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Abstract
Tumor Necrosis factor-Related Apoptosis-Inducing Ligand (TRAIL) receptors are attractive
therapeutic targets in cancer because agents that activate these receptors directly induce tumor cell
apoptosis and have low toxicity to normal tissues. Consequently, several different drugs that target
these receptors (recombinant TRAIL and various agonistic antibodies that activate one of the two
TRAIL receptors) have been developed and are being tested in human clinical trials. However, in
vitro and in vivo data suggest that resistance to these agents may limit their clinical effectiveness. In
this review, we discuss recent findings about some of the ways these resistance mechanisms arise,
potential biomarkers to identify TRAIL resistance in patients (Six1, GALNT14, XIAP, certain
microRNAs) and potential ways to circumvent resistance and resensitize tumors.
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1. Introduction
TRAIL (also known as Apo2L and TNFSF10) is Type II transmembrane protein belonging to
the Tumor Necrosis Factor (TNF) superfamily that is expressed on the surface of Natural Killer
(NK) and T cells, macrophages and dendritic cells. As with other cytokines, the protein is
synthesized in a pro-form with a signal sequence that is removed in the mature secreted protein.
TRAIL can also be anchored in the membrane via hydrophobic amino acids or released as a
soluble protein. All forms of the protein are believed to function as trimers and can induce
apoptosis by binding to and activating signaling by trimeric death receptors in a manner that
is similar to that by other “death ligands” such as FasL or TNFα (Mollinedo and Gajate,
2006). Humans have five distinct TRAIL receptors (Ashkenazi, 2002) that are encoded by
separate genes. DR4 (TNFRSF10a, TRAILR1) and DR5 (TNFRSF10b, TRAILR2) contain an
intracellular death domain (death domains are structurally conserved protein interaction
domains consisting of six anti-parallel alpha helices) and are capable of signaling apoptosis,
and have been shown to form both homomeric and heteromeric complexes (Kischkel et al.,
2000). Two membrane-bound decoy receptors called DcR1 (TNFRSF10c) and DcR2
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(TNFRSF10d) lack a functional death domain and are unable to activate apoptotic signaling
and instead inhibit TRAIL signaling. The fifth TRAIL-binding receptor is Osteoprotogerin
(TNFRSF11b), which is a soluble protein that may also function as a decoy/inhibitor by
sequestering TRAIL extracellularly.

Much of the current interest in TRAIL signaling comes from its use in cancer treatment and at
least 6 drugs (antibodies and recombinant TRAIL) that activate signaling by DR4 and/or DR5
(mapatumumab, lexatumumab, Apomab, AMG-655, LBY-135 and rhApo2L/TRAIL) have
already been used in humans (Bouralexis et al., 2005; Camidge, 2007; Koschny et al.,
2007b). Other potential clinical agents including additional antibodies, at least one of which
may trigger a distinct death mechanism that involves autophagic cell death rather than apoptosis
(Park et al., 2007; Moretti et al., 2007), recombinant TRAIL molecules that also target growth
factor receptors (Bremer et al., 2005) and gene therapy agents that express TRAIL (Carlo-
Stella et al., 2007; Lin et al., 2003; Seol et al., 2003) have also been developed. Anti-TRAIL
Receptor antibodies can also cause long term anti-tumor responses by promoting tumor-
specific T cell-mediated immunity (Takeda et al., 2004) indicating that it may be feasible to
increase the anti-tumor responses of these agents by not only directly killing cancer cells but
also promoting anti-tumor immune responses. These developments have led to the idea that
we may be seeing the hopes of clinical application of TRAIL receptor-directed therapeutics
coming to fruition (Gajewski, 2007).

2. Mechanism of TRAIL Receptor-induced apoptosis
Several reviews have discussed the mechanisms by which TRAIL signaling occurs (Almasan
and Ashkenazi, 2003; LeBlanc and Ashkenazi, 2003; Thorburn, 2007; Wang and El-Deiry,
2003). In brief, ligand or agonistic antibody binding to the extracellular domain of the receptor
trimer leads (via a molecular mechanism that is not understood but probably involves structural
changes that are transmitted to the intracellular domain of the receptor) to the recruitment of
an adaptor protein called FADD to the intracellular death domain of the receptor; this leads to
formation of a protein complex called the Death Inducing Signaling Complex (DISC) that
contains (at a minimum) the receptor, FADD and caspase-8. Caspase-8 forms dimers in the
DISC and this dimerization leads to its catalytic activation (Boatright et al., 2003). The
apoptotic signal from active caspase-8 is sufficient in some cells (designated Type I cells) to
activate enough effector caspase activity to kill the cell. In other cells (designated Type II cells),
amplification of the apoptotic signal occurs through cleavage of the BH3-only protein Bid and
activation of the mitochondrial apoptotic pathway, which can be blocked by Bcl-2. The
distinction between Type I and II cells may not be absolute because dose response experiments
have demonstrated Bcl-2-dependent inhibition of TRAIL-induced death at low doses in cells
that display no inhibitory effects at higher doses (Rudner et al., 2005). This kind of response
could, in principal, lead to different resistance mechanisms at limiting doses compared with
high doses– at lower doses, increased Bcl-2 would confer resistance but at higher doses
effective resistance may require interference with the DISC.

Additionally, various protein kinase cascades leading to activation of MAP kinases ERK, JNK
and p38 along with activation of the NFκB transcription factor are stimulated by TRAIL
receptors. These pathways require the formation of other protein complexes, which arise
subsequent to DISC formation and in different subcellular locations (Varfolomeev et al.,
2005). The non-signaling decoy receptors DcR1 and DcR2 lack a functional death domain and,
therefore, cannot interact with FADD or induce apoptosis. The decoy receptors can also block
TRAIL-induced apoptosis by competing for ligand binding with DR4 and DR5 or by forming
complexes with the signaling receptors to produce non-functional receptor heterocomplexes
(Merino et al., 2006).
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3. Physiological Functions of TRAIL Receptor signaling and the relationship
to cancer and its treatment

