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Abstract

ASA404, aflavonoid tumor-vascular disrupting agent (Tumor-VDA), isin clinical tria for the
treatment of non-small cell lung cancer. Its action differs from both that of the tubulin binding
class of Tumor-VDAs and antiangiogenic agents. In mice, ASA404 induces a sequence of changes
in tumor tissue, starting within one hour with increased vascular permeability, increased
endothelial apoptosis and decreased blood flow. Later effects include the release of serotonin,
induction of tumor necrosis factor and other cytokines and chemokines, as well asinduction of
nitric oxide. This cascade of eventsinduces sustained effects on blood flow, tumor hypoxia,
vascular failure, inflammatory responses and, in some tumors, complete regression. One feature of
the action of ASA404 against murine tumorsisits ability to potentiate the effects of radiation and
avariety of chemotherapeutic agents. The flavonoid class appears to be unique because of its dual
action on vascular endothelial function and innate immunity. The trandation of preclinical to
clinical results demands an understanding of both the mechanisms underlying the dual effects and
the species differences in ASA404 activity. Clinical trialsindicate that the future of ASA404 asan
effective agent relies on adeep appreciation of its cellular action.
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1. Introduction

Tumor vasculature, like that of normal tissues, is essentia for the supply of oxygen,
nutrients and signaling molecules. However, tumor vasculature differs from normal
vasculature in number of ways including the presence of disorganized architecture,
increased vascular permeability, inefficient and sometimes intermittent blood flow, and
areas of angiogenesis. Many of the features of tumor vasculature are similar to those seen
during inflammation associated with the process of wound healing, giving rise to the
concept of cancer as“awound that does not heal” (1). Consideration of the properties of
tumor vasculature has given rise to two main rationales for selective anticancer therapy. The
first, developed by Folkman and others, is based on the concept that tumor growth requires
the initiation and concomitant growth and remodeling of an accompanying vascular
network, and that inhibition of vasculogenesis and angiogenesis will therefore impede tumor
growth (2). The second, proposed by Denekamp and others, is that tumor vasculature,

Declaration of Interest Dr BC Baguley has received funding for research on ASA404 from Novartis.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Baguley and Siemann Page 2

because of its distinctive properties, can be targeted for selective disruption (3). It isthis
second rationale that is relevant to this review on the action of the tumor vascular disrupting
agent (Tumor-VDA) ASA404, whose action is shown diagrammatically in Figure 1.
Changes in the shape and connectivity of tumor vascular endothelial cells, as well as loss of
these cells by apoptosis, lead not only to a reduction in tumor blood flow but aso to
disruption of the vessel itself, allowing extravasation of blood cells into the surrounding
tissue and irreversible arrest of blood flow. Tumor cells become hypoxic and survivein the
absence of oxygen for at least 2 hours, but continued inhibition of blood flow leads after
approximately 5 hoursto loss of tumor cell viability (4) and at later times to the progressive
development of tumor hemorrhagic necrosis.

Antiangiogenic agents and Tumor-VDAS are often considered together and it isimportant to
differentiate their actions. Blood flow within atumor blood vessel isafunction of the
pressure difference along the vessel, vessel diameter and blood viscosity (5) and increased
tumor vascular permeability leads to |eakage of plasma, increased blood viscosity, reduction
in the diameters of individual blood vessels and consequently reduced blood flow. As shown
in Figure 2, tumor vasculature is partially compromised because of the presence of vascular
endothelia growth factor (VEGF) and other inflammatory molecules. Antiangiogenic agents
are thought to normalize the vasculature, for instance by reducing VEGF concentrations,
decreasing permeability and increasing blood flow (6). In contrast, Tumor-VDAS further
increase vascular permeability and decrease blood flow, sometimes inducing loss of vascular
endothelial cells by apoptosis. Such processes can lead to catastrophic vascular failure and
tumor necrosis.

