionizing radiation. Furthermore, only a moderate increase in DR5 and 
CD95-R1 expression levels was found. DR4 and decoy receptors were not expressed. 
So the conclusion was drawn that alteration of TRAIL sensitivity after irradiation, 
might occur at the receptor level. Finally, improved caspase-8 activation and 
improved DISC formation following irradiation was found. A fourfold FADD to 
TRAIL ratio, from 2 h after irradiation on, and higher amounts of caspase-8 and -10 
in the DISC were observed, indicating an improved capacity of TRAIL-R2 to form 
a DISC including an improved recruitment of initiator caspases.

Similar results were obtained by Lacour and coworkers in 2003 for the combination 
of DNA-damaging substances with TRAIL. An increased recruitment of FADD and 
pro-caspase to form the DISC was observed (Lacour et al. 2003).

Moreover, decoy receptors may play some role in altering sensitivity to TRAIL 
induced apoptosis, although the presence of mRNA encoding decoy receptors did 
not correspond to sensitivity to TRAIL induced apoptosis (Griffith et al. 1998) and 
the decreased expression of DcR1 and DcR2 did not correlate with sensitivity of 
colon cancer cells to cytotoxic drugs (Lacour et al. 2001).

7 Death-Receptors and Radiation Induced Toxicities

Treatment of cancer is always limited by the side effects of a given approach to 
treatment. For a long time, radiation induced side effects were considered to be 
solely stochastic processes, not susceptible by any active means. Currently, it has 
become clear that radiation induced side effects result at least partially from active 
reactions of cells and tissues, making them indeed susceptible to interventions. In 
case of cell death research, several lines of evidence underline the importance of 
apoptosis induction as a basic trigger for radiation induced side effects (for review 
see (Kolesnick and Fuks 2003).

Although, the main focus of research on death ligands in radiation oncology is 
directed towards the use of death ligands as active inducers of cell death in tumors, 
several observations support the interpretation that the TRAIL -, and CD95-system 
are also strongly involved during the pathogenesis of radiation induced side effects. 
In this regard the phenotypes of several null mice systems provide clear evidence 
for this interpretation.

After preparing a seemingly normal DR5 knock out mouse Finnberg and cow-
orkers showed that in response to ionizing radiation, tissues from brain, spleen and 
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payer plaques, derived from these mice exhibit a reduced rate of apoptosis, com-
pared to wild type mice. In tissue derived from the colon, the rate of apoptosis did 
not differ between the two models, indicating a role of DR5 in radiation induced 
apoptosis of some normal tissues in this mouse model (Finnberg et al. 2005).

Interestingly, silencing of DR5 in cancer cells in the colon significantly 
enhanced tumor growth in vivo (Wang and El-Deiry 2004). Moreover, DR5-
deficient mice show enhanced metastasis of squamous carcinoma cell to the lymph 
nodes (Grosse-Wilde et al. 2008) and likewise, DR5-deficient lymphomas exhibit 
increased metastatic potential (Finnberg et al. 2008), indicating a possible role of 
TRAIL in immune surveillance. Following irradiation with sublethal doses, DR5-
null mice developed signs of bronchopneumonia and tumorigenesis and showed 
decreased long-term survival (Finnberg et al. 2008).

As CD95/Fas and its ligand is involved in inflammatory responses in the lung 
(Grassme et al. 2000), it was tested in how far the CD95-system may be involved 
in the pneumonitic response after irradiation of the lung. Heinzelmann and coworkers 
demonstrated that induction of pneumonitis by irradiation is attenuated in CD95-
knockout mice and in CD95L-knockout mice. Irradiated knockout mice, in contrast 
to wild-type mice, showed no increase in breathing frequency, airway resistance 
and histopathological changes after single irradiation of one lung with 12.5 Gy 
(Heinzelmann et al. 2006).

Thus, also the main research focus still aims at increasing the cell kill rate, a 
variety of data also supports the interpretation that specific death signaling is 
involved in the pathogenesis of radiation induced side effects.

8 Future Directions

All data available indicate that TRAIL in combination with ionizing radiation is 
highly effective regarding apoptosis induction and clonogenic cell kill. Based on 
in vitro studies and animal data, there are no hints pointing to an increased risk of 
side effects whenever TRAIL is combined with radiation. Thus, it seems reason-
able to assume that this approach finally will result in a substantial therapeutic 
gain. However only phase III trials will be able to ultimately determine the clinical 
value of TRAIL. Beside several open questions regarding mechanistical aspects, 
it is currently problematic to integrate TRAIL into already highly complex treat-
ment protocols, combining radiation, chemotherapy and surgery. Although many 
aspects of dual interactions (radiation plus TRAIL or chemotherapy plus TRAIL) 
have been elucidated, the understanding in how far three and even more partners 
interact is limited (Fiveash et al. 2008).

From what is known currently, TRAIL in combination with radiation would be 
worth being tested in bronchial cancers, rectal cancer or head and neck cancer.

Regarding the putative involvement of CD95 or TRAIL in the physiological 
modulation of early and late effects of radiation it is currently too early to conclude 
in how far these steps turn out to be a realistic prophylactic and/or therapeutic target. 
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Nevertheless the available data strongly suggest that radiation induced side effects 
are actively regulated and death cascades are clearly involved in these processes.
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Death Ligands Designed to Kill: Development 
and Application of Targeted Cancer 
Therapeutics Based on Proapoptotic  
TNF Family Ligands

Jeannette Gerspach, Harald Wajant, and Klaus Pfizenmaier

Abstract The identification of molecular markers associated with cancer development 
or progression, opened a new era in the development of therapeutics. The successful 
introduction of a few low molecular weight chemicals and recombinant protein ther-
apeutics with targeted actions into clinical practice have raised great expectations to 
broadly improve cancer therapy with respect to both overall clinical responses and 
tolerability. Targeting the apoptotic machinery of malignant cells is an attractive 
concept to combat cancer, which is currently exploited for the proapoptotic members 
of the TNF ligand family at various stages of preclinical and clinical development. 
This review summarizes recent progress in this rapidly progressing field of “biologic” 
therapies targeting the death receptors of TNF, CD95L, and TRAIL by means 
of its cognate protein ligands, receptor specific antibodies, and gene therapeutic 
approaches. Preclinical data on newly derived variants and fusion proteins based on 
these death ligands, designed to act in a tumor restricted manner, thereby preventing 
a systemic, potentially harmful action, will also be discussed.

1 Introduction

In the past decade, cancer therapy has changed tremendously. Although for many 
malignancies traditional cytotoxic chemotherapy attacking rapidly dividing cells 
still is the treatment of choice, targeted therapies gain increasing importance for 
cancer treatment. Targeted cancer therapies generally are better tolerated although 
not free of adverse effects. They are represented by monoclonal antibodies and 
small molecule inhibitors, targeting extracellular components or interfering with 
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mediators of intracellular signaling pathways, respectively. The anti-CD20 anti-
body Rituximab for treatment of non-Hodgkin’s lymphoma (NHL) and the tyrosine 
kinase inhibitor Imatinib for treatment of chronic myeloid leukemia (CML) are 
lucid examples of the superior clinical efficacy of targeted therapies (reviewed in 
Gerber 2008). Cytokines of the tumor necrosis factor (TNF) family, especially the 
death inducing ligands TNF, CD95L, and TNF-related apoptosis-inducing ligand 
(TRAIL), also hold great promise as novel targeted therapeutics. As mediators of 
the immune system, most TNF family members have a role in immune homeostasis 
and defense against pathogens, while in addition, TNF, CD95L, and TRAIL, in 
particular, play an important role in tumor surveillance (see below). The broad use 
of genetically engineered derivatives of these cytokines as effective targeted thera-
peutics will depend on success in restricting their actions to the tumor tissue to 
eliminate unwanted side effects. In fact, systemic application of TNF and CD95 
agonists is presently not possible due to overt generalized toxicity.

The death ligands, like almost all TNF family members, come in two flavors, as 
genuine transmembrane proteins with full signaling capability and as soluble 
mediators, derived by proteolytic processing and differing from the membrane 
ligand in their receptor activating potential (Bodmer et al. 2002; Wajant et al. 
2003). Thus the membrane form of TNF, CD95L, and TRAIL efficiently activate 
their cognate receptors, that is, both TNF receptors (TNF-R1 and TNF-R2), CD95, 
and TRAILR1 and TRAILR2, respectively. In contrast, the soluble ligands, despite 
high affinity binding, show a receptor selective reduced signaling capacity. 
Accordingly, soluble TNF (sTNF) fails to properly activate TNFR2, soluble TRAIL 
(sTRAIL) displays very limited activity on TRAILR2 and, soluble CD95L 
(sCD95L) is practically unable to trigger CD95 (Grell et al. 1995; Wajant et al. 
2001; Schneider et al. 1998). TNF ligands assemble into homotrimers by virtue of 
their common TNF homology domain (THD), which is in addition responsible but 
not necessarily sufficient for receptor binding (Bodmer et al. 2002; Berg et al. 
2007). Modifications introduced by genetic engineering, in particular generation of 
death ligand fusion proteins, can lead to the conversion of sTNF, sCD95L, and 
sTRAIL into fully signaling competent ligands. This conversion is either mediated 
by secondary multimerization or by cell surface immobilization (see below).

Several copies of an extracellularly located conserved cysteine-rich domain 
(CRD) characterize the TNF receptor family members, from which the subgroup of 
eight death receptors can be distinguished by their common intracellular protein 
interaction domain, the death domain (DD) (reviewed in Hehlgans and Pfeffer 
2005; Bodmer et al. 2002). The prototype death receptors are TNFR1 (DR1), CD95 
(DR2), and two of the TRAILRs, TRAILR1 and TRAILR2 (DR4 and DR5). 
Besides apoptosis induction, these death receptors might also transduce non-apop-
totic signals leading to the activation of, for example, NFkB (Park et al. 2005; 
Kreuz et al. 2004; Wajant 2004). In addition, for TRAIL and CD95L, signaling 
deficient, so-called decoy receptors are known (DcR1 to 3 and OPG).

