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Abstract The selective killing of cancer cells without tox-
icity to normal nontransformed cells is an idealized goal of
cancer therapy. Thus, there has been much interest in tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL),
a protein that appears to selectively kill cancer cells.
TRAIL has been reported to trigger apoptosis and under
some circumstances, an alternate death signaling pathway
termed necroptosis. The relative importance of necroptosis
for cell death induction in vivo is under intensive investi-
gation. Nonetheless, many cancer cells (particularly those
freshly isolated from cancer patients) are highly resistant to
TRAIL-mediated cell death. Therefore, there is an under-
lying interest in identifying agents that can be combined
with TRAIL to improve its efficacy. There are numerous
reports in which combination of TRAIL with standard anti-
neoplastic drugs has resulted in enhanced cancer cell death
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in vitro. However, many of these chemotherapeutic drugs
are nonspecific and associated with adverse effects, which
raise serious concerns for cancer therapy in patients. By
contrast, natural products have been shown to be safer and
efficacious alternatives. Recently, a number of studies have
suggested that certain natural products when combined
with TRAIL can enhance cancer cell death. In this review,
we highlight molecular pathways that might be targeted by
various natural products to promote cell death, and focus
on our recent work with withanolides as TRAIL sensitizers.
Finally, we will suggest synergistic approaches for combin-
ing active withanolides with various forms of immunother-
apy to promote cancer cell death and an effective antitumor
immune response.
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Abbreviations

APCs Antigen-presenting cells

Bak Bcl-2 homologous antagonist killer
Bax Bcl-2-associated X protein

Bid BH3-interacting domain death agonist
c-FLIP Cellular FLICE inhibitory protein

DAMPs Danger-associated molecular patterns
DD Death domain

DED Death effector domains

DISC Death-inducing signaling complex

DRs Death receptors

dsRNA Double-stranded RNA

FADD Fas-associated protein with death domain
Fas L Fas ligand

IAP Inhibitor of apoptosis,

MAPK Mitogen-activated protein kinase

MLKL Mixed lineage kinase domain-like
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NF-«kB Nuclear factor kappa-light-chain-enhancer of
activated B cells

NLRs NOD-like receptors

OPG Osteoprotegerin

PCD Programmed cell death

PI3K/AKT Phosphoinositide 3-kinase/protein kinase B

poly(I:C)  Polyinosinic—polycytidylic acid

PRR Pattern recognition receptor

RHIM RIP Homotypic interaction motif

RIG1 Retinoic acid-inducible gene I like receptors

RIP1 Receptor-interacting protein 1

SAR Structure—activity relationship

Smac Second mitochondria-derived activator of
caspase

TIR Toll/interleukin-1 receptor

TLRs Toll-like receptors

TNF Tumor necrosis factor

TNFR Tumor necrosis factor receptor

TRADD TNFR-associated death domain

TRAF2 Tumor necrosis factor receptor-associated
protein

TRAIL Tumor necrosis factor-related apoptosis-
inducing ligand

TRIF TIR-domain-containing adapter-inducing
interferon-f

Introduction

Programmed cell death (PCD) plays a pivotal role in
organogenesis and sculpting of complex tissues during
early stages of development and maintaining tissue home-
ostasis in adult life by eliminating cellular debris. There-
fore, PCD is considered as an evolutionary adaptation
which is an absolute necessity to ensure proper balance of
cell division and act as a surveillance system to suppress
viral infections and cancer development [1]. Apoptosis is
a form of PCD that has been extensively studied. It usu-
ally occurs in the absence of inflammation since apoptotic
cells are rapidly cleared by phagocytic cells. Insufficient
apoptosis can lead to uncontrolled cell division culminat-
ing in various malignancies [2]. Necrosis on the other hand
is considered to be a form of cell death characterized by
early plasma membrane permeabilization and organelle
swelling and is accompanied with a significant inflamma-
tory response [3]. However, recent studies have led to a rev-
elation that a subset of necrosis, known as necroptosis, is a
regulated form of cell death [4, 5]. In this review, we will
outline current information on molecular signaling path-
ways that control apoptosis and necroptosis. We will par-
ticularly focus on cancer cell death that could occur in the
context of an immune response, such as TNF family death
receptor signaling or signaling through toll-like receptors
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(TLRs). We will further describe how this cell death signal-
ing can be amplified by certain pharmacological interven-
tions and, finally, suggest rational ways whereby agents
that enhance cell death signaling might be optimally com-
bined with cancer immunotherapy.