The creation of TRAIL-deficient and TRAIL Receptor-deficient mice has allowed examination
of the physiological functions of TRAIL. Knockout mice are viable and fertile with no obvious
developmental defects. TRAIL-deficient mice display defects in the immune system indicating
that the TRAIL pathway regulates innate immunity (Diehl et al., 2004) and memory T cell
homeostasis (Janssen et al., 2005). From the cancer perspective, TRAIL signaling is important
in T-cell- and natural killer cell-mediated tumor surveillance and metastasis suppression in
various xenograft models (Cretney et al., 2002; Schmaltz et al., 2002; Seki et al., 2003; Takeda
et al., 2001). Although TRAIL receptor-deficiency was reported to have no effect on intestinal
tumor development caused by p53 or APC loss (Yue et al., 2005), it has been shown to promote
susceptibility to chronic inflammation and tumorigenesis using autochthonous models
(Finnberg et al., 2007) and to promote metastasis under circumstances where there is little
effect on primary tumor development (Grosse-Wilde et al., 2007). In addition, TRAIL-deficient
animals have more hematological malignancies (Zerafa et al., 2005) and are more susceptible
to chemical carcinogens (Cretney et al., 2002). Together, these findings indicate that the TRAIL
pathway has important roles in host anti-tumor and anti-metastasis defense. Thus an attractive
aspect of targeting these receptors therapeutically is that one can consider this approach as
being a means to take a tumor- and metastasis-suppression mechanism that works in healthy
people and make it more effective in people with cancer. When one thinks about it in this way,
it is not surprising that the toxicity associated with therapeutic targeting of TRAIL receptors
should be quite low, and the initial clinical trials with these agents have indeed demonstrated
low normal tissue toxicity such that unlike most other anti-cancer drugs, it may even be difficult
to define a maximum tolerated dose (Tolcher et al., 2007). However, another more troubling,
consequence of this idea is that if TRAIL signaling is a mechanism by which tumors are
suppressed in healthy people, one should expect that, in people with cancer, tumors may have
already developed mechanisms of resistance to TRAIL before we even begin with treatment.

TRAIL receptor signaling has also been implicated in the mechanism of action of various other
anti-cancer agents. Strong evidence for this idea comes from studies of inducible silencing of
DR5 in colon cancer cells, which was shown to increase the tumor growth rate and cause
resistance to 5-fluoruracil (Wang and El-Deiry, 2004). In addition, expression of the decoy
receptor DcR2 has been reported to determine chemosensitivity to various DNA damaging
agents (Liu et al., 2005) such that higher levels of DcR2 caused reduced sensitivity to
chemotherapy. TRAIL is also responsible for tumor cell killing by some oncolytic viruses
(Clarke et al., 2000). Together, these data suggest that defects in TRAIL receptor signaling
might determine the response to cytotoxic chemotherapy as well as determining the response
to the therapeutics that are specifically targeted to TRAIL receptors. In tumor cells that are
resistant to TRAIL-induced apoptosis, TRAIL treatment can cause increased growth (Baader
et al., 2005; Ehrhardt et al., 2003) and metastasis (Trauzold et al., 2006). The underlying
mechanism for these effects is likely related to the other signaling pathways (MAP kinase
activation etc.) that are induced by TRAIL receptors along side the activation of the apoptosis
machinery– i.e. in cells that cannot activate apoptosis, these other signals may increase tumor
cell growth and survival. Therefore, identification of patients whose tumors have developed
TRAIL resistance is critically important because not only might TRAIL resistance limit the
usefulness of TRAIL Receptor-targeted drugs and chemotherapeutic agents that work
indirectly through TRAIL Receptors; treatment with these agents may then actually promote
tumor growth and metastasis in these patients.
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4. TRAIL Resistance
Up to half of tumor cell lines may be TRAIL resistant (Walczak et al., 1999) and resistance
may vary in primary human tumor cells. For example, it has been reported that primary colon
cancer cells are usually sensitive to TRAIL (Koschny et al., 2007a) but that primary
astrocytoma cells (Koschny et al., 2007a) and B cell chronic lymphocytic leukemia cells
(MacFarlane et al., 2002) are not. Other tumor types, e.g. ovarian cancers show more variable
responses with some primary tumor cells being effectively killed and others displaying
resistance and this variation also being reflected in established cell lines (Lane et al., 2004).
Some tumor cells appear to be inherently resistant to TRAIL and resistance can also be acquired
in cells that were originally TRAIL sensitive. For example, in a cell line model of breast and
ovarian cancers, resistance to the anti-DR5 antibody TRA-8 was induced by repeated exposure
to non-apoptosis inducing doses (Li et al., 2006). Interestingly in this example, the resistance
mechanism was selective for DR5-directed agonists and the resistant cells retained sensitivity
to TRAIL and to an antibody that activates DR4. Recent studies demonstrate that the
microRNAs miR-221 and miR-222 interfere with TRAIL signaling through their effects on
the cell cycle regulator p27kip1 raising the possibility that microRNA patterns can be used to
predict TRAIL resistance or sensitivity (Garofalo et al., 2008). Resistance mechanisms (for
review see (Koschny et al., 2007b; Shankar and Srivastava, 2004; Van Geelen et al., 2004)) to
TRAIL receptor-induced apoptosis fall into two broad categories.

4.1. Resistance caused by anti-apoptotic mechanisms
One group of resistance mechanisms involve tumor characteristics that generally inhibit
apoptosis such as reduced caspase expression (e.g. epigenetic silencing of caspase-8 expression
in aggressive neuroblastoma (Hopkins-Donaldson et al., 2000) and some glioblastomas (Eramo
et al., 2005)), increased expression of caspase inhibitors such as XIAP (Cummins et al.,
2004), cIAP2 (Ricci et al., 2007) or overexpression of Bcl-2 (Fulda et al., 2002a) and other
inhibitors of the mitochondrial apoptosis pathway such as Mcl-1 (Ricci et al., 2007; Rosato et
al., 2007).

4.2. Resistance caused by defects in death receptor signaling
The second group of resistance mechanisms includes mechanisms that are more specific for
TRAIL (or death receptor) signaling such as defects in the TRAIL receptors themselves or
increased expression of inhibitors that are selective for death receptors such as FLIP or the
decoy receptors DcR1 and DcR2. FLIP is a homolog of caspase-8 with mutations in the
catalytic domain that prevent its activation as a protease. Its recruitment to the DISC can block
TRAIL-induced apoptosis (Koornstra et al., 2003; Liao et al., 2001; Shivapurkar et al., 2004;
Spierings et al., 2004). FLIP expression is controlled by other important oncogenic pathways;
for example, Myc regulation of TRAIL sensitivity can be achieved through Myc’s ability to
repress FLIP expression (Ricci et al., 2004). The decoy receptors block TRAIL signaling both
by competing for binding with TRAIL and by forming stable complexes with the signaling
receptors to form inactive receptor complexes (Merino et al., 2006). Epigenetic silencing of
TRAIL receptor expression has been reported (Horak et al., 2005) as has deficiencies in TRAIL
receptor trafficking to the cell surface (Jin et al., 2004). Somatic mutations in TRAIL receptors
have also been reported (Fisher et al., 2001; Lee et al., 1999; Lee et al., 2001; Park et al.,
2001; Shin et al., 2001). Some of these mutations can have a “dominant negative” phenotype
whereby not only is the mutant receptor unable to send signals that induce apoptosis it also
inhibits the ability of wild-type receptors in the same cell to signal (Bin et al., 2007). Importantly
it was also demonstrated that the underlying mechanism by which this dominant-negative effect
was achieved predicted that in cells with mutant DR5 but functional DR4, the mutant receptor
would block signaling by DR5-specific agonists and TRAIL but would not inhibit signaling
by DR4-specific agonists. This provides a rationale for selection of mapatumumab (the
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agonistic anti-DR4 antibody) rather than other therapeutic agents for killing of those cells (Bin
et al., 2007). A similar strategy could potentially be adopted in tumor cells where resistance is
caused by overexpression of decoy receptors and it has been shown that while decoy receptors
confer resistance to TRAIL they do not affect anti-DR5-induced apoptosis (Merino et al.,
2006).