Here, we summarize recent progress in the rapidly progressing field of “bio-
logic” therapies targeting death receptors and the apoptotic machinery of tumor 
cells. We focus on the three death ligands, TNF, CD95L, and TRAIL, and newly 
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designed molecules derived thereof, presently evaluated in preclinical and clinical 
trials for usefulness, safety, and efficacy as protein therapeutic and in gene therapy 
approaches alike. To complete the current picture, we also briefly review the antibody 
based strategies, targeting death receptors.

2 Tumor Necrosis Factor

Now over 30 years ago, TNF has been identified as the factor responsible for bacteri-
ally induced hemorrhagic necrosis of tumors, thus being the name giving member of 
the present TNF superfamily (Carswell et al. 1975). Because of its severe systemic 
side effects culminating in septic shock syndrome and multiorgan failure, TNF’s 
potent antitumor activity still is not amenable to a general application in cancer 
therapy. This is based on the fact that the maximum tolerated dose of TNF is 30–545 

g m−2 depending on route of injection. This is about 10–50 times less than the effec-
tive dose in animal tumor models (Lejeune et al. 2006; Eggermont et al. 2003). 
Presently, only in the sophisticated clinical setting of isolated limb perfusion (ILP), 
high dose TNF treatment is successfully and safely employed in combination with the 
chemotherapeutic melphalan for treatment of regionally advanced melanomas and 
soft tissue sarcomas. Although here discussed primarily as a death inducer, TNF is a 
pleiotropic cytokine with far-reaching effects (Pfeffer 2003). Actually its antitumor 
activities themselves are diverse and apparently to a lesser extent due to direct cyto-
toxic action on the tumor cells. Rather, TNF’s ability to selectively damage tumor-
associated endothelium and to induce clot formation leading to vessel obstruction is 
now recognized to play an important role (Nawroth et al. 1988 and reviewed in 
Mocellin et al. 2007; Lejeune et al. 2006). In addition, already low doses of TNF can 
enhance blood vessel permeability, an effect from which combination therapy with 
therapeutics directly toxic to the tumor can greatly profit (Kristensen et al. 1996; 
Seynhaeve et al. 2007 and reviewed in Lejeune et al. 2006). For this process the dis-
ruption of VE-cadherin complexes at vascular endothelial cell junctions seems to be 
responsible (Menon et al. 2006). Furthermore, there is increasing evidence for TNF 
playing an active role in both innate and adaptive antitumor immune responses 
(reviewed in Mocellin et al. 2007). Thus, besides critical requirement of TNF signal-
ing for effective priming, proliferation, and recruitment of tumor-specific T-cells, an 
essential role of TNF in tumor immune surveillance has been described (Calzascia 
et al. 2007). For TNF-mediated tumor rejection, activation of TNFR2 might be as 
important as TNFR1 stimulation. This is gathered from reports describing that (1) 
TNFR2 expressed on host innate immune cells is sufficient to mediate the antitumor 
effect of TNF, which is dependent on nitric oxide production (Zhao et al. 2007), (2) 
TNFR2 seems to suppress metastasis development, whereas TNFR1 rather has pro-
moting activity (Guillem and Sampsel 2006), (3) TNFR2 seems to provide an impor-
tant costimulatory signal for optimal T-cell activation (Kim and Teh, 2001, 2004; Kim 
et al. 2006b; Aspalter et al. 2003, 2007), (4) endothelial TNFR2 is essential for TNF-
induced leukocyte-endothelial cell interaction (Chandrasekharan et al. 2007).
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For preclinical analysis of human TNF-based therapeutics in murine tumor models, 
it has to be considered that human TNF binds murine TNFR1, but not murine 
TNFR2, which excludes a possible potentiation of antitumor responses related to 
TNFR2 activation (Ranges et al. 1989; Ameloot et al. 2001).

2.1 TNF Fusion Proteins

During the last two decades, a number of TNF fusion proteins have been devel-
oped, which are composed of a targeting domain and the TNF moiety connected 
either by chemical conjugation or genetic fusion. In general, targeting is achieved 
by antibodies, natural ligands, or derivatives thereof. Target structures typically 
represent cell surface markers either expressed by tumor cells or tumor stroma 
cells, for example epidermal growth factor receptor (EGFR)-1, carcino-embryonic 
antigen (CEA), tumor associated glycoprotein (TAG) 72, transferrin receptor, the 
ganglioside GD2, fibroblast activation protein (FAP), and vascular markers like 
CD13 (aminopeptidase N) or B-FN, a fibronectin (FN) isoform containing the 
ED-B domain. Most of these fusion proteins retain normal TNF activity on target 
negative cells, but display 10- to 1,000-fold higher activity on target positive cells 
in vitro and possess enhanced anti-tumor activity in vivo. Noteworthy, antigen-
dependent cell surface immobilization can be accompanied by conversion of solu-
ble to membrane-like TNF activity, resulting in efficient activation of both TNF 
receptors (reviewed in Wajant et al. 2005). For some of these TNF fusion proteins, 
clinical investigations are already underway or pending. An example is NGR-
muTNF, murine TNF fused to the C-terminus of a cyclic CNGRCG peptide, which 
targets a CD13 (Aminopeptidase N) isoform expressed on angiogenic blood vessels 
(Curnis et al. 2000). On L-M cells, cytotoxicity of this TNF variant was comparable 
to that of wild-type TNF as was systemic toxicity upon i.p. injection in tumor bear-
ing mice (LD50: 45 g NGR-muTNF; 60 g murine TNF). Likewise, NGR-
muTNF displayed similar serum half life and tumor/blood ratios as murine TNF. 
The latter one was attributed to the fact that endothelial cells represent a minor 
component of tumor mass. In contrast, inhibition of tumor growth by NGR-muTNF 
was 12–15 times more efficient compared to murine TNF. Interestingly, the authors 
observed a bell-shaped dose response curve for NGR-muTNF with antitumor 
activities between approx. 0.01–1 ng and 100 ng–10 g, which could be accounted 
to TNF-induced shedding of TNFR2, neutralizing intermediate levels of circulating 
TNF. In support of this reasoning, NGR-huTNF did not show a bell-shaped 
response because murine TNFR2 does not bind human TNF (Curnis et al. 2002). 
Treatment of B16F1 tumor bearing mice with the chemotherapeutic Melphalan in 
combination with NGR-muTNF, but not murine TNF, showed increased inhibition 
of tumor growth compared to single agents. More important, NGR-muTNF as well 
as NGR-huTNF strongly enhanced antitumor activity of Melphalan, Doxorubicin, 
Cisplatin, Paclitaxel, and Gemcitabine at subnanogram doses (about six orders of 
magnitude lower than the LD50) with no increase in systemic toxicity (Curnis et 
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al. 2002). In this process IFN  appears critically involved (Sacchi et al. 2004). 
Recently, Crippa et al. (2008) showed synergistic damage of tumor vessels when 
NGR-TNF was combined with similar subnanomolar doses of endothelial-mono-
cyte activating polypeptide (EMAP) II, a soluble tumor derived cytokine known to 
sensitize tumor neovasculature to TNF. These successful preclinical studies paved 
the way for presently ongoing clinical studies (phase I/II) investigating NGR-hTNF 
as single agent or in combination with chemotherapeutics in patients with solid 
tumors and different metastatic cancers.
Another presently investigated TNF fusion protein is the L19-TNF, a fusion protein 
of 134 kDa composed of murine TNF fused to the C-terminus of the scFv fragment 
“L19” which recognizes the angiogenesis marker B-FN. In vitro, L19-mTNF was 
five- to sixfold more active on B-FN expressing L-M cells than murine TNF. In 
vivo biodistribution experiments revealed stable and high level accumulation in 
B-FN positive tumors, with specific and selective targeting of tumor vasculature. 
Interestingly, although molecular size of L19-mTNF resembled that of a normal 
IgG (approximately 150 kDa), serum  and  phase half-lives of the TNF fusion 
protein were about twofold and 27-fold shorter, respectively. Histological analysis 
of different organs after intravenous (i.v.) injection of up to 1 pmol g−1 revealed no 
morphologic side effects. In contrast, bolus i.v. injection of 1 pmol g−1 into F9 
tumor bearing mice induced cell death in tumor as well as tumor endothelial cells 
and resulted in at least fourfold higher antitumor activity compared to murine TNF. 
Combined treatment with L19-mTNF and L19 fusion proteins of IL2 or IL12 
showed superior tumoricidal effects in comparison to each single agent alone, with 
complete responses and no (L19-IL2) or only a moderate increase (IL12-L19) in 
systemic toxicity (Borsi et al. 2003; Halin et al. 2003). In addition, combination 
therapy with Melphalan resulted in a considerably higher synergistic antitumor 
activity compared with murine TNF or a control fusion protein in combination with 
Melphalan in three different syngeneic murine tumor models (Borsi et al. 2003). 
Importantly, treatment of s.c. established tumors with L19-muTNF and Melphalan 
led to complete responses in case of C51 tumors or an increase in complete 
response rate up to 83% in case of WEHI-164 tumors, whereas the same treatment 
could only retard WEHI-164 tumors when growing in immunocompromised mice. 
Cured mice rejected challenges with syngeneic tumor cells of different histologic 
origin with long-lasting antitumor immunity (Balza et al. 2006). Further analysis of 
mice treated with the combination regimen showed (1) that both CD4+ and CD8+ 
T-cells, but not NK cells, were responsible for tumor rejection and CD4+ cells 
seemed to act as classical helper cells, (2) a mixed Th1/Th2-type response is 
induced in which IFN  seemed to play a central role as combination therapy failed 
to cure tumor bearing IFN −/− mice, (3) each single agent alone as well as both 
combined led to a down-regulation of CD4+ CD25+ Treg cells in tumor draining 
lymph nodes, which recently have been shown to potentially inhibit TNF action by 
shedding off large amounts of TNFR2 (van Mierlo et al. 2008), and (4) spleen cells 
of cured mice displayed strong CTL activity whereas those of nonresponders did 
not (Mortara et al. 2007). At present, phase I clinical studies in patients with colorectal 
cancer are underway with the L19-TNF fusion protein.
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The fusion protein scFvMEL/TNF with a molecular mass of about 135 kDa, com-
prised of human TNF fused to the antibody fragment scFvMEL, is specific for the 
melanoma antigen gp240, which is present in most human melanomas and some types 
of breast cancer. On gp240 positive cells, scFvMEL/TNF showed up to more than 
250-fold higher apoptotic activity than human TNF. Analysis of organ distribution 72 
h after injection revealed highest accumulation in tumor tissue with tumor/blood ratio 
of about 8 although accumulation in kidney, spleen, and liver was also noted (Liu 
et al. 2004). Plasma half-live was triphasic with 0.38, 3.9, and 17.6 h for the , , and 
 phases. The maximal tolerated dose (MTD) upon five daily i.v. injections was 4 mg 

