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The TRAIL apoptotic pathway in
cancer onset, progression and therapy

A multicellular organism maintains cellular homeo-
stasis in normal tissue compartments and eliminates
disordered cells by a controlled cellular mechanism
known as apoptosis*. Apoptosis can be induced by
various stimuli, and radiation or chemicals in particu-
lar have been used in cancer therapy®*. There are two
major signalling pathways that lead to apoptosis in
mammalian cells: the intrinsic pathway and the extrin-
sic pathway. The intrinsic pathway is controlled by
pro- and anti-apoptotic Bcl2 family proteins at the mito-
chondria and has a substantial role in chemotherapy-
and radiation-induced cell death. By contrast, the
extrinsic death pathway is initiated through apoptotic
signal transduction cascades mediated by members of
the tumour necrosis factor (TNF) receptor superfamily’.
In cancer cells, apoptosis induced by the extrinsic path-
way complements that induced by the intrinsic pathway;,
so targeting death receptors is considered a useful
new therapeutic approach. The pathway involving
TNF-related apoptosis-inducing ligand (TRAIL, also
known as APO2L and TNFSF10) and TRAIL receptors
(TRAILRs) is most promising, as preclinical models
suggest that apoptosis of tumour cells is achievable
in vivo without lethal toxicities®”.

TRAIL and its receptors

TRAIL was originally identified and cloned on the basis
of its sequence homology to the extracellular domain of
CD95 ligand (CD95L, also known as FASLG) and
TNF?*. Like other TNF superfamily members, TRAIL
forms homotrimers that crosslink receptor molecules
on the cell surface. TRAIL ligates two types of receptors:
death receptors triggering TRAIL-induced apop-
tosis and decoy receptors that possibly inhibit this
pathway (BOX 1). TRAIL can also bind to OPG (also
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Abstract | Triggering of tumour cell apoptosis is the foundation of many cancer therapies.
Death receptors of the tumour necrosis factor (TNF) superfamily have been largely
characterized, as have the signals that are generated when these receptors are activated.
TNF-related apoptosis-inducing ligand (TRAIL) receptors (TRAILR1 and TRAILR2) are promising
targets for cancer therapy. Herein we review what is known about the molecular control of
TRAIL-mediated apoptosis, the role of TRAIL in carcinogenesis and the potential therapeutic
utility of recombinant TRAIL and agonistic antibodies against TRAILR1 and TRAILR2.

known as TNFRSF11B, a soluble inhibitor of RANK
ligand) at low affinity®. To date, four human recep-
tors specific for TRAIL have been identified: the
death receptors TRAILRI (also known as DR4 and
TNFRSF10A) and TRAILR2 (also known as DR5,
KILLER and TNFRSF10B), and the putative decoy
receptors TRAILR3 (also known as DCR1, TRID and
TNFERSF10C) and TRAILR4 (also known as DCR2
and TNFRSF10D)°. Only one death-inducing receptor
has been identified in mice (DR5 or TRAILR2), and this
shares sequence homology with human TRAILRI and
TRAILR?2 (REF. 10). Two decoy receptors (DCTRAILR1
or DCR1, and DCTRAILR2 or DCR2) have also been
characterized in mice'. Human TRAILR3 and mouse
DCRI1 are glycosylphosphatidylinositol-anchored mem-
brane proteins. Human TRAILR4 contains a truncated,
non-functional death domain, and mouse DCR2 can be
expressed as two alternatively spliced variants, a secreted
form (DCR2S) and a transmembrane form (DCR2L).

TRAIL signalling pathways and sensitivity

Apoptotic signalling. Binding of TRAIL or agonistic
monoclonal antibodies (mAbs) to TRAILR1 or TRAILR2
results in receptor oligomerization on the cell membrane
and initiation of apoptosis (see REF. 12 and references
therein) through the recruitment of the FAS-associated
protein with death domain (FADD) to death domain
motifs in the carboxyl terminus of the receptors. FADD
then recruits membrane-proximal caspases (caspase 8 or
caspase 10) through its death effector domain (DED). The
formation of this multi-protein complex, designated the
death-inducing signalling complex (DISC), allows auto-
activation of the recruited caspases (FIC. 1). The canoni-
cal view of apoptotic signalling downstream of activated
caspases 8 and 10 is that caspase 3 is then targeted for
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At a glance

e Tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a potent
stimulator of apoptosis, and tumour cells are significantly more sensitive to
TRAIL-induced apoptosis than normal cells. Although the molecular basis for the
tumour-selective activity of TRAIL remains to be fully defined, the TRAIL pathway is
an attractive therapeutic target for the treatment of cancer.

¢ In addition to triggering a pro-apoptotic signal through activation of caspases,
TRAIL can activate diverse intracellular signalling pathways involving NF«B,
phosphoinositoide 3-kinase (PI3K) and mitogen activated protein kinase (MAPK)
family proteins that can stimulate cell survival and proliferation.

*TRAIL is an important immune effector molecule in the surveillance and
elimination of developing tumours. Moreover, genetic lesions in various
components of the TRAIL pathway have been found in human tumour samples,
suggesting that inactivation of the TRAIL pathway and/or escape from
TRAIL-mediated immunosurveillance might have an important role in tumour
onset and progression.

e In preclinical trials, recombinant forms of TRAIL and agonistic anti-TRAIL receptor
antibodies can have single-agent activity against TRAIL-sensitive tumour cells

in vitro and in vivo. These agents can synergize with chemotherapeutic drugs and
novel molecular therapeutic agents to more effectively kill TRAIL-sensitive tumour
cells and TRAIL-resistant tumours.

e Early-phase clinical trials using recombinant TRAIL and agonistic anti-TRAIL
receptor antibodies indicate that these agents can be delivered safely and are
generally well-tolerated. Although some objective anti-tumour responses have
been reported with these agents as monotherapies, they probably hold greater
promise for further clinical development when used in combination with other
cancer treatments.

proteolytic cleavage, and activated caspase 3 in turn
cleaves numerous cellular proteins, resulting in the
biochemical and morphological hallmarks of apoptosis
(see REFS 12,13 and references therein). However, Bcl2
homology domain 3-interacting domain death agonist
(BID) is also a target for active caspase 8. Cleaved BID
(tBID) activates the intrinsic apoptotic pathway by
binding to BAX, Bcl2-homologous antagonist/killer
(BAK) or pro-survival Bcl2 family proteins' and serves
to amplify the death receptor apoptotic signal (FIG. 1).
Depending on the cell type, cleavage of BID may func-
tion as a primary mechanism of TRAIL-induced apop-
tosis or may serve to amplify the apoptotic response by
mediating the simultaneous activation of the extrinsic
and intrinsic apoptotic pathway'>-2'.

Alternative signal transduction pathways mediated
through TRAIL receptors. Depending on the cell type,
the relative strength and duration of the ligand signal,
and the presence, absence or activation state of intracell-
ular proteins that signal downstream of TRAIL recep-
tors, treatment with TRAIL or agonistic mAbs may
stimulate apoptosis or, more rarely, cell proliferation®-*.
Indeed it is conceivable that TRAIL may simultaneously
induce multiple intracellular signal transduction path-
ways that involve proteins such as nuclear factor kB
(NFxB) (BOX 2), mitogen activated protein kinases
(MAPKs, including extracellular signal-regulated
kinases (ERKs), JUN N-terminal kinases (JNKs) and
p38), phosphoinositide 3-kinase (PI3K) and Akt (see
REF. 12 and references therein, and BOX 3). Although there
is considerable debate as to the make-up of the protein
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complexes that are necessary for TRAIL-mediated
activation of these ‘alternative’ signalling pathways, it
appears likely that various combinations of FADD, TNF
receptor type 1-associated DEATH domain protein
(TRADD), CASP8 and FADD-like apoptosis regulator
(CFLAR, also known as c-FLIP), caspases 8 and 10, TNF
receptor-associated factor 2 (TRAF2), NFkB essential
modulator (NEMO) and RPA-interacting protein (RIP)
are involved, possibly in a cell type-dependent manner
(FIG. 2). Engagement of one or more of these pathways in a
manner that dominates over the pro-apoptotic signal may
have dramatic effects on the physiological or therapeutic
activities of TRAIL or agonistic anti-TRAILR mAbs.

TRAIL receptor modification and localization. In try-
ing to identify the molecular events that underpin sen-
sitivity of a given cell to TRAIL-mediated apoptosis,
most studies have focused on mechanisms involving
decreased stimulation of TRAILR1 and/or TRAILR2 by
decoy receptors (BOX 1), or suppression of the intracell-
ular apoptotic signalling cascade (BOXES 2,3). However,
arecent exciting report indicates that post-translational
modification of TRAILRI and TRAILR2 may have
an important role in determining TRAIL sensitivity.
Wagner and colleagues used microarray-based gene
expression profiling of over 100 human tumour cell
lines to identify gene signatures that correlate with
TRAIL sensitivity and resistance. This whole-genome
screen indicated that genes encoding enzymes that ini-
tiate and carry out O-glycosylation, such as GALNT14
GALNT3, FUT6 and FUT3, were significantly over-
represented in TRAIL-sensitive cell lines®. There is
convincing evidence that TRAILR1 and TRAILR2
are O-glycosylated, and inhibition of this post-trans-
lational modification by pharmacological and genetic
(using small interfering RNA (siRNA)-mediated
knockdown of GALNT14 or FUT6) methods sup-
pressed TRAIL-mediated apoptosis®. O-Glycosylation
of TRAILRI and TRAILR?2 did not affect the expression of
the death receptors but did enhance ligand-mediated
receptor clustering and subsequent DISC formation
and caspase 8 activation. This landmark study pro-
vides novel insight into the molecular processes that
might regulate TRAIL activity and raises the possibility
that the expression of GALNTI14, GALNT3, FUT6
and FUT3 and the glycosylation status of TRAILR1 and
TRAILR2 could serve as biomarkers for sensitivity to
TRAIL-mediated apoptosis.