Competing programs of cancer cell death
signaling: apoptosis versus necroptosis

Apoptosis

The most studied and coordinated form of PCD is apopto-
sis. The mechanisms controlling apoptosis involve a cascade
of energy-requiring molecular events and occur through
two distinct pathways called intrinsic (mitochondrial) path-
way relying on intracellular events or the extrinsic pathway
which signals after binding of death ligands belonging to the
tumor necrosis factor (TNF) superfamily to specialized death
receptors (DRs) present on the cell surface. Members of this
superfamily include Fas ligand (Fas L), TNF and TRAIL.
Both intrinsic and extrinsic apoptosis signaling pathways
are critically controlled by a family of serine proteases
called caspases [6, 7]. Since many cell stresses (including
much standard chemotherapy) engage the intrinsic apop-
tosis signaling pathway, mutations found in many cancer
cells allow them to evade this signaling pathway. Therefore,
in this review, we will focus on extrinsic apoptosis signal-
ing involving members of the TNF superfamily. Of these,
TRAIL has been anticipated to be a promising candidate for
cancer immunotherapy due to its selective tumor killing and
low toxicity. However, resistance to TRAIL therapy remains
a challenge facing the development of anticancer strategies.

Apoptosis signaling by TRAIL

Apoptosis signaling in response to TRAIL (also known as
Apo2/L) has been extensively reviewed in detail by others
[8, 9]. Briefly, TRAIL is a member of the TNF receptor
ligand superfamily, which induces apoptosis in tumor cells
but not in normal cells, thus delivering therapeutic benefit
in various malignancies. In humans, four transmembranes
and one soluble receptor for TRAIL have been identified.
Of these, two (TRAIL-R1 or DR4 and TRAIL-R2 or DRS5)
contain cytoplasmic death domains (DDs) and have the
capacity to induce apoptotic cell death and are the targets
of developing cancer therapies. These DDs are also cru-
cial for engaging downstream signaling components that,
depending on the cellular context, promote either apoptotic
or pro-survival pathways. The other three receptors DcR1
(TRAIL-R3), DcR2 (TRAIL-R4) and the soluble Osteopro-
tegerin (OPG) lack functional death domains and function
as decoy receptors. They can sequester TRAIL and lead to
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Fig. 1 Cell death signaling pathways for TRAIL and TLR3. Binding
of TRAIL to DR4 or DRS can result in the formation of the ripopto-
some (or complex-Ila) where FADD complexes with RIP via homo-
typic DD (yellow) to recruit and activate pro-caspase-8 to caspase-8.
Binding of double-stranded RNA to TLR3 can also promote ripop-
tosome formation following interaction between the adapter protein
TRIF and RIP1 via homotypic RHIM motifs (red). Under normal cir-

inhibition or suppression of apoptosis [10]. The enhanced
expression of the decoy receptors for TRAIL in normal
tissues versus tumor cell lines may account for the selec-
tive killing of tumor cell lines to TRAIL-mediated apopto-
sis [11]. Alternatively stressed cells, such as cancer cells,
often express higher levels of DRS on their cell surface as
described later in this review.

TRAIL is known to activate both intrinsic and the extrin-
sic apoptotic pathways based on the cell type. As illus-
trated in Fig. 1, the proximal apoptotic signaling pathway
of TRAIL is triggered by binding of trimerized TRAIL to
DR4 and/or DRS, followed by receptor clustering within
the lipid rafts leading to the recruitment of Fas-associated
protein with death domain (FADD). The receptor-ligand
and FADD complex in turn recruit procaspase-8 to the acti-
vated receptor, resulting in the formation of death-induc-
ing signaling complex (DISC) and subsequent activation
of caspase-8 through oligomerization and self-cleavage.
Activated caspase-8 then activates effector caspase-3. Cas-
pase-3 is then able to cleave many downstream substrates
to initiate apoptosis [12].