kg−1. Doses above were accompanied by lethal toxicity. At doses up to 3 mg kg−1 no 
changes in gross pathology, clinical chemistry, or hematologic parameters were 
observed. Treatment of nude mice bearing established A375GFP tumors with 
scFvMEL/TNF (five daily i.v. injections, 2.5 mg kg−1) resulted in complete regression 
in all treated mice, whereas in all control treated groups no regression occurred (Liu 
et al. 2004). Clinical investigation of this TNF fusion protein is pending.
Bauer and colleagues developed a humanized FAP specific IgG1-TNFderivative in 
which the constant regions CH2 and CH3 of the IgG were replaced by human TNF. 
This TNF fusion protein revealed an apparent molecular mass of about 150 kDa 
indicative of a dimeric assembly, whereas a corresponding fusion protein with a 
scFv fragment antibody domain assembled into trimers (Bauer et al. 2004). The 
FAP-specific IgG1-TNF fusion protein showed reduced TNFR1 binding and cyto-
toxic activity compared to human TNF or the trimeric scFv-TNF variant. Likewise, 
reduced systemic TNF activity was observed upon i.v. injection into mice. Here up 
to 150 g of TNF-equivalent doses were applicable without lethal outcome. 
In contrast, 30 g of huTNF or an equivalent dose of the corresponding scFv-TNF 
fusion protein induced lethality in all mice tested. Furthermore, when used in a 
TNF-equivalent dose of 100 g, the FAP-specific IgG1-TNF construct induced a 
much stronger tumor growth delay of xenotransplanted HT1080-FAP tumors compared 
to human TNF or the scFv-TNF variant each applied at the corresponding MTD 
(Bauer et al. 2006).
Recently, two new formats of TNF fusion proteins have been developed, namely  
a TNF prodrug and single chain TNF (Gerspach et al. 2006a,b, Krippner-

eidenreich et al. 2008). Besides a specific targeting domain and the TNF module, 
TNF prodrugs additionally are endowed with an inhibitory TNF receptor fragment 
linked to the core molecule via a protease-sensitive linker. The linker is composed 
of consensus cleavage sites for matrix metalloproteinases such as MMP-2 or the 
urokinase-type plasminogen activator (uPA) or combinations thereof. Both pro-
teases are reported to be upregulated in a broad variety of tumors (Egeblad and 
Werb 2002; Stefanidakis and Koivunen 2006; Pillay et al. 2007). On target antigen 
negative, but MMP-2 and uPA positive cells, TNF prodrugs remained intact and 
thus possessed only marginal activity compared to TNF. In contrast, upon binding 
on target antigen positive cells, TNF prodrugs were efficiently processed by the 
respective proteases and converted into highly active TNF variants with membrane-
TNF-like activity (Gerspach et al. 2006a, ). Thus, by keeping TNF’s bioactivity 
shielded until reaching the site of target antigen expression and encountering 
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tumor-associated proteases, TNF prodrugs represent a new class of cancer thera-
peutics with a highly antitumoral potential and double safety features.

The single chain TNF (scTNF) is another novel TNF fusion protein comprised 
of three human TNF monomers covalently linked via two glycine serine linkers. 
Cell binding studies revealed similar maximum binding capacities of TNF and 
scTNF and somewhat higher binding affinities of the scTNF for both TNFR1 and 
TNFR2. TNF and scTNF showed comparable bioactivities in cell culture experi-
ments, but the latter displayed strongly increased thermal and serum stability upon 
incubation at 37°C in human serum (Krippner-Heidenreich et al. 2008). Interestingly, 
systemic toxicity of scTNF in a d-galactosamine-sensitized liver injury model was 
significantly lower compared to TNF. Antitumor experiments with CFS-1 tumor 
bearing C3H/HeN mice or nude mice implanted with HCT116 tumor fragments 
revealed enhanced or at least similar antitumor activity. Thus, by offering a wider 
therapeutic window compared to TNF, the scTNF bears great potential for develop-
ment of new TNF-based cancer therapeutics, including improved targeted TNF 
fusion proteins (Krippner-Heidenreich et al. 2008).

2.2 TNF Gene Therapy Approaches

Development of gene therapy approaches for cancer treatment has received great 
attention as alternatives to conventional pharmaceutic therapy. Viruses are the most 
commonly used vectors for clinical gene therapy. They are excellent vectors to 
deliver foreign DNA with high efficiency. Depending on the viral system, dividing 
and also non-dividing cells can be transfected and short-term as well as long-term 
expression can be achieved. However, clinical trials uncovered all the pitfalls and 
drawbacks, namely acute and delayed immune responses, insertion mutagenesis as 
well as dissemination of a viral vector into the environment via excreta from treated 
patients, which all are serious safety concerns. (Seth 2005; Gao et al. 2007b; 
Schenk-Braat et al. 2007). Alternatively, foreign DNA can be delivered by nonviral 
physical or chemical approaches. One of the main disadvantages of the latter strat-
egy is that this is in general much less efficient than viral vectors, thereby limiting 
therapeutic applications.

TNF gene therapy is expected to act locally thereby reducing systemic side 
effects. However, early studies showed that upon intratumoral injection of an ade-
noviral TNF construct, TNF protein expressed in the tumor can leak into the vas-
culature, thereby inducing severe systemic side effects (Okada et al. 2003; Marr 
et al. 1997). On the other hand, earlier studies already indicated that gene therapy 
with a TNF mutant exclusively expressed on cell membrane can prevent leakage, 
yet displayed similar antitumor activities as wild-type TNF (Marr et al. 1997). 
Nevertheless, for cytokine gene therapy in general and TNF in particular, sustained 
high-level expression by constitutive vectors seemed not to be a safely applicable 
strategy. Further investigations that aimed at cytokine treatment in the tumor vicinity 
with moderate but therapeutically effective doses were more successful. For example 
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in a human glioma xenograft model, TNF gene therapy driven by the stress-inducible 
promoter of gadd 153   combined with tumor-localized hyperthermia using mag-
netite cationic liposomes, both injected intratumorally, displayed superior tumori-
cidal activity compared to single therapy, while liver damage and TNF leakage into 
circulation were not observed (Ito et al. 2001). In another example, a jet-injected, 
nonviral TNF vector under the control of the human multidrug resistance gene 
(mdr1) promoter induced significant tumor growth reduction of established 
HCT116 tumors when combined with hyperthermia and Doxorubicin (Walther 
et al. 2007). The mdr1 promoter contains drug-inducible as well as heat-inducible 
elements, thus Doxorubicin and hyperthermia jointly induce TNF expression, 
which in turn is known to enhance antitumoral effects of chemo- and hyperthermia 
(Walther et al. 2000, 2007).
Another promising nonviral based approach uses surface-shielded ligand-polycation/
DNA complexes for tumor-targeted gene delivery. Plasmid-DNA coding for murine 
TNF can be condensed by the polycation polyethylenimine (PEI), known to confer 
efficient transfection and to facilitate escape of DNA from the endosomal compart-
ment. In experiments described by Kircheis et al., targeted delivery and receptor 
mediated cellular uptake of TNF encoding DNA/PEI complexes were achieved by 
transferrin chemically coupled to PEI, making use of frequent overexpression of 
transferrin receptors on a variety of tumor cells (Kircheis et al. 2002b). The high 
load of transferrin in these complexes additionally conferred surface shielding in 
order to overcome unspecific uptake by liver or spleen and to reduce nonspecific 
interactions with blood components, extracellular matrix, and nontarget cells 
(Kircheis et al. 2002b). Injection of these complexes resulted in predominant TNF 
expression in the tumor, no significant increase in TNF serum levels, and no obvious 
TNF-related systemic toxicities. Moreover, upon repeated i.v. injections signifi-
cantly higher tumor responses as compared to the untargeted complexes or control 
complexes containing the empty or  galactosidase encoding vector were observed 
in neuroblastoma, melanoma, and fibrosarcoma tumor models (Kircheis et al. 
2002a). Targeted PEI/DNA polyplexes surface shielded by covalent linkage of poly-
ethylene glycol (PEG) likewise were well tolerated upon repeated systemic applica-
tion and displayed antitumor activities (Kursa et al. 2003). Thus, with both polyplex 
variants, it was shown that in animal models it is possible to reach tumor targeted 
action of TNF upon systemically applied polyplex mediated TNF gene therapy.