Antiangiogenic agents have an established rolein clinical cancer; two examples are
bevacizumab, a humanized monoclonal antibody to VEGF (7) and everolimus, an inhibitor
of the mammalian target of rapamycin (MTOR) pathway (8). Tumor-VDAs are at a dightly
earlier stage of clinical development but several classes are known (9). Among small
molecule Tumor-VDAS, two classes have been developed to clinical trial, each of which has
adistinctive action. The tubulin-binding class, typified by the drug combretastatin-A-4
phosphate (10, 11) inhibits the polymerization of tubulin, atering the cytoskeleton of
vascular endothelia cells and increasing vascular permeability. The flavonoid class, named
after flavone acetic acid as will be described later in the review, appears to act through
targeted induction of an inflammatory response within the tumor microenvironment,
inducing parallel changesin vascular endothelium and cells of the innate immune system.
This review commences with a brief description of the development of ASA404, the most
active of the flavonoid class found to date, and follows with a more detailed description of
the time-course of the effect of ASA404 on tumor tissue and discussion of possible
mechanisms of its action.

2. Development of ASA404

The discovery at the US National Cancer Institute that the drug flavone acetic acid (FAA,;
structure in Figure 3) had unexpectedly high experimental activity against murine colon
tumors (12) led to the anticipation of a new type of cytotoxic drug. However, negative
resultsin Phase | clinical trialsin alarge number of cancer patients (13) combined later with
areported lack of activity in arat tumor model (14) raised the question of whether FAA was
inactive because of a species difference. On the other hand, studies in the Auckland Cancer
Society Research Centre, while confirming the activity of FAA against murine tumors,
showed that FAA had an unexpected and novel antitumor mechanism, inducing widespread
hemorrhagic necrosis of murine colon and lung tumors within 24 hours of administration of
asingle dose (15, 16). A search for other drugs inducing similar tumor hemorrhagic necrosis
responses in this tumor model led to the identification of a diverse series of compounds
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including the antibiotic fostriecin, the plant product homoharringtonine, and the plant-
derived mitotic poisons colchicine, podophyllotoxin, vinblastine and vincristine (17, 18). A
parallel search for active drugs with structures related to that of FAA led to the identification
of the tricyclic anal ogue xanthenone-4-acetic acid (XAA; Figure 3) (19). Good synthetic
routes were available to prepare ring-substituted derivatives of XAA and, although most of
these were inactive, derivatives substituted at the 3-, 5-, and 6-positions (Figure 3) were
active. Disubstitution with methyl groups led to 5,6-dimethylIxanthenone-4-acetic acid
(DMXAA), now known as ASA404, which displayed both increased dose potency and
activity as compared to FAA and XAA, and was also active against arat mammary
carcinoma (20).

An important feature of ASA404 was its ability to combine productively with other agents
including radiation, hyperthermia, photodynamic therapy and arange of chemotherapeutic
drugs (21-23). A striking example of this combination was provided by the drug paclitaxel,
which by itself induced a tumor growth delay of 0.3 days; co-administration of ASA404
extended the median tumor growth delay to 80 days with three of seven animals cured (24).

2.1 Phase I clinical trials of ASA404

Among drug molecules found to induce tumor hemorrhagic necrosis in murine tumors,
FAA, XAA, ASA404 and certain other XAA derivatives were distinguished from the
tubulin-binding class of Tumor-VDASs (10, 11) by their ability to induce the cytokine TNF in
mice (25). However, ASA404 was essentially a more dose-potent analogue of FAA, which
had previously been shown to be inactivein Phase | trials, and a new argument was required
for its advancement to aclinical trial. This was provided by the observation that while both
ASA404 and FAA induced cultured murine monocytes to synthesize TNF, only ASA404
induced cultured human monocytes to synthesize TNF (26). The novelty of this action,
combined with interest at that time in targeting tumor vasculature, led the Cancer Research
Campaign (now Cancer Research UK) to support Phase | clinical trials of ASA404 in New
Zealand and the United Kingdom. Two different single-agent administration schedules were
used and the maximum tolerated dose was considerably higher than in mice, although
dightly lower than that in rats. Two unconfirmed responses were observed, onein cervical
cancer (27) and one in melanoma (28). However, thetrial alowed the use of a new
technique, dynamic contrast-enhanced magnetic resonance imaging using a gadolinium-
labeled probe, which provided evidence for areduction of tumor blood flow at adose
comparable to that used in preclinical studies (29). These two trials did not provide an
unequivocal value for arecommended dose for combination Phase Il trials and a third Phase
| trial was instituted in 15 patients with refractory tumors who were alocated randomly to
receive six sequential doses of DMXAA (300, 600, 1,200, 1,800, 2,400, and 3,000 mg/m?),
each given weekly as a 20-minute intravenous infusion. This established an optimal initial
Phase || dose of 1200 mg/m? (calculated as the sodium salt) (30).