In some cell types, proteolytic caspase-8 further acti-
vates BH3-interacting domain death agonist (Bid) by
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cumstances, caspase-8 cleavage of RIP1 and RIP3 limits necroptosis
signaling. However, under circumstances where caspase-8 activation
is reduced or inhibited, DR4/5 or TLR3 signaling can result in inter-
action of RIP1 and RIP3 via their RHIM domains subsequently trig-
gering phosphorylation, assembly of the necrosome (or complex IIb)
and MLKL-dependent necroptosis

cleavage into a truncated form (tBid). tBid then binds to
Bcl-2-associated X protein (Bax) and Bcl-2 homologous
antagonist killer (Bak), leading to its translocation to the
mitochondrial membrane and change in membrane poten-
tial [13, 14]. Thus, TRAIL apoptosis signaling in some
cells can be amplified by an additional engagement of the
intrinsic apoptosis pathway. However, in cells where a
robust activation of caspase-8 occurs, apoptosis proceeds
even when the intrinsic signaling pathway is nonfunctional.

Nonetheless, a considerable number of cancer cells,
including those freshly isolated from cancer patients, are
resistant to TRAIL-mediated apoptosis. One resistance
mechanism is attributed to cellular FLICE inhibitory pro-
tein (c-FLIP), which shares sequence homology with cas-
pase-8 and acts as a dominant negative, and inhibits cas-
pase-8 activation by competing for FADD binding [15].
Overexpression of c-FLIP has been implicated in confer-
ring resistance to apoptosis induced by death receptor
stimulation or by anticancer drugs in a variety of cancers.
Another group of molecules involved in TRAIL resistance
are the inhibitor of apoptosis (IAP) protein family, which
includes X-linked IAP (XIAP), cellular TAP (c-IAP) 1,
c-IAP2 and survivin. The IAPs target downstream TRAIL
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apoptosis signaling by inhibiting the activity of caspases 3,
7 and/or 9. Thus, both blocking the activity of c-FLIP and
IAPs may sensitize cancer cells to TRAIL apoptosis [16].

Recent studies have suggested a dichotomy in TRAIL-
mediated signaling, indicating various noncanonical (pro-
survival) functions of the molecule. TRAIL has been
shown to activate nuclear factor k-light-chain-enhancer
of activated B cells (NF-kB), in a TNFR-associated death
domain (TRADD) and receptor-interacting protein 1
(RIP1)-dependent pathway, leading to the transcription of
antiapoptotic genes such as c-FLIP, c-IAP1, c-IAP2, XIAP
and Bcl-X;. Additionally, TRAIL also activates several
kinases including phosphoinositide 3-kinase/protein kinase
B (PI3K)/AKT) and mitogen-activated protein kinase
(MAPK) pathways due to the formation of a secondary
complex containing FADD, caspase-8, RIP1, tumor necro-
sis factor receptor-associated protein (TRAF2) and NEMO
[17, 18].

This highlights the critical importance of develop-
ing means to counteract TRAIL resistance in cancer cells
through combinations of TRAIL receptor agonists with
drugs that can inhibit survival signals and/or increase apop-
tosis signaling.

Therapeutic strategies to amplify apoptotic signaling
by TRAIL

A wide range of diverse chemotherapeutic agents has been
identified to potentiate cancer cell death in combination
with TRAIL. These include DNA-damaging agents such as
topoisomerase I and II inhibitors (doxorubicin, epirubicin,
etoposide), alkylating agents (cisplatin, carboplatin, oxypl-
atin) and pyrimidine analogs (5-fluorouracil, gemcitabine)
as well as microtubule stabilizing agents such as pacli-
taxel or docetaxel. Also a number of more recent antican-
cer drugs such as bortezomib, heat shock protein inhibitors
and histone deacetylase inhibitors have been identified as
TRAIL-sensitizing agents. The molecular basis of TRAIL
sensitization of cancer cells by these standard anticancer
agents has been described in more detail in a number of
recent reviews [9, 19-22]. Interestingly, a wide range of
natural products mostly derived from plants has also dis-
played some striking effects increasing tumor cell suscepti-
bility to TRAIL receptor agonists.

