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1. ABSTRACT 
 

The Tumor necrosis factor (TNF)-Related 
Apoptosis Inducing Ligand, TRAIL, has gained much 
attention due to its specific anti-tumor potential without toxic 
side effects. TRAIL binds to a complex receptor system. In 
humans there are two death-inducing receptors for TRAIL 
while only one is present in mice. The signaling induced by 
these receptors leads to apoptosis but might also result in 
activation of survival signals. To assess the safety and possible 
side effects of TRAIL-based cancer therapy it is necessary to 
understand the physiological role of the TRAIL/TRAIL-R 
system. This has been addressed in mice deficient either for 
TRAIL or for its only murine apoptosis-inducing receptor, 
TRAIL-R (MK/mDR5). In this review we will discuss their 
phenotypes and the results of recent studies on the role of 
TRAIL in the homeostasis of the immune system, the 
influence of the TRAIL/TRAIL-R system on infection and 
autoimmune diseases and the still controversial role of TRAIL 
in tumorigenesis. Clinical trials with TRAIL and other TRAIL 
receptor agonists are now under way. It will be exciting to 
determine which TRAIL-R agonists, either alone or in 
combination with other anti-cancer therapeutics, will result in 
better outcome of cancer treatment in the future. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION  
 

TRAIL was independently identified by Wiley 
et al. and Pitti et al. in 1995 and 1996 as the third 
member of the TNF superfamily that induces apoptosis 
(1, 2). The attention to this novel cytokine amongst 
cancer researchers increased further following the 
discovery that TRAIL can kill tumor cells in vivo 
without being toxic (3). Following this study it was 
shown that TRAIL acted synergistically with standard 
chemotherapeutics, thereby achieving even more 
striking anti-tumor effects (3-8). Currently, different 
TRAIL-R agonists, including TRAIL itself, and various 
agonistic monoclonal antibodies against the two 
apoptosis-inducing human TRAIL receptors are now in 
clinical trials as novel cancer therapeutics, (9, 10). 
Several studies with knockout mice for TRAIL and its 
only apoptosis-inducing murine receptor have been 
conducted to unravel the physiological role of this 
potent cytokine. These studies revealed several 
influences of the TRAIL/TRAIL-receptor system in 
regulating the homeostasis of the immune system and in 
the immune surveillance of tumors which is going to be 
discussed in this review. 
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Figure 1 Overview of the TRAIL/TRAIL-R system in human and mouse. Schematic representation of binding of homotrimeric 
cell-bound TRAIL to its different receptors in both, man and mouse. In humans TRAIL binds to two apoptosis-inducing 
receptors, TRAIL-R1 and TRAIL-R2, which both contain a death domain (DD). Complete and incomplete cystein-rich sub-
domains in the extracellular domains are indicated. TRAIL-R3 is GPI-anchored and lacks a cytoplasmic domain while TRAIL-
R4 has a truncated DD. In mice there is only one apoptosis inducing receptor for TRAIL, murine TRAIL-R. The mouse system 
also contains two so-called “decoy” receptors, but the cystein domain structure is quite different from the one of human TRAIL-
R3 and TRAIL-R4. Thus, they are only distantly related to each other. 
 
2.1. TRAIL AND ITS RECEPTORS 

TRAIL is expressed as a type II trans-membrane 
protein (C-terminus extra-cellular) but it also forms a 
soluble trimer. Compared to other members of the TNF 
superfamily, TRAIL binds to a complex system of 
receptors with differing affinities and possibly different 
signaling outcomes (Figure 1). Five TRAIL binding 
receptors are known in humans. These are the two 
apoptosis-inducing receptors TRAIL-R1 (DR4) and 
TRAIL-R2 (DR5/APO2/Killer/TRICK2), which contain an 
intracellular death domain (DD). The DD is as a 
prerequisite for apoptosis induction. TRAIL binding to 
TRAIL-R1 and/or TRAIL-R2 results in formation of the 
death-inducing signaling complex, the DISC. This 
apoptosis-initiating complex is discussed in more detail 
later. In addition, two non-apoptosis-inducing cell-bound 
receptors have been identified; TRAIL-R3 (TRID, LIT, 
DcR1) is GPI-anchored and lacks an intracellular domain, 
and TRAIL-R4 (TRUNDD, DcR2) contains only a 
truncated death domain and thus cannot transmit an 

apoptotic signal into the cell. These two receptors have 
been suggested to inhibit TRAIL death induction by 
overexpression. Therefore some authors refer to them also 
as decoy receptors. Others have proposed that these 
receptors are involved in the hindrance of proper 
preassembly of the apoptosis-inducing TRAIL receptors 
before ligand binding (11). A recent report by Merino et al. 
suggests two different modes of inhibiting TRAIL death 
signaling by TRAIL-R3 and TRAIL-R4; while TRAIL-R3 
may titrate TRAIL within lipid rafts, TRAIL-R4 may 
interfere with initiator caspase activation and may prevent 
TRAIL-R1 recruitment to the TRAIL “death-inducing 
signaling complex” (DISC) (12). However, the role of these 
receptors, especially at physiological expression levels, is 
still not clear and might be more “regulatory” than “decoy” 
(13, 14). 

 
TRAIL has also been shown to bind to 

osteoprotegerin (OPG), yet with rather low affinity (15, 
16). OPG binds to and thereby inhibits another TNF family 
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member, RANKL (receptor activator of NF-κB Ligand) 
with high affinity. RANKL is involved in bone 
metabolism by stimulating osteoclast formation. OPG 
inhibits the RANKL-RANK interaction on osteoclasts 
and thereby interferes with osteoclastogenesis, (17). 
Considering that TRAIL and TRAIL-R deficient mice 
do not display a “bone phenotype”, at least in vivo in 
the mouse, it is rather unlikely that the TRAIL-OPG 
interaction may also play a role in the TRAIL/TRAIL-R 
system. 
 

The mouse TRAIL/TRAIL-R system appears 
to be similar to the human system at first glance, but in 
fact there are major differences: first of all, there is only 
one death-inducing TRAIL receptor in mice, namely 
TRAIL-R (MK, mDR5). This receptor is almost equally 
homologous to human TRAIL-R1 (76% identity) and 
TRAIL-R2 (79% identity) (18). Therefore it can not be 
regarded as the mouse orthologue of one or the other 
human TRAIL death receptor. For this reason we 
suggest to refrain from the misleading nomenclature of 
calling the murine TRAIL-R mDR5. The other murine 
TRAIL receptors, mouse decoy (mDc) TRAIL-R1 and 
mDcTRAIL-R2 seem to resemble the decoy functions of 
TRAIL-R3 and -R4. Yet the murine decoy TRAIL-Rs 
contain three complete cystein rich domains (CRDs) 
instead of two complete ones plus one incomplete CRD 
as it is seen in the human system and in the murine 
TRAIL-R (18, 19) (Figure 1). Thus, they are 
evolutionarily only distantly related to each other. 
However, since nature has apparently come up with this 
molecular concept at least twice it seems as if there is 
some advantage in also having non-apoptosis-inducing 
TRAIL receptors. Whether or not these different 
receptors serve different functions in mice as compared 
to humans remains to be determined.  
 
2.2. TRAIL Signaling 

TRAIL binding leads to the multimerization of 
TRAIL-R1 and/or TRAIL-R2 and subsequent recruitment 
of adaptor, effector and regulatory proteins. The TRAIL 
DISC is formed which initiates the “extrinsic” apoptosis 
pathway. The interactions between the DISC components 
are mediated by conserved homotypic protein-protein 
interaction motifs. Two important domains involved in 
these interactions are the DD and the death effector domain 
(DED).  
 

The first component which is intracellularly 
recruited to the TRAIL DISC is the adaptor molecule 
FADD (Mort1). With its DD FADD binds to the DD of 
TRAIL-R1 or TRAIL-R2 thereby exposing a DED 
which then binds to the DED of pro-caspase-8 or -10 
(20). These cystein-dependent aspartate-specific 
proteases are synthesized as inactive pro-enzymes but 
recruitment to the DISC induces their activation. 
Activation of caspase-8 then triggers a caspase cascade 
by inducing the cleavage and activation of the effector 
caspases 3 and 7. Active caspase-3 and -7 can further 
cleave a multitude of cellular substrates finally leading 
to the typical hallmarks of apoptosis like membrane 
blebbing and nuclear fragmentation (21).  

Activated caspase-8 and -10 cleave the pro-
apoptotic Bcl-2 family member Bid to its truncated form 
tBid which then moves to the outer membrane of the 
mitochondria. Thereby, Bid provides the link between the 
extrinsic death receptor apoptosis pathway and the 
“intrinsic” mitochondrial apoptosis pathway (22, 23). It is 
believed that tBid then most likely indirectly via 
neutralization of anti-apoptotic Bcl-2 family members 
activates the pro-apoptotic multidomain Bcl-2 proteins Bak 
and Bax which promote the release of cytochrome c from 
the mitochondrial intermembrane space into the cytoplasm. 
Bak and Bax are usually suppressed by the anti-apoptotic 
protein Bcl-2, the canonical member of this protein family 
which is often highly expressed in malignancies with bad 
prognosis (24). 
 