There is evidence that signal transduction medi-
ated by death receptors such as CD95 (also known as
TNFRSF6) and TNFR1 (also known as TNFRSF1A)
can be regulated by the localization of these proteins
to cholesterol- and sphingolipid-rich lipid rafts within
the plasma membrane®*?. Recently, it was shown that
ligation of TRAILRI or TRAILR2 localized to lipid rafts
induces a pro-apoptotic signal mediated by caspase 8
activation following DISC formation, but TRAIL recep-
tors not associated with lipid rafts mediate the activation
of NFkB, ERK1 and ERK2 (REF. 28). Moreover, knock-
down of CFLAR by siRNA resulted in the re-localization
of the TRAIL DISC to lipid rafts from non-lipid-raft
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Innate immunity

The innate immune system
provides immediate
non-specific defence against
pathogens. The innate
leukocytes include NK cells,
mast cells, eosinophils,
basophils and the

phagocytic cells, including
macrophages, neutrophils and
dendritic cells. These cells
identify and eliminate
pathogens, and virus-infected
and neoplastic cells.

Adaptive immunity

The adaptive immune system
comprises specialized,
systemic cells that can
recognize and remember
specific ‘non-self’ antigens,
responding more vigorously
each time this antigen is
encountered. The cellular
components involved include
B lymphocytes, T lymphocytes
and antigen-presenting cells
(dendritic cells, B cells and
macrophages).

Graft versus tumour

(GVT). A beneficial
T-cell-mediated immune
response to host tumour cells
by immune cells presentin a
donor’s transplanted tissue.

Graft-versus-host disease
(GVHD). The pathological
consequence of a response
initiated by transplanted
immunocompetent

T lymphocytes into an
allogeneic,
immunocompromised host.
The host is unable to reject the
grafted T cells and becomes
their target.

Box 1| Decoy receptors

TRAILR3 (tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) receptor 3)!3°1€2161 and TRAILR4

(REF. 162) can bind TRAIL but are deficient in signalling to caspase 8 and were initially thought to act as decoys to inhibit
the apoptotic signal through TRAILR1 and TRAILR2. Indeed, initial observations that TRAILR3 and TRAILR4 mRNA
appeared to be preferentially expressed in normal cells compared with tumour cells, and that overexpressed TRAILR3 or
TRAILR4 inhibited TRAIL-induced apoptosis'**1%°1% indicated that the relative expression of pro-apoptotic and decoy
TRAILRs could regulate the sensitivity of cells to the ligand. However, subsequent studies using monoclonal antibodies
(mAbs) specific for the different receptors found no correlation between the levels of TRAILR3 or TRAILR4 and relative
sensitivity of cells to TRAIL?>'%, Recent data indicate that the initial model for the regulation of TRAIL-mediated
apoptosis, based merely on the relative expression of TRAILR1 and TRAILR2 versus TRAILR3 and TRAILR4, which
compete for binding to TRAIL, may have been too simplistic. Indeed, it has been shown that rather than competing for
binding to TRAIL, TRAILR4 can suppress TRAILR2-mediated apoptosis by forming a ligand-independent protein complex.
The subsequent TRAILR2-TRAILR4 heterocomplex is deficient in mediating a robust death signal'®*. Another study
similarly demonstrated that formation of a TRAILR2-TRAILR4 heterocomplex correlates with reduced TRAIL-mediated
apoptosis, but in this instance heterocomplex formation was ligand-dependent'®. It is therefore still not clear whether
TRAILR3 and/or TRAILR4 truly regulate the activity of TRAIL in a physiological or pathological situation and, if they do,

how this occurs.

membrane concomitantly with increased cleavage and
activation of caspase 8 and subsequent apoptosis. Exactly
how CFLAR directs ligated TRAILRSs to non-lipid-raft
domains is unclear, and whether this occurs in vivo has
not been determined.

The role of TRAIL in regulating tumorigenesis
The TRAIL-TRAILR pathway has been proposed to
regulate different physiological processes such as haema-
topoiesis® and T-cell activation and survival®, as well
as a number of pathophysiological conditions includ-
ing asthma®, autoimmune diseases®>*’, diabetes™,
inflammation® and excessive host immune responses
in bacterial meningitis*. Although TRAIL-mediated
suppression of inflammation might correlate with sup-
pression of tumour development”, this link remains
to be proved. By contrast, there is strong experimental
evidence that the TRAIL pathway has a direct role in
the regulation of tumour onset and development. As
detailed below, TRAIL may be a key effector in mediat-
ing host immune surveillance against tumours as they
develop. Moreover, loss of function of TRAILRSs through
mutation or decreased expression, or through changes
in key downstream signalling components, may confer
intrinsic resistance to TRAIL-induced apoptosis.

TRAIL as a tumour suppressor in mouse experimental
tumour models. Cancer immune surveillance is mediated
by both components of cellular immunity: innate immu-
nity and adaptive immunity. TRAIL, along with perforin 1
and CD95L, partly mediates spontaneous and activated
natural killer (NK) cell-induced cytotoxicity against
TRAIL-sensitive lines in vitro***. In mice, the anti-
metastatic function of NK cells against TRAIL-sensitive
tumour cells was also partly dependent on TRAIL
expression and, in particular, basal TRAIL expression
and anti-metastatic activity was restricted to liver NK
cells in several different tumour models***. No such
TRAIL phenotype was observed when TRAIL-resistant
tumour cell lines were examined in vivo. Interferon-y
(IFNy)-mediated TRAIL induction on NK cells was
also shown to have a significant role in the anti-tumour
efficacy of IFNy-dependent immunotherapies**. These

findings provided the first evidence for the physiological
function of TRAIL as a tumour suppressor.

Although activated T cells exert TRAIL-mediated
apoptosis*, the first indication that TRAIL has a role in
T-cell-mediated immune defence against tumours was
shown in an allogeneic graft-versus-tumour (GVT) set-
ting® where TRAIL expression was shown to be required
for optimal GVT activity by donor T cells*. By contrast,
TRAIL had little or no role in the graft-versus-host disease
activity of donor T cells. The idea of using exogenous
TRAIL in conjunction with allogeneic bone marrow
transplant therapy has been tempered by the knowledge
that many leukaemia samples taken from patients with
acute lymphocytic leukaemia or acute myeloid leukae-
mia, for example, were not sensitive to TRAIL in vitro*.
Therefore, combination therapies using activators of the
TRAIL pathway and other pro-apoptotic stimuli that
sensitize inherently resistant cells to TRAIL-mediated
apoptosis may be more efficacious in the clinic. Most
primary leukaemia cells are highly resistant to TRAIL
and CD95L, suggesting that resistance to death-
inducing ligands, particularly to TRAIL, could be one of
the mechanisms for a rapid clonal expansion, and a poor
sensitivity to the graft-versus-leukaemia effect in infant
leukaemias with MLL (myeloid/lymphoid or mixed-
lineage leukaemia) rearrangement®. Encouragingly,
in mouse models, GVT activity against subcutaneous
colon tumours is efficiently induced by pre-conditioning
with irradiation and allogeneic donor lymphocyte infu-
sion, and here TRAIL and IFNy produced by T cells act
cooperatively in the anti-tumour effect*. In addition to
NK and T cells, other cell types such as IFN-activated
myeloid cells and neutrophils have a role in immune
and anti-tumoural responses and can store and release
biologically active TRAIL*"*, The therapeutic potential
of harnessing TRAIL-induced apoptosis of tumour cells
mediated by host immune cells in a cancer setting was
demonstrated in mice transplanted with donor haema-
topoietic cells retrovirally transduced to overexpress
mouse TRAIL. Transplanted syngeneic mammary carci-
noma cells grew more slowly in these mice and there was
evidence that the tumour cells were undergoing TRAIL-
mediated apoptosis without damage to normal tissue®.
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Immunoediting

Describes the complex
relationship between a
developing tumour under
constant pressure from the
host immune system. Cancer
immunoediting consists of
three phases: elimination (that

is, cancer immunosurveillance),

equilibrium and escape. The
immune system not only
protects the host against
development of primary
cancers but also sculpts
tumour immunogenicity.
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Figure 1| Apoptotic signalling through the tumour necrosis factor (TNF)-related apoptosis-inducing ligand
(TRAIL) pathway. Binding of TRAIL to TRAIL receptor 1 (TRAILR1) or TRAILR2 results in receptor oligomerization and
recruitment of FAS-associated protein with death domain (FADD) and caspase 8 to form a functional death-inducing
signalling complex (DISC). Upon DISC formation, caspase 8 is cleaved and activated, which in turn can cleave and
activate caspase 3 and the BH3-only protein BID. Active, cleaved BID (tBID) can bind to pro-apoptotic BAX and BAK,
resulting in mitochondrial membrane permeabilization and release of mitochondrial proteins cytochrome c and DIABLO.
Cytochrome c, apoptotic protease-activating factor 1 (APAF1) and caspase 9 combine with ATP to form a functional
apoptosome that results in cleavage and activation of caspase 9, which can then cleave caspase 3. DIABLO suppresses
the caspase-inhibitory activities of IAPs. Caspase 3 can cleave a large number of intracellular targets resulting in the
morphological and biochemical hallmarks of apoptosis. Caspase 3 can also cleave and activate caspase 8, thereby

amplifying the apoptotic signal.