Similar results were obtained with TNF gene therapy transcriptionally regulated 
by telomerase gene promoters with polyplex formulations based on polypropylen-
imine dendrimer. Repeated i.v. treatment of epidermoid carcinoma-, cervix carci-
noma-, or colorectal carcinoma-bearing mice with polyplexed TNF vector was 
significantly more potent than TNF treatment alone or when dendrimers and TNF 
were administered subsequently, although the cationic dendrimer carrier by itself 
exhibited transgene-independent antitumor activity ranging from growth retardation 
to complete tumor regression (Dufes et al. 2005). Until now clinical trials with 
general cationic molecule-based systems did not succeed due to low delivery effi-
ciency and toxicity (Gao et al. 2007b). It remains to be seen if surface shielded, 
transferrin receptor targeted DNA complexes will perform better.
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To date, the most successful TNF gene therapy approach appears to be the 
TNFerade vector, currently being in a pivotal phase II/III clinical investigation. 
TNFerade is a radiation-inducible radio-sensitizing second generation E1-, partial 
E3-, and E4-deleted adenoviral vector carrying the transgene encoding human TNF 
downstream of the radiation- and chemo-inducible Egr-1 promoter. The Egr-1 pro-
moter allows optimized spatial and temporal gene expression following ionizing 
radiation, which increases intratumoral TNF levels about 12-fold (Rasmussen et al. 
2002). Preclinical studies showed that upon direct intratumoral injection of Ad.Egr-
TNF and fractionated IR radio-resistant human epidermoid carcinoma, prostate and 
glioma xenografts were radio-sensitized. Histopathological analysis revealed 
extensive intratumoral vessel thrombosis and tumor necrosis sparing adjacent nor-
mal tissue vessels (Mezhir et al. 2006). Activation of the Egr-1 promoter by ioniz-
ing radiation is mediated by DNA-damage- and radical oxygen intermediate 
(ROI)-induced signaling to the CArG sequence contained within the promoter. 
Thus, different chemotherapeutics like Doxorubicin and Temozolomide were also 
able to induce TNF expression, thereby enhancing the tumoricidal effects of these 
drugs without increasing systemic toxicity. Recently, Yamini and colleagues 
showed that survival upon treatment of malignant glioma bearing mice with temo-
zolomide and ionizing radiation was significantly enhanced by combination with 
TNFerade (Yamini et al. 2007). Additionally, for radiation or chemotherapy intoler-
ant patients, resveratrol, a polyphenol with anti-inflammatory, immunomodeling, 
and chemopreventive properties, might be an alternative agent. Resveratrol caused 
antitumor responses in Ad.Egr-TNF-infected human or rat tumor xenograft models 
comparable to that of radio- or chemotherapy (Bickenbach et al. 2008). Taken 
together, in this approach radio- or chemotherapy displays dual function as it not 
only acts as anticancer therapeutic by itself, but also induces its own enhancer. 
Presently, delivery is limited to intratumoral administration and thus constrained to 
accessible sites of local disease. Studies from MacGill and colleagues, however, 
provide evidence that local treatment of a solid tumor with TNFerade and radiation 
may also reduce metastatic disease by a host-dependent response (MacGill et al. 
2007). Furthermore, tumor-selective delivery of systemically applied TNF encod-
ing adenoviral vector might be achievable by PEGylation using the enhanced per-
meability and retention (EPR) effect related to PEG or by capsid modification 
targeting v 3/5 integrin receptors together with control of expression by the poten-
tially tumor selective MUC-1 promoter (Gao et al. 2007a; Murugesan et al. 2007).

2.3 Alternative Approaches to Increase Efficacy of TNF

Cyt-6091(Aurimune, formerly known as PT-cAu-TNF) is a nanotherapeutic pre-
pared by covalent coupling of TNF to PEGylated colloidal gold. This in turn is a 
sole of about 30 nm nanoparticles of Au0 coated with 20 kDa PEG via disulfide 
bonds. Covalent binding of human TNF by itself is pH-dependent and might 
occur via its internal cysteine residue. Approximately 400 molecules of TNF are 
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carried by one nanoparticle (Paciotti et al. 2004). Within 6 h upon injection of 
Cyt-6091 in TNF-sensitive MC38 colon carcinoma bearing C57BL/6 mice TNF 
accumulation in the tumor and TNF levels in blood were about 10- and 20-fold 
higher, respectively, than for conventional TNF. In contrast, colloidal gold TNF 
lacking PEG (cAu-TNF) revealed only about 2.5-fold TNF accumulation and 
reduced TNF blood levels compared to TNF (Paciotti et al. 2004). These differ-
ences are related to a strong uptake in liver and spleen of cAu-TNF, but not Cyt-
6091. Nevertheless, compared to native TNF intravenously injected cAu-TNF 
displayed increased safety and efficacy in tumor therapy experiments, as 24 g 
TNF equivalents, which were 100% lethal in case of native TNF, induced signifi-
cant tumor reduction without causing death. Efficacy of Cyt-6091 was even 
higher as a dose of 7.5 g induced maximal tumor response also without mediat-
ing lethal side effects (Paciotti et al. 2004). Further analysis showed that Cyt-
6091 can significantly increase hyperthermia induced tumor responses by 
concomitant reduction in tumor perfusion and without increasing toxicity as com-
pared to combination with native TNF (Visaria et al. 2006, 2007). Moreover, 
video microscopy in TNF-sensitive and -resistant tumor bearing mice revealed 
that cAu-TNF as well as TNF induced blood vessel permeability, which was 
rapidly, selectively, and significantly increased in areas of neovasculature com-
pared to those of normal vasculature (Farma et al. 2007). First satisfying data 
from seven patients of a clinical phase I study in patients with advanced cancer 
demonstrate, upon systemic administration of 50, 100, or 150 g m−2 no dose 
limiting hypotensive response, blood chemistries and urinalysis not significantly 
different following treatment and serum half life between 117 and 145 min. In 
addition, a tenfold increase in the number of gold nanoparticles in tumor tissue 
compared to adjacent healthy tissue could be observed (Libutti et al. 2007).

PEGylation of TNF represents a further approach to increase efficacy of 
TNF in treatment of cancer. PEGylation, the covalent coupling of PEG to thera-
peutic proteins, has been accepted as a standard technique in industrial settings 
and has become the dominant protein drug modification/delivery system for the 
biotech industry. Thus, several commercially produced PEGylated drugs are 
already available, for example, PEGASYS® (PEG-Interferon alpha-2a) and 
PEGIntron® (PEG-Interferon alpha-2b) for treatment of chronic hepatitis B and/
or C. Modification by PEG can improve therapeutic properties of peptides, 
proteins, small molecules, or oligonucleotides, generally due to prolonged half-
life, higher stability, water solubility, lower immunogenicity, and antigenicity 
and sometimes facilitating specific targeting to tissues or cells (Pasut and 
Veronese, 2007). Already about 15 years ago, Mayumi and co-workers demon-
strated that by covalent PEG modification of TNF, an up to 100-fold higher 
antitumor activity can be reached in MethA tumor-bearing mice without obser-
vation of systemic toxicity (Tsutsumi et al. 1994, 1995). This initial modification 
of TNF was done by a randomized process in which all lysine residues of TNF 
are potential target sites for PEGylation, generating a mixture of differently 
modified TNF molecules. Later on a lysine-deficient TNF variant was devel-
oped thereby enabling N-terminal, site-specific PEGylation. This mono-
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PEGylated TNF had about ten times higher antitumor activity in the MethA 
fibrosarcoma model with about three times less toxicity to mice than wild-type 
TNF (Yamamoto et al. 2003). Using phage display an improved lysine-deficient 
TNF mutant with superior in vitro bioactivity and higher affinities for both TNF 
receptors was selected. This improved lysine deficient TNF mutant displayed 
about tenfold higher antitumor activity compared with wild-type TNF. After 
N-terminal PEGylation in vitro, bioactivity was about threefold higher 
compared to unmodified TNF. Furthermore, induction of tumor responses was 
about 30-fold higher and systemic toxicity about twofold lower compared to 
wild-type TNF, thereby increasing the width of therapeutic window about 
60-fold (Shibata et al. 2004). Recently, a transferrin-PEG-TNF was generated, 
which is composed of randomly PEGylated TNF and transferrin coupled via the 
PEG chains. Treatment of S-180 tumor-bearing mice resulted in about fivefold 
higher tumor responses compared with wild-type TNF (Jiang et al. 2007). 
Potentially, higher antitumor activity might be revealed by using lysine-defi-
cient TNF-mutant mono-PEGylated with branched PEG and transferrin coupled 
to all side chains of PEG.
By developing a chemically coupled anti-CEA/anti-TNF bispecific antibody (BsAb), 
Azria and colleagues were able to target TNF to the tumor. This antibody construct 
was shown to increase TNF concentration in the CEA-positive human colorectal 
carcinoma T380 tumor xenograft model up to eightfold (Robert et al. 1996). In two 
CEA positive xenograft tumor models (colon cancer, LS174T and pancreatic cancer, 
BxPC-3), the use of BsAb in combination with TNF and radiotherapy (RT) 
significantly enhanced median tumor growth delay compared with treatment only 
with TNF and RT, whereby no body weight loss was observed (Azria et al. 2004). 
Recently, the authors showed that treatment of CEA transfected mouse tumor 
cells growing in CEA transgenic immunocompetent mice with a combination of 
RT plus TNF plus BsAb resulted in complete tumor regression in 50% of the 
treated animals compared to about 20% for RT with or without TNF (Larbouret 
et al. 2007).
Increasing efficacy of TNF is also achievable by prevention of systemic toxicity by 
chemical compounds. For example, tumor-bearing mice systemically treated with 
TNF/IFN  in combination with the broad-spectrum metalloproteinase inhibitor 
BB-94 were protected against TNF/IFN -induced mortality, but antitumor activity 
was preserved (Wielockx et al. 2001). Substitution of BB-94 by specific MMP 
inhibitors seems not to be possible as judged by analysis in different MMP-deficient 
mice (Van Roy et al. 2007a). However, adenoviral vector mediated delivery of 
human tissue inhibitors of matrix metalloproteinase (hTIMP)-1 and hTIMP-2 gene 
to the liver led to significantly faster regression of tumors upon TNF/IFN  treat-
ment (Van Roy et al. 2007b). Interestingly by upregulation of HSP70 in different 
organs, zinc was also able to prevent TNF-induced lethality without affecting anti-
tumor activity (Van Molle et al. 2007).

