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Abstract

Apoptosis is a key regulator or tissue homeostasis. Death ligands and death receptors of the tumor necrosis factor (TNF)
family play crucial roles in mediating apoptosis. TNF-related apoptosis-inducing ligand (TRAIL) is unique amongst death
ligands in that it uniquely induces apoptosis in transformed cells, but not normal cells. Indeed, TRAIL is being developed
as an anticancer therapy. However, many malignant tumors are resistant to apoptosis induction by TRAIL. Understanding
the mechanism of resistance to TRAIL-mediated apoptosis will not only provide insight regarding transduction of the death
signal, but will also be essential for designing strategies to overcome resistance to TRAIL for clinical applicatons. In this
review, we focus on the apoptosis signaling pathways stimulated by TRAIL, and summarize recent clues regarding TRAIL

physiology.
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Introduction

Cell death may occur by three major recognized
morphologic phenotypes, oncotic necrosis, autophagy,
and apoptosis, the latter also known as programmed
cell death. Apoptosis occurs in various physiologic and
pathologic situations and has an important regulatory
function in tissue homeostasis and immune regulation”.
In principle, there are two alternative pathways that initi-
ate apoptosis: one is mediated by death receptors on the
cell surface (referred to as the ‘extrinsic pathway’); the
other is mediated by mitochondria (referred to as the ‘in-
trinsic pathway’)™”. In both pathways, caspases, cysteine
aspartyl-specific proteases are activated and cleave cellu-
lar substrates; it is caspase activation which leads to the
biochemical and morphological changes characteristic of
apoptosis”. Apoptosis pathways are tightly controlled by
a number of inhibitory and promoting factors”. Defects
in the apoptosis inducing pathways can eventually lead to
expansion of a population of neoplastic cells. Resistance
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to apoptosis can also augment the escape of tumor cells
from surveillance by the immune system. Moreover,
because chemotherapy and irradiation act primarily by
inducing apoptosis, defects in the apoptotic pathway pro-
duce cancer cells resistant to therapy. Therefore, an un-
derstanding of the molecular events that regulate apop-
tosis and how cancer cells evade apoptosis may provide
new opportunities for pathway based rational anticancer
therapy.

In this article, we provide an overview of death recep-
tor pathways and their referrence to cancer cell apoptosis.
We also discuss recent clues to the physiological role of
TRAIL, and explain the scientific rational for its further
study as an anticancer agent.

Death receptors and ligands

Death receptors are members of the tumor necrosis
growth factor (TNF) receptor gene superfamily, which
consists of more than 20 proteins with a broad range
of biological functions including the regulation of cell
death and survival, differentiation or immune regula-
D Death receptors trigger apoptosis after binding
with cognate ligands or in experimental conditions,
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agonistic antibodies®”. Death receptors are type-I trans-
membrane proteins with a C-terminal intracellular tail, a
membrane-spanning region, and an extracellular ligand-
binding region containing 1-5 cysteine-rich domains, and
a cytoplasmic domain of about 80 amino acids called ‘the
death domain’. The death domain is essential for trans-
mitting the death signals from the cell surface to intra-
cellular signaling pathways. To date, the well character-
ized death receptors comprise Fas (CD95/ APO-1), TNF
receptor 1 (TNFR1), TNF-related apoptosis inducing li-
gand (TRAIL) receptor 1 [TRAIL-RI, also referred to as
death receptor 4 (DR4)], TRAIL receptor 2 (TRAIL-R2,
also referred to as DR5/ Killer/ TRICK?2].

The corresponding ligands of TNF superfamily com-
prise death receptor ligands such as Fas ligand (FasL),
TNFa, and TRAIL, which are type II transmembrane
proteins, which may also exist as soluble molecules after
cleavage by proteases present in the microenvironment.
The cleavage forms can be biologically active.

TRAIL and TRAIL receptors

TRAIL was originally identified on the basis of se-
quence homology to FasL and other members of the
TNF superfamily'”. This protein was independently
discovered by another group of investigators and named
Apo2L'”. TRAIL shares 28% amino acid (aa) sequence
identity with FasLL and 23% identity with TNF. TRAIL
consists of 281 and 291 aa in the human and murine
forms, respectively, which share 65% identity. TRAIL
is expressed as a type II transmembrane protein'”, and
its extracellular region can be cleaved proteolytically
to release a biologically active soluble molecule. While
TRAIL mRNA is constitutively expressed in a wide
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variety of normal tissues and tumors, the expression of
functional TRAIL protein appears to be rather restricted
to immune cells, including T cells, NK cells, monocytes,
dendritic cells (DCs), and neutrophils”"”, suggesting
that the presence of TRAIL mRNA does not neces-
sarily reflect functional protein expression due to post-
transcriptional and/or post-translational regulation.