Natural products that sensitize cancer cells to TRAIL

Numerous natural products have shown great potential for
enhancing cancer cell death in response to TRAIL [23].
Their usual mechanism of action is thought to involve
modulation of diverse nonapoptotic pathways and/or the
induction of cell stress pathways that result in an amplifi-
cation of TRAIL cell death signaling. A number of natural
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products such as wogonin, sulforaphane and melittin can
sensitize TRAIL-resistant cells to TRAIL-mediated cell
death through the modulation of NF-kB signaling. Others
such as chrysin, 6BIO and bufadienolide inhibit STAT3
phosphorylation. Sanguinarine, artesunate and luteolin are
reported to inhibit the PI3 K/AKT pathway, while gossy-
pol, curcumin, apigenin and butein induced DRs through
activation of ERK1/2. DRs can also be upregulated by
activation of the p38 pathway or through the induction of
p53. The targeting of the TRAIL cell death pathway by
many diverse natural products has been described in great
detail in two recent reviews [23, 24]. The various natural
products can target a number of signaling pathways, result-
ing in decrease in cell survival signaling that can result in
decreased expression of various antiapoptotic proteins such
as cFLIP or Mcl-1, Bcl-2, Bcl-X|, increases in proapop-
totic proteins such as Bax or Bak, and/or increases in the
cell surface expression of the DRs. Indeed, a large number
of natural products are reported to increase DR expres-
sion. Many signaling pathways can increase DR expression
such as NF-kB and ERK1/2. However, it is noteworthy that
increased DR expression following treatment with many
natural products is often associated with increased levels of
cell stress. Thus, many natural products increase ROS lev-
els, activate JNK or p38 signaling, induce p53 or increase
levels of the transcription factor CHOP which occurs in
response to ER stress [25]. This raises a concern that the
cells are destined to die at a later time in response to the
cellular stress caused by the natural product alone, and
TRAIL signaling merely increases the kinetics of this cell
death. As such, based on the in vitro studies the therapeu-
tic benefit of some of these combinations may be overesti-
mated and possible toxicities in vivo underestimated. Since
most studies on natural products described above have only
been conducted in vitro, more animal studies are required
to determine which natural products can truly synergize
with TRAIL to promote cancer cell death in an in vivo
setting.

In an attempt to isolate novel TRAIL-sensitizing natu-
ral products, we designed a high throughput screen (HTS)
encompassing >50,000 pure compounds, natural prod-
uct extracts and purified natural products [26]. The most
promising “hit” was a plant steroidal lactone withanolide
E isolated from Physalis peruviana. Interestingly, another
member of the withanolide family, withaferin A, has also
been reported to sensitize renal carcinoma cells to TRAIL-
induced apoptosis [27]. The molecular mechanism of action
for withaferin A involved increased cellular production of
ROS and the upregulation of DRS in a CHOP-dependent
manner. In addition, slight decreases in the transcription of
the antiapoptotic c-FLIP proteins were also reported [27].
Surprisingly, despite the fact that both withanolides were
structurally quite similar, major differences were noted
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Fig. 2 Chemical structures

and properties of withaferin A
and withanolide E evaluated

for TRAIL-induced apoptosis.
Despite similar overall struc-
tures, the biological properties
of withaferin A and withanolide
E are quite different. This may
be due to the difference in over-
all shape of the molecule, where
the 17-beta hydroxy group of
withanolide E and the alpha
orientation of the lactone side
chain result in a change in shape
that seems crucial for TRAIL
apoptosis sensitizing activity