2.2 Phase Il clinical trials of ASA404

The preclinical demonstration of the activity of combinations of ASA404 with taxanes and
platinum-based anticancer drugs (24) provided arationale for combination clinical trias.
Three Phase |1 trials were designed for patients with non-small cell lung cancer (NSCLC),
ovarian cancer and prostate cancer. Each had two arms, the first employing the
recommended best cytotoxic therapy and the second with additional ASA404
administration. In the NSCL C trial, standard therapy comprised carboplatin (AUC; area
under the concentration-time curve = 6) and paclitaxel (175 mg/m?) administered every
three weeks for up to six cycles, and resulted in aresponse rate of 29% and median survival
of 8.8 months. When ASA404 (1200 mg/m?) was added to the combination of cytotoxic
drugs, the response rate was 34.4% and the median survival increased to 14 months (HR
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(95% CI) = 0.73 (0.39, 1.38)) (31). In asingle-arm extension to thistrial, a higher ASA404
dose (1800 mg/m?) was administered; the response rate was 37.9% and median survival
increased to 14.9 months (32). However, these increases did not reach statistical
significance. The ovarian cancer trial employed the same drug administration schedule as
the NSCLC trial. The response rates were 48.6% for standard therapy and 63.9% for the
ASA404 (1200 mg/m?) arm, and the times to tumor progression were 8.6 and 9.0 months,
respectively (33). In the prostate cancer trial the standard therapy was docetaxel (75 mg/m?),
supplemented in the second arm with ASA404 (1200 mg/m?). The prostate specific antigen
response rates were 36.8% for standard therapy and 59.4% for the ASA404 arm; the timesto
tumor progression were 8.7 and 8.4 months, respectively (34). Thus, al three trials showed
increased response rates when ASA404 was included in the treatment but did not prolong
survival in ovarian and prostate cancer (35).

2.3 Phase lll clinical trials of ASA404

The promising Phase I results with ASA404 led to its advancement to two randomized,
double blind, placebo-controlled Phase 111 trials in advanced NSCLC, the first
(ATTRACT-1) asfirst-line therapy and the second (ATTRACT-2) as second-line therapy
(35). Both combinations employed ASA404 at a dose of 1800 mg/m? (calculated as the free
base) for the second treatment arm and were administered every three weeks for up to six
cycles. The ATTRACT-1 study utilized paclitaxel (200 mg/m?) and carboplatin (AUC 6 mg/
ml.min) as standard therapy. There were no safety concerns and no unexpected adverse
effects when compared to the Phase |1 data, but the trial was halted when interim data
analysisfailed to show a survival advantage (http://www.antisoma.com). The ATTRACT-2
trial, which utilizes docetaxel (75 mg/m?) as standard therapy in patients with Stage 1110/1V
disease with no restrictions on histology, remains ongoing.

3. Early events in the action of ASA404

The action of ASA404 is very different from that of other agents and its biochemical target
is currently not known. However, it is useful to discuss our current knowledge of ASA404 in
terms of the time course of its action, which isillustrated conceptually in Figure 4. It is clear
from what has been discussed above that for tumor vascular disruption to be successful, it
must be maintained for at least 6 hours to allow the transition from hypoxiainduction to the
onset of hemorrhagic necrosis. Experimental data obtained in mice show that three
interrelated events are detected within one hour of drug administration - increased tumor
vascular permeability (36, 37), increased tumor endothelial cell apoptosis (38, 39) and
decreased tumor blood flow (40, 41). A key feature of this action isits relationship to the
expression of tumor necrosis factor (TNF). Increased tumor endothelial apoptosis, increased
vascular permeability and decreased tumor blood flow are all greatly attenuated in mice
lacking expression either of TNF itself (42) or of the TNFRL1 receptor (43). Interferon-p may
also play arole since the action of ASA404 is attenuated in mice lacking expression of this
cytokine (44). ASA404 also resultsin an increase in VEGF production (45) and since the
potential of VEGF to increase endothelial cell permeability isincreased by TNF (46), the
action of ASA404 in tumor tissue may involve the intersection of the action of these key
cytokines.