Several approaches are also aiming at increasing antineoplastic activity of TNF 
by employing TNF sensitizers like, for example, inhibitors of the NFkB or PKB/
Akt pathway or of nitric oxide synthase (reviewed in Mocellin et al. 2007).
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3 CD95L (FasL, APO-1L, CD178)

CD95L physiologically plays a critical role in tumor immune surveillance, and its 
natural antitumor activity is apparent, for example, through tumor specific CD8+ 
T-cells, which utilize CD95L as one effector molecule to directly kill tumor cells 
(Wajant 2006; Seki et al. 2002; Dobrzanski et al. 2004). In addition, an interference 
of CD95L with the development of solid tumors in the liver has been recently 
described (Park et al. 2008). However, systemic CD95 activation by agonistic anti-
bodies or secondarily crosslinked CD95L results in death of treated animals due to 
massive hepatotoxicity (Ogasawara et al. 1993; Schneider et al. 1998). Therefore, 
systemic application of CD95 agonists was not taken into consideration for clinical 
application, whereas various agonistic CD95L variants are presently exploited for 
local treatment strategies (see below). Interestingly, mice deleted for both TNF 
receptors were resistant to death and fulminant liver injury induced by agonistic 
anti-CD95 antibody (Costelli et al. 2003). Although CD95L can induce tumor 
regression, it has been proposed that tumors may suppress antitumor responses and 
thus evade immune mediated destruction by expressing themselves this death lig-
and on their cell surface. This phenomenon has been termed “tumor counterattack” 
and is thought to operate via CD95L-mediated apoptosis induction in tumor spe-
cific effector T-cells. The tumor counterattack differs from other mechanisms of 
induced resistance, also known for TNF and TRAIL, where the parallel induction 
of antiapoptotic signaling pathways, predominantly via NFkB, may lead to a net 
state of apoptosis resistance, enhanced tumor growth, or even promotion of metas-
tasis (Igney and Krammer, 2005; Whiteside, 2007; Balkwill, 2006). For CD95L, 
Wada and colleagues provide evidence that the expression level is a critical param-
eter that determines whether tumor cell expressed CD95L leads to tumor regression 
or immune escape. Unexpectedly, their data suggest that high level CD95L expres-
sion led to tumor rejection, whereas low level expression enhanced tumor growth 
(Wada et al. 2007). Thus, therapy approaches that aim at delivering relatively high 
amounts of CD95 agonists in a tumor specific manner should be able to primarily 
induce tumor regression while sparing normal tissue from toxic action.

3.1 CD95L Fusion Proteins

As mentioned earlier, soluble trimeric CD95L despite showing specific binding to 
its cognate receptor is poorly able to activate CD95 and might even act as an 
antagonist for membrane CD95L. Yet apoptotic signaling of soluble trimeric 
CD95L can be fully reconstituted, for example, upon secondary crosslinking by 
antibody or membrane-assisted presentation. This latter feature of soluble CD95L 
is presently exploited for the development of systemically applicable therapeutics 
with tumor targeted activity. Such fusion proteins comprising CD95L and a tumor 
specific targeting module have to meet following criteria: (1) fusion of the respec-
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tive components have to occur without formation of aggregates of latently active 
ligand trimers, as already hexameric CD95L is able to activate CD95 (Holler et al. 
2003); (2) upon membrane binding, the fusion protein should be presented such 
that a signaling competent ligand complex assembles, mimicking the naturally 
expressed membrane form of CD95L. While the latter process seems to be less 
demanding, as it has been reported to occur spontaneously upon interaction of solu-
ble CD95L with extracelluar matrix proteins (Aoki et al. 2001), the generation and 
maintenance of strictly trimeric, that is, a priori signaling deficient, CD95L fusion 
proteins appears more challenging. This is based on observations that especially 
when antibody fragments are used as targeting modules, higher order complexes 
may occur due to an intrinsic tendency of aggregation (for example, see Watermann 
et al. 2007). Nevertheless, several fusion proteins have been developed which met 
both criteria. One of them, sc40-FasL, is composed N-terminally of a human FAP-
specific scFv fragment and C-terminally of the extracellular domain (ECD) of 
CD95L linked via a Flag peptide containing linker. This construct displayed highly 
increased cytotoxicity on FAP-expressing cells, which results from FAP-dependent 
cell surface immobilization, leading to conversion into a fully active CD95L moi-
ety. The sc40-FasL prevented outgrowth of FAP-expressing, but not target antigen 
negative HT1080 tumor xenografts (Samel et al. 2003). Remarkably, systemic 
application of up to 90 g of the trimeric fusion protein into mice (corresponding 
to ~10× LD50 of conventional oligomerized CD95L) resulted in no detectable 
toxicity, verifying lack of nontargeted activity of this CD95L fusion protein and 
thus fulfilling the criterion of safe systemic applicability. By genetically coupling 
CD95L (ECD) to an N-terminally located scFv fragment derived of the CD20 spe-
cific chimeric monoclonal Ab Rituximab, Bremer and coworkers generated 
scFvRit:sFasL (Bremer et al. 2008). Rituximab is an approved biotherapeutic for 
the treatment of NHL and mediates its effect by antibody induced cell-mediated 
cytotoxicity (ADCC), complement-mediated cytotoxicity as well as direct induc-
tion of apoptosis upon crosslinking of CD20 on B cells. scFvRit:sFasL displayed 
CD20-dependent dual apoptotic activity via both functional moieties. Of note, this 
fusion protein displayed superior activity compared to the combined application of 
reagents targeting CD20 and CD95 individually, that is, Rituximab and an agonistic 
anti-CD95 antibody. In vitro, strikingly low picomolar concentrations of 
scFvRit:sFasL were sufficient to induce apoptosis in B-cell lines as well as malig-
nant B-cells from NHL or chronic B-lymphocytic leukemia (B-CLL) patients, yet 
normal B-cells and peripheral blood lymphocytes remained unaffected. In addition, 
upon intraocular injection into mice, no obvious systemic toxicity was observed. 
Thus, scFvRit:sFasL might be a novel potential therapeutic for treatment of B-cell 
malignancies (Bremer et al. 2008). The scFvCD7:sFasLfusion protein is another 
example for a CD95L fusion protein with antigen dependent activity, in this case 
targeting the T cell leukemia-associated antigen CD7. Incubation of CD7 express-
ing T-cell leukemic cell lines or patient derived material resulted in induction of 
apoptosis, while CD7 negative cells or activated CD7 positive T-cells were not or 
moderately affected (Bremer et al. 2006). Similar to the fusion proteins discussed 
so far, targeting CD95L by other means, as exemplified by use of the ECD of CD40 
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or RANK, targeting CD40L and RANKL, respectively, likewise resulted in fusion 
proteins displaying cell surface antigen-restricted activity (Assohou-Luty et al. 
2006). Interestingly, a CD40-CD95Lfusion protein was shown to possess dual 
activity such that the CD40 domain, on the one hand, interferes with CD40L-CD40 
signaling and, on the other hand, mediates cell surface presentation of CD95L and 
reconstitution of its full, thus membrane CD95L-like activity. Similar to the above 
described scFv-CD95L fusion proteins, the homotrimeric CD40-CD95L fusion 
protein exerted no apparent toxicity at doses up to 100 g per mouse upon i.v. 
injection.

If the target antigen of choice is not strictly tumor specific, that is, strongly 
overexpressed on tumor cells, but also found on normal tissues, CD95L fusion 
proteins as described above may not sufficiently meet the criterion of tumor 
restricted activity. To cope with this situation and to introduce another level of 
safety for all CD95L fusion proteins independent of the target antigen exploited, 
CD95L prodrugs have been developed (Watermann et al. 2007). These are structur-
ally related to the TNF prodrugs (see above), making use of the CD95 receptor 
extracellular domain as an inhibitor of CD95L. Different from the TNF prodrugs, 
in the CD95L prodrugs the inhibitory domain, thus the ECD of CD95, was 
N-terminally located followed by a Tenascin C trimerization domain, a MMP-
sensitive linker, a FAP targeting scFv fragment, a Flag peptide, and the ECD of 
CD95L at the C-terminus. Such CD95L prodrugs existed in a hexameric configura-
tion, potentially due to intermolecular ligand–receptor interactions between two 
trimeric molecules. Despite this hexameric and thus potentially signal competent 
assembly, the prodrug remained inactive unless processed at the membrane of tar-
get antigen expressing, MMP positive tumor cells. In vivo analysis showed that a 
FAP-specific CD95L prodrug lacking acute systemic toxicity prevented growth of 
FAP positive, but not FAP negative tumors upon repeated application (Watermann 
et al. 2007).
Although tumor localized action of CD95 agonists seems to be preferable to prevent 
systemic toxicity under certain conditions, treatment with highly active nontargeted 
CD95L variants might be conceivable. The so-called Mega-FasL (MFL) is com-
posed of the ECD of human CD95L fused to the dimer-forming collagen domain of 
adiponectin (ACRP30), forcing a hexameric structure, that is, two closely coupled 
CD95L trimers, resulting in a highly active apoptosis inducing agent (Holler et al. 
2003; Greaney et al. 2006). MFL efficiently induces apoptosis in various cancer cell 
lines as well as primary tumor cells with up to 100-fold higher activity compared to 
secondarily crosslinked soluble CD95L (Holler et al. 2003; Greaney et al. 2006; 
Etter et al. 2007). Combination with cisplatin synergistically enhanced apoptotic 
activity (Etter et al. 2007). Moreover, MFL diminished ascites production and peri-
toneal spread in the orthotopic HOC79 model of human ovarian carcinoma upon 
repeated intraperitoneous injections. Surprisingly, at a dose of 20 g kg−1 per injec-
tion, reversible liver toxicity was observed, but no severe regional or systemic toxic-
ity (Etter et al. 2007). Thus, MFL displays high potential for intracavitary cancer 
treatment. Currently a phase I dose-escalation study starting with 2.5 g m−2 i.v. 
bolus injections in patients with untreatable advanced or refractory solid tumors is 
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conducted. Another example of a highly active CD95L variant is composed of a 
Flag-tagged isoleucine zipper motif fused to the N-terminus of the ECD of CD95L, 
FIZ-shFasL (Shiraishi et al. 2004). On Jurkat cells, FIZ-shFasL was similarly active 
as, for example, MFL (Holler et al. 2003), but surprisingly, the version without the 
Flag peptide lost about 90% of activity. Nevertheless, upon systemic injection in 
rats, FIZ-shFasL displayed dose-dependent toxicity at doses of 0.3 mg kg−1 and 
higher and thus might be more suitable for local cancer treatment (Shiraishi et al. 
2004). Of note, this fusion protein contains the stalk region of CD95L, which 
recently has been shown to have a ligand specific capability to facilitate the forma-
tion of secondary aggregated trimers (Berg et al. 2007).