Like most other TNF family members, TRAIL binds
to its membrane receptors as a homotrimer'®. So far, five
human receptors specific for TRAIL have been identified
(Fig. 1). TRAIL-R1 (DR4)"” and TRAIL-R2 (DR5)"*"”
are the death receptors which contain a cytoplasmic
death domain motif that are activated by TRAIL and
transduce apoptotic signals. By contrast, two other re-
ceptors bind to TRAIL and appear to act as a ‘decoy’ (i.e.
they bind the ligand but do not transmit signals). Decoy
receptor (DcR)1 (TRAIL-R3)"??, which is a glyco-
phospholipid (GPI)-linked molecule without an intracel-
lular death domain, and DcR2 (TRAIL-R4)*"*”, which
contains a truncated non-functional death domain, are
unable to initiate apoptotic cell death although they have
close homology to the extracellular domains of DR4 and
DRS. Therefore, both receptors are incapable of trans-
mitting an apoptosis signal. Although another TNF fam-
ily receptor, osteoprotegerin (OPG)***?, binds TRAIL
with low affinity, this interaction appears to be of uncer-
tain physiological significance. DcR1, DcR2, and OPG
compete with DR4 and DRS5 for TRAIL-binding and
upon overexpression have been shown to inhibit TRAIL-
induced apoptosis.

In the mouse, only a single receptor resembling hu-
man DR4 and DRS5 exists, along with two DcRs that are
only distantly related by sequence homology to human
DcR1 and DcR2, and one close homologue of OPG.
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Fig. 1 Structures of human TRAIL receptors. TRAIL induces apoptosis via TRAIL-R1 (DR4) or TRAIL-R2 (DR5), which has
a death domain in the cytoplasmic region. Two additional receptors, TRAIL-R3 (DcR1) with a glycophospholipid (GPI)
anchor and TRAIL-R4 (DcR2) with a truncated death domain, do not signal apoptosis and can act as decoys. OPG may
also act as a soluble decoy. TRAF binding motifs in the cytoplasmic regions of DR5 and DcR2 may be responsible for

NF-xB activation by these receptors.
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The human and murine TRAIL proteins share 65%
sequence identity. In contrast, human and cynomolgus
monkey TRAIL are 98% homologous, and the recep-
tor ectodomain sequence identity is 91% for DR4, 88%
for DRS, 84% for DcR2, and 99% for OPG, whereas
cynomolgus DcR1 appears to be a pseudogene. Indeed,
human TRAIL binds with similar affinity to human and
cynomolgus death receptors (Kd = 0.5 + 0.2 nM) (Truneh,
Sharma et al., 2000). The chimpanzee has homologs
of DR4, DRS5, DcR1, DcR2 and OPG, with sequence
identities ranging from 97% to 99% of the human coun-
terparts. Additionally, human TRAIL is capable of in-
ducing apoptosis in the rhesus mammary tumor cell line
CMMT110 and the transformed baboon lymphoblastoid
cell line CBI, further supporting its cross-reactivity with
non human primate death receptors. Thus, monkeys pro-
vide a more optimal model than rodents for preclinical
safety assessment of human TRAIL.

The signaling pathway of TRAIL-induced
apoptosis

Similar to Fas-L, TRAIL rapidly triggers apoptosis
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in many tumor cells”. The interaction of TRAIL with
its death receptors DR4 and DRS is the initial step in
TRAIL-induced apoptosis. The binding of TRAIL leads
to trimerization of the death receptors and activation of
receptor-mediated death pathway (Fig. 2). The activated
death receptors recruit and activate an adaptor protein
called Fas-associated death domain (FADD) through in-
teractions between the death domain (DD) on the death
receptors and FADD. The death effector domain (DED)
of FADD recruits and activates caspase-8, leading to
the formation of the death-inducing signaling complex
(DISC)*. Like FasL, the response to TRAIL is cell type
specific and might be characterized by two distinct cell
death pathways: in type I cells, extrinsic signals lead
to the activation of large amounts of caspase-8 and the
rapid cleavage of caspase-3 prior to loss of mitochondria
trans-membrane potential (“¥m). In contrast, in type II
cells, amplification through the mitochondrial pathway
(intrinsic pathway), initiated by cleavage of Bid by cas-
pase-38, is required for cellular apoptosis. In this pathway,
the truncated Bid (tBid) induces Bax and Bak mediated
release of cytochrome ¢ and Smac/DIABLO from mi-
tochondria. The released cytochrome ¢ binds to Apaf-1