It isimportant to note that ASA404 induces endothelial cell apoptosisin addition to
increasing vascular permeability (38). This action contrasts with those of physiological
regulators of vascular permeability which do not induce apoptosis (47), but is similar to that
induced by pathological conditions such as gram-negative bacterial infection and
hemorrhagic shock. Bacterial lipopolysaccharide, acting through the toll-like receptor TLR4,
induces endothelial apoptosis with early onset and with maximal effect by 6 hours (48). The
induction of hemorrhagic shock, for instance following rapid blood loss, aso involves
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activation of toll-like receptors such as TLR4 (49). These observations suggest that toll-like
receptors on vascular endothelial cells could be involved in the response to ASA404.

One of the earliest biochemical changesin tumor tissue following administration of ASA404
isan increase in tumor concentrations of ceramides and a consequent rise in plasma
concentrations of the ceramide metabolite sphingosine (50, 51). Ceramide plays an
important role in the induction of apoptosis by many different agents (52) and appears to
mediate the induction of endothelial cell apoptosisin response to bacterial
lipopolysaccharide (53). Ceramide not only has multiple intracellular targets, including
protein phosphatase 2A and protein kinase CC, which contribute to the induction of
apoptosis, but is aso active in the conversion of lipid rafts on the plasma membrane to
active signaling platforms (54). Thus, ASA404-induced increases in tumor tissue ceramide
concentrations could play arolein the induction of endothelial apoptosis.

4. Effects on innate immunity

One of the most intriguing properties of the flavonoid Tumor-VDAS s their ability to
stimulate innate immune cells to induce a range of inflammatory cytokines that are
indicative of atargeted pro-inflammatory response within tumor tissue. The lack of TNF
induction by tubulin-binding Tumor-V DAs indicates that cytokine induction is not simply a
consequence of tumor blood flow reduction or of hypoxiainduction. Within 4 hours of
administration of ASA404 to mice, detectable increases are observed in tumor
concentrations of TNF, interleukin-6 (1L-6), granulocyte colony stimulating factor (GCSF)
and several chemokines, including KC (CXCL1), IP-10 (CXCL10), MCP-1 (CCL?2),
MIP-1a (CCL3) and RANTES (CCL5) (43, 55, 56). These cytokines appears to originate
mainly from CD11b+ macrophages and CD45R+ B-lymphocytes. Chemokines function as
chemo-attractants and may explain the increase in tumor-associated neutrophilsin mice
during the first 24 hours after treatment (56). ASA404-induced increases in cytokine
concentrations are much higher in tumor tissue than in plasma, consistent with intra-tumor
synthesis. Rats treated with ASA404 also produced elevated tumor tissue concentrations of
cytokines and chemokines, including TNF, VEGF, IL-6 and IL-1a, MIP-1a (CCL3), KC
(CXCL1) and IP-10 (CXCL10) (20). However, chemokine concentrations in rat tumor tissue
were typically 100-fold lower than those of mouse tumor tissue, and plasma TNF was not
detected in rat tumors.

Nitric oxide induction, asindicated by plasma nitrite/nitrate concentrations increases from 4
hours to a maximum 12 hours after treatment and is larger in mice with tumors than those
without (57). The results are consistent with a rise in macrophage inducible nitric oxide
synthase (iINOS) activity to a peak 6 hours after ASA404 administration (58). TNF and nitric
oxide have vascular disruptive propertiesin their own right; consistent with the hypothesis
that ASA404 induces a cascade of tumor vascular disrupting effectsinvolving direct effects,
serotonin induction, TNF induction and nitric oxide induction. This occurs over atime scale
of several hours, leading to long-term arrest of blood flow (Figure 4).

Administration of ASA404 to mice at apotential toxic dose leads to adecrease in
haematocrit and reduction of both skin and body temperature (37). These responses appear
to be mediated by TNF production because the maximum tolerated dose (MTD) of ASA404
in mice lacking expression of either TNF or its TNFR1 receptor (>100 mg/kg) was higher
than that in wild-type mice (27.5 mg/kg; 82 mg/m?) (42, 43). The MTD of ASA404 in rats
(350 mg/kg; 1,800 mg/m?) is much higher than that in mice, consistent with the hypothesis
that induced TNF is not the dose limiting toxicity in this species.