Although tumor cells may express both DR4 and DR5, apoptosis signaling can occur
preferentially through one or the other receptor even when the other receptor is present and not
mutated. For example in chronic lymphocytic leukemia and mantle cell lymphoma, it was
found that primary tumor cells that express both DR4 and DR5 could only be killed by agonists
that activate DR4 (MacFarlane et al., 2005). Recent work shows however that it is possible to
overcome this lack of apoptosis in response to DR5-directed antibodies by crosslinking them
(Natoni et al., 2007).

4.3. Resistance caused by O-glycosylation of receptors
A novel method of resistance involving expression of the peptidyl O-glycosyltransferase
GALNT14 was recently identified (Wagner et al., 2007). Loss of this enzyme correlated with
reduced sensitivity to TRAIL because O-glycosylation of DR4 or DR5 promotes the ligand-
stimulated clustering of receptors leading to more efficient recruitment and activation of
caspase-8. Because GALNT14 expression in multiple cell lines appeared to be a better predictor
of TRAIL sensitivity or resistance than other regulators of the pathway such as c-FLIP, Bcl-2
and XIAP, it was suggested that screening for expression of GALNT14 could be used as a
strategy to select patients who are more or less likely to benefit from treatment– 10% of lobular
breast tumors and up to 30% of lung tumors expressed high levels of GALNT14 and would
therefore be expected to be particularly likely to be sensitive to TRAIL (Wagner et al., 2007).
This last point exemplifies the benefits for optimal selection of patients who will or will not
benefit from TRAIL receptor-targeted treatments that can be made if one can easily identify
tumor markers that predict sensitivity or resistance and it is therefore important to determine
if there are other markers that indicate sensitivity.

4.4. Resistance related to Six1 expression
Our groups recently identified one such marker that may affect large numbers of patients. We
found that Six1, a homeobox transcription factor that is not expressed in most normal adult
tissues but is often re-expressed in tumors causes marked resistance to TRAIL-induced
apoptosis while having little effect on killing by another death receptor agonist, Fas ligand
(Behbakht et al., 2007). Importantly Six1 expression is correlated with metastasis in breast
cancer, where it is overexpressed in 50% of primary breast cancers, but an even greater 90%
percent of metastatic lesions (Reichenberger et al., 2005). Similarly high Six1 expression in
tumors occurs in more than 60% of women with metastatic ovarian cancer and is strongly
associated with worse survival in these patients (Behbakht et al., 2007). Six1 is additionally
associated with worsened survival in hepatocellular carcinoma (Ng et al., 2006). Thus Six1
expression may represent a mechanism of TRAIL resistance that is very common in advanced
metastatic cancers. The most important question, of course, is what we can do about this. It is
useful to identify resistance mechanisms and use this information to identify patients who may
not benefit from treatment with TRAIL receptor agonists. However, it would obviously be far
more useful to also have a way to reverse the resistance and thus make these tumors susceptible
to TRAIL or the agonistic antibodies.

5. Strategies to boost efficacy and avoid resistance
A bewildering array of drugs can synergize with TRAIL and have often been suggested to
provide a useful way to sensitize TRAIL-resistant tumors. For example many different DNA
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damaging agents can increase TRAIL-induced killing (for review see (Shankar and Srivastava,
2004)). Other agents that can promote TRAIL-induced apoptosis include: Smac mimetics
(Fulda et al., 2002b; Li et al., 2004), proteosome inhibitors (Landis-Piwowar et al., 2006; Liu
et al., 2007), the multikinase inhibitor sorafenib (Ricci et al., 2007; Rosato et al., 2007), histone
deacetylase inhibitors (Guo et al., 2004; Inoue et al., 2004; Inoue et al., 2006a; Singh et al.,
2005), interferon (Park et al., 2004; Siegmund et al., 2005), PPAR gamma activators (Kim et
al., 2002), Casein kinase I inhibitors (Izeradjene et al., 2004), cyclo-oxygenase 2 inhibitors
(Martin et al., 2005), rapamycin (Panner et al., 2005), DNA methylation inhibitors (Eramo et
al., 2005), epidermal growth factor receptor inhibitors (Gibson et al., 2002), cardiac glycosides
(Frese et al., 2006), natural plant products (Frese et al., 2003), Rituximab (Daniel et al.,
2007), curcumin (Wahl et al., 2007) and, tumor cell-targeted bacterial toxins (Horita et al.,
2007). Most of these agents have been identified empirically, however, unbiased screening
with, for example libraries of siRNAs can also provide a way to identify novel targets whose
inhibition can increase TRAIL sensitivity (Aza-Blanc et al., 2003). In some cases, it may also
be possible to sensitize resistant cells to TRAIL receptor-targeted therapeutics by using TRAIL
Receptor-targeted drugs in different ways without adding other agents. A good example of this
idea comes from work by Cohen’s group who showed that chronic lymphocytic leukemia cells
that are normally insensitive to DR5-directed agonists are sensitive to two DR5-specific
antibodies (lexatumumab and LBY135) so long as those antibodies are cross-linked (Natoni
et al., 2007).