Released cytochrome c together with Apaf-1 and 
caspase-9 are part of another destructive cellular machinery 
comparable to the DISC, the apoptosome. Once formed, the 
apoptosome mediates the activation of caspase-9 and 
subsequent cleavage of caspase-3 by this complex. In 
addition other proteins like Smac/Diablo (Second 
mitochondria derived activator of caspases/ direct IAP 
binding protein with low pI) are also released, which 
further promotes cell death. Smac/Diablo inhibits XIAP by 
direct interaction, thereby interfering with its binding to 
caspase-3 and -7. Thus, upon release of Smac/Diablo the 
inhibition of effector caspase maturation is relieved and 
caspase-3 and -7 can be fully activated. 
 

However, the outcome of TRAIL receptor 
triggering is not necessarily cell death. It has been 
described that TRAIL can induce survival signals in some 
cell types especially by inducing the pro-survival and pro-
inflammatory transcription factor NF-κB and also MAP-
kinase pathways via JNK activation. This seems to be 
mediated via RIP, the receptor-interacting protein which 
was first discovered as an integral component of the TNF-
R1 signaling complex (25). These non-apoptosis-inducing 
signaling pathways and also the death pathways are 
covered in detail in another review (26). 
 
3. PHYSIOLOGICAL ROLE OF TRAIL 
 

Several studies with mice deficient for TRAIL 
and its only apoptosis-inducing murine receptor in addition 
to experiments with TRAIL-blocking agents have led to the 
discovery of rather diverse functions of the TRAIL/TRAIL-
R system in vivo. The so far observed phenotypes are 
summarized in Table 1. 
 

In 2002 Cretney et al. and Sedger et al. published 
the first results obtained with a TRAIL-deficient mouse. 
Both studies showed no gross phenotype, as the mice were 
viable and fertile and did not display any developmental 
defects, showing that there is no crucial role for TRAIL in 
embryonic development (27, 28). Interestingly, bone 
density was not influenced in these mice as mentioned in 
the introduction. Thus, the OPG-TRAIL interaction does 
not seem to be important for these OPG-mediated effects 
(27). The same is true for TRAIL-R-deficient mice (29, 
30).
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Table 1. Overview of TRAIL and TRAIL-R knockout experiments 
TRAIL or TRAIL-R knockout Phenotype References 
TRAIL -/- 
 

increased tumor growth and experimental liver metastasis with 4T1 and Renca tumors, higher susceptibility to 
MCA-induced tumors 

27 

TRAIL -/- 
 

increased tumor growth and experimental liver metastases of A20 cell line, normal bone density, 
no spontaneous tumor development 

28 

TRAIL-/- 
 

increased experimental liver metastases after intrasplenic injection of the TRAIL sensitive renal cancer cell line, no 
difference in lung metastases 

68 

TRAIL -/- 
 

defect in negative selection, increased susceptibility to autoimmune diseases: collagen induced arthritis and 
streptozotocin induced diabetis. 

63 

TRAIL-/- normal thymocyte negative selection, no sign of autoimmunity in aged TRAIL-/- mice 60 
TRAIL -/- 
 

partial resistance to Listeria monocytogenes infection, markedly lower bacterial numbers, larger spleens due to less 
apoptosis during infection  

48 

TRAIL-R -/- 
 

increased clearance of MCMV, increased levels of IL-12, IFN-α, IFN-γ, enhanced macrophage cytokine production 29 

TRAIL-R -/- 
 

no spontaneous tumor development, no difference in p53-/- induced lymphomas and APC+/min induced intestinal 
adenoma development 

71 

TRAIL-R -/- reduced tissue apoptosis after radiation in thymus, spleen, Peyers patches and white matter of the brain 30 
TRAIL -/- 
 

more lymphoid malignancies in aged mice, increased mixed sarcomas and lymphoid malignancies in the p53+/- 
background, no differences in Her2/neu crossbred mice 

70 

TRAIL -/- increased severity of EAE in remitting and non-remitting disease 64 
TRAIL -/- increased sensitivity to CD95 induced liver damage 87 
TRAIL -/- 
 

no influence in antigen specific CD8+ T-cell response after LCMV infection, “helpless” CD8+ T cells prolong their 
memory function (i.e. undergo secondary expansion) 

55 

 
The main roles of the TRAIL/TRAIL-R system 

were found in the immune system. This was not surprising 
as it was already suggested by the inducible expression of 
TRAIL in immune cells. TRAIL has been shown to 
influence infections and to contribute to the development of 
autoimmune diseases. TRAIL is also implicated in the 
immune surveillance against tumors and metastasis. These 
findings are now discussed below in detail. 
 
3.1. Role of TRAIL in the immune system 
3.1.1. TRAIL in innate immunity 

TRAIL is found to be expressed on a variety of 
innate immune cells in a stimulation-dependent manner. 
Monocytes for example express mainly soluble but also 
surface-bound TRAIL upon stimulation with LPS, and type 
I and type II interferons and show killing activity against 
tumor cell lines (31, 32).  
 

Plasmacytoid dendritic cells (DCs), the main 
players which link innate and adaptive immunity, can also 
express TRAIL after stimulation with different agents like 
e.g. oligodeoxynucleotides (ODN) containing the CpG 
motif. Activation of DCs leads to IFN-α production which 
stimulates TRAIL expression (33). In addition, IFN-β 
stimulation of DCs can lead to TRAIL surface expression, 
thereby enhancing the direct cytotoxic activity of these DCs 
against tumor cells (34).  

 
Recently, a new subtype of DCs was identified 

which can produce IFN-γ and has cytolytic activity. These 
cells were hence called IFN-γ-producing killer dendritic 
cells (IKDCs) (35, 36). Their killer potential has been 
shown to be in part due to the IFN-γ-mediated expression 
of TRAIL (36).  
 

Importantly, immature NK cells express TRAIL 
on their cell surface after stimulation with IFN-γ. TRAIL 
together with CD95 and perforin is responsible for most of 
the cytotoxic effect of NK cells (37). Liver NK cells 
express TRAIL constitutively as they produce IFN-γ in an 
autocrine fashion (38). Also cytokines like IL-2 and IL-15 
induce human or mouse NK cells to upregulate TRAIL on

 
their surface (39-41). Furthermore, activated NK cells are 
resistant to TRAIL-induced apoptosis even though they 
express TRAIL-R1 and -R2 on their surface (42). 
 

Recently, it was shown that fetal and neonatal 
mice have mostly immature NK cells which are TRAIL-
positive in the liver and spleen, while adult mice only have 
a sub-population of TRAIL-expressing immature NK cells 
in the liver. Takeda et al. therefore suggest that TRAIL- NK 
cells develop from TRAIL+ NK precursor cells. Thus, 
TRAIL expression may be a marker for immature NK cells. 
In contrast, TRAIL-positive NK cells in the adult liver do 
not change their phenotype (43). One intriguing possible 
role of an early stage TRAIL expressing NK cell could be 
the elimination of immature DCs, as immature DCs are 
sensitive to TRAIL-induced apoptosis (44, 45).  
 
3.1.2. TRAIL in infectious diseases 

Many cell types, which are involved in the fight 
against infections, e.g. NK cells and cytotoxic T-cells 
(CTLs) express TRAIL when they are activated and, at 
least in part, exert their killer function via TRAIL. The 
first in vivo demonstration for a direct role of TRAIL in 
viral infections was performed by Sato et al. in 2001. 
Mice infected with encephalomyocarditis virus (EMCV) 
had higher viral titers and died significantly earlier after 
treatment with TRAIL-blocking antibodies. The main 
source for TRAIL seemed to be NK cells, because NK 
cell depletion resulted in a similar reduction of EMCV 
load as TRAIL inhibition. Since no additive effect was 
found by blocking TRAIL and depleting NK cells, 
TRAIL was in fact identified as the main functional 
killing molecule employed by NK cells to fight EMCV 
infection (46).  
 

Type I and Type II interferons are the main 
mediators of this TRAIL effect by inducing TRAIL 
expression on immune cells and, on the other hand, by 
sensitizing usually resistant cells for TRAIL. This was 
shown by Sedger et al. who suggested that TRAIL may 
play a direct role in the defense against viral infections by 
showing that fibroblasts, which are primarily TRAIL-
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resistant, were rendered TRAIL sensitive by infection with 
human cytomegalovirus (HCMV) (47).  
 