TRAIL as a tumour suppressor in mouse spontaneous
tumour models. A role for TRAIL as a tumour suppressor
has also been supported by considerable evidence derived
in spontaneous or carcinogen-induced tumours in
mice. Neutralization of TRAIL promoted tumour
development in mice inoculated with the carcinogen
methylcholanthrene (MCA)*** and there was prefer-
ential emergence of TRAIL-sensitive fibrosarcoma cells
in TRAIL-deficient and IFNy-deficient mice compared
with wild-type mice, strongly suggesting immunoediting
of TRAIL-sensitive cells during tumour development.
The effect of TRAIL in this model is consistent with a
role for NK and NKT cells in host immune protection
from MCA-induced sarcoma®*2. A substantial con-
tribution of TRAIL to immune surveillance against
spontaneous tumour development initiated by the
loss of one Trp53 allele was also demonstrated®>, but
the loss of two p53 alleles negated this effect®. Further
validation of the importance of TRAIL signalling in
tumorigenesis was supported by the report that loss
of just one allele of Trailr2 was sufficient to signifi-
cantly reduce median lymphoma-free survival on the
lymphoma-prone Eu-Myc genetic background®.
Strangely, TRAILR2-deficient lymphomas developed

with equal frequency irrespectively of monoallelic or
biallelic loss of Trailr2. This finding is inconsistent with
other reports® and with data in this same paper (sur-
vival after sublethal irradiation) that suggest that the
gene dosage of Trailr2 does not regulate the outcome
in terms of the response of cells to radiation. These
lymphomas also had increased metastatic potential
and showed apoptotic defects compared with lym-
phomas from wild-type littermates. The same group
reported that TRAILR2 also suppressed diethyl-
nitrosamine-induced hepatocarcinogenesis, with an
increased number of large tumours with apoptotic
defects developing in the livers of Trailr2-deficient
mice. Furthermore, TRAILR2 has been shown to act as
a metastasis suppressor in the mouse multistage model
of squamous cell carcinoma®. DMBA-TPA-treated
TRAILR2-deficient mice did not show an increase
in primary benign papilloma number or growth rate
or progression to squamous cell carcinoma; however,
metastasis to lymph nodes was significantly increased.
In concert, adherent skin carcinoma cells were TRAIL-
resistant in vitro but were sensitized to TRAIL on
detachment by inactivation of the ERK signalling
pathway (BOX 3).
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Box 2 | NFkB and TRAIL

Signalling through TRAILR1 (tumour necrosis factor (TNF)-related apoptosis-inducing
ligand (TRAIL) receptor 1) or TRAILR2 results in activation of nuclear factor kB (NFkB),
probably through RPA-interacting protein (RIP)**%. Consistent with the proposed role

of NFkB in regulating TRAIL-induced apoptosis, inhibition of NF«kB activity in vitro
sensitized tumour cells to TRAIL-mediated apoptosis'®~* and mediated
TRAIL-dependent tumour regression in vivo'’2. However, although inhibition of NFkB
activity can sensitize tumour cells to TRAIL-induced apoptosis in vitro, this is not a
universal effect on all cell types'’. A simplistic view is that, when apoptosis is
suppressed, TRAIL-mediated activation of the NFkB pathway switches the TRAIL
signal from induction of apoptosis to stimulating cell survival and/or proliferation.
Indeed, this has been demonstrated in tumour cells that are resistant to
TRAIL-mediated apoptosis owing to defective death receptor signalling. These cells

showed NF«kB-dependent enhanced proliferation** or metastasis and invasion

174

in vitro following stimulation with TRAIL. However NFkB is a multi-protein complex
and, depending on its composition, activation of the pathway may result in entirely
different biological outcomes. For example, the RELA subunit can enhance
TRAIL-induced expression of TRAILR1, TRAILR2 and BCL-X_(also known as BCL2L10)
and repress expression of inhibitor of apoptosis protein 1 (IAP1), IAP2 and survivin,
and so is largely a pro-apoptotic signal. By contrast, REL inhibits expression of
caspase 8, TRAILR1 and TRAILR2 and enhances TRAIL-mediated expression of IAP1
and IAP2, a largely anti-apoptotic signal'”®. Thus, even if the canonical death receptor
signalling pathway is blocked, stimulation of NF«B activity by TRAIL may still induce
tumour cell death, depending on whether RELA or REL is the dominant NF«kB
transcriptional component (FIG. 2).

Perhaps the simplest demonstration of a role for the
TRAIL pathway in carcinogenesis is the low, but sig-
nificant, incidence of spontaneous tumours of haemato-
poietic origin in aged C57BL/6 TRAIL-deficient mice>.
However, the TRAIL pathway does not seem to be critical
in all mouse models of tumorigenesis. The loss of host
Trailr2 and Trail did not influence intestinal tumour
development in adenomatous polyposis coli mutant
mice™ and rat Erbb2 oncogene-driven mammary carci-
noma®, respectively, both models in which the immune
effector control of tumour development is weak or absent.
It will be important to validate all of these findings in
both TRAILR2-deficient and TRAIL-deficient mice, and
in additional models of tumorigenesis. It must also be
said that in most of these mouse models it is not appreci-
ated at what stage of tumour development TRAIL may be
acting as an extrinsic tumour suppressor.

Genetic lesions in the TRAIL pathway associated with
human tumour onset and progression. Overall, at this
stage, the case for mutations in the TRAIL-TRAILR path-
ways predisposing humans to cancer is weak. TRAILRI
(DR4) and TRAILR2 (DR5) map to human chromosome
8p21-22, a site of frequent allelic loss in tumours, and
thus some human tumours may have somatic mutations
in TRAILRs. Mutations in DR5 have been identified in a
proportion (up to 10-20%) of various human tumours,
including cancers of the breast, lung and head and neck,
and non-Hodgkin lymphoma (NHL)*%. Most mutations
map to the intracellular domain of DR5 (the region that
binds FADD***), with many tumours retaining wild-type
DR4. Some mutations have been found repeatedly in dif-
ferent tumour types and in different patients with specific
types of cancer, suggesting that TRAIL receptor muta-
tions are selected for during tumorigenesis and may have

important functional effects in tumour cells. However, it
is poorly understood how the mutations affect signalling.
It was recently found that some point mutations that were
identified in human tumours resulted in TRAILR?2 losing
its ability to form a functional DISC and induce apop-
tosis®. As TRAIL can signal through either TRAILRI
or TRAILR?2, a simple loss of function mutation in one
of the receptors that does not affect the other might not
be expected to prevent signalling in response to TRAIL.
However, the mutant DR5 also appeared to have a
‘dominant-negative effect whereby it inhibited the abil-
ity of TRAIL to induce apoptosis through functional
TRAILRIs. This study provides a molecular basis for
the use of specific therapeutic agonists of TRAILRs in
patients whose tumours harbour somatic DR5 muta-
tions. It may also be feasible to avoid the inhibitory
effect of mutant TRAILRs using modified versions of
TRAIL that target only one of the receptors®*2. At this
stage a relatively small number of patients have been
studied and uncertainties remain about how common
these mutations are in different populations of cancer
patients.

Evidence that DR4 has a role in cancer predispo-
sition is variable. A rare allele of DR4 (A683C) was
found to be more frequent in chronic lymphocytic
leukaemia, chronic myeloid leukaemia, prostate and
bladder cancer, and head and neck squamous cell car-
cinoma (HNSCC)®. The A683C polymorphism did not
co-segregate with other known DR4 polymorphisms.
Haplotype analysis revealed a 2.4-fold increased risk for
carriers of the rare 626C-683C haplotype (1% preva-
lence in the general population), suggesting that DR4
626C-683C may affect colorectal cancer predisposi-
tion®. An analysis of known DR4 polymorphisms,
namely G442A, C626G and A1322G, in germline DNA
of 97 patients with ovarian cancer and controls did not
detect any significant difference between patients and
controls®. In addition, a case—control study of eight
selected polymorphisms in a large sample (1,008 cases
and 768 controls) of Spanish women with breast can-
cer, no differences in genotype or haplotype distribu-
tion were found for two DR4 polymorphisms between
cases and controls®. Interestingly, however, one allele
(2699G) of the decoy receptor DCR2 appeared to asso-
ciate with reduced breast cancer risk (P = 0.05). Given
that it is located in the 3" untranslated region, its effect
might be related to DCR2 mRNA instability, or link-
age disequilibrium with a functional variant residing in
either DCR2 or neighbouring genes. A decreased effi-
ciency of DCR2 to work as a decoy receptor for TRAIL
might facilitate the apoptotic pathway in cells at risk.
Another study indicated that TRAILR1 expression posi-
tively correlated with the tumour grade in breast cancer
patients with invasive ductal carcinoma®.