When studying the interactions between TRAIL receptor agonists and other drugs, it is
important to distinguish between synergy and sensitization. By definition, synergy between
two drugs requires that both drugs have an effect on their own and that the effect of combining
the two drugs at particular doses is greater than the sum of the parts at those doses. This is not
the same as sensitization where one drug (e.g. TRAIL) has no effect on its own but becomes
active when combined with the other agent. The distinction is potentially important and may
be affected by the particular molecular mechanisms that apply. For example, synergy between
TRAIL and a second drug might arise when the drug causes increased expression of TRAIL
receptors– indeed this mechanism has been frequently suggested in tumor cells treated with
ionizing radiation and DNA damaging chemotherapy (Shankar and Srivastava, 2004) as well
as numerous other agents targeted to different signaling pathways. It is easy to see how this
mechanism might cause synergy in cells that can undergo TRAIL-induced apoptosis – higher
levels of TRAIL receptors in a particular tumor cell would be expected to increase the
effectiveness of signaling for a given dose of the ligand and thus one should get synergy. It
should be noted however that there is no strict correlation between receptor expression and
TRAIL sensitivity when one compares different tumor cell lines and it has been suggested that
even when one obtains increased receptor levels this may not be the underlying synergy/
sensitization mechanism (Inoue et al., 2006b). However, even if this is a true mechanism of
synergy, it would not necessarily lead to sensitization in tumor cells that are resistant to TRAIL.
For example, the work from our group on the mutant TRAIL receptors suggests that if the
resistance mechanism was caused by somatic mutation of the TRAIL receptor DR5, increasing
the level of DR5 as a result of treating with a second drug would not only not help, it might
even make things worse by increasing the dominant-negative effect of the mutant receptor
(Bin et al., 2007). Similarly, increasing the amount of the receptor would not improve TRAIL
receptor-induced apoptosis in cells that lack caspase-8. On the other hand, if the mechanism
of TRAIL resistance was epigenetic reduced expression of wild-type DR4/5 or increased decoy
receptors, one would anticipate that increasing DR5 levels would lead to true sensitization of
the resistant tumor cells.

An indication of the complexity that may arise when we try to apply these ideas in a practical
context can be seen if one takes four different established mechanisms of TRAIL resistance
(DR5 mutation, epigenetic silencing of caspase-8, increased XIAP or increased DcR2
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expression) and considers how current knowledge would predict whether three drugs
(mapatumumab, lexatumumab and recombinant Apo2L/TRAIL) would be affected (Table 1).
Further complexity is seen if we then ask whether combination treatment with other agents
would be helpful. When we consider a quite simple question such as whether it might be useful
to treat with DNA damaging agents that increase expression of DR5, or with sorafenib, which
sensitizes to TRAIL by down-regulating Mcl-1 and FLIP or cIAP2 (Ricci et al., 2007;Rosato
et al., 2007) and ask how these manipulation might be expected to affect the four resistance
mechanisms for just one therapeutic agonist (Apo2L/TRAIL), we see that there may well be
very variable effects (Table 2). These considerations demonstrate the importance of
understanding the molecular mechanisms by which resistance arises in a particular tumor and
the critical importance of having a good understanding of how the other drugs that will be
combined with TRAIL alter DR4 and DR5 signaling.

6. Conclusions and future perspectives
There are already quite a large number of different TRAIL receptor agonists that are being
tested in the clinic and the continuing development of other agents suggests that we will have
many options to consider targeting these receptors therapeutically. However, while the progress
that has been made is encouraging, we need to find tumor characteristics that will identify
patients, who will be more or less likely to benefit from these drugs. The recent data that we
have discussed indicate that there may be multiple biomarkers (e.g. Six1, GALNT14, XIAP
etc.) that influence TRAIL sensitivity and which might be useful to select patients who are
most likely to benefit from treatment. The practical issue, that will need to be determined in
the case of TRAIL-receptor targeted therapeutics is similar to those for other current classes
of (targeted) agents (Anderson et al., 2006), namely whether one or two of these markers will
provide sufficient information to make informed treatment decisions or whether we will need
to assess a large panel of such markers to optimize patient selection. Another question to be
answered is, whether these markers will be associated with resistance or sensitivity to the
various different drugs that could be used. The example described above with mutant TRAIL
receptors shows that it may even be feasible to avoid a block of TRAIL receptor signaling that
would occur with one drug if one simply chooses a different drug that targets the same TRAIL
receptor. Additionally, the demonstration that chronic lymphocytic leukemia cells can become
sensitive to DR5-directed antibodies if they are cross-linked, shows that it may be necessary
to alter the way these drugs are prepared in order to increase their effectiveness for particular
patients.

In conclusion, there is still much work to be done if we are to develop effective decision-making
tools to decide who should and who should not be treated with these drugs and which drug to
use for which person. The decisions that will need to be made as we try to move to the next
step– i.e. to choose effective combination treatments that will allow us to avoid resistance
mechanisms or increase the effectiveness of TRAIL receptor-targeted therapeutics may be
more complicated still. What certainly seems clear is that if we are to apply these ideas to
improve treatment of patients with cancer, it is unlikely that a “one-size-fits-all” approach will
be effective, i.e. two patients who both have tumors that are resistant to TRAIL may not both
benefit if they are treated with the same TRAIL Receptor agonist in combination with the same
other agent. Instead, it will be necessary to determine which category of resistance mechanism
a particular patient’s tumor falls into and tailor the combination therapies with TRAIL or the
TRAIL receptor antibodies accordingly. Unfortunately, although combination therapies using
TRAIL receptor-targeted drugs along with other agents are already underway, the clinical trials
have not usually been designed to incorporate assessment of biomarkers that can be used to
predict if patients are likely to have TRAIL-resistant tumors or how that resistance came about.
There is therefore a real possibility that if these issues are not taken into consideration, we may
obtain results suggesting that TRAIL receptor-targeted therapeutics alone and in combination
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with other drugs are not effective, while better patient selection for particular combinations
would have demonstrated clinical value. An encouraging thought, however, is that given the
rapid progress that has already been made in this field, it is likely that future discoveries will
help us better refine these ideas and come up with truly effective decision making tools to allow
better patient selection and better combination treatments so that this class of drugs can be
effectively used.

References
Almasan A, Ashkenazi A. Apo2L/TRAIL: apoptosis signaling, biology, and potential for cancer therapy.

Cytokine Growth Factor Rev 2003;14:337–348. [PubMed: 12787570]
Anderson JE, Hansen LL, Mooren FC, Post M, Hug H, Zuse A, Los M. Methods and biomarkers for the

diagnosis and prognosis of cancer and other diseases: towards personalized medicine. Drug Resist
Updat 2006;9:185–197. [PubMed: 16926105]

Ashkenazi A. Targeting death and decoy receptors of the tumour-necrosis factor superfamily. Nat Rev
Cancer 2002;2:420–430. [PubMed: 12189384]

Aza-Blanc P, Cooper CL, Wagner K, Batalov S, Deveraux QL, Cooke MP. Identification of modulators
of TRAIL-induced apoptosis via RNAi-based phenotypic screening. Mol Cell 2003;12:627–637.
[PubMed: 14527409]

Baader E, Toloczko A, Fuchs U, Schmid I, Beltinger C, Ehrhardt H, et al. Tumor necrosis factor-related
apoptosis-inducing ligand-mediated proliferation of tumor cells with receptor-proximal apoptosis
defects. Cancer Res 2005;65:7888–7895. [PubMed: 16140959]