The role of TRAIL-R in immune responses to 
different infections was intensively studied by Diehl et al. 
(29). TRAIL-R−/− mice and wild type littermates were 
challenged with a variety of pathogens: Listeria 
monocytogenes, Salmonella typhimurium, 
encephalomyocarditis virus (EMCV), Mycobacterium 
bovis, Bacillus Calmette-Guérin (BCG) and murine 
cytomegalovirus (MCMV). The only difference was found 
in the enhanced resistance of TRAIL-R−/− mice against 
MCMV. This finding appears to be counterintuitive since 
previous results, as discussed above, suggested that when 
virus-infected cells could not be cleared via TRAIL-
induced apoptosis the negative effects of infection should 
rather be increased. Interestingly, serum IL-12 and IFN-γ 
levels were elevated in TRAIL-R−/− mice 24h after 
infection. IL-12 was presumably produced by DCs which 
then in turn could induce IFN-γ production by NK cells. In 
addition, macrophages and DCs derived from TRAIL-R−/− 
mice showed increased production of TNFα and IL-12 after 
stimulation with different Toll-like receptor stimuli (29). 
Thus, the presence of TRAIL-R on these antigen-presenting 
cells seems to exert a regulatory function.  
 

These results go in line with another study in 
which ameliorated Listeria monocytogenes infection and 
reduced apoptosis could be found in TRAIL-/- mice (48). 
An enhanced innate immune response could also account 
for the role of TRAIL in this model even if the overall 
results differ in both studies, possibly due to differences 
with respect to the immunological requirements to 
successfully cope with a specific pathogenic challenge (29, 
48). Yet, the mechanism behind this increased cytokine 
production are still elusive. As Diehl et al. did not find any 
differences in the numbers of various immune cell 
populations, a gross effect on the composition of the 
immunologic cells can be excluded and the individual 
ornament of the lymphocytes will have to be studied in 
detail. 
 
3.1.3. TRAIL in the adaptive immune system 

Also T cells show TRAIL expression after 
appropriate stimulation, while it is absent in naive T cells. 
For instance, human and mouse T cells express TRAIL on 
their surface when stimulated with anti-CD3 and type I 
interferons (37, 49, 50). The same was true for freshly 
isolated human T-cells when stimulated with 
phytohemagglutinin (PHA) and IL-2 or when activated 
with LPS which also shows a type-I interferon dependency 
(31). 
 

Recent studies suggest a physiological role for 
the TRAIL/TRAIL-R system in T cells, particularly in 
“helpless” CD8+ cytotoxic lymphocytes (CTLs). These 
“helpless” CTLs are primed in the absence of CD4+ T cells. 
Therefore they do not undergo a second round of clonal 
expansion when restimulated by their cognate antigen (51, 
52). Janssen et al. showed that without help by CD4+ T 
cells during the primary response CD8+ T cells can undergo 
the secondary expansion when TRAIL is absent (53). The 

usual phenotype of helpless CD8+ T cells might therefore 
be due to an activation-dependent death mediated by 
TRAIL.  
 

Interestingly, Hamilton and others could 
strengthen a role of TRAIL in helpless CD8+ T cells in a 
homeostatic proliferation setting. This occurs for example 
in neonates or lymphopenics. Leishmenia monooxogynes 
specific for the OVA peptide could be cleared in the 
lymphopenic setting only in the presence of help provided 
by CD4+ T cells. Also here, TRAIL deficiency could 
restore secondary proliferation in the “helpless” case (54).  
 

However, another study claimed that TRAIL only 
delayed but not completely abolished the deletion of 
“helpless” CD8+ T-cells (55), suggesting that the regulation 
of “helplessness” might be more complicated than initially 
thought (53, 54). 
 

The TRAIL/TRAIL-R system also seems to be 
involved in the regulation of TH1 and TH2 responses (56, 
57). Upon activation with anti-CD3 in-vitro-differentiated 
TH2 but not TH1 cells upregulated TRAIL. In addition, TH2 
cells were more resistant to TRAIL-induced apoptosis than 
TH1 cells, possibly due to increased expression of FLIPL 
after anti-CD3 stimulation. 
 

A function of the TRAIL/TRAIL-R system in 
thymic negative selection was first proposed by 
Lamhamedi-Cherradi et al. in 2003. The main fact which 
raised this theory was that TRAIL-deficient mice are more 
susceptible to autoimmune diseases (58, 59). However, 
using four different models Cretney et al. convincingly 
showed that there is no role of the TRAIL/TRAIL-R 
system in thymic negative selection (29, 60). In addition, it 
now seems highly unlikely that negative selection involves 
apoptosis induction by any death receptor since transgenic 
mice which express a dominant-negative version of FADD 
under a T-cell specific promoter did not show any defect in 
negative selection (61).  
 
3.1.4. TRAIL in autoimmune diseases 

Autoimmune diseases result from the 
inappropriate immune recognition of self-antigens. Some of 
the most dangerous players in these diseases are auto-
reactive T-lymphocytes which attack the body’s own cells 
and elicit an immune response without an actual infection. 
Despite the fact that no spontaneous autoimmune diseases 
could be observed in TRAIL- and TRAIL-R-deficient mice, 
many studies have identified profound effects when 
autoimmunity was induced in TRAIL-/- mice or in the 
presence of TRAIL or TRAIL-R-blocking agents. 
 

Multiple sclerosis (MS) is characterized by the 
infiltration of immune cells into the CNS (central nervous 
system) and subsequent destruction of the myelin around 
axons which are formed by oligodendrocyctes. An often 
used mouse model which mimics this disease by an 
artificial immunization with myelin derived antigens or 
peptides, is experimental autoimmune encephalomyelitis 
(EAE).  
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Table 2. The role of the TRAIL/TRAIL receptor system in tumorigenesis 
Tumor type TRAIL or TRAIL-R knockout or 

knockdown 
Effect References 

The TRAIL/TRAIL-R system plays a role: 
Xenograft of TRAIL-sensitive human cell 
lines 

Injection of TRAIL-R agonists  
(e.g. recombinant TRAIL) 

various tumor cell lines from different tissues, e.g. colonic 
HCT116 and mammary MDA-231, showed increased tumor 
growth when injected into SCID mice  

7,3 

Injection of syngeneic TRAIL-sensitive 
cell lines 

Neutralizing TRAIL-antibodies and 
TRAIL -/-  mice 

e.g. the mammary carcinoma cell line 4T1 and renal Renca 
cells showed increased tumor growth and experimental 
metastasis formation  

69, 27 

Fibrosarcomas Injection of MCA into TRAIL -/-  mice increased frequency of fibrosarcomas  27 
Spontaneous lymphomas TRAIL -/-  mice aged TRAIL-/-  mice show more lymphomas at the age of 

300-500 days, 
p53+/- mice show more lymphoid malignancies in the  
TRAIL-/- background 

70 

Sarcomas Injection of TRAIL neutralizing 
antibody 
And TRAIL -/-  mice 

more mixed sarcomas in TRAIL -/- p53 +/- mice 70 

The TRAIL/TRAIL-R system does not play a role: 
Spontaneous tumors Young TRAIL and TRAIL-R -/- mice no spontaneous incidence of any tumors in young mice 27-29 
Intestinal adenomas TRAIL-R -/- mice no difference in tumor development in APC+/min mice 71 
Mammary carcinomas TRAIL -/- mice no difference in tumor development in Her2/neu 

overexpressing mice 
70 

Lymphomas TRAIL-R -/- mice no difference in p53-/- induced lymphomas 71 
 
Studies with TRAIL-blocking antibodies and 

TRAIL-deficient mice showed that TRAIL is mostly 
involved in preventing disease progression by inhibiting the 
autoreactive immune response (62-64). Systemic blockage 
of TRAIL led to a severe increase of diverse disease 
phenotypes which pointed to a role for TRAIL in regulating 
immune cell homeostasis and autoimmune reactions. In 
contrast, Aktas et al. found the opposite when they blocked 
TRAIL directly in the CNS by injecting TRAIL-R2-Fc 
intracisternally into mice in which EAE had been induced. 
Here, inhibition of TRAIL could nearly prevent the disease 
(65). Therefore, the TRAIL/TRAIL-R system might have a 
dual role in MS, on the one hand controlling self-reactive 
immune cells in the periphery and on the other hand by 
contributing to the irreversible CNS damage during 
neuroinflammation and the killing of oligodendrocytes and 
neurons in the CNS. 
 

Another experimental autoimmune disease is 
EAT (experimental autoimmune thyroiditis). CBA/J mice 
are immunized with murine thyroglobulin, and then spleen 
cells from these mice are subsequently injected into 
irradiated recipient CBA/J mice which develop EAT after 
ten days. Systemic treatment of mice with recombinant 
TRAIL decreased apoptosis of thyroid cells. Thus again, 
the effect of systemic TRAIL treatment was preventive 
rather than exacerbating the disease. The authors attributed 
this effect to reduced IFN-γ levels which in turn reduced 
the TH1 response (66). In fact, here a deletion of 
autoreactive T cells was achieved by TRAIL treatment. The 
same was true in autoimmune diabetes induced by a low 
dose of streptozotocin in TRAIL-deficient mice. An 
increase in diabetes incidence could be observed (63). Also 
soluble TRAIL-R2-Fc which blocked TRAIL in non-obese-
diabetic (NOD) mice exacerbated the development of type-
I diabetes (58, 59). 
 