Downstream regulators of TRAIL signalling, such
as caspase 8, caspase 10 and CFLAR, might also be
associated with cancer risk. The reproducible, dose-
dependent association of a caspase 8 single-nucleotide
polymorphism (CASP8 D302H) with breast cancer
indicates the potential importance of inherited variation
in the apoptosis pathway in breast cancer susceptibility,

786 | OCTOBER 2008 [ VOLUME 8

www.nature.com/reviews/cancer

© 2008 Macmillan Publishers Limited. All rights reserved


http://www.cancer.gov/cancertopics/types/breast
http://www.cancer.gov/cancertopics/types/lung
http://www.cancer.gov/cancertopics/types/head-and-neck
http://www.cancer.gov/cancertopics/types/non-hodgkin
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=346545
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=346545
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=44382
http://www.cancer.gov/cancertopics/types/prostate
http://www.cancer.gov/cancertopics/types/bladder
http://www.cancer.gov/cancertopics/types/colon-and-rectal
http://www.uniprot.org/uniprot/Q04206
file:///Volumes/npgmac/Review%20Journals%20Production/Subbed%20articles/Manuel/Reviews/new%20for%20layout/2008/10_Oct_2008/johnstone/v
http://www.uniprot.org/uniprot/Q04864

Box 3 | TRAIL, MAPKSs and PI3K

Activation of the phosphoinositide 3-kinase (PI3K)-Akt pathway is thought to be an
important oncogenic event stimulating growth and survival of tumour cells'’®. TRAIL
(tumour necrosis factor (TNF)-related apoptosis-inducing ligand) can rapidly induce

the phosphorylation and activation of PI3K and Akt, and this occurs in cells that
ultimately die in response to TRAIL and those that proliferate and survive!’”'7¢. The
potential importance of the PI3K-Akt pathway in mediating sensitivity to
TRAIL-induced apoptosis has been demonstrated by genetic studies showing that
tumour cells containing an activating somatic mutation in PI3K are relatively
resistant to TRAIL-induced apoptosis'’. In cells that are resistant to TRAIL-induced
apoptosis, such as fibroblast-like synoviocytes (commonly found in rheumatoid
arthritis), signalling through TRAIL receptors and activation of the PI3K-Akt
pathway results in cell proliferation?.

The mitogen-activated protein kinases (MAPKSs), extracellular signal-regulated
kinase (ERK), JUN N-terminal kinase (JNK) and p38 can all be activated in response to
TRAIL stimulation (see REF. 12 and references therein). There is little consensus on
the signalling events leading to activation of these kinases by TRAIL, with differing
recent reports indicating that MAPK activation may in fact occur downstream of
caspase activation'®!8!, Moreover, the effect that activation of MAPKs may have
on TRAIL-mediated apoptosis is similarly confusing at present, with contrasting
reports indicating that activated ERK, JNK or p38 either suppress?'821% or
enhance!®*'® the apoptotic effects of TRAIL. Whether the different effects of
MAPKs on TRAIL-induced biological outcomes reflect variations in molecular
programmes within specific cell types or merely variations in in vitro experimental
systems remains unclear. At present there is a lack of strong genetic or in vivo
evidence validating important roles of ERK, JNK or p38 in mediating the
physiological and therapeutic activities of the TRAIL pathway.

Antibody-dependent
cell-mediated cytotoxicity
(ADCC). Cell death that occurs
when the Fc fragment of a
mADb, bound to a target cell,
interacts with the Fc receptor
on monocytes, macrophages
or NK cells. These cells in turn
kill the target cell or secrete
cytokines. ADCC is part of the
adaptive immune response
owing to its dependence on a
prior antibody response.

Complement-dependent
cytotoxicity

(CDC). The effect of a mAb
bound to a target cell initiating
the complement cascade,
leading to the assembly of the
membrane attack complex.
This disrupts the target cell
membrane, resulting in

cell lysis.

but does not yet pin down the TRAIL receptor pathway
as key in this disease setting®. In neuroblastoma, inac-
tivation of CASP8 by hypermethylation has become a
hallmark of defective apoptosis in advanced disease,
suggesting that CASP8 may act as a tumour suppressor
gene in this cancer®”’. To this end, the methylation sta-
tus of CASP8 has been linked to MYCN amplification
in some studies® but not in others”, and thus the prog-
nostic effect of CASPS8 in neuroblastoma has remained
controversial. No correlation was observed between
caspase 8 expression and MYCN amplification in one
recent report and, more importantly, loss of caspase 8
protein had no effect on event-free or overall survival
in the overall study population or in distinct subgroups
of patients’. Epigenetic aberrations have also been
shown to have an important role in the pathogenesis
of most cancers. In primary neuroblastoma tumours,
high-risk disease and poor outcome were associated
with methylation of DCR2 and CASP8 individually,
suggesting that clinically aggressive neuroblastoma
tumours have aberrant methylation of genes in the
TRAIL pathway and providing a rationale for explor-
ing treatment strategies that include demethylating
agents”. Finally, overexpression of CFLAR, but not
TRAILRI or TRAILR2, provided stage-independent
poorer prognosis in patients with colorectal cancer’™.
Therefore, the evidence that TRAIL receptors have a
role in human cancer onset and progression remains
relatively weak and, although polymorphisms in down-
stream mediators such as caspase 8 appear prognostic
in some instances, these molecules are used by several
upstream death receptor complexes and a distinct role
for TRAIL remains to be clarified.

REVIEWS

Targeting the TRAIL pathway: preclinical studies

Targeting TRAILRs as a monotherapy. Recombinant
TRAIL (rTRAIL) is an attractive anticancer agent and
preclinical studies in mice and non-human primates
have shown that soluble forms of rTRAIL suppressed the
growth of TRAIL-sensitive human tumour xenografts,
with no apparent systemic toxicity’>’¢. Agonistic anti-
human TRAILRI or TRAILR2 mAbs exhibit potent
tumoricidal activities against human tumour xenografts
in nude or severe combined immunodeficient mice
without apparent toxicity”’-*2. Both mAbs possessing
intrinsic agonistic activity and proto-agonistic types
of mAb (requiring crosslinking of their Fc domains for
agonistic activity) display tumoricidal activity in vivo. It
is important to recognize, however, that not all tumour
cells express both TRAILR1 and TRAILR2 and that,
even when both receptors are expressed, only one may be
functionally competent. For example, in colon and breast
carcinoma cell lines that express both TRAILR1 and
TRAILR?2, the use of modified rTRAIL specific for either
receptor indicated that TRAILR2 could mediate a pro-
apoptotic signal whereas ligation of TRAILR1 had little
or no effect®. By contrast, chronic lymphocytic leukaemia
cells were selectively sensitive to ligation of TRAILR1 even
though both TRAILRI and TRAILR2 were expressed on
the cell surface®. Accordingly, the anti-tumour efficacy of
recombinant ligands or mAbs specific for either TRAILR1
or TRAILR2 may be based on the activating potential of
either receptor on particular tumour cells rather than on
mere expression. Currently, most anti-TRAIL receptor
antibodies developed for clinical use target TRAILR2
rather than TRAILR1 (TABLE 1). The reason for this may
not be based on more detailed functional studies such as
those listed above, but rather on initial studies indicating
that TRAILR?2 is more highly expressed on tumour cells
than TRAILRI (REF. 5) or that apoptotic signalling through
TRAILR2 may be more potent than through TRAILR1
(REF. 83).

The anti-tumour activity of anti-human TRAILR1
mAbs in mice bearing human tumour xenografts was
markedly influenced by their isotype, suggesting a crucial
contribution of Fc receptors for some effector functions
in vivo”’. We have demonstrated that an agonistic hamster
anti-mouse TRAILR2-specific mAb (MD5-1) has anti-
tumour effects against syngeneic tumours in mice®. The
MD5-1-induced anti-tumour effect was demonstrated to
mainly depend on direct apoptosis induction, rather than
antibody-dependent cellular cytotoxicity or complement-
dependent cytotoxicity, as TRAILR2-expresssing and
CFLAR-transfected apoptosis-resistant tumour cell
variants were completely resistant to MD5-1 in vitro and
in vivo. A rapid recruitment of FcR-expressing innate
immune cells, macrophages and dendritic cells (DCs)
into the tumour site was observed after MD5-1 treatment
and, intriguingly, small tumour burdens could be eradi-
cated and mice concurrently developed tumour-specific
cytotoxic T lymphocytes (CTLs). Subsequent tumour
challenge revealed that TRAIL-resistant tumour variants
were eliminated by such effector cells. Thus, activating
Fc-receptor-mediated immune activation can be a great
advantage of antibody-based therapy of tumours®*.
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Figure 2 | Additional signal transduction pathways activated by tumour necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL). Ligation of TRAIL can result in the simultaneous activation of the pro-apoptotic
caspase cascade and additional signalling pathways such as the phosphoinositide 3-kinase (PI3K)-Akt, nuclear factor kB
(NFxB) and mitogen-activated protein kinase (MAPK, including p38, extracellular signal-regulated kinase (ERK) and JUN
N-terminal kinase (JNK)) pathways. The signalling events downstream of receptor ligation have not been fully dissected but
proteins such as FAS-associated protein with death domain (FADD), TNF receptor type 1-associated DEATH domain
protein (TRADD), caspase 8, RPA-interacting protein (RIP), CASP8 and FADD-like apoptosis regulator (CFLAR), inhibitor of
apoptosis protein 1 (IAP1), IAP2 and possibly NEMO have roles. In general, activation of these additional pathways in the
absence of a functional apoptotic cascade has a pro-survival, proliferative effect. However, engagement of REL and, in
certain circumstances, MAPK pathway proteins can also result in apoptosis. APAF1, apoptotic protease-activating factor 1

tBID, cleaved BID.

Use of TRAIL and agonistic anti-TRAILR antibodies
in combination with other anticancer agents. Although
rTRAIL and agonistic anti-TRAILR mAbs may have
some clinical activity as monotherapies, perhaps the
most attractive use of these agents will be as one arm
of combination therapies in conjunction with other
anticancer modalities. Indeed, there are many pub-
lications demonstrating that combining compounds
or antibodies that activate the TRAIL pathway with a
range of different pharmaceutical, biological and cell-
ular anticancer agents results in additive or synergistic
tumour cell death. Herein, we have chosen to focus on
those reports providing one or more of the following:
a strong molecular rationale for combining a particular
agent(s) with TRAIL; detailed analysis on the molecu-
lar events that underpin the combination therapy; or
robust in vivo data demonstrating that the combination
approach provides therapeutic efficacy that is superior

to single-agent therapy.