Bacterial toxinsinduce cytokines and chemokines through binding to toll-like receptors, and
ASA404 and LPS induce cross-resistance to each other (59), raising the question of whether
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ASA404 acts by directly stimulating toll-like receptors such as TLR2 and TLR4. However,
many observations argue against this hypothesis. The time course of TNF induction by LPS
is much earlier than that of ASA404 with an early rise (within 1 hour) to maximal activity.
The distribution of TNF production is also different with ASA404, which induces much
higher levels of tumor-associated TNF (60). LPS a so has minimal antitumor effects on the
Colon 38 tumor and does not potentiate the activity of ASA404 (61).

5. Tumor responses to vascular disruption

The disruption of tumor blood flow by ASA404 induces a variety of effects, including
responses to both vascular injury and the reduced supply of oxygen, between 1 and 4 hours
after drug administration. Vascular injury, possibly from loss of apoptotic endothelial cells
from the vascular dleeve and consequent activation of platelets by exposed collagen, leads to
the activation of platelets within 3 hours with consequent release of serotonin and von
Willebrand factor (62, 63). Serotonin is a Tumor-VDA in its own right, reducing blood flow
and inducing hemorrhagic necrosis (64). Co-administration of serotonin with ASA404
potentiates its antitumor activity (41, 64) while co-administration of a serotonin receptor-2
antagonist delays the induction of TNF by 1 hour (65). Moreover, serotonin stimulates
vascular endothelia cellsto secrete the cytokine HMGBL1 (66), which may also contribute to
the overall tumor response through induction of cytokines. Free serotonin in plasmais
converted by the liver to 5-hydroxyindole-3-acetic acid (5-HIAA), which rises between one
and 4 hours after administration and is a useful marker for the action of ASA404 (67).
ASA404 induces a dose-dependent increase of 5-HIAA in mice (68) which correlates with
both increased tumor vascular permeability and decreased tumor blood flow (36).

The induction of hypoxiais detectable in mice within 3 hours of ASA404 treatment, as
measured with a technetium-labeled marker (69). Hypoxia leads to the induction of the
HIF-1a transcription factor, changesin glucose metabolism and the induction of VEGF
(70). Experiments in mice have shown increased mRNA for VEGF-A in tumor tissue (45)
and experiments in rats have shown increased tumor-associated VEGF (20). Although the
induction of hypoxiain itself does not result in cytokine synthesis, it can potentiate the
ability of LPS to induce inflammatory cytokine production (71). TNF production in tumor
tissue in mice occurs at alater time (3—4 hours) after ASA404 administration than that (1
hour) after LPS administration (72) and one possible reason for thisdelay isthat it is
consequent to the development of hypoxia.

Feedback on endothelial function is provided by the synthesis of cytokines such as TNF by
innate immune cells, as well as the induction of inducible nitric oxide synthase and its
product nitric oxide. The result is an increase in tumor vascular permeability and inhibition
of blood flow. The production of VEGF (45), aswell asincreasing vascular permeability,
could potentially stimulate angiogenesis and decrease the overall antitumor effect. However,
induced angiogenesis might be prevented by the induction in innate immune cells of
chemokines such as 1P-10 (73).

6. Interaction with cytotoxic therapy

The ability of ASA404 to induce vascular disruption by multiple pathways suggests that it
should induce tumor regression as a single agent, but while some murine tumors (such as
Colon 38) are highly responsive to ASA404, others show only small responses. On the other
hand, numerous studies have demonstrated potentiation of the antitumor activity of
cytotoxic drugs and radiotherapy by ASA404 (21-24). At least two mechanisms can be
hypothesized to account for this synergy and both may contribute to the efficacy of
combination therapy.
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The first mechanism, related to tumor architecture, is based on the principle that cytotoxic
therapy is more effective against tumor cells with good vascular access, while ASA404 is
effective on tumor areas with compromised vascular function. ASA404 has minimal effects
on normal vasculature and only at toxic doses does it lead to coldness of skin and increased
blood haematocrit, indicative of increased normal vascular permeability (37). Blood vessels
at the tumor periphery may have a more normal phenotype and therefore reduced response
to ASA404, and as a consequence tumor cells associated with the tumor periphery survive
ASA404 treatment, giving rise to a phenomenon reported for all Tumor-VDASs and known
asthe“viablering” effect (9-11).