In another approach, a CD95L-Fc fusion protein in a complex with protein A/
palmitate was used to enhance therapeutic efficacy of adoptive T-cell transfer 
against established tumors. The protein A was chemically derivatized with palmi-
tate and thereby served to anchor the CD95L-Fc on the cell surface by cell mem-
brane integration of the palmitate moiety. Intratumoral injection of these CD95L-Fc/
protein A–palmitate complexes led to elimination of tumor infiltrating regulatory 
T-cells (Treg), thereby strongly enhancing antitumor responses mediated by adop-
tively transferred tumor reactive CD8+ T-cells. (Chen et al. 2007). Thus targeted 
depletion of Tregs by appropriately designed CD95L might confer advantage over 
systemic depletion of CD4+/CD25+ Tregs, which has been shown to greatly 
improve adoptive therapy, but might potentiate autoimmune complications (Danese 
and Rutella 2007).

3.2 CD95L Gene Therapy

Intracellular CD95L expression by AdGFPFasL
TET

, an adenoviral vector expressing 
a modified murine CD95L gene N-terminally fused to the green fluorescent protein 
(GFP), was able to overcome CD95L-resistance of prostate cancer and head and 
neck squamous cell carcinoma (HNSCC) cells seen upon treatment with agonistic 
anti-CD95 Ab (Hyer et al. 2000; ElOjeimy et al. 2006). Thus, at least in these cases 
effective CD95L gene delivery to tumor cells might be superior to application of 
protein-based CD95 agonists. Although systemic delivery of a CD95L encoding 
adenovirus dose-dependently caused death due to massive hepatic apoptosis 
(Muruve et al. 1997), intratumoral injection resulted in considerable antitumor 
responses. For example, adenoviral vector encoded murine CD95L induced strong 
tumor regression in CD95 positive renal epithelial (Renca) as well as CD95 negative 
colon carcinoma CT26 tumors. While in the first model tumor destruction seemed 
to be due to a direct apoptosis inducing effect of CD95L, in the second model it was 
mediated by infiltrating neutrophils and monocytes independent of T-, B-, and 
NK-cells (Arai et al. 1997). Using a tissue specific promoter (smouth muscle 
cell-specific SM22 ) and an noncleavable version of CD95L (CD95L QP), an 
adenoviral vector was developed, which upon intratumoral injection induced specific 
regression of smooth muscle derived tumors, but showed no effect on tumors of 
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other origin (Aoki et al. 2000). The replication-incompetent AdGFPFasL, intratu-
morally injected, likewise led to significantly reduced tumor growth of SCC-14a 
(HNSCC) xenografts and prolonged survival of mice compared to treatment with 
AdGFP control vector. No signs of systemic toxicity were recorded (ElOjeimy 
et al. 2006). Although for adenoviral vectors expressing the CD95L gene under 
tissue-specific regulation i.v. application was achievable without causing death of 
experimental animals, therapeutic studies for this route of administration were not 
performed (Aoki et al. 2000; Rubinchik et al. 2001).

3.3 Agonistic CD95 Specific Antibodies

Since agonistic receptor specific antibodies mimic the action of the respective lig-
and, they also can represent potential biotherapeutics. In mice it has been shown 
that agonistic CD95 specific antibodies can exert different, partly puzzling out-
comes upon application. While the hamster anti-mouse CD95 monoclonal antibody 
Jo2 leads to rapid liver damage and death, the hamster anti-mouse CD95 mono-
clonal antibody RK8 is only moderately hepatotoxic, but nevertheless induces 
thymocyte apoptosis and thymic atrophy (Ogasawara et al. 1993; Nishimura et al. 
1997). Similar to RK8, the cross-species CD95-specific antibody HEF7A also fails 
to cause hepatic injury (Ichikawa et al. 2000) despite activating CD95 on thymo-
cytes. It seems that the antibodies RK8 and HEF7A discriminate between so-called 
type-I and -II cells, being independent and dependent, respectively, of mitochon-
drial contribution to apoptosis, with these two antibodies apparently inducing 
apoptosis preferentially in type-I cells/tissues. Furthermore, Xu and colleagues 
provide evidence that cytotoxicity of antibodies can be modulated by different 
types of Fc receptors independent of classical ADCC with Jo2 and HEF7A depend-
ing on Fc RIIB and Fc RI/Fc RIII, respectively (Xu et al. 2003). Recently, HEF7A 
has been shown to reduce growth of MMN9 melanoma tumor xenografts upon 
repeated intratumoral injection without any signs of overt hepatotoxicity (Hiramoto 
et al. 2006). An attempt to target antibody-mediated activation of CD95 was done 
by the development of bispecific antibodies either in single chain scFv format or as 
chemically hybridized F(ab )2 fragments. Two bispecific antibodies targeting 
CD95 and the neuronal glial antigen-2 or Tenascin C, respectively, were effective 
in activation of CD95 in an antigen dependent manner (Herrmann et al. 2008). 
However, these results need to be confirmed in in vivo models.

4 TNF-Related Apoptosis-Inducing Ligand (TRAIL, APO-2L)

The TRAIL/TRAILR pathway is critically involved in antitumorimmune responses 
in the body (Wajant 2006; Grosse-Wilde et al. 2008; Finnberg et al. 2008; Zerafa 
et al. 2005). With respect to therapeutic applications, a major advantage of TRAIL 
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in contrast to TNF and CD95L is that it induces apoptosis in various tumor cells, 
but is apparently nontoxic to most normal cells and tissues (Ashkenazi 2002; 
Ashkenazi et al. 1999; Kelley and Ashkenazi 2004). The initial controversial debate 
about toxic actions of TRAIL against normal cells, especially hepatocytes, but also 
neuronal tissues now appears to be resolved to the point that aggregated TRAIL 
variants, like His-TRAIL or crosslinked Flag-TRAIL display toxicity towards nor-
mal cells, whereas strictly trimeric TRAIL displays tumor selective apoptosis 
induction (reviewed in Koschny et al. 2007c). Unfortunately, although not harmful 
to normal cells, trimeric versions of soluble TRAIL also display low activity on 
many tumor cells (Koschny et al. 2007c). Further, there are cumulative reports that 
the majority of primary tumor cells may be TRAIL resistant, despite expressing the 
necessary TRAIL death receptors (Koschny et al. 2007b; Dyer et al. 2007; Todaro 
et al. 2008). Thus, it is likely that for effective therapy some form of sensitization 
for TRAIL-induced apoptosis will be required. Concurrently this faces the potential 
problem that under such combined treatment options normal cells might also be 
sensitized. Indeed, there are some initial reports showing that combinations of 
TRAIL with, for example, Cisplatin, HDAC inhibitors or high dose Bortezomib 
sensitized hepatocytes, lymphocytes, or liver explants to TRAIL-induced cell 
death, although for combination with several other chemotherapeutics, for exam-
ple, 5-FU or Gemcitabine toxicity to normal cells was not observed (Koschny et al. 
2007a, c; Meurette et al. 2006; Volkmann et al. 2007; Ganten et al. 2006). It has to 
be mentioned that overall results of preclinical in vivo studies carried out in mice 
are not easily translated in man as the repertoire of TRAIL receptors differs in both 
species. Thus, in mice only one death receptor more closely related to human 
TRAILR2/DR5 than to TRAILR1/DR4 exists. In men, there are three decoy recep-
tors TRAILR3/DcR1, TRAILR4/DcR2, and the soluble receptor osteoprotegerin 
(OPG), which is the physiologic inhibitor of RANK ligand, another member of the 
TNF superfamily. Mice possess OPG and the decoy receptors mDcTRAIL-R1/
mDcR1 and mDcTRAIL-R2/mDcR2, but DcR1 only binds mouse but not human 
TRAIL (Yagita et al. 2004). Many preclinical studies evaluating the potential toxicity 
of TRAIL to normal cells were performed in vitro. It is common knowledge that 
phenotype and functions of primary tissues may change dramatically with time in 
culture. In particular, for primary human hepatocytes an extrapolation to in vivo 
sensitivity might be difficult if not impossible to make. Therefore, available results 
have to be handled with care (Ganten et al. 2006). Thus, presently, neither the ques-
tion of an effective TRAIL sensitizing regimen nor the problem of potential dose 
limiting side effects associated with these combined treatment strategies can be 
answered to satisfaction and await further results from ongoing preclinical and 
clinical trials. In addition, the TRAIL reagents presently under clinical evaluation 
are characterized by a rather short in vivo half-life and thus require high dose or 
repeated applications to potentially reach effective doses. Altogether, the presently 
published knowledge about TRAIL’s clinical performance points to the need of a 
further optimization of TRAIL reagents, aiming at an improvement of specific 
activity and in vivo stability, and options to combine TRAIL function with tumor 
targeting as pursued for its sister molecules TNF and CD95L.
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4.1 Soluble TRAIL (sTRAIL)

Initial preclinical studies have been conducted to demonstrate the antitumoral activity 
of soluble TRAIL as a monotherapeutic (reviewed in Wajant et al. 2005). More 
recent preclinical investigations concentrated on examination of combination thera-
pies to identify novel treatment options for TRAIL, with enhanced tumoricidal 
activity compared to monotherapy. For example, combination of TRAIL with 
Doxorubicin, Etoposide, Paclitaxel, or Camptothecin synergistically reduced tumor 
growth of prostate cancer xenografts and combination with Rituximab cooperated 
to shrink or attenuate growth of various NHL tumor xenografts in SCID mice 
(Shankar et al. 2005; Daniel et al. 2007). Combined treatment of TRAIL with gem-
citabine, the standard therapeutic in pancreas carcinoma, did result in considerably 
reduced tumor growth of patient-derived pancreatic adenocarcinoma xenografts 
(Hylander et al. 2005). Interestingly, curcumin, a major constituent of the yellow 
spice turmeric presently under clinical investigation, can convert TRAIL-resistant 
pancreas xenografts to yield TRAIL antitumor activity (Shankar et al. 2008). 
Concurrently, different TRAIL combination therapies were also analyzed in a vari-
ety of primary tumor as well as normal cells, which showed increased tumor cell 
death induction with no toxic effect to most normal cell types (Koschny et al. 
2007c). Soluble TRAIL (rhApo2L/TRAIL) is currently tested in phase I/II clinical 
trials in combination with Camptosar®/Erbitux® chemotherapy in subjects with 
previously treated, refractory metastatic colorectal cancer, in combination with 
Rituximab in subjects with low grade NHL and in combination with chemotherapy 
+/− Bevacizumab in subjects with previously untreated NSCLC. So far, promising 
intermediate results from six patients intravenously treated with 4 mg kg−1 d−1 in 
combination with Rituximab revealed safe application and evidence of activity in 
subjects with low grade NHL that has relapsed following previous Rituximab-
containing therapy (Yee et al. 2007).