Combining TRAIL with standard anticancer therapies.
There have been numerous publications demonstrating
that diverse chemotherapeutic drugs or radiotherapy can
induce synergistic tumour cell apoptosis when combined
with rTRAIL or agonistic anti-TRAILR mAbs (TABLE 2).
There is little consensus on how different chemothera-
peutic drugs synergize with TRAIL signalling to mediate
enhanced tumour cell death, with various studies show-
ing upregulated TRAILR, downregulated CFLAR and
enhanced localization of TRAILRs to lipid rafts as being
important for the combination effect (TABLE 2). As DR5
is a transcriptional target of p53 (REF. 88), a simplistic
model would be that activation of the p53 pathway in
response to cytotoxic agents underpins the synergistic
effects seen using chemotherapeutics and stimulators
of the TRAIL pathway. However, in tumour cells lack-
ing wild-type p53, chemotherapeutic agents can both
upregulate TRAILRs and synergize with TRAIL®, indi-
cating that other molecular interactions are sufficient to
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Table 1 | Combination studies using recombinant TRAIL or agonsitic anti-TRAILR mAbs and other anticancer agents (part 1)

Compound

Tumour model

Standard anticancer agents

Cisplatin

Doxorubicin

Etoposide

lonizing radiation

Irinotecan (CPT-11)

Paclitaxel, vincristine,
vinblastine, etoposide,
doxorubicin,
campothecin

Thoracic cancer
cells

Malignant
pleural
mesothelioma

Prostate cancer

Leukaemic B
cells

Mesothelioma

Prostate cancer
cells

Prostate cancer

Prostate and
bladder cancer

NF kB pathway inhibitors

17AAG

AS602868

Aspirin

BMS-3455541
Bortezomib &

geldanamycin

Bortezomib or
PS-1145

Curcumin

Nitrosylcobalamin

Lung cancer

Myeloma

Colon
adenocarcinoma
& breast cancer

Prostate
adenocarcinoma
& colorectal
carcinoma

Mantle cell
lymphoma

Pancreatic
cancer cell lines

Pancreatic
cancer cell lines

Prostate cancer
cells

Melanoma

Primary mechanism

DNA crosslinking

DNA intercalation
& topisomerase |l
inhibition

DNA damage

DNA damage

Inhibits topoisomerase |

Topisomerase | & 1l &
microtubule inhibition,
DNA damage, DNA
intercalation

Inhibited HSP90

Inhibited IKK

Inhibits activation of
IKK complex (IKKB)

Inhibited IKK

Synergistically block
NF«B activation

Inhibited IKK

Blocks phosphorylation
of lkBa.

Inhibits IKK activation,
decreases lkBau
phosphorylation &
inhibits NFkB DNA
binding

Secondary mechanism

Activation of caspases

Enhanced caspase 8, caspase 3 and
BID activation. Increase in BAX.
Downregulation of survivinand MCL1

Downregulation of c-FLIP, and c-FLIP¢

Clustering of TRAILR2 into
ceramide-enriched membrane platforms

Lower threshold for BID cleavage,
enhanced caspase 8 cleavage

Upregulation of TRAILR1, TRAILR2,
BAX and BAK and induction of caspase
activation. Downregulation of BCL2

Invitro: upregulation of BAX,
downregulation of BCL-X; . In vivo:
upregulation of BAK and BCL-X,,
downregulation of BCL-W and BCL-X_

Upregulation of TRAILR1, TRAILR2, BAX
& BAK, & slight downregulation of XIAP,
IAP1, 1AP2 & survivin

Decreased expression of RIP & IKKB &
phosphorylation & degradation of IkBou
blocked. Disabling the NF«B survival
signal led to synergistic apoptosis

Downregulation of c-FLIP,, IAP1, IAP2
BCL-X, & MYC, enhanced cleavage of
XIAP & MCL1 & decreased paracrine IL6
production

Downregulation of BCL-X,

Downregulation of BCL2

Downregulation of CFLAR

Downregulation of BCL-X,, BCL2, IAP1 &
cyclinD1

Downregulation of BCL-X, & XIAP

Increased TRAILR1 but not TRAILR2
expression; TRAILR3 upregulated but
TRAILR4 unchanged

Inhibition of XIAP

Efficacy tested in vivo?

Yes, H513 xenograft. Strong
tumoricidal effect; 3.7-fold
increase in survival

No

Yes, PC3 xenograft.
Significantly delayed tumour
growth

No
No

Yes, PC3 xenograft. Irradiation
then TRAIL led to tumour
irradication & 100% survival

Yes C4-2 xenograft.
Complete tumour
elimination in 1/3 mice

Yes, PC3 xenografts.
Inhibited tumour growth,
enhanced survival & reduced
angiogenesis

No

No

No

No
No

Yes, Panc-1 xenograft.
Reversed TRAIL resistance
& synergistically inhibited
tumour growth

No

Yes A375 xenograft.
Synergistic anti-tumour
activity

Refs

197

198

199

200

201

202

203

204

205

167

168

206

169

207

170

208

209

15d-PGJ,, 15-deoxy-A-prostaglandin ] ; BAK, Bcl2-homologous antagonist/killer; BID, Bcl2 homology domain 3-interacting domain death agonist; c-FLIP , CFLAR

isoform 1; c-FLIP,, CFLAR isoform 2; CLL, chronic lymphocytic leukaemia; DISC, death-inducing signalling complex; EGFR, epidermal growth factor receptor;

HDAC, histone deacetylase; HSP90, heat shock protein 90; IAP, inhibitor of apoptosis protein; IkB, NFkB inhibitor; IL6, interleukin 6; IKK, kB kinase; mAb,
monoclonal antibody; MAPK, mitogen-activated protein kinase; MCL1, myeloid leukaemia cell 1; mTOR, mammalian target of rapamycin; NFkB, nuclear factor xB;
PI3K, phosphoinositide 3-kinase; RIP, RPA-interacting protein; SAHA, suberoylanilide hydroxamic acid; SBHA, suberic bishydroxamate; Ser, serine; TRAIL, tumour

necrosis factor (TNF)-related apoptosis-inducing ligand; TRAILR, TRAIL receptor; XAntag, small molecule antagonist of XIAP.
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Table 1 | Combination studies using recombinant TRAIL or agonsitic anti-TRAILR mAbs and other anticancer agents (part 2)

Compound
SN50

Sorafenib

HDAC inhibitors
Depsipeptide

LAQ824

Sodium butyrate,
SAHA

SBHA

Valproic acid

Tumour model

Multiple myeloma

Colon
adenocarcinoma

Prostate cancer

Jurkat, B
lymphoblast,
primary myeloid
leukaemia blast
samples

Leukaemia cell
lines

Melanoma

CLL

PI3K pathway inhibitors

15d-PG),

1L-6-hydroxy-
methyl-chiro-inositol
2(R)-2-O-methyl-3-O-
octodecylcarbonate

Fusion protein

of TRAIL & EGFR
blocking antibody
(scFv425:sTRAIL)

Gefitinib (Iressa)

Rapamycin

Wortmannin,
LY294002

Wortmannin,
LY294002

IAP inhibitors
Flavopiridol

DIABLO-mimic
compound

Smac-mimic
compound 3

XAntag

Leukaemic HL-60
cells

Leukaemic HL-60
cells

EGFR*A431,
Jurkat

Bladder cancer
celllines

Glioma

Prostate cancer

Leukaemia cell
line HL-60

Leukaemia cell
lines

Breast cancer cell
lines

Glioblastoma

Pancreatic cancer
celllines

Primary mechanism

Blocks NFkB nuclear
translocation &
inhibited transcription

Decreased NFkB DNA
binding ability

Inhibition of HDAC

Inhibition of HDAC

Inhibition of HDAC

Inhibition of HDAC

Inhibition of HDAC

Downregulation of
Akt expression &
phosphorylation

Akt inhibitor

EGFR inhibition
coupled to apoptosis
induced by crosslinked
TRAIL on cell surface

EGFR inhibition

mTOR inhibitor, p70
S6 kinase 1 pathway
inhibition

PI3K inhibitor,
downregulates Akt

PI3K inhibitor,
downregulates Akt

Transcriptional
downregulation of XIAP

Binds IAPs, relieves
their inhibition of
caspases 3,769

Binds and eliminates
XIAP, IAP1 and IAP2
activities

Inhibition of XIAP

Secondary mechanism

Augments TRAIL sensitivity or reversed
TRAIL resistance

Downregulation of IAP2 and MCL1

Increased TRAILR1 & TRAILR2 in membrane
lipid rafts

Upregulated TRAILR1 and TRAILR2.
Downregulated CFLAR, BCL2, BCL-X,, XIAP
& survivin. Increased TRAIL-induced DISC
assembly

Increased BID activation, BAX
translocation, & caspase, p21 & BCL2
cleavage; downregulation of XIAP, cyclin D1

Upregulated pro-apoptotic caspase 8 & 3,
BID, BAK, BAX & BIM; downregulated
anti-apoptotic BCL-X, MCL1 & XIAP

Downregulation of CFLAR

Downregulation of XIAP, BCL2 & CFLAR;
activation of intrinsic & extrinsic apoptotic
pathways

Downregulation of anti-apoptotic
proteins IAP1,1AP2 & CFLAR, & of BAD
phosphorylation at Ser136

Downregulation of PI3K and MAPK
signaling. CFLAR downregulation and BAD
dephosphorylation

Downregulation of active Akt and XIAP

Downregulation of c-FLIP, but not

c-FLIP, mRNA. Suppresses polyribosomal
accumulation of c-FLIP, mRNA and c-FLIP,
protein expression

Allows cleavage of Bid, enables apoptosis
through mitochondria

Downregulated CFLAR levels through
NFkB-dependent mechanism

Enhanced caspase 8 and 3 cleavage, BID
activation and BAX translocation

Caspase 3 activation through
IAP-dependent mechanism

Enhanced caspase 8 cleavage

Activation of effector caspases 3 and 7

Efficacy tested in vivo?