Behbakht K, Qamar L, Aldridge CS, Coletta RD, Davidson SA, Thorburn A, Ford HL. Six1
overexpression in ovarian carcinoma causes resistance to TRAIL-mediated apoptosis and is associated
with poor survival. Cancer Res 2007;67:3036–3042. [PubMed: 17409410]

Bin L, Thorburn J, Thomas LR, Clark PE, Humphreys R, Thorburn A. Tumor-derived mutations in the
TRAIL receptor DR5 inhibit TRAIL signaling through the DR4 receptor by competing for ligand
binding. J Biol Chem 2007;282:28189–28194. [PubMed: 17666396]

Boatright KM, Renatus M, Scott FL, Sperandio S, Shin H, Pedersen IM, Ricci JE, Edris WA, Sutherlin
DP, Green DR, Salvesen GS. A unified model for apical caspase activation. Mol Cell 2003;11:529–
541. [PubMed: 12620239]

Bouralexis S, Findlay DM, Evdokiou A. Death to the bad guys: Targeting cancer via Apo2L/TRAIL.
Apoptosis 2005;10:35–51. [PubMed: 15711921]

Bremer E, Samplonius DF, van Genne L, Dijkstra MH, Kroesen BJ, de Leij LF, Helfrich W. Simultaneous
inhibition of epidermal growth factor receptor (EGFR) signaling and enhanced activation of tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor-mediated apoptosis induction by
an scFv:sTRAIL fusion protein with specificity for human EGFR. J Biol Chem 2005;280:10025–
10033. [PubMed: 15644326]

Camidge DR. The potential of death receptor 4- and 5-directed therapies in the treatment of lung cancer.
Clin Lung Cancer 8:413–419. [PubMed: 17681093]

Carlo-Stella C, Lavazza C, Locatelli A, Vigano L, Gianni AM, Gianni L. Targeting TRAIL agonistic
receptors for cancer therapy. Clin Cancer Res 2007;13:2313–2317. [PubMed: 17438088]

Clarke P, Meintzer SM, Gibson S, Widmann C, Garrington TP, Johnson GL, Tyler KL. Reovirus-induced
apoptosis is mediated by TRAIL. J Virol 2000;74:8135–8139. [PubMed: 10933724]

Cretney E, Takeda K, Yagita H, Glaccum M, Peschon JJ, Smyth MJ. Increased susceptibility to tumor
initiation and metastasis in TNF-related apoptosis-inducing ligand-deficient mice. J Immunol
2002;168:1356–1361. [PubMed: 11801676]

Cummins JM, Kohli M, Rago C, Kinzler KW, Vogelstein B, Bunz F. X-linked inhibitor of apoptosis
protein (XIAP) is a nonredundant modulator of tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-mediated apoptosis in human cancer cells. Cancer Res 2004;64:3006–3008.
[PubMed: 15126334]

Daniel D, Yang B, Lawrence DA, Totpal K, Balter I, Lee WP, et al. Cooperation of the proapoptotic
receptor agonist rhApo2L/TRAIL with the CD20 antibody rituximab against non-Hodgkin
lymphoma xenografts. Blood 2007;110:4037–4046. [PubMed: 17724141]

Thorburn et al. Page 8

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Diehl GE, Yue HH, Hsieh K, Kuang AA, Ho M, Morici LA, Lenz LL, Cado D, Riley LW, Winoto A.
TRAIL-R as a negative regulator of innate immune cell responses. Immunity 2004;21:877–889.
[PubMed: 15589175]

Ehrhardt H, Fulda S, Schmid I, Hiscott J, Debatin KM, Jeremias I. TRAIL induced survival and
proliferation in cancer cells resistant towards TRAIL-induced apoptosis mediated by NF-kappaB.
Oncogene 2003;22:3842–3852. [PubMed: 12813457]

Eramo A, Pallini R, Lotti F, Sette G, Patti M, Bartucci M, Ricci-Vitiani L, et al. Inhibition of DNA
methylation sensitizes glioblastoma for tumor necrosis factor-related apoptosis-inducing ligand-
mediated destruction. Cancer Res 2005;65:11469–11477. [PubMed: 16357155]

Finnberg N, Klein-Szanto AJ, El-Deiry WS. TRAIL-R deficiency in mice promotes susceptibility to
chronic inflammation and tumorigenesis. J Clin Invest 2008;118:111–123. [PubMed: 18079962]

Fisher MJ, Virmani AK, Wu L, Aplenc R, Harper JC, Powell SM, et al. Nucleotide substitution in the
ectodomain of trail receptor DR4 is associated with lung cancer and head and neck cancer. Clin
Cancer Res 2001;7:1688–1697. [PubMed: 11410508]

Frese S, Frese-Schaper M, Andres AC, Miescher D, Zumkehr B, Schmid RA. Cardiac glycosides initiate
Apo2L/TRAIL-induced apoptosis in non-small cell lung cancer cells by up-regulation of death
receptors 4 and 5. Cancer Res 2006;66:5867–5874. [PubMed: 16740726]

Frese S, Pirnia F, Miescher D, Krajewski S, Borner MM, Reed JC, Schmid RA. PG490-mediated
sensitization of lung cancer cells to Apo2L/TRAIL-induced apoptosis requires activation of ERK2.
Oncogene 2003;22:5427–5435. [PubMed: 12934102]

Fulda S, Meyer E, Debatin KM. Inhibition of TRAIL-induced apoptosis by Bcl-2 overexpression.
Oncogene 2002a;21:2283–2294. [PubMed: 11948412]

Fulda S, Wick W, Weller M, Debatin KM. Smac agonists sensitize for Apo2L/TRAIL- or anticancer
drug-induced apoptosis and induce regression of malignant glioma in vivo. Nat Med 2002b;8:808–
815. [PubMed: 12118245]

Gajewski TF. On the TRAIL toward death receptor-based cancer therapeutics. J Clin Oncol
2007;25:1305–1307. [PubMed: 17416849]

Garofalo M, Quintavalle C, Di Leva G, Zanca C, Romano G, Taccioli C, et al. MicroRNA signatures of
TRAIL resistance in human non-small cell lung cancer. Oncogene 2008;2710.1038/onc.2008.6

Gibson EM, Henson ES, Haney N, Villanueva J, Gibson SB. Epidermal growth factor protects epithelial-
derived cells from tumor necrosis factor-related apoptosis-inducing ligand-induced apoptosis by
inhibiting cytochrome c release. Cancer Res 2002;62:488–496. [PubMed: 11809700]

Grosse-Wilde A, Voloshanenko O, Bailey SL, Longton GM, Schaefer U, Csernok AI, Schutz G, et al.
TRAIL-R deficiency in mice enhances lymph node metastasis without affecting primary tumor
development. J Clin Invest 2008;118:100–110. [PubMed: 18079967]