H
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*« TRAIL sensitization
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* Increase in death receptors
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in their molecular mechanism of action. Withanolide E
was threefold to fourfold more potent than withaferin A
as a TRAIL-sensitizing agent. In contrast to withaferin A,
withanolide E treatment did not result in either ROS pro-
duction or increase in levels of ER stress. However, it was
much more effective than withaferin A in causing a rapid
reduction in levels of the antiapoptotic c-FLIP proteins.
Furthermore, when used as a single agent in long-term tox-
icity assays, withanolide E was much less toxic than with-
aferin A. The major molecular mechanism of action for the
sensitizing effect of withanolde E was due to its ability to
produce a rapid drop in the c-FLIP levels due to increased
degradation of the proteins. It is quite striking that the
biological effects of these withanolides are so different.
Preliminary structure—activity relationship (SAR) stud-
ies suggest that the 17-beta hydroxy group and the result-
ant alpha orientation of the lactone side chain significantly
alter the shape of withanolide E as compared to withaferin
A (Fig. 2), and this may be critical for the TRAIL-sensi-
tizing effects of withanolide E. The molecular mechanism
whereby withanolide E rapidly reduces c-FLIP levels is
currently under further investigation. Administration of
withanolide E in combination with an agonist antibody to
DRS resulted in a much better therapeutic response than
either agent alone in a human renal carcinoma xenograft
model in athymic mice (Fig. 3). Furthermore, no obvious
toxicities were observed in the mice in response to this
combination [28]. In ongoing SAR studies, we are now

Withanolides and TRAIL apoptosis?

Biological properties

Low HIGH
HIGH Low
Yes NO
Yes NO
Yes NO
NO YES

testing a large panel of withanolide analogues for their rela-
tive ability to sensitize cancer cells to cell death in response
to death ligands. We have identified some analogues that
are fourfold to sixfold more potent that withanolide E. All
the highly active withanolides so far identified are 17-beta
hydroxy withanolides, and the most active are now being
used for in vivo combination with agonist anti-DR5 anti-
bodies in various mouse cancer models.

Necroptosis

Necroptosis is a form of regulated necrosis that can be
activated by a variety of stimuli. However, in contrast to
apoptosis, necroptosis does not require caspase activation.
Indeed, it often occurs under conditions where caspases
are not strongly activated. Among the major inducers of
necroptosis are DRs of (Tumor necrosis factor receptor)
TNFR family including TNFRI1, TNFR, Fas, TRAIL-R1
and TRAIL-R2 [29]. Necroptosis can also be initiated by
members of the pattern recognition receptor (PRR) family,
which include TLRs, cytosolic NOD-like receptors (NLRs)
and retinoic acid-inducible gene I-like receptors (RIG1)
[30]. The most extensively studied pathway of necroptotic
cell death is the one triggered by TNF family members.
Interestingly, some of the same components of the sign-
aling complexes required to initiate apoptosis are also criti-
cal for necroptosis signaling. For death receptor signaling,
a secondary cytoplasmic complex, Complex-Ila, is formed
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Fig. 3 Withanolide E enhances death receptor-induced apoptosis
in vivo [reproduced from [28]] . Athymic nude mice were injected
subcutaneously with 1 x 105 ACHN cells. When tumors reached
approximately 100 mm® in diameter, mice were randomly assigned
into four groups for therapy. Mice were treated with either vehicle
control, withanolide E (20 mg/kg), DR5 agonist antibody; drozitu-
mab (5 mg/kg) or the combination of withanolide E plus drozitu-
mab twice weekly for 4 weeks as described in (27). a Tumor size at