The same groups also induced arthritis by 
different stimuli. TRAIL-deficient mice developed the 
typical symptoms when treated with collagen whereas 
wildtype C57BL/6 mice were not susceptible (63). As 
outlined above, the first explanations for this suppressive

 
function of TRAIL on autoimmunity involved the possible 
role of TRAIL in negative selection. However, since this 
does not seem to be the case (60), it remains to be shown 
how TRAIL and its receptor regulate innate versus adaptive 
immunity with such profound consequences for 
development and suppression of arthritis. 
 
3.2. TRAIL in tumorigenesis and cancer surveillance 

The first hint that TRAIL may play an important 
role in tumorigenesis were based on the finding that soluble 
recombinant TRAIL showed a reduction of tumor growth 
against human TRAIL-sensitive tumor xenografts in SCID 
mice (3, 7). Next, Sedger et al. could show that a syngeneic 
tumor transplant of a B cell lymphoma line grows much 
faster in the absence of TRAIL and leads to more liver 
metastasis (28). Also Cretney et al. found increased tumor 
growth and experimental metastasis incidence by using 
TRAIL-sensitive Renca, mouse renal cancer cells, and 4T1 
mouse mammary carcinoma cell lines in TRAIL-deficient 
mice or mice treated with a TRAIL-neutralizing antibody 
(27, 38, 67, 68).  
 

This tumor prevention was IFN-γ-dependent and 
was independent of perforin. IL-12 also influences the anti-
metastatic activity of NK cells (68). This activity of IL-12 
depends on activation of NK cells which results in IFN-γ 
production and in turn induces the production of TRAIL. 
NKT cells which are selectively activated by α-
galactosylceramide (α-GalCer) significantly reduced the 
numbers of experimental Renca and 4T1 liver metastases. 
Also this effect was dependent on TRAIL (27, 69).  
 

Even so, the role of the TRAIL/TRAIL-R system 
seems to be more complicated, especially in the light of 
several studies using autochthonous tumor models, which 
are induced or are developing spontaneously. A summary 
of tumor models which addressed the role of the 
TRAIL/TRAIL-R system in tumor surveillance is presented 
in Table 2. 
 

TRAIL-/-  and TRAIL-R-/- mice do not 
spontaneously develop tumors at early age (27-29). Yet, 
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TRAIL-deficient mice develop more lymphomas when they 
are aged after 500 days (70). When tumors were induced 
with the carcinogen MCA (methyocholanthrene) an 
increased frequency of fibrosarcomas was found in  
TRAIL-/- mice (27).  
 

In contrast, in a number of experimental settings 
no tumor-suppressive function for TRAIL could be found. 
Deletion of TRAIL-R does not effect the formation of 
intestinal adenomas in ApcMin/+ transgenic mice (71). 
Furthermore, the presence of TRAIL does not delay the 
onset of mammary carcinogenesis in Her2/neu-transgenic 
mice despite the fact that these mammary tumors expressed 
MHC class I and were TRAIL-sensitive (70). 
 

The results of an inhibited TRAIL/TRAIL-R 
system on spontaneous tumor induction by loss of p53 are 
controversial. p53+/- animals primarily develop sarcomas, 
whereas p53-/- mice develop lymphomas. The first 
experiments with TRAIL-neutralizing antibodies in p53+/- 
mice showed a promoting effect in the induction of 
sarcomas (67). This result could be confirmed by using 
TRAIL-deficient p53+/- mice, which develop more 
sarcomas and lymphomas (70). But this was not the same 
when TRAIL-R deficient mice were crossed to p53-/- mice, 
because no increase in the frequencies of lymphomas or 
thymomas was found (71). The discrepancy between these 
studies could either be due to unknown effects of the 
TRAIL-blocking antibodies or due to different tumor types. 
TRAIL may therefore be more important in the control of 
p53-dependent non-lymphoid tumors, but this suggestion is 
inconsistent with the role of TRAIL in hematological 
malignancies (70). One may speculate that the tissue in 
which the tumor occurs and the presence of TRAIL 
expressing cells within this tissue may be important. At any 
rate, further investigation, especially in models of 
autochthonous tumor development, will be needed to shed 
some light on the role of TRAIL in tumorigenesis. 
 

Strikingly, TRAIL can even exert a metastasis 
promoting function in TRAIL-resistant cells. This 
resistance to TRAIL-induced apoptosis can be achieved by 
high expression of FLIP, XIAP, anti-apoptotic members of 
the Bcl-2 family or down-regulation of pro-apoptotic 
members of this family (72-75). Resistance to apoptosis 
can unmask other TRAIL-induced signals which can lead 
to alternative functions of this protein like the induction of 
survival and invasion pathways (76).  
In the case of human pancreatic ductal adenocarcinoma 
which express Bcl-xL at extremely high levels, TRAIL 
induces a strong increase in the number and volume of 
metastases in a xenograft model using SCID mice. The 
authors attribute this effect to the induction of survival 
pathways induced by TRAIL via upregulation of IL-8 and 
monocyte chemoattractant protein (MCP). In another study, 
TRAIL could enhance the invasive phenotype of 
cholangiocarcinomas (77). These studies are supported by 
the finding that in non-transformed cells as vascular smooth 
muscle cells or endothelial cells TRAIL can promote a 
significant increase in proliferation and migration (78, 79). 
Given these data, concerns that TRAIL therapy might also 
induce a metastatic potential have to be taken into account 

when planning the clinical application of agonists of the 
two TRAIL death receptors.  
 

Even if it is still unclear under which 
circumstances the TRAIL/TRAIL-R system plays a role in 
tumorigenesis, especially when tumor cells are TRAIL-
resistant, a recent study pointed out how TRAIL-R agonists 
may be used in an combinatory immunotherapy. Uno et al. 
used a triple antibody therapy comprising agonistic 
TRAIL-R-, CD40- and CD137 (4-1BB)-specific antibodies. 
The use of anti–mouse-TRAIL-R antibody MD5-1 had 
already previously been shown to be active against TRAIL-
sensitive syngeneic tumors and experimental metastasis in 
immunocompetent mice without systemic toxicity (69). 
Agonistic CD40- and CD137-specific monoclonal 
antibodies, which stimulate cytotoxic T lymphocyte (CTL)-
mediated anti-tumor effects by stimulating antigen-
presenting cells (APCs) and costimulating T-cells together 
with MD5-1 antibodies, induced the rejection of established 
subcutaneous syngeneic 4T1 mammary tumors in mice. 
Most strikingly, this triple antibody therapy caused 
rejection of co-established apoptosis-resistant tumors, 
suggesting a crucial requirement of TRAIL-R-mediated 
apoptosis and activated CTLs cells for tumor immunity and 
complete tumor cell eradication, i.e. also of TRAIL-
resistant tumor cells, in the context of this therapy (80). 
 

In summary, the TRAIL/TRAIL-R system does 
not seem to play a general role in tumor suppression as 
most studies failed to show such a role especially in the 
autochthonous background. Thus, involvement of the 
TRAIL/TRAIL-R system in early tumorgenicity might be 
tissue-specific, but could also depend on the presence of 
TRAIL-expressing immune cells. Further studies which 
examine all steps in autochthonous tumorigenesis and also 
examine metastasis formation are now needed to reveal a 
potential role of the TRAIL/TRAIL-R system in the 
prevention of tumors and/or metastasis and, consequently, 
to lead the way to the best possible therapeutical use of 
TRAIL-R agonists. 
 
4. TRAIL AS A THERAPEUTIC AGENT 
 

A number of biotech and pharmaceutical 
companies develop therapeutic agents designed to activate 
the death program in cancer cells. TRAIL-receptor-targeted 
therapies are currently being pursued in clinical studies by 
at least four different companies: Human Genome Sciences 
(HGS), Daiichi Sankyo, Genentech and Amgen. Some of 
these studies have already shown very promising results 
(Table 3). 
 

Recombinant TRAIL/Apo2L as well as 
humanized agonistic mAb targeting TRAIL-R1 or TRAIL-
R2 are currently being evaluated in Phase I and Phase II 
clinical trials. 
 