Guo F, Sigua C, Tao J, Bali P, George P, Li Y, Wittmann S, et al. Cotreatment with histone deacetylase
inhibitor LAQ824 enhances Apo-2L/tumor necrosis factor-related apoptosis inducing ligand-induced
death inducing signaling complex activity and apoptosis of human acute leukemia cells. Cancer Res
2004;64:2580–2589. [PubMed: 15059915]

Hopkins-Donaldson S, Bodmer JL, Bourloud KB, Brognara CB, Tschopp J, Gross N. Loss of caspase-8
expression in highly malignant human neuroblastoma cells correlates with resistance to tumor
necrosis factor-related apoptosis-inducing ligand-induced apoptosis. Cancer Res 2000;60:4315–
4319. [PubMed: 10969767]

Horak P, Pils D, Haller G, Pribill I, Roessler M, Tomek S, Horvat R, Zeillinger R, Zielinski C, Krainer
M. Contribution of epigenetic silencing of tumor necrosis factor-related apoptosis inducing ligand
receptor 1 (DR4) to TRAIL resistance and ovarian cancer. Mol Cancer Res 2005;3:335–343.
[PubMed: 15972852]

Horita H, Frankel AE, Thorburn A. Acute myeloid leukemia-targeted toxins kill tumor cells by cell type-
specific mechanisms and synergize with TRAIL to allow manipulation of the extent and mechanism
of tumor cell death. Leukemia 2007;2210.1038/sj.leu.2404956

Inoue S, MacFarlane M, Harper N, Wheat LM, Dyer MJ, Cohen GM. Histone deacetylase inhibitors
potentiate TNF-related apoptosis-inducing ligand (TRAIL)-induced apoptosis in lymphoid
malignancies. Cell Death Differ 2004;11(Suppl 2):S193–206. [PubMed: 15608694]

Thorburn et al. Page 9

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Inoue S, Mai A, Dyer MJ, Cohen GM. Inhibition of histone deacetylase class I but not class II is critical
for the sensitization of leukemic cells to tumor necrosis factor-related apoptosis-inducing ligand-
induced apoptosis. Cancer Res 2006a;66:6785–6792. [PubMed: 16818655]

Inoue S, Twiddy D, Dyer MJ, Cohen GM. Upregulation of TRAIL-R2 is not involved in HDACi mediated
sensitization to TRAIL-induced apoptosis. Cell Death Differ 2006b;13:2160–2162. [PubMed:
16729023]

Izeradjene K, Douglas L, Delaney AB, Houghton JH. Casein kinase I attenuates tumor necrosis factor-
related apoptosis-inducing ligand-induced apoptosis by regulating the recruitment of Fas-associated
death domain and procaspase-8 to the death-inducing signaling complex. Cancer Res 2004;64:8036–
8044. [PubMed: 15520213]

Janssen EM, Droin NM, Lemmens EE, Pinkoski MJ, Bensinger SJ, Ehst BD, et al. CD4+ T-cell help
controls CD8+ T-cell memory via TRAIL-mediated activation-induced cell death. Nature
2005;434:88–93. [PubMed: 15744305]

Jin Z, McDonald ER 3rd, Dicker DT, El-Deiry WS. Deficient tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) death receptor transport to the cell surface in human colon cancer cells
selected for resistance to TRAIL-induced apoptosis. J Biol Chem 2004;279:35829–35839. [PubMed:
15155747]

Kim Y, Suh N, Sporn M, Reed JC. An inducible pathway for degradation of FLIP protein sensitizes tumor
cells to TRAIL-induced apoptosis. J Biol Chem 2002;277:22320–22329. [PubMed: 11940602]

Kischkel FC, Lawrence DA, Chuntharapai A, Schow P, Kim KJ, Ashkenazi A. Apo2L/TRAIL-dependent
recruitment of endogenous FADD and caspase-8 to death receptors 4 and 5. Immunity 2000;12:611–
620. [PubMed: 10894161]

Koornstra JJ, Kleibeuker JH, van Geelen CM, Rijcken FE, Hollema H, de Vries EG, de Jong S. Expression
of TRAIL (TNF-related apoptosis-inducing ligand) and its receptors in normal colonic mucosa,
adenomas, and carcinomas. J Pathol 2003;200:327–335. [PubMed: 12845629]

Koschny R, Holland H, Sykora J, Haas TL, Sprick MR, Ganten TM, et al. Bortezomib sensitizes primary
human astrocytoma cells of WHO grades I to IV for tumor necrosis factor-related apoptosis-inducing
ligand-induced apoptosis. Clin Cancer Res 2007a;13:3403–3412. [PubMed: 17545549]

Koschny R, Walczak H, Ganten TM. The promise of TRAIL-potential and risks of a novel anticancer
therapy. J Mol Med 2007b;85:923–935. [PubMed: 17437073]

Landis-Piwowar KR, Milacic V, Chen D, Yang H, Zhao Y, Chan TH, Yan B, Dou QP. The proteasome
as a potential target for novel anticancer drugs and chemosensitizers. Drug Resist Updat 2006;9:263–
273. [PubMed: 17197231]

Lane D, Cartier A, L’Esperance S, Cote M, Rancourt C, Piche A. Differential induction of apoptosis by
tumor necrosis factor-related apoptosis-inducing ligand in human ovarian carcinoma cells. Gynecol
Oncol 2004;93:594–604. [PubMed: 15196850]

LeBlanc HN, Ashkenazi A. Apo2L/TRAIL and its death and decoy receptors. Cell Death Differ
2003;10:66–75. [PubMed: 12655296]

Lee SH, Shin MS, Kim HS, Lee HK, Park WS, Kim SY, et al. Alterations of the DR5/TRAIL receptor
2 gene in non-small cell lung cancers. Cancer Res 1999;59:5683–5686. [PubMed: 10582684]

Lee SH, Shin MS, Kim HS, Lee HK, Park WS, Kim SY, et al. Somatic mutations of TRAIL-receptor 1
and TRAIL-receptor 2 genes in non-Hodgkin’s lymphoma. Oncogene 2001;20:399–403. [PubMed:
11313970]

Li L, Thomas RM, Suzuki H, de Brabander JK, Wang X, Harran PG. A small molecule Smac mimic
potentiates TRAIL- and TNFalpha-mediated cell death. Science 2004;305:1471–1474. [PubMed:
15353805]

Li Y, Wang H, Wang Z, Makhija S, Buchsbaum D, LoBuglio A, Kimberly R, Zhou T. Inducible resistance
of tumor cells to tumor necrosis factor-related apoptosis-inducing ligand receptor 2-mediated
apoptosis by generation of a blockade at the death domain function. Cancer Res 2006;66:8520–8528.
[PubMed: 16951164]