A second potential mechanism for interaction between ASA404 and cytotoxic therapy is that
it combines with cytotoxic therapy to induce immunogenic cell death. Injury of tumor cells
by some cancer chemotherapeutic agents leads to the release of cytokines such asHMGB1
and interleukin-1a., with resultant activation of corresponding receptors to activate innate
immune cells (74, 75). Cytotoxic drugs such as doxorubicin and oxaliplatin (76) can also
induce the translocation, by a caspase-8 mediated mechanism, of calreticulin from the
endoplasmic reticulum to the cell surface, where it can cooperate with cytokines such as
HMGB1 in to induce tumor cell death (77).

Administration of ASA404 in combination with cytotoxic drugs sets up two sequences of
signals, the first affecting the tumor vasculature function and the second affecting innate
immune cells, and optimization of both the intensity and the duration of these signalsis
important for effective tumor cell killing. Tumor vascular disruption must be maintained for
at least 6 hours and since the plasma half-life of ASA404 in mice at the maximum tolerated
dose (MTD) isless than 1 hour (78), one approach to optimize drug administration isto
design schedules that to maintain arelatively constant plasma concentration of ASA404
over anumber of hours. This has been demonstrated to be effective in atumor xenograft
model (79). In addition, interactions with cytotoxic therapy may be strongly dependent on
the schedule of administration. In rodent (KHT sarcoma) and human (SKBR3 breast and
OW-1 ovarian) tumor models, ASA404 enhanced the activity of cisplatin but was most
effective when administered 1-3 hours after chemotherapy (22). Murine C3H mammary
carcinomas and KHT sarcomas were found to be treated effectively with radiotherapy and
ASA404 when both were administered together, or when ASA404 was administered 1-3
hours after irradiation (80). In another study, combination of radiotherapy with ASA404 was
found to be most effective against RIF-1 and MDAH-MCa-4 tumors when the two were
administered together, or when radiation was administered 12-48 hours after ASA404 (81).

7. In vitro studies

Research with cultured cells has provided further insights into the action of ASA404 and the
relationship between effects on murine and human host cells. Early studies established that
ASA404 (200 pg/ml) induced mRNA for TNF in murine splenocytes, the murine J774
macrophage cell line and the human HL-60 myelomonaocytic leukemia cell line (26).
ASA404 (82) and related compounds (83) also induced murine peritoneal macrophages to
kill target tumor cells through a mechanism involving cell-cell contact. Later studies showed
that ASA404 (10-100 pg/ml) stimulated production of TNF mRNA in murine macrophages
but that its action could be distinguished from that of LPS because of a different spectrum of
induced cytokines (84). Cellular signaling was also found to be different to that induced by
LPS, with minimal dependence on the NF-xB transcription factor (59). However, ASA404
(10-100 p.g/ml) potentiated TNF production in response to stimulation of TLR4 receptors of
cultured murine splenocytes by LPS (85).
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Studies using cultured human peripheral blood monocytes showed that ASA404 did not in
itself induce TNF. However, as shown in Figure 5, ASA404 at a high concentration (800 g/
ml) potentiated TNF production in response to a range of agentsincluding LPS, an antibody
to CD-14 receptor, interleukin-1 and phorbol myristate acetate (86). The above agents,
although diverse in structure and in target signaling pathways, share the property of inducing
the enzyme acid sphingomyelinase (54, 87). ASA404 a so had effects on cultured human
endothelia cells, inducing apoptosisin a mechanism that was independent of NF-xB
activation (88). A further study showed that endothelial cells underwent apoptosisin adose-
dependent fashion following exposure for 24 hours to ASA404 concentrations between 25
and 200 .M (89). Subsequent studies showed that in addition to inducing apoptosis,
ASA404 induced alterations in the rate of endothelial cell network formation, changesin the
cytoskeleton and increases in ceramide (45, 51).

Taken together with /n vivo studies, these observations suggest that ASA404 has the
capacity to potentiate the capacity of diverse agents to modify both endothelial and
macrophage function. A possible mechanism, as shown in Figure 5, isthat ASA404
potentiates the action of agents that induce acid sphingomyelinase. It is known that ionizing
radiation, cisplatin and doxorubicin induce acid sphingomyelinase (54, 90) and that the
resulting increases in ceramide concentrations promote the conversion of lipid rafts to
signaling platforms (54, 91). Potentiation of such signaling effects by ASA404 could
mediate its effects on both endothelial cells and cells of the innate immune system. In the
case of innate immune cells, which release TNF in response to ASA404, signaling islikely
to involve stress-induced protein kinase pathways (92) rather than the pathway involving the
NF-xB transcription factor previously proposed (93).