HGS has completed three Phase II clinical trials 
of HGS-ETR1, a fully humanized agonistic antibody 
against TRAIL-R1, as monotherapy in heavily pretreated 
patients with non-Hodgkin’s-Lymphoma (NHL), colorectal 
cancer and non-small cell lung cancer (NSCLC). The
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Table 3. Therapeutic approaches targeting the two apoptosis inducing human TRAIL-Rs in cancer therapy 
Molecule Companies Description Clinical trial status 
Single agent 
HGS-ETR1 (Mapatumumab) Human Genome Sciences humanized anti-TRAIL-R1 agonistic mAb Phase II completed: NHL, colorectal cancer, NSCLC 
HGS-ETR2 Human Genome Sciences humanized anti-TRAIL-R2 agonistic mAb Phase I: advanced solid tumors 
HGS-TR2J Human Genome Sciences humanized anti-TRAIL-R2 agonistic mAb Phase I: advanced solid tumors 
TRA-8 (CS-1008) Daiichi Sankyo Inc. humanized anti-TRAIL-R2 mAb Phase I: advanced solid tumors and lymphomas  

(not yet recruiting) 
Apo2L/TRAIL (AMG 951) Genentech/ Amgen soluble TRAIL, activates TRAIL-R1 and TRAIL-

R2 
Phase Ib 

AMG 655 Amgen humanized anti-TRAIL-R2 agonistic mAb Phase I:  (initiated in 2005) 
Combination with Chemotherapy 
HGS-ETR1 
+ Paclitaxel  
+ Carboplatin 

Human Genome Sciences humanized anti-TRAIL-R1 agonistic mAb + 
chemotherapy 

Phase Ib: advanced solid tumors 

HGS-ETR1 
+ Gemcitabine 
+ Cisplatin 

Human Genome Sciences humanized anti-TRAIL-R1 agonistic mAb + 
chemotherapy 

Phase Ib: advanced solid tumors 

HGS-ETR1 
+ Bortezombib (Velcade) 

Human Genome Sciences humanized anti-TRAIL-R1 mAb + proteasome 
inhibitor 

Phase II: advanced MM (recruiting since Oct. 2006) 

Apo2L/TRAIL  
+ Rituximab 

Genentech/ Amgen soluble TRAIL that activates TRAIL-R1 and 
TRAIL-R2 + anti-C20 

Phase Ib/II: NHL (recruiting since June 2006) 

 
results of these trials show that HGS-ETR1 is well tolerated 
and HGS-ETR1 could be administered safely and 
repetitively. No dose-limiting toxicities were observed 
up to the highest dose tested (10mg/kg). Stable disease 
could be found in 29% of the patients who participated 
in the NSCLC study and in 32% of the patients that 
participated in the colorectal cancer study. Clinical 
response or stable disease was detected in 14/17 patients 
with NHL diagnosed with follicular lymphomas. 
 

Preclinical studies and a large number of in 
vitro studies demonstrate that many chemotherapeutics 
and radiation can sensitize cancer cells for TRAIL-
induced apoptosis. TRAIL/Apo2L acts synergistically 
when combined with chemotherapeutics (e.g. etoposide, 
cisplatin, irinotecan or oxaliplatin), proteasome 
inhibitors (MG321 and bortezomib) and γ-irradiation 
(81-85). The mechanisms conferring this synergy 
include enhanced DISC formation capacity, death 
receptor upregulation, modulation of Bcl-2 family 
members, caspase upregulation and inhibition of IAP 
family members or downregulation of c-FLIP (84). 
Therefore the combinatorial treatment with TRAIL-
receptor agonists plus chemotherapeutics and/or 
radiotherapy can be regarded as one of the most 
promising new strategies to treat cancer in the future. 
Recently HGS has initiated two Phase Ib trials 
evaluating the safety and tolerability of HGS-ETR1 in 
combination with chemotherapeutic agents (Paclitaxel + 
Carboplatin and Gemcitabine + Cisplatin) in the 
treatment of patients with advanced solid tumors. 
Interim results of the Phase Ib studies demonstrate that 
the combination of HGS-ETR1 + chemotherapeutics are 
well tolerated and HGS-ETR1 can be administered 
safely and repetitively at doses up to 20 mg/kg 
intravenously. Furthermore HGS is currently recruiting 
patients with advanced multiple myeloma (MM) to 
investigate the efficacy and safety of HGS-ETR1 in 
combination with the proteasome inhibitor bortezomib 
compared to bortezomib alone. Preliminary results have 
recently been announced by HGS showing no toxicity 
when HGS-ETR1 is applied together with 
chemotherapeutics.  

 
The theoretical advantage of using 

TRAIL/Apo2L as a bio-therapeutic agent is that it targets 
both death receptors, TRAIL-R1 and TRAIL-R2. Yet the 
group of MacFarlane et al. has recently synthesized mutant 
forms of TRAIL which selectively bind to either TRAIL-
R1 or TRAIL-R2 (86). They could show that different 
tumors signal apoptosis either through TRAIL-R1 or 
TRAIL-R2. Therefore it is important to determine whether 
primary tumor cells signal via TRAIL-R1 or TRAIL-R2 to 
target the right receptor when applying TRAIL-receptor 
targeted therapy. 
 

The safety and efficacy of TRAIL/Apo2L is 
currently evaluated in a Phase Ib trial conducted by 
Genentech and Amgen. Furthermore, a PhaseIb/II trial by 
Genentech/Amgen is currently recruiting rituximab-
refractory NHL patients to investigate the efficacy and 
safety of a combined treatment of rituximab + 
TRAIL/Apo2L. An important point one has to consider is 
the difference in the in vivo half life of the different 
TRAIL-R agonists. In non-human primates the ligand 
TRAIL/Apo2L has a plasma half-life which is drastically 
shorter (t1/2 ~30min) than the half-life of the agonistic 
antibodies (t1/2 of serum IgG is ~21 days) which has to be 
taken into account when evaluating the efficacy of TRAIL-
Receptor targeted therapy. An increased plasma half-life 
might improve localization to the target and reduces the 
frequency of administration to the patient. But despite the 
rapid renal clearance and therefore reduced plasma half-life 
of TRAIL/Apo2L, high anti-tumor activity is observed in 
vivo, pointing to a significant tumor penetration of 
TRAIL/Apo2L (84), a possible advantage of the cytokine 
over monoclonal antibodies. 

 
In summary, a large body of preclinical evidence 

has now been gathered on the potential of TRAIL and anti-
TRAIL-R agonistic mAbs as novel therapeutic agents for 
the treatment of cancer. Given the resulting clinical 
development programs initiated in several biotech and 
pharmaceutical companies, there is abundant optimism that 
TRAIL-R-targeted therapies will prove to be effective for 
patients suffering from at least some types of cancer. 
Success of TRAIL-R agonists as stand-alone therapy will 
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most likely be limited, since most primary tumors seem to 
be TRAIL-resistant. Thus, combinatorial treatment 
protocols which comprise TRAIL-R agonists together with 
other therapeutic approaches will lead the way to future to 
cancer therapy.  
 
5. PERSPECTIVE 
 

The last decade of research on TRAIL has 
revealed that this cytokine is truly an interesting molecule 
with a multitude of functions in both cancer and immunity. 
Despite the fact that much progress has been made with 
regard to understanding TRAIL signaling and its crosstalk 
with other signaling pathways as well as to its role in the 
immune homeostasis, autoimmunity, cancer immune 
surveillance and tumor suppression, it seems as if we have 
only discovered the tip of the iceberg so far. It will be 
fascinating to dive deeper into the biology of this intriguing 
cytokine to further unravel its function hopefully 
culminating the identification of better treatments for both 
autoimmune diseases and cancer. 
 
6. REFERENCES 
 
1. Wiley, S. R., K. Schooley, P. J. Smolak, W. S. Din, C. P. 
Huang, J. K. Nicholl, G. R. Sutherland, T. D. Smith, C. 
Rauch, C. A. Smith & et al.: Identification and 
characterization of a new member of the TNF family that 
induces apoptosis. Immunity, 3, 673-82 (1995) 
2. Pitti, R. M., S. A. Marsters, S. Ruppert, C. J. Donahue, 
A. Moore & A. Ashkenazi: Induction of apoptosis by Apo-
2 ligand, a new member of the tumor necrosis factor 
cytokine family. J Biol Chem, 271, 12687-90 (1996) 
3. Walczak, H., R. E. Miller, K. Ariail, B. Gliniak, T. S. 
Griffith, M. Kubin, W. Chin, J. Jones, A. Woodward, T. 
Le, C. Smith, P. Smolak, R. G. Goodwin, C. T. Rauch, J. C. 
Schuh & D. H. Lynch: Tumoricidal activity of tumor 
necrosis factor-related apoptosis-inducing ligand in vivo. 
Nat Med, 5, 157-63 (1999) 
4. Bonavida, B., C. P. Ng, A. Jazirehi, G. Schiller & Y. 
Mizutani: Selectivity of TRAIL-mediated apoptosis of 
cancer cells and synergy with drugs: the trail to non-toxic 
cancer therapeutics  (review). Int J Oncol, 15, 793-802 
(1999) 
5. Keane, M. M., S. A. Ettenberg, M. M. Nau, E. K. Russell 
& S. Lipkowitz: Chemotherapy augments TRAIL-induced 
apoptosis in breast cell lines. Cancer Res, 59, 734-41 
(1999) 
6. Roth, W., S. Isenmann, U. Naumann, S. Kugler, M. 
Bahr, J. Dichgans, A. Ashkenazi & M. Weller: 
Locoregional Apo2L/TRAIL eradicates intracranial human 
malignant glioma xenografts in athymic mice in the 
absence of neurotoxicity. Biochem Biophys Res Commun, 
265, 479-83 (1999) 
7. Ashkenazi, A., R. C. Pai, S. Fong, S. Leung, D. A. 
Lawrence, S. A. Marsters, C. Blackie, L. Chang, A. E. 
McMurtrey, A. Hebert, L. DeForge, I. L. Koumenis, D. 
Lewis, L. Harris, J. Bussiere, H. Koeppen, Z. Shahrokh & 
R. H. Schwall: Safety and antitumor activity of 
recombinant soluble Apo2 ligand. J Clin Invest, 104, 155-
62 (1999) 