() Cytochrome ¢

I Apaf

/ T Caspase-9
——

Apoptosome

Fig. 2 TRAIL induced apoptosis signaling pathways. Trimerization of DR4 or DR5 by a TRAIL trimer leads to recruitment of an
adaptor FADD, which in turn recruits and activates caspase-8. In certain cell types (type ), activation of caspase-8 is
sufficient for activation of caspase-3, which executes cellular apoptosis (extrinsic pathway). In other cell types (type ),
amplification through the mitochondrial pathway, which is initiated by cleavage of Bid by caspase-8 and translocation of
the truncated Bid (tBid) to mitochondria, leading to Bax/Bak-mediated release of cytochrome-c and thereby caspase-9
activation by Apaf-1, is required for the caspase-3-mediated cellular apoptosis (intrinsic pathway). FLIP can prevent the
recruitment of caspase-8. Bcl-2 and Bcl-xL can suppress the Bax/Bak mediated release of cytochrome ¢ and Smac/
DAIBLO from mitochondria. IAPs can attenuate the activities of caspase-9 and caspase-3, although Smac/DIABLO can

counteract |IAPs.
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Fig. 3 TRAIL mediated NF-«B signaling through TRADD and RIP. Signaling of DR4 and DR5 results in the recruitment of RIP
to an FADD. RIP can then activate NIK, which phosphorylates IKK leading to proteasome degradation of phosphory-
lated IkB as well as nuclear translocation and anti-apoptosis signaling of NF-«xB.

activating caspase-9, which in turn activates the effector
caspase-3. TRAIL appears to signal by a type II pathway
in most tumor cells. Pro-apoptotic family members of
the Bcl-2 family, such as Bax or its homologue Bak, are
counteracted by the anti-apoptotic family members Bcl-2
or Bcl-xL. Other proteins belonging to the Bcl-2 family,
such as Bim, Bid, PUMA, and NOXA, contain only one
of the four Bcl-2 homology domains (BH3) common to
the rest of the family and increase the activity of Bcl-2
family pro-apoptotic members. These proteins are re-
ferred to as BH3 domain only proteins. Smac/DIABLO
binds to inhibitor of apoptosis proteins (IAPs), such as
X-chromosome-linked TAP (XIAP), preventing the IAPs
from physically binding caspase-3, hence promoting fur-
ther caspase-3 activation.

Upon binding of TRAIL-RI, -R2, TRAIL can also
activate the transcriptional factor NF-kB and c-Jun
N-terminal kinase (JNK). The activation of NF-xB
or JNK by TRAIL is mediated via TRADD (TNFR-
associated protein with death domain), and RIP (recep-
tor-interacting protein) and occurs independently of cas-
pase-8/-10 activation (Fig. 3).

Modulation of sensitivity to TRAIL

TRAIL induces apoptosis in many tumor cell lines,
but is non-toxic to normal cells. The mechanisms under-
lying preferential killing of tumor cells over normal cells
by TRAIL are not fully clear. Signal transduction to cell
death can principally be blocked by an increase in the
amount of antiapoptotic molecules involved in the regu-
lation of apoptosis or by down-regulation of proapop-
totic molecules. Sensitivity to anticancer therapy can be

regulated at various levels along the signaling pathways.
Importantly, cancer cells have evolved numerous ways
to evade induction of apoptosis triggered by the death
ligand TRAIL resulting in TRAIL resistance as outlined
below.