8. Expert opinion

We stand at a cross-road in making decisions on the further devel opment of ASA404 and
other members of the flavonoid class of Tumor-VDAs. In NSCLC, one Phase
combination trial showed extreme promise, one Phase |11 combination trial in first-line
therapy showed no advantage, and one Phase |11 trial as second-line therapy is still in
progress. The clinical results do not parallel the dramatic results obtained in preclinical
studies, and the first question that needs to be addressed is whether the action of ASA404 in
humansis similar to that in mice. Several early events observed in mice, including inhibition
of tumor blood flow, increased tumor vascular permesability, induction of tumor endothelial
cell apoptosis and increases in the plasma concentrations of the serotonin metabolite 5-
HIAA, have been reported in cancer patients within 24 hours of drug administration (39, 94,
95). On the other hand, while large increases in tumor concentrations of the cytokine TNF
were observed in mice in response to ASA404, the limited data available for cancer patients
indicate only asmall increase in tumor tissue TNF (96). Nevertheless, despite leading to
only small increases in tumor tissue TNF in rats, ASA404 treatment resulted in significant
antitumor effects, albeit at higher doses than those used in human studies (20). Finally,
ASA404 stimulates cultured human peripheral blood leucocytes to produce TNF /n vitro
(26, 86). Taken together, these observations suggest that ASA404 should be activein
humans asitisin rats and mice.

The second question is whether the conditions of drug administration used in clinical trials
are similar to those employed in mice. Carboplatin, paclitaxel and docetaxel were chosen for
use in combination with ASA404 in clinical studies and there is good supporting evidence
for the choice of these chemotherapeutic agents from results observed in mice (24).
However, one potentialy critical difference in the treatment protocol is that corticosteroids
such as dexamethasone have been utilized to counteract side-effects (emesis and
hypersensitivity reactions) of the cytotoxic agentsin clinical but not in preclinical
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investigations. Co-administration of cortisone is known to inhibit the antitumor activity of
the Tumor-VDA FAA in anumber of murine tumors (97) and both cortisone and
dexamethasone inhibit the macrophage tumoricidal activity of ASA404 /n vitro(82). Further
clinical studiesto test the hypothesis that the use of corticosteroidsin clinical trials may
compromise the antitumor action of ASA404 appear to be warranted.

The third question is whether the temporal aspects of action of ASA404 are adequately
reflected in clinical trial design. Preclinical studies have emphasized the importance of
administering cytotoxic drugs prior to or simultaneously with ASA404 to prevent vascular
disruption from inhibiting delivery of cytotoxic drugs; in fact vascular disruption might have
arolein preventing clearance of these drugs from tumors (98). However, over alonger time
scale, vascular disruption will lead to hypoxia and subsequent stimulation of angiogenesis,
including the induction of VEGF (45). This raises the question as to whether Tumor-VDA
and angiogenic treatment should be given in tandem.

The fourth question is whether the choice of tumor for the clinical trialsis optimal for the
application of a Tumor-VDA. As shown in Fig. 2, the vascular stability of tumor tissue
varies according to the microenvironment and particularly as afunction of production of
vasoactive mediators such as VEGF, or of other properties that cause atumor to have a high
degree of hypoxia. For example, rena cell carcinomas that produce large amounts of VEGF
as a conseguence of genetic or epigenetic changesin the expression of the von Hippel-
Landau gene (VHL), are highly vascularized and could be more susceptible to the induction
of vascular failure; they might constitute an interesting target for the application of ASA404-
based therapy (99).

In conclusion, the studies described in this review indicate that the mechanism of action of
ASA404 is quite unlike that of other classes of anticancer drugs and further work is required
to delineate its underlying molecular mechanisms. In mice, ASA404 orchestrates atemporal
series of eventsinvolving both endothelial cells and immune cells in the tumor
microenvironment, leading to sustained vascular disruption and tumor regression; the
coordinated vascular and innate immune responses are reminiscent of those occurring in
response to infection. The optimization of the ability of ASA404 to induce such atargeted
pro-inflammatory response within tumor tissue may therefore be an important aim of
combination anticancer therapy. It isworth noting that many elements of current clinical
cancer therapy, particularly in taxane-based chemotherapy protocols, involve suppression of
inflammation, and this should be carefully considered when applying flavonoid Tumor-
VDAsinaclinical setting.
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Article Highlights

Tumor vasculature is different to normal vasculature and can be targeted with
Tumor-VDASs.