8. Gliniak, B. & T. Le: Tumor necrosis factor-related 
apoptosis-inducing ligand's antitumor activity in vivo is 
enhanced by the chemotherapeutic agent CPT-11. Cancer 
Res, 59, 6153-8 (1999) 
9. Wajant, H., J. Gerspach & K. Pfizenmaier: Tumor 
therapeutics by design: targeting and activation of death 
receptors. Cytokine Growth Factor Rev, 16, 55-76 (2005) 
10. Koschny, R., H. Walczak & T. M. Ganten: The promise 
of TRAIL- potential and risks of a novel anti-cancer 
therapy. J Mol Med, submitted, (2007) 
11. Clancy, L., K. Mruk, K. Archer, M. Woelfel, J. 
Mongkolsapaya, G. Screaton, M. J. Lenardo & F. K. Chan: 
Preligand assembly domain-mediated ligand-independent 
association between TRAIL receptor 4  (TR4) and TR2 
regulates TRAIL-induced apoptosis. Proc Natl Acad Sci U 
S A, 102, 18099-104 (2005) 
12. Merino, D., N. Lalaoui, A. Morizot, P. Schneider, E. 
Solary & O. Micheau: Differential inhibition of TRAIL-
mediated DR5-DISC formation by decoy receptors 1 and 2. 
Mol Cell Biol, 26, 7046-55 (2006) 
13. Kim, C. H. & S. Gupta: Expression of TRAIL  
(Apo2L), DR4  (TRAIL receptor 1), DR5  (TRAIL receptor 
2) and TRID  (TRAIL receptor 3) genes in multidrug 
resistant human acute myeloid leukemia cell lines that 
overexpress MDR 1  (HL60/Tax) or MRP  (HL60/AR). Int 
J Oncol, 16, 1137-9 (2000) 
14. Zhang, X. D., A. V. Franco, T. Nguyen, C. P. Gray & 
P. Hersey: Differential localization and regulation of death 
and decoy receptors for TNF-related apoptosis-inducing 
ligand  (TRAIL) in human melanoma cells. J Immunol, 
164, 3961-70 (2000) 
15. Emery, J. G., P. McDonnell, M. B. Burke, K. C. Deen, 
S. Lyn, C. Silverman, E. Dul, E. R. Appelbaum, C. 
Eichman, R. DiPrinzio, R. A. Dodds, I. E. James, M. 
Rosenberg, J. C. Lee & P. R. Young: Osteoprotegerin is a 
receptor for the cytotoxic ligand TRAIL. J Biol Chem, 273, 
14363-7 (1998) 
16. Truneh, A., S. Sharma, C. Silverman, S. Khandekar, M. 
P. Reddy, K. C. Deen, M. M. McLaughlin, S. M. 
Srinivasula, G. P. Livi, L. A. Marshall, E. S. Alnemri, W. 
V. Williams & M. L. Doyle: Temperature-sensitive 
differential affinity of TRAIL for its receptors. DR5 is the 
highest affinity receptor. J Biol Chem, 275, 23319-25 
(2000) 
17. Zauli, G. & P. Secchiero: The role of the 
TRAIL/TRAIL receptors system in hematopoiesis and 
endothelial cell biology. Cytokine Growth Factor Rev, 17, 
245-57 (2006) 
18. Wu, G. S., T. F. Burns, Y. Zhan, E. S. Alnemri & W. S. 
El-Deiry: Molecular cloning and functional analysis of the 
mouse homologue of the KILLER/DR5 tumor necrosis 
factor-related apoptosis-inducing ligand  (TRAIL) death 
receptor. Cancer Res, 59, 2770-5 (1999) 
19. Schneider, P., D. Olson, A. Tardivel, B. Browning, A. 
Lugovskoy, D. Gong, M. Dobles, S. Hertig, K. Hofmann, 
H. Van Vlijmen, Y. M. Hsu, L. C. Burkly, J. Tschopp & T. 
S. Zheng: Identification of a new murine tumor necrosis 
factor receptor locus that contains two novel murine 
receptors for tumor necrosis factor-related apoptosis-
inducing ligand  (TRAIL). J Biol Chem, 278, 5444-54 
(2003) 



 

3822 

20. Sprick, M. R., M. A. Weigand, E. Rieser, C. T. Rauch, 
P. Juo, J. Blenis, P. H. Krammer & H. Walczak: 
FADD/MORT1 and caspase-8 are recruited to TRAIL 
receptors 1 and 2 and are essential for apoptosis mediated 
by TRAIL receptor 2. Immunity, 12, 599-609 (2000) 
21. Fulda, S. & K. M. Debatin: Extrinsic versus intrinsic 
apoptosis pathways in anticancer chemotherapy. Oncogene, 
25, 4798-811 (2006) 
22. Li, H., H. Zhu, C. J. Xu & J. Yuan: Cleavage of BID by 
caspase 8 mediates the mitochondrial damage in the Fas 
pathway of apoptosis. Cell, 94, 491-501 (1998) 
23. Luo, X., I. Budihardjo, H. Zou, C. Slaughter & X. 
Wang: Bid, a Bcl2 interacting protein, mediates 
cytochrome c release from mitochondria in response to 
activation of cell surface death receptors. Cell, 94, 481-90 
(1998) 
24. Coultas, L. & A. Strasser: The role of the Bcl-2 protein 
family in cancer. Semin Cancer Biol, 13, 115-23 (2003) 
25. Zhang, L. & B. Fang: Mechanisms of resistance to 
TRAIL-induced apoptosis in cancer. Cancer Gene Ther, 
12, 228-37 (2005) 
26. Falschlehner, C., C. H. Emmerich, B. Gerlach & H. 
Walczak: TRAIL signalling: decisions between life and 
death Int J Biochem Cell Biol, in press,  (2007) 
27. Cretney, E., K. Takeda, H. Yagita, M. Glaccum, J. J. 
Peschon & M. J. Smyth: Increased susceptibility to tumor 
initiation and metastasis in TNF-related apoptosis-inducing 
ligand-deficient mice. J Immunol, 168, 1356-61 (2002) 
28. Sedger, L. M., M. B. Glaccum, J. C. Schuh, S. T. 
Kanaly, E. Williamson, N. Kayagaki, T. Yun, P. Smolak, 
T. Le, R. Goodwin & B. Gliniak: Characterization of the in 
vivo function of TNF-alpha-related apoptosis-inducing 
ligand, TRAIL/Apo2L, using TRAIL/Apo2L gene-deficient 
mice. Eur J Immunol, 32, 2246-54 (2002) 
29. Diehl, G. E., H. H. Yue, K. Hsieh, A. A. Kuang, M. Ho, 
L. A. Morici, L. L. Lenz, D. Cado, L. W. Riley & A. 
Winoto: TRAIL-R as a negative regulator of innate 
immune cell responses. Immunity, 21, 877-89 (2004) 
30. Finnberg, N., J. J. Gruber, P. Fei, D. Rudolph, A. Bric, 
S. H. Kim, T. F. Burns, H. Ajuha, R. Page, G. S. Wu, Y. 
Chen, W. G. McKenna, E. Bernhard, S. Lowe, T. Mak & 
W. S. El-Deiry: DR5 knockout mice are compromised in 
radiation-induced apoptosis. Mol Cell Biol, 25, 2000-13 
(2005) 
31. Ehrlich, S., C. Infante-Duarte, B. Seeger & F. Zipp: 
Regulation of soluble and surface-bound TRAIL in human 
T cells, B cells, and monocytes. Cytokine, 24, 244-53 
(2003) 
32. Halaas, O., R. Vik, A. Ashkenazi & T. Espevik: 
Lipopolysaccharide induces expression of APO2 
ligand/TRAIL in human monocytes and macrophages. 
Scand J Immunol, 51, 244-50 (2000) 
33. Kemp, T. J., B. D. Elzey & T. S. Griffith: Plasmacytoid 
dendritic cell-derived IFN-alpha induces TNF-related 
apoptosis-inducing ligand/Apo-2L-mediated antitumor 
activity by human monocytes following CpG 
oligodeoxynucleotide stimulation. J Immunol, 171, 212-8 
(2003) 
34. Liu, S., Y. Yu, M. Zhang, W. Wang & X. Cao: The 
involvement of TNF-alpha-related apoptosis-inducing 
ligand in the enhanced cytotoxicity of IFN-beta-stimulated 