TRAIL receptors

Loss of expression of the agonistic TRAIL recep-
tors DR4 and DRS5 can account for TRAIL resistance.
Both receptors are located on chromosome 8p, a region
of frequent loss of heterozygosity (LOH) in tumors'.
In a small percentage of cancers, such as non-Hodgkin’
s lymphoma, colorectal, breast, head and neck or lung
carcinoma, deletions or mutations were found, which
resulted in loss of both copies of DR4 or DR5*". In ad-
dition, loss of DR4 or DR5 expression may be caused by
epigenetic alterations such as promoter hypermethylation
in neuroblastoma®”. Consistent with these reports, it has
recently been shown that loss of function of DRS5 using a
siRNA approach promotes colon tumor growth in xeno-
grafts and confers resistance to chemotherapy-induced
apoptosis, suggesting DR5 may be a pivotal determinant
for tumorigenesis and chemosensitivity™”.

Increased TRAIL sensitivity of tumor cells was ini-
tially postulated to result from the lack of DcR expres-
sion. TRAIL binds with high affinity to two receptors,
DcR1 and DcR2, both incapable of transmitting an apop-
totic signal due to absent or incomplete death domains.
Overexpression of these receptors protects cells from
apoptosis induction by TRAIL, suggesting that they act
as “decoys”, by sequestering the ligand from the signal-
ing death receptors. Decoy receptor mRNAs are ex-
pressed in various normal tissues, and there is evidence
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supporting a protective role for these receptors in certain
non-neoplastic cells. However, in most cancer cell lines,
DR4 and/or DRS are expressed, whereas DcR expression
is less frequent and does not appear to correlate with re-
sistance to TRAIL. Thus, there are probably additional
determinants for TRAIL sensitivity besides the relation-
ship between decoy and functional receptor expression.

Caspases

Given the important role of caspases as effector
molecules in apoptosis, inhibition of caspase activation
may be important in determiniing TRAIL resistance.
Convincing evidence is accumulating, which shows cas-
pase-8 to be a key and irreplaceable molecule in TRAIL-
induced as well as Fas L- and TNF-q-induced apoptosis.
Caspase-8 expression was found to be inactivated by
hypermethylation of regulatory sequences of the cas-
pase-8 gene in a number of different neuroblastoma, and
small lung cell carcinoma cells and tissue samples**™.
These observations suggest that down regulation or loss
of caspase-8 expression can lead to TRAIL resistance.
Importantly, restoration of caspase-8 expression by gene
transfer or by demethylation strategies sensitized resis-
tant tumor cells to death receptor-mediated apoptosis.

cFLIP

TRAIL signaling can also be negatively influenced
by intracellular proteins that associate with the cyto-
plasmitic domain of TRAIL receptors such as c-FLIP*”.
c-FLIP has homology to caspase-8 and -10, but lacks
protease activity’”. It is therefore thought that FLIP re-
cruitment to the DISC in place of the initiator caspases
blocks their activation. c-FLIP exists as a long (c-FLIP,)
and a short isoform (c-FLIPy), both of which can inhibit
death receptor-induced apoptosis. Interestingly, c-FLIPg
was identified in a screen for genes that could confer
resistance to TRAIL-induced apoptosis™”. High c-FLIP
expression has been detected in many tumors and has
been correlated with resistance to TRAIL-induced apop-
tosis. Overexpression studies suggest that FLIP is an
inhibitor of caspase-8 activation at the TRAIL DISC***",
and others have found correlations between FLIP levels
and TRAIL resistance®. Thus, FLIP appears to play an
important role in TRAIL resistance.

Inhibitor of apoptosis proteins

Increased IAPs expression is detected in many tumors
and has been correlated with adverse prognosis*’. IAP
proteins can block apoptotic events by inhibiting the
catalytic activity of effector caspases (caspase-3 and-7)
or by blocking the activation of the apopsomal caspase-9
by directly interacting with the active sites of these cas-
pases. Each IAP contains one or three tandem repeats
of evolutionarily conserved domains termed baculovirus
inhibitory repeats (BIR). Different BIRs are thought

to have different preferences for distinct caspases. So
far, six mammalian IAPs have been identified: cIAPI1,
cIAP2, X-linked inhibitor of apoptosis (XIAP), neuro-
nal apoptosis inhibitory protein (NAIP), survivin, and
BIR repeat containing ubiquitin-conjugating enzyme
(BRUCE). XIAP is the most potent inhibitor of caspase
activity. High expression of IAPs in cancer cells can con-
fer resistance to TRAIL-induced apoptosis. In addition
to regulation of apoptosis, IAP members such as survivin
are involved in the regulation of mitosis*?.