No

Yes, HT29 xenograft.
TRAIL-resistant tumours
regressed

No

No

No

No

No

No

No

No

Yes, preliminary toxicity

studies show combination

is well-tolerated
No

No

No

No

No

No

Refs

210

211

97

93

94

95

212

213

100

101

214

105

215

102

216

108

109

110

15d-PCJ,, 15-deoxy-A-prostaglandin J ,; BAK, Bcl2-homologous antagonist/killer; BID, Bcl2 homology domain 3-interacting domain death agonist; c-FLIP , CFLAR

isoform 1; c-FLIP,, CFLAR isoform 2; CLL, chronic lymphocytic leukaemia; DISC, death-inducing signalling complex; EGFR, epidermal growth factor receptor;

HDAC, histone deacetylase; HSP90, heat shock protein 90; IAP, inhibitor of apoptosis protein; IkB, NFkB inhibitor; IL6, interleukin 6; IKK, kB kinase; mAb,
monoclonal antibody; MAPK, mitogen-activated protein kinase; MCL1, myeloid leukaemia cell 1; mTOR, mammalian target of rapamycin; NFkB, nuclear factor kB;
PI3K, phosphoinositide 3-kinase; RIP, RPA-interacting protein; SAHA, suberoylanilide hydroxamic acid; SBHA, suberic bishydroxamate; Ser, serine; TRAIL, tumour

necrosis factor (TNF)-related apoptosis-inducing ligand; TRAILR, TRAIL receptor; XAntag, small molecule antagonist of XIAP.
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confer TRAIL-sensitivity in the absence of a functional
p53 pathway. Some of these studies have been broadened
to include in vivo analyses of the combination approach
using xenograft models. These have had encouraging
results showing superior activity of the combination
over either single agent tested. However, there is evi-
dence that normal human hepatocytes, lymphocytes
and osteoblasts are sensitive in vitro to TRAIL-induced
apoptosis following co-treatment with chemotherapeutic
drugs®®, indicating that such combinations may have
toxicity profiles that limit the use of these therapies in
humans. Careful preclinical testing is required to char-
acterize these potentially harmful toxic side effects, espe-
cially as such combinations are already being assessed in
humans (TABLE 1).

TRAIL and NFkB pathway inhibitors. Constitutive
NF«B activity or sustained activation of the NFkB path-
way following TRAILR1 or TRAILR2 ligation can sup-
press TRAIL-mediated apoptosis (BOX 2). Accordingly,
agents that directly or indirectly suppress NF«B activ-
ity have been shown to strongly synergize with activa-
tors of the TRAIL pathway in vitro and in vivo (TABLE 2).
Interestingly, decreased expression of CFLAR, inhibitor
of apoptosis proteins (IAPs) and pro-survival Bcl2 family
proteins are common downstream effects of inhibiting
NFkB activity (TABLE 2), and CFLAR and IAPs in par-
ticular have been shown to suppress TRAIL-induced
apoptosis (BOX 4).

TRAIL and histone deacetylase inhibitors. Histone
deacetylase inhibitors (HDACIi) are promising new
anticancer agents that can induce tumour cell apop-
tosis, inhibit cell proliferation by blocking progression
through the G1 or G2/M phases of the cell cycle, induce
cellular differentiation, suppress angiogenesis and mod-
ulate anti-tumour immunity®’. The molecular rationale
for combining HDACi with TRAIL or agonistic anti-
TRAILR mAbs is based on findings that HDACi can
induce expression of TRAILRs*~% (TABLE 2). HDACi
can also increase the expression of pro-apoptotic
genes, including those in the intrinsic pathway* (such
as caspases, BAX and BAK) and decrease expression
of pro-survival genes (such as CFLAR and XIAP (also
known as BIRC4))*2. Interestingly, the HDACi depsi-
peptide induced the localization of TRAILRs to lipid
rafts, resulting in enhanced TRAIL-mediated apop-
tosis””. These in vitro results suggest that a combina-
tion of HDACi and TRAIL-stimulatory agents may be
therapeutically desirable. Whether the combination of
HDACI with TRAILR agonists will prove effective in the
clinic remains to be seen, with some results suggesting
cause for concern. A recent study has shown that ex vivo
treatment of healthy liver explants with TRAIL does not
result in apoptosis, but that treatment with depsipep-
tide sensitizes normal hepatocytes to TRAIL-mediated
apoptosis®. However, we have recently demonstrated
that a combination of vorinostat and the agonistic anti-
mTRAILR2 mAb MD5-1, but not either agent alone,
eradicated established mouse mammary tumours in the
absence of significant toxicity®.

REVIEWS

TRAIL and kinase inhibitors. Activation of signalling
cascades involving the PI3K-Akt pathway might nega-
tively regulate TRAIL-induced apoptosis, so suppressing
the activity of one or more key proteins in this path-
way may augment TRAIL-mediated apoptosis (BOX 3).
Pharmacological inhibition of PI3K or Akt can be
achieved in a number of ways: first, inhibiting the activ-
ity of receptor tyrosine kinases that function upstream of
PI3K-Akt using agents such as gefitinib (Iressa); second,
specifically inhibiting PI3K or Akt by using, for example,
LY294002, which inhibits PI3K; or, third, using com-
pounds that inhibit PI3K or Akt in a less specific manner,
such as amiloride. All these approaches have been shown
to sensitize cells to apoptosis induced by TRAIL!*-1%
(TABLE 2). Mammalian target of rapamycin (mTOR, also
known as FRAP1) is an important downstream target of
PI3K-Akt, and inhibition of mTOR activity by rapamy-
cin also sensitizes tumour cells to TRAIL-mediated cell
death'”. Given the surge in activity to develop new com-
pounds that specifically target the PI3K-Akt-mTOR sig-
nalling pathway'®®, and the apparent synergy between
inhibition of this pathway and stimulators of the TRAIL
pathway, this appears to be an attractive area for further
preclinical and clinical investigation.

TRAIL and inhibitors of CELAR and IAPs. Given the
potent inhibitory effects of CFLAR and IAPs in medi-
ating resistance to TRAIL-induced apoptosis (BOX 4),
directly or indirectly inhibiting the expression and/
or function of these proteins is an attractive option for
combination studies involving TRAIL or agonistic anti-
TRAILR mAbs. At present, small-molecule inhibitors or
cell-permeable peptides directly targeting CFLAR have
not been produced, although efforts to develop such
agents are expanding'”’. By contrast, small-molecule
IAP inhibitors have been developed and these can syn-
ergize with TRAIL to induce tumour cell apoptosis'®-1°.
The simplest mechanistic model to explain the syner-
gistic apoptosis seen using IAP inhibitors and activa-
tors of the TRAIL pathway is that suppression of IAP
activity allows for more potent caspase activation fol-
lowing TRAILR oligomerization, resulting in enhanced
apoptotic signal transduction. However, recently four
papers published by different groups using different IAP
antagonists indicated that these agents mediate single-
agent anti-tumour activity through the induction of
TNFa expression, resulting in autocrine activation
of TNFRI (REFS 111-114). A series of elegant genetic studies
demonstrated that IAP inhibitors mediate the activa-
tion of canonical and non-canonical NFkB pathways
with activation of the non-canonical pathway occurring
through stabilization of NIK that is targeted for degra-
dation by IAP1 (also known as BIRC3) and IAP2 (also
known as BIRC2) (REFS 111,112). Given that activation of
canonical NFxB signalling appears to antagonize TRAIL-
mediated apoptosis (BOX 2), it would seem counterintui-
tive that enhanced NF«B signalling may sensitize cells
to TRAIL-mediated death. However, it is possible that
non-canonical NFkB signalling alters the overall NFkB
signal emanating from the TRAILRs in such a way that a
more pro-apoptotic environment exists.
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Table 2 | Clinical trials using recombinant human TRAIL or agonistic anti-TRAILR mAbs

Agent

Mapatumumab (HGS-ETR1)
Mapatumumab (HGS-ETR1)
Mapatumumab (HGS-ETR1)

Mapatumumab (HGS-ETR1)
plus paclitaxel and
carboplatin

Mapatumumab (HGS-ETR1)

Mapatumumab (HGS-ETR1)

Lexatumumab (HGS-ETR?2)

Lexatumumab (HGS-ETR2)
Lexatumumab (HGS-ETR?2)

plus gemcitibine, pemetrexed,

doxorubicin or FOLFIRI
AMG 655 (anti-DR5)

Apomab (anti-DR5)
AMG951 (rhAPO2L/TRAIL)

AMGI51 (rhAPO2L/TRAIL)
AMG951 (rhAPO2L/TRAIL)