human dendritic cells to tumor cells. J Immunol, 166, 5407-
15 (2001) 
35. Chan, C. W., E. Crafton, H. N. Fan, J. Flook, K. 
Yoshimura, M. Skarica, D. Brockstedt, T. W. Dubensky, 
M. F. Stins, L. L. Lanier, D. M. Pardoll & F. Housseau: 
Interferon-producing killer dendritic cells provide a link 
between innate and adaptive immunity. Nat Med, 12, 207-
13 (2006) 
36. Taieb, J., N. Chaput, C. Menard, L. Apetoh, E. Ullrich, 
M. Bonmort, M. Pequignot, N. Casares, M. Terme, C. 
Flament, P. Opolon, Y. Lecluse, D. Metivier, E. Tomasello, 
E. Vivier, F. Ghiringhelli, F. Martin, D. Klatzmann, T. 
Poynard, T. Tursz, G. Raposo, H. Yagita, B. Ryffel, G. 
Kroemer & L. Zitvogel: A novel dendritic cell subset 
involved in tumor immunosurveillance. Nat Med, 12, 214-9 
(2006) 
37. Kayagaki, N., N. Yamaguchi, M. Nakayama, H. Eto, K. 
Okumura & H. Yagita: Type I interferons  (IFNs) regulate 
tumor necrosis factor-related apoptosis-inducing ligand  
(TRAIL) expression on human T cells: A novel mechanism 
for the antitumor effects of type I IFNs. J Exp Med, 189, 
1451-60 (1999) 
38. Takeda, K., M. J. Smyth, E. Cretney, Y. Hayakawa, N. 
Yamaguchi, H. Yagita & K. Okumura: Involvement of 
tumor necrosis factor-related apoptosis-inducing ligand in 
NK cell-mediated and IFN-gamma-dependent suppression 
of subcutaneous tumor growth. Cell Immunol, 214, 194-200 
(2001) 
39. Kayagaki, N., N. Yamaguchi, M. Nakayama, K. 
Takeda, H. Akiba, H. Tsutsui, H. Okamura, K. Nakanishi, 
K. Okumura & H. Yagita: Expression and function of TNF-
related apoptosis-inducing ligand on murine activated NK 
cells. J Immunol, 163, 1906-13 (1999) 
40. Johnsen, A. C., J. Haux, B. Steinkjer, U. Nonstad, K. 
Egeberg, A. Sundan, A. Ashkenazi & T. Espevik: 
Regulation of APO-2 ligand/trail expression in NK cells-
involvement in NK cell-mediated cytotoxicity. Cytokine, 
11, 664-72 (1999) 
41. Kashii, Y., R. Giorda, R. B. Herberman, T. L. 
Whiteside & N. L. Vujanovic: Constitutive expression and 
role of the TNF family ligands in apoptotic killing of tumor 
cells by human NK cells. J Immunol, 163, 5358-66 (1999) 
42. Mirandola, P., C. Ponti, G. Gobbi, I. Sponzilli, M. 
Vaccarezza, L. Cocco, G. Zauli, P. Secchiero, F. A. 
Manzoli & M. Vitale: Activated human NK and CD8+ T 
cells express both TNF-related apoptosis-inducing ligand  
(TRAIL) and TRAIL receptors but are resistant to TRAIL-
mediated cytotoxicity. Blood, 104, 2418-24 (2004) 
43. Takeda, K., E. Cretney, Y. Hayakawa, T. Ota, H. 
Akiba, K. Ogasawara, H. Yagita, K. Kinoshita, K. 
Okumura & M. J. Smyth: TRAIL identifies immature 
natural killer cells in newborn mice and adult mouse liver. 
Blood, 105, 2082-9 (2005) 
44. Leverkus, M., H. Walczak, A. McLellan, H. W. Fries, 
G. Terbeck, E. B. Brocker & E. Kampgen: Maturation of 
dendritic cells leads to up-regulation of cellular FLICE-
inhibitory protein and concomitant down-regulation of 
death ligand-mediated apoptosis. Blood, 96, 2628-31 
(2000) 
45. Hayakawa, Y., V. Screpanti, H. Yagita, A. Grandien, H. 
G. Ljunggren, M. J. Smyth & B. J. Chambers: NK cell 
TRAIL eliminates immature dendritic cells in vivo and 



 

3823 

limits dendritic cell vaccination efficacy. J Immunol, 172, 
123-9 (2004) 
46. Sato, K., S. Hida, H. Takayanagi, T. Yokochi, N. 
Kayagaki, K. Takeda, H. Yagita, K. Okumura, N. Tanaka, 
T. Taniguchi & K. Ogasawara: Antiviral response by 
natural killer cells through TRAIL gene induction by IFN-
alpha/beta. Eur J Immunol, 31, 3138-46 (2001) 
47. Sedger, L. M., D. M. Shows, R. A. Blanton, J. J. 
Peschon, R. G. Goodwin, D. Cosman & S. R. Wiley: IFN-
gamma mediates a novel antiviral activity through dynamic 
modulation of TRAIL and TRAIL receptor expression. J 
Immunol, 163, 920-6 (1999) 
48. Zheng, S. J., J. Jiang, H. Shen & Y. H. Chen: Reduced 
apoptosis and ameliorated listeriosis in TRAIL-null mice. J 
Immunol, 173, 5652-8 (2004) 
49. Arbour, N., E. Rastikerdar, E. McCrea, Y. Lapierre, J. 
Dorr, A. Bar-Or & J. P. Antel: Upregulation of TRAIL 
expression on human T lymphocytes by interferon beta and 
glatiramer acetate. Mult Scler, 11, 652-7 (2005) 
50. Kayagaki, N., N. Yamaguchi, M. Nakayama, A. 
Kawasaki, H. Akiba, K. Okumura & H. Yagita: 
Involvement of TNF-related apoptosis-inducing ligand in 
human CD4+ T cell-mediated cytotoxicity. J Immunol, 
162, 2639-47 (1999) 
51. Taraban, V. Y., T. F. Rowley, D. F. Tough & A. Al-
Shamkhani: Requirement for CD70 in CD4+ Th cell-
dependent and innate receptor-mediated CD8+ T cell 
priming. J Immunol, 177, 2969-75 (2006) 
52. Shedlock, D. J., J. K. Whitmire, J. Tan, A. S. 
MacDonald, R. Ahmed & H. Shen: Role of CD4 T cell help 
and costimulation in CD8 T cell responses during Listeria 
monocytogenes infection. J Immunol, 170, 2053-63 (2003) 
53. Janssen, E. M., N. M. Droin, E. E. Lemmens, M. J. 
Pinkoski, S. J. Bensinger, B. D. Ehst, T. S. Griffith, D. R. 
Green & S. P. Schoenberger: CD4+ T-cell help controls 
CD8+ T-cell memory via TRAIL-mediated activation-
induced cell death. Nature, 434, 88-93 (2005) 
54. Hamilton, S. E., M. C. Wolkers, S. P. Schoenberger & 
S. C. Jameson: The generation of protective memory-like 
CD8+ T cells during homeostatic proliferation requires 
CD4+ T cells. Nat Immunol, 7, 475-81 (2006) 
55. Badovinac, V. P., K. A. Messingham, T. S. Griffith & J. 
T. Harty: TRAIL deficiency delays, but does not prevent, 
erosion in the quality of "helpless" memory CD8 T cells. J 
Immunol, 177, 999-1006 (2006) 
56. Zhang, X. R., L. Y. Zhang, S. Devadas, L. Li, A. D. 
Keegan & Y. F. Shi: Reciprocal expression of TRAIL and 
CD95L in Th1 and Th2 cells: role of apoptosis in T helper 
subset differentiation. Cell Death Differ, 10, 203-10 (2003) 
57. Roberts, A. I., S. Devadas, X. Zhang, L. Zhang, A. 
Keegan, K. Greeneltch, J. Solomon, L. Wei, J. Das, E. Sun, 
C. Liu, Z. Yuan, J. N. Zhou & Y. Shi: The role of 
activation-induced cell death in the differentiation of T-
helper-cell subsets. Immunol Res, 28, 285-93 (2003) 
58. Mi, Q. S., D. Ly, S. E. Lamhamedi-Cherradi, K. V. 
Salojin, L. Zhou, M. Grattan, C. Meagher, P. Zucker, Y. H. 
Chen, J. Nagle, D. Taub & T. L. Delovitch: Blockade of 
tumor necrosis factor-related apoptosis-inducing ligand 
exacerbates type 1 diabetes in NOD mice. Diabetes, 52, 
1967-75 (2003) 
59. Lamhamedi-Cherradi, S. E., S. Zheng, R. M. Tisch & 
Y. H. Chen: Critical roles of tumor necrosis factor-related 