The activity of IAPs are controlled at various levels;
The transcription factor NF-xB that has been reported
to stimulate expression of cIAP1, cIAP2, and XIAP®,
In addition, IAPs can be blocked by Smac/DIABLO,
a mitochondrial protein that is released into the cyto-
sol during the apoptotic cascade, where it promotes
cell death by eliminating IAP inhibition of caspases*”.
Smac/Diablo is thought to interact with the BIR regions
on IAPs, thereby, releasing the caspases and promoting
apoptosis. Blocking the release of Smac/Diablo from
the mitochondria has been associated with resistance to

TRAIL in some, but not all, melanoma cell lines.

Bcl-2 family

Bcl-2 family proteins play an important role in the
regulation of the mitochondrial pathway, because these
proteins localize to intracellular membranes such as the
mitochondrial membrane*”. They comprise both anti-
apoptotic members, Bcl-2 or Bel-X, , as well as proapop-
totic molecules such as Bax or Bid. Altered expression
of Bcl-2 family proteins have been reported in various
human cancers. Imbalances in the ratio of anti- and pro-
apoptotic Bcl-2 proteins may favor tumor cell survival
instead of cell death. Overexpression of Bcl-2 or Bel-X;
blocked TRAIL-triggered apoptosis in many tumor cell
lines, e.g., prostate carcinoma, pancreatic carcinoma, or
glioblastoma cells*””. In addition, gene ablation stud-
ies showed that Bax was absolutely required for TRAIL-
induced apoptosis in colon carcinoma cells’”. However,
overexpression of Bcl-2 or Bel-X; did not interfere with
TRAIL-induced apoptosis in some cell types such as
Jurkat or CEM T cell leukemia cells™. Thus, the contri-
bution of the mitochondrial pathway to TRAIL-induced
apoptosis may depend on the cell type.

Recently, we have shown that Mcl-1, an anti-apoptotic
Bcl-2 protein, appears to regulate the sensitivity to
TRAIL™. We used RNA interference (RNAI) to specifi-
cally reduce Mcl-1 expression in a human cholangiocar-
cinoma cell line that is resistant to TRAIL. Mcl-1 deple-
tion sensitized cells to TRAIL-mediated apoptosis. Our
data demonstrates that Mcl-1 mediates TRAIL resistance
in cholangiocarcinoma cells by blocking the mitochon-
drial pathway of cell death.

The death receptor TRAIL in cancer cell apoptosis 5



NF-«xB

NF-kB is potently and rapidly activated after TNF
binding to TNFRI, generating a prosurvival signal that
must be overcome in many cell lines to enable TNF to
induce apoptosis. NF-kB has been reported to induce
expression of FLIP, Bcl-X,, and XIAP, which are con-
sidered to be responsible for its ability to protect cells
from death. While TRAIL can also activate NF-xB"**,
this stimulation is significantly attenuated and delayed
as compared to that of TNF, and requires a high concen-
tration of the ligand. Thus, NF-xB induction by TRAIL
may be a secondary, indirect event. Nonetheless, in a
cancer cell line with high constitutive NF-xB activ-
ity, specific downregulation of NF-xB by inactivation
of the I-xB kinase significantly sensitized the cells to
TRAIL®. Thus while TRAIL is unlikely to activate NF-
kB directly, in some contexts this transcription factor
can moderate sensitivity to the ligand.

Akt

There are numerous reports that activation of the
phosphatidylinositol 3-kinase/Akt pathway inhibits
TRAIL-induced apoptosis in a wide variety of tumor
cells”®. The mechanism by which activation of Akt
suppresses apoptosis may differ between cell types.
Akt has been shown to induce the expression of c-FLIP,
which can block TRAIL-induced apoptosis™. Akt can
also induce NF-xB activation, which can then suppress
apoptosis as indicated previously. More recently, we
have demonstrated that Akt regulates the antiapoptotic
Bcl-2 protein, Mcl-1 by post-translational processes in
cholangiocarcinoma cell lines, which leads to resistant
to TRAIL-mediated apoptosis®”. What may induce Akt
activation leading to suppression of apoptosis induced
by TRAIL may also vary. For instance some cells con-
stitutively express active Akt such as in prostate can-
cer cells®”. Epidermal growth factor receptor (EGFR)
signaling can also activate Akt, inducing resistance to
TRAIL®. In our study, the inflammatory cytokine IL-6
upregulates Akt, inducing Mcl-1, which blocks apopto-
sis. Interestingly, however, in some cells such as Jurkat T
cells, TRAIL itself can activate Akt, leading to apoptosis
resistance®. In human colon cancer cells, it was shown
that the expression of TRAIL itself is regulated by acti-
vation of Akt*”, suggesting an autocrine loop. Thus all
these reports indicate that Akt plays an important role in
TRAIL-induced apoptosis.