AMG951 (rhAPO2L/TRAIL)
plus rituximab

Phase Tumour type Patients Observed responses Most common adverse events Refs
(n) (number of patients)
1 Solid 49 Stable disease (19) Fatigue, fever, myalgia 131
| Solid and NHL 15 None reported Thrombocytopenia 132
| Solid 24 Stable disease (8) Thrombocytopenia, hypertension 133
| Solid 28 Partial response (4) Neutropenic fever (attributed to 134
chemotherapy), hypersensitivity
(attributed to HGS-ETR1), fatigue, myalgia,
transaminitis, anorexia, arthralgia
Il NSCLC 32 Stable disease (9) Fatigue, cough, nausea, dyspnea, 135
constipation, vomiting
Il NHL 40 Complete response (1)  Shingles, fever 136
Partial response (2)
Stable disease (12)
Solid 37 Stable disease (12) Constipation, fatigue, mild nausea at 10 137
mg per kg
Sepsis, acute renal failure, transaminitis,
hyperbilirubinaemia at 20 mg per kg
| Solid 31 Stable disease (10) Hyperamylasaemia 138
1b Solid and 41 Partial response Anaemia, fatigue and dehydration 139
haematological (doxorubicin and
FOLFIRI arms)
| Solid 16 Partial response (1) Pyrexia, fatigue, hypomagnesaemia, 141
Stable disease (4) increased serum lipase
| Solid 26 Stable disease (1) None reported 142
| Solid, NHL 51 Partial response (1) Fatigue, nausea, vomiting, anaemia, 143
Stable disease (13) pyrexia, diarrhoea, headache, anorexia
1A Solid and 39 None reported None reported 144
haematological
1A CRC, sarcoma, 31 Partial response (1) None reported 145
NSCLC Stable disease (5)
1B NHL 7 Complete response (2)  None reported 146

Partial response (1)

Stable disease (2)

CRC, colorectal carcinoma; DR5, death receptor 5; FOLFIRI, folinic acid, fluorouracil and irinotecan; mAb, monoclonal antibody; NHL, non-Hodgkin lymphoma;
NSCLC, non-small-cell lung cancer; TRAIL, tumour necrosis factor (TNF)-related apoptosis-inducing ligand; TRAILR, TRAIL receptor.

Screens for other genes that affect TRAIL-induced
apoptosis. Loss-of-function ‘synthetic lethal” screens
to identify genes that functionally interact with TRAIL
using TRAIL-treated cells and kinome-specific siRNA
libraries''>!¢ or a genome-wide siRNA library"” iden-
tified both sensitizer and inhibitor genes. Members
of the glycogen synthase kinase family (GSK3A and
GSK3B) were identified in all three screens as regulating
TRAIL-induced apoptosis. In one screen, knockdown
of GSK3A inhibited TRAIL-induced apoptosis'**, and
in other screens knockdown of GSK3A"” and GSK3B"*
sensitized cells to TRAIL. The association between loss
of function of GSK3B and enhanced TRAIL sensitivity
is particularly interesting given that GSK3f nega-
tively regulates the expression of the oncogene MYC.
Enhanced expression of MYC confers sensitivity to
TRAIL-mediated apoptosis''®''’, whereas knockdown
of Myc"'>"? and transcriptional regulators of Myc such
as TCF4 conferred resistance to TRAIL'™. Interestingly,
BUBI (encoding a protein kinase involved in regulat-
ing the spindle checkpoint), PAKI (encoding a protein

kinase activated by CDC42 and RAC1) and various
cyclin-dependent kinases were identified in two differ-
ent screens as TRAIL suppressor genes. It is therefore
apparent that unbiased functional genomics screens
are a powerful tool to identify molecular pathways that
regulate the apoptotic activity of TRAIL and identify
proteins that may either be targeted by pharmacological
or biological agents to enhance TRAIL-mediated apop-
tosis or, in the case of overexpression of MYC, may act
as biomarkers for TRAIL sensitivity.

Combining TRAIL with immune-based therapies.
The anti-mTRAILR2 mAb MD5-1 triggers tumour
cell death directly through caspase activation, but also
evokes tumour-specific CTL that could also eliminate
anti-TRAILR2-resistant variants®. Thus, combining
primary tumour cell death with T-cell activation may be
an attractive approach to augment the therapeutic effect
of the anti-mTRAILR2 mAb and other mAb-based
tumour targeting'”. Based on this hypothesis, we have
combined MD5-1 with agonistic anti-CD40 mAb
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Box 4 |IAPs and CFLAR

TRAIL (tumour necrosis factor (TNF)-related apoptosis-inducing ligand)-mediated
apoptosis can be inhibited by apoptotic regulatory mechanisms that function
downstream of receptor ligation. CASP8 and FADD-like apoptosis regulator
(CFLAR) is an inhibitor of death receptor signalling that, owing to the presence of
a death effector domain (DED) but lack of cysteine protease activity, interacts
with FADD and/or caspase 8 through DED-DED interactions but inhibits
TRAIL-mediated caspase 8 autoactivation and subsequent apoptosis'®!®’ (FIC. 1).
CFLAR is overexpressed in diverse tumour types'® and this, coupled with its
defined role in inhibiting death receptor-mediated apoptosis and ability to
promote cell proliferation'®, indicates that it may function as a bona fide
oncoprotein.

Members of the inhibitor of apoptosis protein (IAP) family such as IAP1, IAP2 and
XIAP were initially proposed to block apoptosis by binding to active caspases 3, 7
and 9 and inhibiting subsequent cleavage of downstream substrates.
Overexpression of these proteins has been reported in a variety of tumour types
and is associated with poor disease prognosis'®°. In addition to the somewhat
passive role of blocking the proteolytic activity of caspases, IAPs have E3 ligase
activity'®* and may induce caspase ubiquitylation resulting in altered caspase
stability or function'®?. IAPs are neutralized by DIABLO (also known as SMAC), a
protein released from the mitochondria following membrane
permeabilization'®*'**. High levels of IAPs can reportedly suppress
TRAIL-mediated apoptosis, and introduction of exogenous DIABLO*® or
knockdown of endogenous XIAP by RNA interference!*® sensitizes TRAIL-resistant
cells to TRAIL-mediated apoptosis. Targeting IAPs using small-molecule mimetics
of DIABLO to sensitize tumour cells to TRAIL-mediated apoptosis is an attractive
therapeutic approach currently being tested in preclinical models.

and agonistic anti-CD137 (4-1BB) mAbD treatments
to enhance activation of T cells, and coined the com-
bination “trimAb”. Indeed, trimAb promptly induced
tumour-specific T cells in the draining lymph node
and resulted in the complete rejection of established
TRAIL-sensitive mouse tumours'?!. Moreover, trimAb
therapy could induce complete regression of tumour
masses containing 90% apoptosis-resistant variants.
Importantly, trimAb therapy also induced complete
tumour rejection in a large proportion of mice bearing
established MCA-induced sarcomas, despite the known
heterogeneity of these tumours and their capacity to
evade natural immunity'#. TrimAb-induced tumour
rejection was mediated by CD8* T cells, and a great
advantage of trimAb therapy is that tumour antigens
do not have to be defined for therapeutic application.
We have also reported that IL21 enhanced the induction
of tumour-specific CTLs by MD5-1 alone or trimAb
in mice'**'*!, Thus, cytokines enhancing CTL expan-
sion, effector function or survival could be favourable
reagents to combine with anti-death-receptor therapy.
However, taking such a complex experimental combina-
tion to the clinic has significant logistical hurdles that

need to be overcome.

The proteasome inhibitor bortezomib has direct
anti-tumour effects and sensitizes tumour cells to kill-
ing through TRAIL. In a tumour-purging assay, in which
tumour bone marrow cell mixtures were placed into
lethally irradiated mice, only treatment with a combi-
nation of NK cells and bortezomib resulted in significant
tumour-free survival of the recipients'”. These results
demonstrated that bortezomib treatment can sensitize

tumour cells to NK cell-mediated killing by TRAIL.

REVIEWS

Recently there have been reports indicating that a
combination of anti-CD20 antibodies (rituximab) and
rTRAIL or agonistic anti-TRAILR mAbs is efficacious
against NHL in experimental mice'**'¥”. Moreover, a
rituximab-refractory NHL cell line remained sensitive
to the combination of rituximab and rTRAIL in vivo but
was resistant to the monotherapy. Interestingly, deple-
tion of endogenous NK cells or complement reduced
the in vivo efficacy of the combination, indicating that
engagement of the innate immune response has an
important therapeutic role'”’.

TRAIL and agonistic anti-TRAILR mAbs: clinical use
Early-phase clinical trials have been initiated in cancer
patients, testing for safety, pharmacokinetics and pre-
liminary evidence of anti-tumour activity using solu-
ble rTRAIL (co-developed by Genentech and Amgen),
and mAbs targeting TRAILRI, such as mapatumumab
(HGS-ERT1 developed by Human Genome Sciences
(HGS)), and TRAILR2, such as lexatumumab (HGS-
ETR2 developed by HGS), AMG 655 (developed by
Amgen) and apomab (developed by Genentech) (TABLE 1).
Given the possible role of decoy receptor expression in
regulating sensitivity to TRAIL (BOX 1), some tumour
cells expressing TRAILR1 or TRAILR2 may still be
protected from rTRAIL-induced apoptosis. mAbs gen-
erally have a longer half-life in vivo than recombinant
proteins and, thus, specific targeting of death-inducing
TRAILR1 and/or TRAILR2 by agonistic mAbs is
theoretically a more effective approach than using
the rTRAIL ligand. Conversely, although cancer cells
express more TRAILR1 and TRAILR2 than normal
cells'®, anti-TRAILRI or anti-TRAILR2 mAbs may be
potentially more toxic than rTRAIL, as the decoy recep-
tors might protect TRAILR1- and TRAILR2-expressing
normal cells from TRAIL-induced killing'**"%. It is
tempting to speculate that the relative sensitivity of a
cell to TRAIL could be predicted based on the expres-
sion of TRAILRs that can or cannot directly transmit
an apoptotic signal. However, a true understanding is
needed of the complex molecular interplay between
the functions of the different receptors and the roles
of various downstream signal transduction pathways
(BOXES 2-4) that are activated by TRAIL.