4.2 TRAIL Fusion Proteins

As pointed out earlier, the ongoing clinical studies may reveal that TRAIL therapy 
will require an improvement of tumor selective action due to possible toxicity to 
normal cells when combined with sensitizing drugs. Therefore, tumor targeting 
approaches which aim to restrict TRAIL’s cytotoxic activity to the cancerous tissue 
could bear advantages. Independent thereof, a further increase in the specific activ-
ity of TRAIL, for example, by targeting approaches and/or engineering functional 
features, would be favorable. The latter aspect is based on the observation that the 
specific activity of soluble recombinant TRAIL can be substantially increased by 
oligomerization, resembling similar features of TNF and CD95L. For example, it 
has been shown that efficient activation of TRAILR2/DR5 is only reached by natu-
ral membrane TRAIL, crosslinked soluble, or cell surface immobilized TRAIL 
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(Wajant et al. 2001). In analogy to CD95L and TNF, cell surface targeted TRAIL 
fusion proteins should acquire, upon target binding, a signal capability mimicking 
membrane TRAIL and thus are potentially superior to the presently available 
TRAIL reagents. In addition, TRAIL fusion proteins are of higher molecular mass 
compared to conventional soluble TRAIL and let expect longer half-life (sTRAIL 
is between 3 and 31 min (Kelley et al. 2001)) and tissue distribution.
MBOS4-TRAIL(95–281), a FAP-specific minibody fused to the N-terminus of 
soluble TRAIL, displayed about 30 times higher cytotoxicity on FAP expressing vs. 
antigen negative HT1080 cells. Importantly, already at low concentrations, 
MBOS4-TRAIL induced FAP-dependent induction of cell death predominantly via 
TRAILR2, pointing to membrane TRAIL-like activity of the fusion protein upon 
targeting (Wajant et al. 2001). Helfrich and co-workers generated a variety of simi-
lar TRAIL fusion proteins, which were composed of soluble TRAIL fused to single 
chain scFv antibody fragments with specificity for the pancarcinoma-associated 
antigen EGP2/EpCAM, human CD7, a T cell surface antigen also found on T-cell 
leukemia and lymphoma, CD19 expressed on B-cells and on the majority of 
B-CLL, NHL as well as acute B-lymphoblastic leukemia (B-ALL) cells, and epi-
dermal growth factor receptor (EGFR) overexpressed by many epithelial-derived 
cancers. The corresponding fusion proteins scFvC54:sTRAIL, scFvCD7:sTRAIL, 
scFvCD19:sTRAIL, and scFv425:sTRAIL, respectively, have been shown to exist 
in soluble homotrimeric forms either directly by size exclusion chromatography 
and/or indirectly by displaying no cytotoxicity to Jurkat cells in which apoptosis 
can only be induced by TRAILR2/DR5 activation and which therefore are resistant 
against homotrimeric TRAIL. All fusion proteins displayed target-dependent activ-
ity in the absence of crosslinker on Jurkat cells, ectopically expressing the respec-
tive antigen as well as against other target positive cells, pointing to target-restricted 
membrane TRAIL-like activity. Of interest, cell surface immobilized TRAIL vari-
ants also significantly induced apoptosis to antigen negative bystander cells 
(Bremer et al. 2004, 2005a, b; Stieglmaier et al. 2008). More important, 
scFvCD7:sTRAIL induced apoptosis in blood cells of two of three T-ALL patients, 
while it failed to kill CD7-positive T- and NK-cells of freshly isolated leukocytes. 
Similarly, activated T-cells and human umbilical vein endothelial cells (HUVECs), 
either resting or activated, were not affected by cell surface presented 
scFvCD7:sTRAIL (Bremer et al. 2005a). The CD19 targeted TRAIL likewise 
induced CD19-dependent apoptosis induction in most patient-derived mononuclear 
cells of B-ALL and B-CLL. Valproic acid, a histone deacetylase inhibitor (HDACi), 
synergistically increased apoptotic activity in B-CLL, even in cells from a patient 
resistant to incubation with only scFvCD19:sTRAIL. In either case normal blood 
cells were left unaffected. Furthermore, NOD/SCID mice intravenously injected 
with tumor cells of a human pre B-ALL cell line and treated on day 3, 5, and 7 with 
4 g of scFvCD19:sTRAIL showed significantly prolonged survival, with about 
80% of mice still alive on day 112, while all control-treated mice lived not longer 
than 56 days (Stieglmaier et al. 2008). In case of the EGFR-specific TRAIL fusion 
protein scFv425:sTRAIL, the scFv antibody domain not only mediates tumor 
localized binding and action of TRAIL, but also interferes with EGFR signaling. 
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Thus, the scFv part of this fusion protein induced rapid dephosphorylation of EGFR 
accompanied by inhibition of the MAPK and PI3K pathways, decreased expression 
of the anti-apoptotic caspase 8 homologue cFLIP-L, and decreased phosphorylation 
of the proapoptotic molecule Bad. In combination with Irissa, an EGFR-tyrosine 
kinase inhibitor, synergistic apoptosis induction could be observed (Bremer et al. 
2005b). By developing an approach for treatment of gliomas, it was shown that the 
scFv425:sTRAIL producing CHO-K1 cells could be encapsulated in alginate 
microcapsules and that produced TRAIL fusion protein is able to inhibit outgrowth 
of A172 spheroids (Kuijlen et al. 2006). Unfortunately, intracerebrally and intratu-
morally infused scFv425:sTRAIL fusion protein by the convection enhanced deliv-
ery method (CED) did not result in tumor response of xenografted SW948 tumors 
growing in the cerebrum (Kuijlen et al. 2007). As already shown for CD95L fusion 
proteins, the antibody-based targeting module of TRAIL fusion proteins can be 
replaced by other specific targeting domains (Assohou-Luty et al. 2006)
Recently, two integrin targeting approaches for TRAIL have been published (Cao 
et al. 2008; Tarrus et al. 2008). RGD-L-TRAIL, a variant targeting V 3/ V 5 
integrins expressed by angiogenic vessels and tumor cells, was generated by fusion 
of the ACDCRGDCFC peptide to TRAIL. RGD-L-TRAIL showed specific binding 
and enhanced apoptosis inducing activity on microvascular endothelial cells and 

V 3 V 5 integrin-positive cancer cells. Importantly, RGD-L-TRAIL sup-
pressed tumor growth of Colo-205 xenografts more efficiently than TRAIL. 
Co-treatment with irinotecan hydrochloride (CPT-11) resulted in further increased 
antitumor activity also in TRAIL-resistant HT-29 tumor xenografts (Cao et al. 
2008). In a second report, RGD peptides were coupled to avidin via PEG linkers to 
mediate specific binding to V 3 integrins expressed on HUVECs. His-tagged 
TRAIL (114–281), already cytotoxic to Jurkat cells, was biotinylated either via 
lysine or methionine residues, resulting in biotin-TRAIL variants. Upon target 
binding of RGDPEG-avidin/biotinylated TRAILcomplexes, a significantly increased 
apoptotic activity in Jurkat cells was observed (Tarrus et al. 2008).