ASA404 is the most active of the flavonoid class of Tumor-VDAS,
demonstrating a survival advantage in Phase || NSCLC studies, and is currently
in clinical trial for second-line treatment of the disease.

Early effects of ASA404 include increased tumor endothelial apoptosis,
increased vascular permeability and decreased tumor blood flow, and these
effects may intersect with the actions of the cytokines TNF and VEGF.

Flavonoid Tumor-VDAs stimulate innate immune cells to induce a range of
inflammatory cytokines within afew hours of administration.

ASA404-induced tumor vascular disruption leads to serotonin release,
hemorrhagic necrosis and induction of hypoxiawithin 3 hours.

ASA404 potentiates the antitumor activity of both cytotoxic drugs and
radiotherapy, by targeting areas with compromised vascular function that are
resistant to these modalities.

The effects of ASA404 on both endothelial and innate immune cells, involves
indirect TNF production, possibly linked to induction of ceramides.

The series of events involving endothelial and immune cells that |eads to
vascular disruption and tumor regression, involves coordinated vascular and
innate immune responses — this targeted pro-inflammatory response in
combination anticancer therapy should be balanced with any concomitant
suppression of inflammation.
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Necrosis of surrounding tumor cells Endothelial apoptosis
Figure 1.

Conceptual illustration of temporal changes in tumor vasculature following administration
of aTumor-VDA.
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Antiangiogenicagents Tumor VDAs

tumor blood flow

vascular permeability

Stable Tumor Vascular
Vasculature Vasculature failure

Figure 2.

Theoretical relationship between vascular permeability and blood flow. Tumor vasculature
isaready partially compromised because of increased vascular permeability and
angiogenesis. An anti-angiogenic drug acts to decrease angiogenesis and normalize vascular
permeability, while a Tumor-VDA acts by further compromising permeability, leading to
further reduction of blood flow and possible catastrophic failure.

Expert Opin Investig Drugs Author manuscript; availablein PMC 2013 February 27.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Baguley and Siemann
o] o]
2
. O
HaC o]
CH,COOH CH,COOH CHj CH,COOH
FAA XAA ASA404
Figure 3.

Chemical structures of FAA, XAA and ASA404.
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Figure4.

Scheme showing the approximate time course of ASA404 action in mice; the vertical axis
indicates the approximate time scale and the shaded boxes represent the effects that
contribute to the cascade of vascular disruption. ASA404 facilitates changes in both tumor
endothelium and innate immune cells such as macrophages. Its direct effect islimited by a
relatively short plasma half-life but leads in vascular endothelial cells to decreased blood
flow, increased tumor hypoxia and vascular injury. Early effects on innate immune cells
appear to involve increased ceramide production (BC Baguley, unpublished) and later
effects involved the production of inflammatory cytokines and nitric oxide. The induction of
hypoxia may potentiate responses of innate immune cells and can a so induce the cytokine
VEGF, which increases vascular permeability. Serotonin produced by platelets in response
to vascular injury can potentiate inflammatory cytokine production, as can the appearance of
necrotic tumor cells. Co-administration of cytotoxic drugs can also induce tumor cellsto
induce HMGB1 and other mediators that further stimulate host cytokine responses.
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Figureb5.

A. A model indicating the possible involvement of the ceramide family of lipid signaling
moleculesin the action of ASA404. A diverse range of agentsis known to simulate the
ability of acid sphingomyelinase to synthesize ceramides from sphingomyelin. ASA404 is
known to potentiate the ability of several of these agentsto stimulate TNF production by
cultured human peripheral blood leucocytes (HPBL) (86); two illustrative graphs redrawn
from this publication are shown in B and C. Increased concentrations of cellular ceramides
facilitate the activation of signaling platforms that can lead to physiological changesin both
the tumor vascular endothelium and cells of the innate immune system (see text). B. TNF
concentrations of supernatants of HPBL cultures incubated for 8 hours with the indicated
concentrations of interleukin-1 alone () or in combination with ASA404 (). C. TNF
concentrations of supernatants of HPBL cultures incubated for 8 hours with the indicated
concentrations of phorbol myristate acetate (PMA) aone (<) or in combination with ASA404
(m). Vertical lines represent the ranges of duplicate cultures.
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