In summary, a balance between pro- and anti-apop-
totic factors that exist at the cell-surface and within the
cell determines susceptibility to TRAIL-induced cell
death. A better understanding of this relationship will
facilitate identification of patients whose tumors might
be most sensitive to TRAIL therapy. Moreover, defining
the mechanisms that permit tumor cells to acquire resis-
tance to TRAIL will be helpful in developing strategies

that maximize the potential effectiveness of this agent in
clinical application.

Physiological roles of TRAIL

Since it was discovered in 1995'”, the direct cytotoxic
effect of soluble recombinant TRAIL on a variety of tu-
mor cells has been widely studied. In numerous in vitro
studies, certain tumor cells have been shown to be sensi-
tive to TRAIL-induced apoptosis'"*”. However, it did not
induce apoptosis in most normal cells, including renal
proximal tubule epithelial cells, lung fibroblasts, mam-
mary epithelial cells, skeletal muscle cells, astrocytes,
melanocytes, colon smooth muscle cells, or hepato-
cytes®®”. Several studies have also shown that although
non-transformed cells such as keratinocytes® and PBL*”
express TRAIL and TRAIL receptors, they are not sensi-
tive to the cytotoxic effects of TRAIL.

In addition to its proapoptotic activity, several studies
point to a role for TRAIL in immune functions. It has
been shown that TR AIL-deficient mice have a severe de-
fect in thymocyte apoptosis and are also hypersensitive
to autoimmune diseases’”. Consistent with this report,
TRAIL appears to inhibit autoimmune inflammation
in experimentally induced rheumatoid arthritis’” and
multiple sclerosis’”. Dendritic cells are the most potent
antigen presenting cells for initiation of immune re-
sponses including antitumor immune responses. Human
immature dendritic cells have been shown to express
TNF, FasL, and TRAIL on their cell surface”™ and be
capable of inducing cancer cell apoptosis through these
death ligands. Other authors have demonstrated that
human dendritic cells express TRAIL on their surface
after stimulation with IFN-o or IFN-y and acquire the
ability to kill TRAIL sensitive tumor cells'. Similar ef-
fects are seen when monocytes are treated with IFN-¢, or
IFN-vy. TRAIL is upregulated and monocyte antitumor
cytotoxicity seems to be dependent on TRAIL induced
apoptosis'”. TRAIL is also induced on the surface of hu-
man peripheral blood T cells upon stimulation of TCR
receptor or treatment with type I IFNs. The cytotoxic
activity of these T cells was demonstrated to be TRAIL
dependent™. TRAIL is also expressed in mouse liver NK
cells but not on other lymphocytes isolated from liver
or spleen. By administration of neutralizing monoclonal
antibody against TRAIL to mice subcutaneously inocu-
lated with TRAIL-sensitive tumors, it was demonstrated
that blocking endogeneous TRAIL activity promoted
outgrowth of these tumors™. TRAIL also makes a criti-
cal contribution to the NK cell-mediated suppression of
liver metastasis’”. TRAIL expression in NK cells and the
antitumor and antimetastatic potential of these cells were
dependent on the presence of IFN-y. Thus, TRAIL, as a
physiologic mediator, is a tumor suppressor.

Little is known of TRAIL’s physiological role in
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TRAIL-resistant tumor cells, however, recent studies
have shown that FasLL promotes tumor progression by
facilitating cell invasion and migration’”®. Likewise,
it has been shown that TRAIL induces a proangiogenic
phenotype in human endothelial cells, including an in-
crease in both migration and invasion””. Indeed, TRAIL
was highly expressed in poorly differentiated non-small
cell lung cancer tumor®, and pancreas cancer’”, which
are resistant to chemotherapy and radiation. Similarly,
TRAIL is expressed by a subset of lymphomas®”, malig-
nant plasmocytoma cells®”, and ovarian carcinomas®”,
in which TRAIL expression has been correlated with the
degree of malignancy. Interestingly, increased expression
of TRAIL was observed by PCR and/or flow cytom-
etry after IFN-y stimulation in colon cancer cell*”, and
hepatoma cells*”. Consistent with these reports, we have
found that TRAIL is not only paradoxically expressed
in human cholangiocarcinoma, but also promotes cell
migration (Ishimura, unpublished data). Thus, TRAIL
is able to promote survival or proliferation as well as mi-
gration in TRAIL-resistant tumor cells.