by association of FADD, RIP1, caspase-8 and c-FLIP also
known as the ripoptosome [31]. Spontaneous formation of
ripoptosome has been attributed to genotoxic stress induced
by chemotherapies such as etopsides or downregulation
of IAPs by Smac (Second mitochondria-derived activa-
tor of caspase) mimetics [32, 33]. Once the ripoptosome
is formed, it will trigger caspase-8 activation, resulting in
apoptotic cell death initiation. However, if caspases are not
fully activated or their activity is blocked by c-FLIP, the
protein kinase RIP3 is recruited to the complex, forming
a necrosome, which leads to necroptotic cell death [31].
Hence, the ripoptosome serves as a “docking station,” for
apoptotic and necroptotic death signaling. The key player
in mediating this complex is the serine—threonine kinase
activity of the RIP family undergoing several autophos-
phorylation events that regulate the switch between apop-
tosis and necroptosis. Phosphorylation of RIP3 allows
the binding and phosphorylation of mixed lineage kinase
domain-like (MLKL) pseudokinase, a key component of
necroptotic cell death [34]. Necroptosis can be completely
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75 days (intratumor), b survival up to 150 days (intraperitoneal)—
pooled from two separate experiments with similar findings. Num-
bers of mice were as follows: vehicle control (n = 10), withanolide
E (n = 10), drozitumab (n = 14), and withanolide E plus drozitumab
(n = 16). Using the log-rank Mantel-Cox test, survival was signifi-
cantly higher in the group receiving the withanolide E plus drozitu-
mab combination (p < 0.05)

blocked either by the kinase inactivating mutation in any
of the two kinases, or chemically by RIPI kinase inhibi-
tors (necrostatins), or RIP3 kinase inhibitors. The assembly
of necrosome is also characterized by amyloid structures
formed during RIP1 and RIP3 oligomerization through
the RHIM motif (RIP homotypic interaction motif) [35].
Although RIP1 after oligomerization is dispensable for
necroptosis, RIP3 RHIM motif is essential for cell death
[36]. The physiological significance of the ripoptosome
components RIPK1 and c-FLIP in controlling cell death
has been demonstrated most convincingly in gene-target-
ing experiments in mice [37]. Tissue-specific elimination
of either RIP1 or c-FLIP in intestinal epithelium, liver or
skin of adult mice can result in extensive cell death that can
be due to both apoptosis and necroptosis. This illustrates
that c-FLIP and RIP1 are critical modifiers of both forms
of programmed cell death during normal tissue homeosta-
sis [38]. Therefore, although the targeting of ripoptosome
components could prove to be an effective way to kill can-
cer cells, extreme caution must be exercised to prevent
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collateral damage to normal tissues. It would be antici-
pated that cancer cells undergoing cell death by necrop-
tosis would release a variety of tumor antigens as well as
danger-associated molecular patterns (DAMPs) that can
trigger substantial local inflammation. There is increasing
evidence indicating that many commonly used anticancer
agents can trigger necroptotic signaling pathways, thus
eliciting cell death in malignant cells [39]. A better under-
standing of the signaling networks regulating necroptosis
in cancer cells is expected to speed up the development of
anticancer drugs for therapeutic exploitation of necroptosis
for cancer therapy.

TLR3-mediated cell death signaling

TLRs are a group of transmembrane receptors first iden-
tified in immune cells, which recognize molecular motifs
of pathogen origin and activate immune response. Sev-
eral reports have shown that they can also be expressed in
tumor cells [40, 41]. Recent in vitro studies have reported
induction of apoptosis in malignant cells treated with the
synthetic TLR3-agonist, double-stranded RNA (dsRNA)
mimicker and polyinosinic—polycytidylic acid [poly(I:C)].
These studies have also demonstrated that TLR3-induced
apoptosis in cancer cells is dependent on caspase-8 activa-
tion, indicating that TLR3 activation triggers the “extrinsic
pathway” of apoptosis [41]. Intriguingly, the process of
TLR3-mediated apoptosis is independent of the classical
death receptors of the TNFR superfamily, since blocking of
these receptors (TRAIL-R or Fas) by neutralizing antibod-
ies does not inhibit TLR3-mediated caspase-8-dependent
apoptosis [42, 43]. Since TLR3 lacks a death domain, it is
probable that it directly engages the “extrinsic pathway” by
activating caspase-8. TLR3 possesses a TIR (toll/interleu-
kin-1 receptor) domain that binds to TRIF (TIR-domain-
containing adapter-inducing interferon-f) through homo-
typic TIR-domain interaction. On its C terminus, TRIF
possesses a RHIM domain, which can interact with the
RHIM domain of RIP1 which then recruits FADD followed
by recruitment of caspase-8 via the death effector domains
(DED) resulting in the assembly of the ripoptosome [43]
(Fig. 1). Since TLR3 behaves like a death receptor and
its engagement recruits RIP1, it is realistic to assume that
TLR3 could also induce necroptotic cell death when cas-
pase-8 is inhibited. Recent work from our laboratory indi-
cated that active withanolides that sensitized cancer cells to
TRAIL apoptosis were also able to sensitize cancer cells to
poly(I:C) [a TLR3 ligand]. Hence, active withanolides most
likely enhance the activity of a common downstream sign-
aling pathway important for both TRAIL- and poly(I:C)-
mediated apoptoses (Unpublished data, Tewary et al.).
Apart from its apoptotic and necroptotic effect on tumor
cells, TLR3 ligation by its cognate ligands is also known