apoptosis-inducing ligand in type 1 diabetes. Diabetes, 52, 
2274-8 (2003) 
60. Cretney, E., A. P. Uldrich, S. P. Berzins, A. Strasser, D. 
I. Godfrey & M. J. Smyth: Normal thymocyte negative 
selection in TRAIL-deficient mice. J Exp Med, 198, 491-6 
(2003) 
61. Newton, K., A. W. Harris, M. L. Bath, K. G. Smith & 
A. Strasser: A dominant interfering mutant of 
FADD/MORT1 enhances deletion of autoreactive 
thymocytes and inhibits proliferation of mature T 
lymphocytes. Embo J, 17, 706-18 (1998) 
62. Hilliard, B., A. Wilmen, C. Seidel, T. S. Liu, R. Goke 
& Y. Chen: Roles of TNF-related apoptosis-inducing 
ligand in experimental autoimmune encephalomyelitis. J 
Immunol, 166, 1314-9 (2001) 
63. Lamhamedi-Cherradi, S. E., S. J. Zheng, K. A. 
Maguschak, J. Peschon & Y. H. Chen: Defective 
thymocyte apoptosis and accelerated autoimmune diseases 
in TRAIL-/- mice. Nat Immunol, 4, 255-60 (2003) 
64. Cretney, E., J. L. McQualter, N. Kayagaki, H. Yagita, 
C. C. Bernard, I. S. Grewal, A. Ashkenazi & M. J. Smyth: 
TNF-related apoptosis-inducing ligand  (TRAIL)/Apo2L 
suppresses experimental autoimmune encephalomyelitis in 
mice. Immunol Cell Biol, 83, 511-9 (2005) 
65. Aktas, O., A. Smorodchenko, S. Brocke, C. Infante-
Duarte, U. S. Topphoff, J. Vogt, T. Prozorovski, S. Meier, 
V. Osmanova, E. Pohl, I. Bechmann, R. Nitsch & F. Zipp: 
Neuronal damage in autoimmune neuroinflammation 
mediated by the death ligand TRAIL. Neuron, 46, 421-32 
(2005) 
66. Wang, S. H., Z. Cao, J. M. Wolf, M. Van Antwerp & J. 
R. Baker, Jr.: Death ligand tumor necrosis factor-related 
apoptosis-inducing ligand inhibits experimental 
autoimmune thyroiditis. Endocrinology, 146, 4721-6 
(2005) 
67. Takeda, K., M. J. Smyth, E. Cretney, Y. Hayakawa, N. 
Kayagaki, H. Yagita & K. Okumura: Critical role for tumor 
necrosis factor-related apoptosis-inducing ligand in 
immune surveillance against tumor development. J Exp 
Med, 195, 161-9 (2002) 
68. Seki, N., Y. Hayakawa, A. D. Brooks, J. Wine, R. H. 
Wiltrout, H. Yagita, J. E. Tanner, M. J. Smyth & T. J. 
Sayers: Tumor necrosis factor-related apoptosis-inducing 
ligand-mediated apoptosis is an important endogenous 
mechanism for resistance to liver metastases in murine 
renal cancer. Cancer Res, 63, 207-13 (2003) 
69. Takeda, K., N. Yamaguchi, H. Akiba, Y. Kojima, Y. 
Hayakawa, J. E. Tanner, T. J. Sayers, N. Seki, K. Okumura, 
H. Yagita & M. J. Smyth: Induction of tumor-specific T 
cell immunity by anti-DR5 antibody therapy. J Exp Med, 
199, 437-48 (2004) 
70. Zerafa, N., J. A. Westwood, E. Cretney, S. Mitchell, P. 
Waring, M. Iezzi & M. J. Smyth: Cutting edge: TRAIL 
deficiency accelerates hematological malignancies. J 
Immunol, 175, 5586-90 (2005) 
71. Yue, H. H., G. E. Diehl & A. Winoto: Loss of TRAIL-
R does not affect thymic or intestinal tumor development in 
p53 and adenomatous polyposis coli mutant mice. Cell 
Death Differ, 12, 94-7 (2005) 
72. LeBlanc, H. N. & A. Ashkenazi: Apo2L/TRAIL and its 
death and decoy receptors. Cell Death Differ, 10, 66-75 
(2003) 



 

3824 

73. Shi, J., D. Zheng, K. Man, S. T. Fan & R. Xu: TRAIL: 
a potential agent for cancer therapy. Curr Mol Med, 3, 727-
36 (2003) 
74. Hinz, S., A. Trauzold, L. Boenicke, C. Sandberg, S. 
Beckmann, E. Bayer, H. Walczak, H. Kalthoff & H. 
Ungefroren: Bcl-XL protects pancreatic adenocarcinoma 
cells against CD95- and TRAIL-receptor-mediated 
apoptosis. Oncogene, 19, 5477-86 (2000) 
75. Walczak, H., A. Bouchon, H. Stahl & P. H. Krammer: 
Tumor necrosis factor-related apoptosis-inducing ligand 
retains its apoptosis-inducing capacity on Bcl-2- or Bcl-xL-
overexpressing chemotherapy-resistant tumor cells. Cancer 
Res, 60, 3051-7 (2000) 
76. Malhi, H. & G. J. Gores: TRAIL resistance results in 
cancer progression: a TRAIL to perdition? Oncogene, 25, 
7333-5 (2006) 
77. Trauzold, A., S. Schmiedel, C. Roder, C. Tams, M. 
Christgen, S. Oestern, A. Arlt, S. Westphal, M. Kapischke, 
H. Ungefroren & H. Kalthoff: Multiple and synergistic 
deregulations of apoptosis-controlling genes in pancreatic 
carcinoma cells. Br J Cancer, 89, 1714-21 (2003) 
78. Secchiero, P., C. Zerbinati, E. Rimondi, F. Corallini, D. 
Milani, V. Grill, G. Forti, S. Capitani & G. Zauli: TRAIL 
promotes the survival, migration and proliferation of 
vascular smooth muscle cells. Cell Mol Life Sci, 61, 1965-
74 (2004) 
79. Secchiero, P., A. Gonelli, E. Carnevale, D. Milani, A. 
Pandolfi, D. Zella & G. Zauli: TRAIL promotes the 
survival and proliferation of primary human vascular 
endothelial cells by activating the Akt and ERK pathways. 
Circulation, 107, 2250-6 (2003) 
80. Uno, T., K. Takeda, Y. Kojima, H. Yoshizawa, H. 
Akiba, R. S. Mittler, F. Gejyo, K. Okumura, H. Yagita & 
M. J. Smyth: Eradication of established tumors in mice by a 
combination antibody-based therapy. Nat Med, 12, 693-8 
(2006) 
81. Anan, A. & G. J. Gores: A new TRAIL to therapy of 
hepatocellular carcinoma: blocking the proteasome. 
Hepatology, 42, 527-9 (2005) 
82. Ganten, T. M., R. Koschny, T. L. Haas, J. Sykora, M. 
Li-Weber, K. Herzer & H. Walczak: Proteasome inhibition 
sensitizes hepatocellular carcinoma cells, but not human 
hepatocytes, to TRAIL. Hepatology, 42, 588-97 (2005) 
83. Ganten, T. M., R. Koschny, J. Sykora, H. Schulze-
Bergkamen, P. Buchler, T. L. Haas, M. B. Schader, A. 
Untergasser, W. Stremmel & H. Walczak: Preclinical 
differentiation between apparently safe and potentially 
hepatotoxic applications of TRAIL either alone or in 
combination with chemotherapeutic drugs. Clin Cancer 
Res, 12, 2640-6 (2006) 
84. Kelley, S. K. & A. Ashkenazi: Targeting death 
receptors in cancer with Apo2L/TRAIL. Curr Opin 
Pharmacol, 4, 333-9 (2004) 
85. Wissink, E. H., I. Verbrugge, S. R. Vink, M. B. 
Schader, U. Schaefer, H. Walczak, J. Borst & M. Verheij: 
TRAIL enhances efficacy of radiotherapy in a p53 mutant, 
Bcl-2 overexpressing lymphoid malignancy. Radiother 
Oncol, 80, 214-22 (2006) 
86. MacFarlane, M., S. L. Kohlhaas, M. J. Sutcliffe, M. J. 
Dyer & G. M. Cohen: TRAIL receptor-selective mutants 
signal to apoptosis via TRAIL-R1 in primary lymphoid 
malignancies. Cancer Res, 65, 11265-70 (2005) 

87. Corazza, N., S. Jakob, C. Schaer, S. Frese, A. Keogh, 
D. Stroka, D. Kassahn, R. Torgler, C. Mueller, P. Schneider 
& T. Brunner: TRAIL receptor-mediated JNK activation 
and Bim phosphorylation critically regulate Fas-mediated 
liver damage and lethality. J Clin Invest, 116, 2493-9 
(2006) 
 
Key Words:  Apoptosis, TRAIL, death receptor, NK cells, 
tumorigenesis, autoimmunity, clinical development, 
Review 
 
Send correspondence to: Henning Walczak, Ph.D., 
Division of Apoptosis Regulation (D040), Tumor 
Immunology Program, German Cancer Research Center 
(DKFZ), Im Neuenheimer Feld 580, D-69120 Heidelberg, 
Germany, Tel: 49-69221-423700, Fax : 49-69221-423699, 
E-mail : h.walczak@dkfz-heidelberg.de 
 
http://www.bioscience.org/current/vol12.htm 
 
 