Therapeutic attempts to target the cell death
machinery

Death receptors can trigger apoptosis independently
of p53, which is inactivated in more than half of human
cancers"”. Therefore, death receptor ligands are likely
effective against tumors that have acquired resistance
to chemotherapy or radiotherapy. In addition, they may
be useful in combination with conventional therapies
against tumors that retain at least partial sensitivity to
chemotherapy or radiation.

Despite these potential advantages, clinical applica-
tion of the prototypic death receptor ligands TNF and
Fas has been hampered by toxicity to normal tissues™ .
Systemic administration of Fas-L causes a severe inflam-
matory response syndrome or massive liver cell apop-
tosis, and relatively low concentrations of TNF-qo, given
intravenously cause hypotention and a systemic inflam-
matory response syndrome that resembles septic shock
by activating the pro-inflammatory NF-kB in vascular
endothelial cells and macrophages. To circumvent the
toxicity, perfusion of extremities with high concentration
of TNF-o has been used to enhance local and regional
control of large soft tissue sarcoma and in-transit metas-
tases for melanoma®”". In these investigations, TNF-q
is administered intra-arterially and sometimes combined
with melphalan, interferon-y, or heperthermia. The dem-
onstration that limb perfusion is associated with signifi-
cant antitumor activity has supported a role for TNF-¢
as a local and regional antitumor agent. The strategy of
regional perfusion with TNF-¢ has also been extended
to patients with liver metastases’”. In contrast, TRAIL
appears to be a relatively safe and promising candidate

for clinical application, particularly in its non-tagged,
zinc-bound homotrimeric form'”. Indeed, the ability of
TRAIL to induce apoptosis in a wide variety of cancer
cell lines, while having little toxicity toward many types
of normal cells. In mouse models, TRAIL demonstrated
remarkable efficacy against tumor xenografts of colon
carcinoma’, breast carcinoma®®, multiple myeloma%,
and glioma™. Currently, an agonistic human monoclonal
antibody to TRAIL-R1 is in phase II trials for the treat-
ment of human cancers.

The scenario emerging from all these studies is that
the therapeutic use of death ligand as an inducer of tumor
specific cell death may be considered as a useful strategy
to overcome resistance of cancer cells to conventional
chemotherapeutic agents’. However some concerns are
inevitable in light of a very recent report showing that not
only Fas-L but also TRAIL are able to induce cancer cell
migration in a wide range of neoplastic diseases’"""”.
Given the promising therapeutic potential of TRAIL as a
novel anticancer drug, TRAIL-mediated survival or pro-
liferation of target cells may restrict its use to apoptosis-
sensitive tumors and may represent a potential risk for
patients with TRAIL apoptosis resistant tumor cells as
it might increase tumor growth. Further studies based
on in vivo animal models of TRAIL apoptosis resistant
tumors are necessary to elaborate the clinical relevance
of TRAIL mediated survival and proliferation of TRAIL
apoptosis resistant tumors.

Conclusions

TRAIL is a potent inducer of apoptosis in most tumor
cells. IFNs are important modulators of TRAIL expres-
sion, and consistent with this finding, the ligand seems
to play an important role in surveillance by cells of the
innate immune system against malignant transformation
and viral-infection of host cells. Because of the differ-
ential toxicity towards transformed versus normal cells,
TRAIL shows promise as a potential cancer therapeutic
agent, and work is underway to enable its investigation
in cancer patients. TRAIL-R2 agonistic monoclonal an-
tibody therapy is currently being tested in phase II clini-
cal trials. However, the physiological role for TRAIL
in TRAIL-resistant cells remains to be characterized.
Further basic studies to elucidate the mechanisms of the
TRAIL resistance of normal cells, as well as tumor cells,
are still needed to improve the anti-tumor effect of this
strategy and the clinical relevance of TRAIL-mediated
survival and proliferation of TRAIL resistant tumors.
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