In three phase I trials, patients with advanced solid
malignancies were treated with intravenous doses of
humanized mapatumumab ranging from 0.01 to 20 mg
per kg'¥'"13 (TABLE 1). In one trial, the half-life of mapa-
tumumab at 10 mg per kg every 14 days was 18.8 days
(£10.1 days). No complete or stable responses were
reported, although ~37% of patients reported had stable
disease. A study using mapatumumab in combination
with gemcitabine and cisplatin has reported no major
toxicities to date, and partial responses were reported in
4 out of 28 patients enrolled in the trial™**. Two phase II
studies with mapatumumab have commenced in patients
with non-small-cell lung carcinoma'*® and NHL'*
(TABLE 1). Encouragingly, 1 complete response and 2 par-
tial responses were observed in the NHL study with 12
out of the 40 patients in the trial showing stable disease
and few adverse events recorded.
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Clinical trials using lexatumumab'*”"** have also dem-
onstrated that this agent is well-tolerated when used as
a monotherapy at 10 mg per kg; however, dose-limiting
toxicities were observed at 20 mg per kg with one patient
going into renal failure'”” (TABLE 1). The half-life of lexa-
tumumab at 10 mg per kg averaged 16.4 (+£10.9) days.
Twelve patients had durable stable disease that lasted a
median of 4.5 months, including three patients with sar-
coma having prolonged stable disease (26.7 months).
Combination therapies using lexatumumab and chemo-
therapeutic drugs were generally well-tolerated'®.
Tumour shrinkage was observed in the FOLFIRI (folinic
acid, fluorouracil and irinotecan) and doxorubicin armes.
In addition, a second anti-TRAILR2 mAb (HGS-TR2])
developed by HGS in collaboration with Kirin Pharma
is in a phase I clinical trial, although few details are cur-
rently available. Recently, both Amgen and Genentech
have developed their own anti-TRAILR2 mAbs and
both have entered phase I clinical testing. A partial
response (1 patient) and stable disease (4 patients) have
been reported in 16 patients with solid cancers treated
with the Amgen agent AMG 655 (REF. 141), and stable
disease was observed in 1 out of 26 patients with solid
tumours treated with apomab'** (TABLE 1).

Results from three phase I trials using AMG 951
(rhApo2L/TRAIL) have been reported!**-'** (TABLE 1).
Thirty-nine patients enrolled in a phase 1A study had
pharmacokinetics assessments at dose levels ranging from
0.5 to 15 mg per kg. AMG 951 clearance appeared propor-
tional to dose, and doses that can be safely administered in
humans produced serum concentrations consistent with
those demonstrating efficacy in tumour xenograft models.
AMG 951 is also being tested as a targeted therapy in com-
bination with rituximab'*, which, as detailed above, shows
promising synergistic activities in preclinical models. Six
subjects with low-grade NHL (4 with follicular NHL and 2
with small-cell NHL) were enrolled and treated with 4 mg
per kg rhApo2L/TRAIL and rituximab, and 1 subject (with
follicular NHL) was enrolled and treated with 8 mg per kg
rhApo2L/TRAIL and rituximab. There have been no dose-
limiting toxicities or serious adverse events or grade 3/4
adverse events reported to date. At this stage, 5 subjects
had undergone tumour response assessment: 2 patients
with complete response, 1 with partial response and 2 with
stable disease. Thus, the combination of thApo2L/TRAIL
at 4 mg per kg per day and rituximab appears safe and
shows evidence of activity in subjects with low-grade NHL
that has relapsed following previous rituximab-containing
therapy. Enrolment is continuing to test thApo2L/TRAIL
at 8 mg per kg plus rituximab for expanded safety data and
further dose optimization.

Although these early trials are promising, it is impor-
tant to recognize that the utility of rTRAIL and agonistic
anti-TRAILR mADb therapies is limited to patients with
TRAIL-sensitive tumours. It is also obvious that TRAIL
sensitivity will vary among individual cancer patients,
even if preferential TRAIL-sensitivity and TRAILR1
and TRAILR2 expression in certain cancer cell types
were reported. The efficacy of TRAILR-targeting thera-
pies will be dramatically improved when diagnostic
methods determining TRAIL sensitivity of clinically

detectable human cancers are developed. Along those
lines, a phase 1A trial is underway evaluating the safety
and tolerability of AMG 951 in patients with advanced
tumours, and the aim is to develop and validate high-
throughput pharmacodynamic assays to monitor AMG
951 activity in easily accessible patient samples such as
serum'®. Increases in serum caspase 3 and caspase 7
and genomic DNA levels were observed in >50% of the
patients with colorectal cancer, lung cancer and sarcoma
evaluated. Preliminary analyses showed the percentage
increase correlated using both analytes and was dose-
dependent. These findings support the use of serum-
based pharmacodynamic assays to monitor rhApo2L/
TRAIL activity in patients with advanced tumours.

Barriers to clinical application of the TRAIL pathway. It
is clear that the potential toxicity of therapy versus the
efficacy of tumour treatment will be limiting in patients.
Induction of apoptosis in normal human cells, such
as hepatocytes and keratinocytes, by some rTRAIL and
anti-TRAILR mAbs has been reported in vitro*-'*,
and two recent studies have shown that the TRAIL-DR5
pathway may contribute to hepatotoxicity and bile duct
toxicity in mice either treated with anti-mouse DR5 mAb
or intervened by bile duct ligation'>'"*%. Thus, administra-
tion of rTRAIL or agonistic anti-TRAILR mAbs might
induce cytotoxicity in some normal cells in patients.
Hepatotoxicity with increased serum alanine amino-
transferase, aspartate aminotransferase and bilirubin
was reported in a few patients when treated with higher
doses (20 mg per kg) of lexatumumab (TABLE 1). As this
is an observation in humans rather than a test of toxicity
in animals, and it supports the recent mouse studies of
Takeda and colleagues showing that the anti-DR5 mAb
can induce cholangitis and cholestatic liver injury in
mice'?, it needs to be taken seriously. Even if this unfa-
vourable effect were observed only in a dose-limiting
manner and using one anti-human anti-TRAILR mAb,
the mechanisms underlying hepatotoxicity would need
to be delineated, as this will provide novel information
for safer treatment with anti-TRAILR2 mAbs in humans
in the future. Intriguingly, it was recently reported that
TRAIL strongly induced apoptosis in explants from stea-
totic and hepatitis C virus-infected livers*. The authors of
this study therefore cautioned care in the use of TRAIL in
patients with inflammatory liver diseases. It is possibly too
early to know whether hepatotoxicity or bile duct toxic-
ity might limit recombinant TRAIL- and anti-DR5-based
therapeutic approaches in humans. Certainly, extreme
care needs to be taken when progressing to combination
therapies where new sensitivities to the TRAIL-TRAILR
pathway may manifest.

Immature human and mouse DCs are sensitive to
TRAIL-mediated apoptosis in vitro'*'*!, and immature
mouse DCs generated in vitro were eliminated in vivo by
NK cells in a TRAIL-dependent manner'®. Moreover,
negative regulatory functions of TRAILR2 on innate
immune responses have been shown using TRAILR-
deficient mice'®®. These reports suggested a possible
immune suppressive effect of rTRAIL or anti-TRAILR
mAD treatments that might result in an increased
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frequency of infectious diseases during therapy. However,
to date, there is no evidence for severe immune suppres-
sion by TRAIL or anti-TRAILR mAb treatments in any
experimental setting or clinical trial. Even so, it will be
important to monitor immune status during TRAIL
or anti-TRAILR mAb therapies, when combined with
chemotherapy and/or radiotherapy. A combination of
antibodies that target different steps within the immune
response that collectively induce anti-tumour immunity
is one of most rational strategies to eradicate established
tumour masses. However, we advise caution in the use
of such approaches given the immense power of the
immune system; a clear assessment of unfavourable
side effects, including autoimmune reactions, must be
made. Moreover, it has been noted that overactivation
of the immune response can result in hepatotoxicity (for
example, concanavalin A-induced hepatitis). Moreover,
it has been reported that hepatocytes can have aug-
mented TRAIL sensitivity during viral infections, alco-
hol intake and cholestasis®®!'**-'%°. Thus, disorders of
hepatic function are the most likely side effects during
TRAILR-targeting monotherapy or combination therapy.
Regardless, targeting TRAILRs should be safer and more
useful than cancer therapies that target other members
of the death-inducing TNF receptor superfamily®.
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Conclusion and perspective

Since the initial identification of TRAIL and TRAILRs
a little over a decade ago there has been exceptional
progress in understanding how TRAIL selectively kills
tumour cells, to identify and molecularly decipher the
pro- and anti-apoptotic pathways that are activated
following TRAILR ligation and to develop therapeutic
agents that can engage the pathway. The development
of rTRAIL and agonistic anti-TRAILR mAbs has rap-
idly advanced and encouraging clinical trial results
have been reported, but questions still remain regard-
ing the role(s) of the decoy TRAILRs and the cellular
and molecular contexts in which activation of NFkB,
PI3K-Akt and other signal transduction pathways
impinge on the physiological and therapeutic activities
of TRAIL. Moreover, there is experimental evidence
that ligation of TRAILRSs in cells that cannot initiate an
apoptotic signal results in activation of pathways that
may stimulate cell proliferation, survival and migra-
tion, and the physiological effects of such situations
need to be fully appreciated. Answers to these questions
will undoubtedly provide a clearer scientific rationale
for combining agents that activate the TRAIL pathway
with small molecules or biologicals that are most likely
to be therapeutically advantageous.
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