Liao Q, Friess H, Kleeff J, Buchler MW. Differential expression of TRAIL-R3 and TRAIL-R4 in human
pancreatic cancer. Anticancer Res 2001;21:3153–3159. [PubMed: 11848467]

Thorburn et al. Page 10

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lin T, Zhang L, Davis J, Gu J, Nishizaki M, Ji L, Roth JA, Xiong M, Fang B. Combination of TRAIL
gene therapy and chemotherapy enhances antitumor and antimetastasis effects in chemosensitive and
chemoresistant breast cancers. Mol Ther 2003;8:441–448. [PubMed: 12946317]

Liu X, Yue P, Chen S, Hu L, Lonial S, Khuri FR, Sun SY. The proteasome inhibitor PS-341 (bortezomib)
up-regulates DR5 expression leading to induction of apoptosis and enhancement of TRAIL-induced
apoptosis despite up-regulation of c-FLIP and survivin expression in human NSCLC cells. Cancer
Res 2007;67:4981–4988. [PubMed: 17510429]

Liu X, Yue P, Khuri FR, Sun SY. Decoy receptor 2 (DcR2) is a p53 target gene and regulates
chemosensitivity. Cancer Res 2005;65:9169–9175. [PubMed: 16230375]

MacFarlane M, Harper N, Snowden RT, Dyer MJ, Barnett GH, Pringle JH, Cohen GM. Mechanisms of
resistance to TRAIL-induced apoptosis in primary B cell chronic lymphocytic leukaemia. Oncogene
2002;21:6809–6818. [PubMed: 12360407]

MacFarlane M, Kohlhaas SL, Sutcliffe MJ, Dyer MJ, Cohen GM. TRAIL receptor-selective mutants
signal to apoptosis via TRAIL-R1 in primary lymphoid malignancies. Cancer Res 2005;65:11265–
11270. [PubMed: 16357130]

Martin S, Phillips DC, Szekely-Szucs K, Elghazi L, Desmots F, Houghton JA. Cyclooxygenase-2
inhibition sensitizes human colon carcinoma cells to TRAIL-induced apoptosis through clustering
of DR5 and concentrating death-inducing signaling complex components into ceramide-enriched
caveolae. Cancer Res 2005;65:11447–11458. [PubMed: 16357153]

Merino D, Lalaoui N, Morizot A, Schneider P, Solary E, Micheau O. Differential inhibition of TRAIL-
mediated DR5-DISC formation by decoy receptors 1 and 2. Mol Cell Biol 2006;26:7046–7055.
[PubMed: 16980609]

Mollinedo F, Gajate C. Fas/CD95 death receptor and lipid rafts: new targets for apoptosis-directed cancer
therapy. Drug Resist Updat 2006;9:51–73. [PubMed: 16687251]

Moretti L, Yang ES, Kim KW, Lu B. Autophagy signaling in cancer and its potential as novel target to
improve anticancer therapy. Drug Resist Updat 2007;10:135–143. [PubMed: 17627865]

Natoni A, MacFarlane M, Inoue S, Walewska R, Majid A, Knee D, et al. TRAIL signals to apoptosis in
chronic lymphocytic leukaemia cells primarily through TRAIL-R1 whereas cross-linked agonistic
TRAIL-R2 antibodies facilitate signalling via TRAIL-R2. Br J Haematol 2007;139:568–577.
[PubMed: 17922877]

Ng KT, Man K, Sun CK, Lee TK, Poon RT, Lo CM, Fan ST. Clinicopathological significance of
homeoprotein Six1 in hepatocellular carcinoma. Br J Cancer 2006;95:1050–1055. [PubMed:
17008870]

Panner A, James CD, Berger MS, Pieper RO. mTOR controls FLIPS translation and TRAIL sensitivity
in Glioblastoma Multiforme Cells. Mol Cell Biol 2005;25:8809–8823. [PubMed: 16199861]

Park KJ, Lee SH, Kim TI, Lee HW, Lee CH, Kim EH, et al. A human scFv antibody against TRAIL
receptor 2 induces autophagic cell death in both TRAIL-sensitive and TRAIL-resistant cancer cells.
Cancer Res 2007;67:7327–7334. [PubMed: 17671202]

Park SY, Seol JW, Lee YJ, Cho JH, Kang HS, Kim IS, et al. IFN-gamma enhances TRAIL-induced
apoptosis through IRF-1. Eur J Biochem 2004;271:4222–4228. [PubMed: 15511228]

Park WS, Lee JH, Shin MS, Park JY, Kim HS, Kim YS, et al. Inactivating mutations of KILLER/DR5
gene in gastric cancers. Gastroenterology 2001;121:1219–1225. [PubMed: 11677215]

Reichenberger KJ, Coletta RD, Schulte AP, Varella-Garcia M, Ford HL. Gene amplification is a
mechanism of Six1 overexpression in breast cancer. Cancer Res 2005;65:2668–2675. [PubMed:
15805264]

Ricci MS, Jin Z, Dews M, Yu D, Thomas-Tikhonenko A, Dicker DT, El-Deiry WS. Direct repression of
FLIP expression by c-myc is a major determinant of TRAIL sensitivity. Mol Cell Biol 2004;24:8541–
8555. [PubMed: 15367674]

Ricci MS, Kim SH, Ogi K, Plastaras JP, Ling J, Wang W, et al. Reduction of TRAIL-induced Mcl-1 and
cIAP2 by c-Myc or sorafenib sensitizes resistant human cancer cells to TRAIL-induced death. Cancer
Cell 2007;12:66–80. [PubMed: 17613437]

Rosato RR, Almenara JA, Coe S, Grant S. The multikinase inhibitor sorafenib potentiates TRAIL lethality
in human leukemia cells in association with Mcl-1 and cFLIPL down-regulation. Cancer Res
2007;67:9490–9500. [PubMed: 17909059]

Thorburn et al. Page 11

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rudner J, Jendrossek V, Lauber K, Daniel PT, Wesselborg S, Belka C. Type I and type II reactions in
TRAIL-induced apoptosis -- results from dose-response studies. Oncogene 2005;24:130–140.
[PubMed: 15531922]

Schmaltz C, Alpdogan O, Kappel BJ, Muriglan SJ, Rotolo JA, Ongchin J, et al. T cells require TRAIL
for optimal graft-versus-tumor activity. Nat Med 2002;8:1433–1437. [PubMed: 12426560]

Seki N, Hayakawa Y, Brooks AD, Wine J, Wiltrout RH, Yagita H, Tanner JE, et al. 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 2003;63:207–213. [PubMed:
12517799]

Seol JY, Park KH, Hwang CI, Park WY, Yoo CG, Kim YW, et al. Adenovirus-TRAIL can overcome
TRAIL resistance and induce a bystander effect. Cancer Gene Ther 2003;10:540–548. [PubMed:
12833134]