to promote innate and adaptive immune responses leading
to activation of myeloid cells including professional anti-
gen-presenting cells (APCs) which can further cross prime
CDS8 T cells leading to long-lasting immunity and subse-
quent tumor regression [44]. Hence, targeting TLR3 is of
great interest as a means to improve immunotherapeutic
approaches to cancer therapy. One of the promising candi-
dates is poly(I:C), which has been thoroughly investigated
as potential anticancer adjuvant for immunotherapy in the
last several decades due to its capability to induce effective
immune responses. Nevertheless, its use was limited due
to the cytokine storm produced in vivo, leading to shock,
renal failure, coagulopathies and hypersensitivity reactions
[45]. However, recent preclinical data with various mouse
models suggest that poly(I:C), in pharmacologically safer
forms such as Ampligen® or Hiltonol®, can be revived as
an excellent candidate for future cancer therapies [46—48].
It is tempting to speculate that in cancers where TLR3 is
expressed, administration of poly(I:C) might have multiple
beneficial effects. Therefore, it could directly induce death
of cancer cells and the release of tumor antigens, in addi-
tion to its well-described promotion of anticancer immune
responses [48, 49].

Future directions

Promising preclinical data showing the potent tumori-
cidal activity of a number of TRAIL receptor agonists
paved the way for clinical testing. Both recombinant
human TRAIL/Apo-2L (Dulanermin) as well agonist
antibodies to DR4 and DRS5 have been tested in a num-
ber of clinical trials in cancer patients [7]. Although these
agents were well tolerated with minimal adverse events,
cancer patients with objective responses were few in
number, so it remains unclear why these reagents that
performed so well in preclinical studies failed to achieve
marked effects in humans. One possible explanation is
that in the cancer cells of the patients the apoptotic sign-
aling threshold required to trigger cell death was rarely
reached. Along similar lines, Dulanermin and the agonist
antibodies to DR4 and DRS5 are relatively weak agonists;
thus, although possible toxic adverse events were mini-
mized this came at the expense of significant antitumor
effects. Recently, there has been renewed attention on
the generation of TRAIL death receptor “superagonists.”
Some of these agents are much more potent than recom-
binant TRAIL or agonist antibodies in preclinical stud-
ies [50]. Thus, the combination of these more potent
TRAIL reagents, combined with novel sensitizing com-
pounds that directly impact TRAIL death signaling path-
ways, may offer the hope for more dramatic anticancer
response in the future.
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Currently, there is little information concerning whether
death by necroptosis occurs in some cancers, and how this
might influence therapeutic outcome. This certainly mer-
its further investigation. In addition, there has been much
recent interest in how specific forms of cancer cell death
may be more immunogenic, and this can affect subsequent
anticancer immune responses resulting in improved thera-
peutic outcomes [51]. The relationship between apoptotic,
necroptotic and immunogenic cell death remains to be
clarified. One might anticipate that natural products that
help promote cancer cell death might be ideal candidates
for combination with immunotherapies, assuming their
effects on immune responses would be relatively innocu-
ous when compared to standard chemotherapeutic agents.
Nonetheless caution is warranted. Active withanolides
may also sensitize antigen-presenting cells such as den-
dritic cells, which abundantly express TLR3, to apoptosis.
Studies are currently underway to determine whether a
therapeutic window exists in which significant cancer cell
death can be induced in the absence of major undesirable
side effects.
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