4.3 TRAIL Gene Therapy

In the last few years, preclinical studies assessing TRAIL gene therapy strategies 
either as monotherapy or as part of a combination therapy have been performed, 
which all demonstrate principle feasibility of such approaches. For example, combi-
nation therapy with an immune stimulating agent (CpG oligodeoxynucleotide) was 
shown to generate a significant tumor response, while full-length murine TRAIL 
encoding recombinant adenoviral based therapy alone was only minimally active 
(VanOosten and Griffith, 2007). To restrict gene expression to tumor tissue, the 
human telomerase reverse transcriptase (hTERT) promoter is increasingly used for 
gene therapy approaches, as it is active in most human cancers but quiescent in most 
somatic cells (Shay and Bacchetti 1997; Wirth et al. 2005). Based on this fact the 
adenoviral vector Ad/gTRAILhas been constructed encoding a fusion protein of 
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GFP and full length human TRAIL, which was regulated by an additionally hTERT 
promoter-controlled transactivator. In vitro, this adenoviral vector induced transgene 
expression and apoptosis in a variety of human breast, lung, colon, and pancreatic 
cancer cell lines, while no or minimal toxicity in different normal human primary 
cells like mammary epithelial cells and fibroblasts was observed. Moreover, repeated 
intratumoral administration of Ad/gTRAIL effectively suppressed the growth of 
human tumor xenografts derived from human breast, colon, and pancreatic cancer 
cell lines. Treatment was well tolerated and liver toxicity was not observed (Lin et 
al. 2002a, ; Katz et al. 2003). Further modifications of this vector resulted in Ad/
TRAIL-F/RGD in which the GFP was omitted and a RGD peptide inserted in the 
capsid fiber protein. The RGD peptide mediates the use of an alternative receptor 
during cell entry, allowing efficient transduction in cells resistant to conventional 
adenoviral vectors (Jee et al. 2002). In tumor xenograft models of NSCLC and 
esophageal cancer, repeated intratumoral injections in combination with radiother-
apy were well tolerated and resulted in significant tumor responses and significantly 
prolonged survival compared to control treated groups (Jacob et al. 2004, 2005; 
Zhang et al. 2005; Chang et al. 2006). Importantly, repeated i.v. injections in com-
bination with Gemcitabine treatment similarly were well tolerated and resulted in 
significant growth inhibition of pancreas tumors growing in the liver (Jacob et al. 
2005). When this vector was co-applied with an oncolytic adenovirusinto breast 
cancer tumors growing subcutaneously in immunocompetent mice, there was sig-
nificant tumor growth reduction compared to all control groups. In addition, the 
oncolytic vector led to a strong reduction of spontaneously arising liver metastasis, 
which could be further reduced by the combination treatment (Guo et al. 2006). 
Recently, an oncolytic adenovector was constructed carrying the full length human 
TRAIL and the viral E1A both under control of a modified hTERT promoter. This 
vector was superior in cell death induction in different cancer cell lines compared to 
Ad/TRAIL-F/RGD and the oncolytic vector without TRAIL gene. Moreover, estab-
lished NSCLC xenografts showed complete regression after repeated intratumoral 
injections and no treatment-associated toxicity was observed (Dong et al. 2006). 
Although clinical studies with an oncolytic virus revealed replication, but not induc-
tion of apoptosis or necrosis in tumor cells, recent improvements in viral oncolytic 
therapy together with the fact that the majority of adenovectors remain in a small 
tumor area around the needle track after intratumoral injection point to a feasible 
option for death ligand armed oncolytic viral vectors for local cancer therapy 
(Wadler et al. 2003; Davis and Fang, 2005; Jacob et al. 2004). Very recently, an 
adeno-associated virus (AAV) containing the TRAIL gene under control of the 
hTERT promoter (AAV-hTERT-TRAIL) was reported, which likewise displayed 
cancer-specific cytotoxicity and significantly suppressed the growth of xenograft 
tumors upon intratumoral administration (Wang et al. 2008).

Combining cell and gene therapy, Carlo-Stella and colleagues employed CD34+ 
cell stransduced with an adenoviral vector encoding full length TRAIL. These cells 
not only potently induced apoptosis in a variety of tumor cells in vitro, but also led 
to strong tumor responses, resulting in significantly prolonged survival of mice 
bearing tumor xenografts. Interestingly, the authors also observed extensive damage 
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of the tumor vasculature associated with hemorrhagic necrosis induced by these 
cells (Carlo-Stella et al. 2007).
Radiotherapy together with an in vivo electroporated plasmid carrying the TRAIL 
gene controlled by the radio-responsive promoter Egr-1has also been shown to 
significantly reduce tumor growth of glioma xenografts compared to control groups 
(Tsurushima et al. 2007). There are also gene therapy approaches using exclusively 
the soluble form of TRAIL. For example, a vector carrying the cDNA for a fusion 
protein of hFlex(the soluble form of the hematopoietic growth factor Flt3L) and 
TRAIL(95–281) with a leucine zipper in between revealed serum levels of up to 40 

g ml−1 of the TRAIL fusion protein upon i.v. hydrodynamic-based gene delivery 
(Wu et al. 2001). Two injections beginning two days after tumor inoculation 
resulted in significant tumor growth inhibition of MDA-231 human mammary 
adenocarcinomas compared with control treated groups. In this construct, hFlex not 
only served for efficient secretion due to its signal peptide, but was also shown to 
retain immune stimulating function by strongly enhancing expansion of dendritic 
cells. Although hydrodynamic-based gene delivery is known to lead to high level 
gene expression, particularly in the liver, no apparent toxicity was observed (Wu  
et al. 2001). Similarly, Kim and co-workers constructed an adenoviral vector 
encoding TRAIL(114–281) N-terminally fused to an isoleucine zipper sequence, 
Ad-stTRAIL. This vector not only efficiently induced apoptosis in several tumor 
cell lines, but also led to strong tumor regression of glioma xenografts, without 
apparent toxicity upon intratumoral injection (Kim et al. 2006a).

Although all these preclinical studies point to promising therapeutic approaches, 
further improvements especially concerning safety will most likely be necessary to 
enter a clinical evaluation. But as exemplified for TNFerade (see Sect. 1.1.2) it 
appears possible that some of these approaches will succeed.

4.4 TRAILR Specific Antibodies

In contrast to therapeutics based on the soluble ligand TRAIL and genetic variants 
thereof, agonistic antibodies with specificity for either TRAILR1/DR4 or TRAILR2/
DR5 provide the advantage that their agonistic activity cannot be deviated and 
neutralized by naturally occurring TRAIL decoy receptors. Receptor specific anti-
bodies enable differentiated receptor stimulation, if required. Thus, it is consistent 
that in addition to sTRAIL also agonistic TRAIL death receptor-specific antibodies 
showed promising antitumor responses in mono- as well as combination therapy 
(reviewed in Koschny et al. 2007c and Buchsbaum et al. 2006; Shanker et al. 2008; 
Smith et al. 2007). Interestingly, using a mouse TRAILR2/DR5 specific antibody, 
Uno et al. were able to eradicate pre-established primary tumors even when com-
posed of up to 90% tumor cells as well as pre-established multiorgan metastasis in 
a triple monoclonal antibody combination therapy together with anti-CD137 and 
anti-CD40 antibodies (Uno et al. 2006). So far, several agonistic TRAIL receptor 
specific antibodies are under clinical investigation with some preliminary results 
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already available. For example, the fully human TRAILR1/DR4 specific mono-
clonal antibody Mapatumumab (TRM-1, HGS-ETR1) revealed safe and feasible 
i.v. administration of 10 mg kg−1 every 14 or 21 days, but no objective single agent 
activity from phase I/II studies in patients with advanced solid disease and relapsed 
or refractory NSCLC (Tolcher et al. 2007; Greco et al. 2008). Currently, this rea-
gent is in phase II in combination with bortezomib in subjects with relapsed or 
refractory multiple myeloma and, in combination with paclitaxel and carboplatin, 
as first-line therapy in patients with NSCLC. Lexatumumab (HGS-ETR2) is a fully 
human monoclonal antibody to TRAILR2. This reagent also has been shown to be 
safe and well tolerated at doses up to 10 mg kg−1 every 21 days associated with 
sustained stable disease in several patients (Plummer et al. 2007). Currently, a 
phase I study is conducted in treating young patients with solid tumors or lym-
phoma that have relapsed or not responded to first line treatment. First data of AMG 
655, a fully human pro-apoptotic TRAILR2 agonist, from studies in adult patients 
with advanced solid tumors revealed safe application of up to 20 mg kg every two 
weeks with 1/16 partial response and 4/16 stable disease reported (LoRusso et al. 
2007). AMG 655 now is investigated in combination with gemcitabine for treat-
ment of metastatic pancreatic cancer and with mFOLFOX6 and Bevacizumab for 
metastatic colorectal cancer (phase I/II). Another fully human anti-TRAILR2 ago-
nistic monoclonal antibody is Apomab. This antibody likewise seems to be well 
tolerated with a minor response seen in a colorectal cancer patient at this interim 
time point (Camidge et al. 2007). Apomab is currently in phase I/II studies in 
patients with advanced chondrosarcoma, in patients with previously untreated, 
advanced-stage NSCLC, in combination with Rituximab in NHL patients with 
progressing disease following previous Rituximab therapy, and in combination 
with Cetuximab and Irinotecan chemotherapy in patients with previously treated 
metastatic colorectal cancer. Two further TRAILR2-specific antibodies CS-1008 
(the humanized version of TRA-8) and LBY135 (a chimeric mouse/human deriva-
tive) join these studies in being in phase I/II patients with advanced solid malignan-
cies and lymphoma/untreated and unresectable pancreatic cancer and advanced 
solid tumors, respectively, either as single agent or in combination with gemcitab-
ine or capecitabine, but early results are not yet available.

Ongoing clinical investigations will show if apparent advantages of, for exam-
ple, long serum half-life and activating Fc-mediated killing mechanisms might not 
only increase their antitumor effect compared to sTRAIL, but also enhance their 
toxicity especially when combined with chemotherapeutic drugs.

5 Conclusions

Over 20 years of clinical experience with TNF and the more recently initiated clini-
cal investigations on CD95L and TRAIL’s use as cancer therapeutics have taught 
us basic rules about the applicability of these multifunctional, pleiotropic cytokines 
and revealed their great potential as cancer therapeutics, but, foremost, the necessity 
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of restricting action to the tumor area to prevent untolerable, in part life threatening 
side effects. In this regard, TRAIL stands as a superior candidate; here an improve-
ment in pharmacokinetic properties and signaling potential appears as the prevail-
ing task. Another salient feature already evident from the preclinical and clinical 
results with the death ligands is the requirement of combination therapy, with rea-
gents targeting intracellular signal pathways regulating apoptosis sensitivity of 
tumor cells to obtain significant clinical responses. While the clinical exploitation 
of recombinant proteins, whether based on death ligands or antibodies, stands on 
firm grounds and will eventually identify suitable therapeutics capable of broad 
application, the clinical application and success of gene therapeutic approaches, 
though in part conceptionally very elegant, is less foreseeable despite enormous 
research efforts in this direction. With new concepts of targeted therapies steadily 
emerging and a full pipeline of new molecules at a preclinical level waiting to enter 
clinical evaluation, it will require several years more of clinical studies to reveal 
which of the various competing strategies and reagents based on targeting death 
receptors will live up to its expectations.
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