Shankar S, Srivastava RK. Enhancement of therapeutic potential of TRAIL by cancer chemotherapy and
irradiation: mechanisms and clinical implications. Drug Resist Updat 2004;7:139–156. [PubMed:
15158769]

Shin MS, Kim HS, Lee SH, Park WS, Kim SY, Park JY, et al. Mutations of tumor necrosis factor-related
apoptosis-inducing ligand receptor 1 (TRAIL-R1) and receptor 2 (TRAIL-R2) genes in metastatic
breast cancers. Cancer Res 2001;61:4942–4946. [PubMed: 11431320]

Shivapurkar N, Toyooka S, Toyooka KO, Reddy J, Miyajima K, Suzuki M, et al. Aberrant methylation
of trail decoy receptor genes is frequent in multiple tumor types. Int J Cancer 2004;109:786–792.
[PubMed: 14999791]

Siegmund D, Wicovsky A, Schmitz I, Schulze-Osthoff K, Kreuz S, Leverkus M, et al. Death receptor-
induced signaling pathways are differentially regulated by gamma interferon upstream of caspase 8
processing. Mol Cell Biol 2005;25:6363–6379. [PubMed: 16024776]

Singh TR, Shankar S, Srivastava RK. HDAC inhibitors enhance the apoptosis-inducing potential of
TRAIL in breast carcinoma. Oncogene 2005;24:4609–4623. [PubMed: 15897906]

Spierings DC, de Vries EG, Vellenga E, van den Heuvel FA, Koornstra JJ, Wesseling J, Hollema H, de
Jong S. Tissue distribution of the death ligand TRAIL and its receptors. J Histochem Cytochem
2004;52:821–831. [PubMed: 15150291]

Takeda K, Hayakawa Y, Smyth MJ, Kayagaki N, Yamaguchi N, Kakuta S, et al. Involvement of tumor
necrosis factor-related apoptosis-inducing ligand in surveillance of tumor metastasis by liver natural
killer cells. Nat Med 2001;7:94–100. [PubMed: 11135622]

Takeda K, Yamaguchi N, Akiba H, Kojima Y, Hayakawa Y, Tanner JE. Induction of tumor-specific T
cell immunity by anti-DR5 antibody therapy. J Exp Med 2004;199:437–448. [PubMed: 14769851]

Thorburn A. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) pathway signaling. J
Thorac Oncol 2007;2:461–465. [PubMed: 17545839]

Tolcher AW, Mita M, Meropol NJ, von Mehren M, Patnaik A, Padavic K, et al. Phase I pharmacokinetic
and biologic correlative study of mapatumumab, a fully human monoclonal antibody with agonist
activity to tumor necrosis factor-related apoptosis-inducing ligand receptor-1. J Clin Oncol
2007;25:1390–1395. [PubMed: 17416859]

Trauzold A, Siegmund D, Schniewind B, Sipos B, Egberts J, Zorenkov D, et al. TRAIL promotes
metastasis of human pancreatic ductal adenocarcinoma. Oncogene 2006;25:7434–7439. [PubMed:
16751802]

Van Geelen CM, de Vries EG, de Jong S. Lessons from TRAIL-resistance mechanisms in colorectal
cancer cells: paving the road to patient-tailored therapy. Drug Resist Updat 2004;7:345–358.
[PubMed: 15790545]

Varfolomeev E, Maecker H, Sharp D, Lawrence D, Renz M, Vucic D, Ashkenazi A. Molecular
determinants of kinase pathway activation by Apo2 ligand/tumor necrosis factor-related apoptosis-
inducing ligand. J Biol Chem 2005;280:40599–40608. [PubMed: 16227629]

Wagner KW, Punnoose EA, Januario T, Lawrence DA, Pitti RM, Lancaster K, et al. Death-receptor O-
glycosylation controls tumor-cell sensitivity to the proapoptotic ligand Apo2L/TRAIL. Nat Med
2007;13:1070–1077. [PubMed: 17767167]

Wahl H, Tan L, Griffith K, Choi M, Liu JR. Curcumin enhances Apo2L/TRAIL-induced apoptosis in
chemoresistant ovarian cancer cells. Gynecol Oncol 2007;105:104–112. [PubMed: 17174384]

Thorburn et al. Page 12

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, Kubin M, et al. Tumoricidal activity of tumor
necrosis factor-related apoptosis-inducing ligand in vivo. Nat Med 1999;5:157–163. [PubMed:
9930862]

Wang S, El-Deiry WS. Inducible silencing of KILLER/DR5 in vivo promotes bioluminescent colon tumor
xenograft growth and confers resistance to chemotherapeutic agent 5-fluorouracil. Cancer Res
2004;64:6666–6672. [PubMed: 15374982]

Wang S, El-Deiry WS. TRAIL and apoptosis induction by TNF-family death receptors. Oncogene
2003;22:8628–8633. [PubMed: 14634624]

Yue HH, Diehl GE, Winoto A. Loss of TRAIL-R does not affect thymic or intestinal tumor development
in p53 and adenomatous polyposis coli mutant mice. Cell Death Differ 2005;12:94–97. [PubMed:
15514675]

Zerafa N, Westwood JA, Cretney E, Mitchell S, Waring P, Iezzi M, Smyth MJ. Cutting edge: TRAIL
deficiency accelerates hematological malignancies. J Immunol 2005;175:5586–5590. [PubMed:
16237043]

Thorburn et al. Page 13

Drug Resist Updat. Author manuscript; available in PMC 2009 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Thorburn et al. Page 14

Table 1
Anticipated effects of different TRAIL resistance mechanisms on sensitivity to different therapeutic agonists.

Resistance Mechanism Expected response to Apo2L/TRAIL Expected response to lexatumumab (anti-DR5) Expected response to maptumumab (anti-DR4)
DR5 mutation No apoptosis No apoptosis Apoptosis
Caspase-8 silencing No apoptosis No apoptosis No apoptosis
Increased XIAP No apoptosis No apoptosis No apoptosis
Increased DcR2 No apoptosis Apoptosis Apoptosis
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Table 2
Anticipated effects of different TRAIL resistance mechanisms on sensitivity to Apo2L/TRAIL when combined with
other agents.

Resistance Mechanism Expected effect on Apo2L/TRAIL sensitivity when treated in combination
DNA damaging agent that elevates DR5 expression Reduced Mcl-1, FLIP and cIAP2 expression caused by sorafenib

DR5 mutation Increased Resistance No difference
Caspase-8 silencing No difference No difference
Increased XIAP Increased sensitivity Increased sensitivity
Increased DcR2 Increased sensitivity No difference.
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