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Vascular effects dominate solid tumor response to
treatment with combretastatin A-4-phosphate
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C. Reyes-Aldasoro', Gillian M. Tozer' and Chryso Kanthou'

' Cancer Research UK Tumour Microcirculation Group, Department of Oncology, School of Medicine,
University of Sheffield, Sheffield, United Kingdom

2 Radiobiology Research Institute, Churchill Hospital, Headington, Oxford, United Kingdom

Abstract: Vascular-targeted therapeutics are increasingly used in the clinic. However, less is known
about the direct response of tumor cells to these agents. We have developed a combretastatin-A-4-
phosphate (CA4P) resistant variant of SW1222 human colorectal carcinoma cells to examine the
relative importance of vascular versus tumor cell targeting in the ultimate treatment response.
SW1222Res cells were generated through exposure of wild-type cells (SW1222WT) to increasing
CA4P concentrations in vitro. Increased resistance was confirmed through analyses of cell viability,
apoptosis and multidrug-resistance (MDR) protein expression. In vivo, comparative studies examined
tumor cell necrosis, apoptosis, vessel morphology and functional vascular end-points following
treatment with CA4P (single 100 mg/kg dose). Tumor response to repeated CA4P dosing (50
mg/kg/day, 5 days/week for 2 weeks) was examined through growth measurement, and ultimate
tumor cell survival was studied by ex vivo clonogenic assay. In vitro, SW1222Res cells showed
reduced CA4P sensitivity, enhanced MDR protein expression and a reduced apoptotic index. In vivo,
CA4P induced significantly lower apoptotic cell death in SW1222Res versus SW1222WT tumors
indicating maintenance of resistance characteristics. However, CA4P-induced tumor necrosis was
equivalent in both lines. Similarly, rapid CA4P-mediated vessel disruption and blood flow shut-down
were observed in both lines. Cell surviving fraction was comparable in the two tumor types following
single dose CA4P and SW1222Res tumors were at least as sensitive as SW1222WT tumors to
repeated dosing. Despite tumor cell resistance to CA4P, SW1222Res response in vivo was not
impaired, strongly supporting the view that vascular damage dominates the therapeutic response to
this agent.

Keywords: combretastatin, vascular targeting, drug resistance, tumor

Vascular disrupting agents (VDAs) are a relatively new group of therapeutic agents designed to
target the tumor vasculature, causing vascular collapse, blood flow shut-down and subsequent
tumor cell death.'® Low molecular weight microtubule depolymerizing agents represent the
largest family of this class of agent, the most widely investigated of which is disodium
combretastatin A-4 3-O-phosphate (CA4P).* CA4P, currently in Phase Il/lll clinical trials,?® is a
soluble phosphate pro-drug derivative of the natural parent compound combretastatin-A-4 (CA4)
and is distantly related to colchicine.®” Preclinical studies have shown that CA4P causes a
catastrophic disruption of tumor blood flow, which is evident within the first few minutes of drug
administration. Extensive hypoxia, secondary to CA4P-induced blood flow reduction, culminates
in hemorrhagic tumor cell necrosis by 24 hr.8° CA4P and other VDAs are highly selective for
rodent and human tumors where they cause significantly greater vascular damage compared
with normal tissues.®'? The mechanisms through which VDAs elicit their anti-tumor activity are
conceptually different from those of classic chemotherapeutic agents that directly target the
tumor cell component and kill cells by apoptosis or related mechanisms.™ Although the precise
molecular pathways that drive tumor vascular collapse are not yet fully understood, in vitro
analyses have shown that VDAs act through binding to tubulin resulting in microtubule
depolymerization, triggering morphological changes in endothelial cells that include increased
blebbing and contraction, contributing to the disruption of cell-to-cell junctions and increased
permeability.’*'” These endothelial cell responses are rapid and can be extrapolated to at least



partially explain observations in vivo: an extensive rapid drop in tumor blood flow and collapse of
established tumor vasculature*®18-20 and an increase in tumor vascular permeability.'821.22

In addition to their targeted effects on endothelial cells, tubulin binding agents are established anti-
cancer therapeutics with direct cytotoxic effects on tumor cells per se.23 In vitro, CA4P inhibits tumor
cell proliferation and causes mitotic arrest by interfering with mitotic spindles and chromosome
attachment.?28 These effects are dependent on both level and duration of drug exposure.
Mitotic-arrested cells subsequently undergo mitotic catastrophe and apoptosis through caspase-
dependent and -independent mechanisms. In vivo, the plasma half-life of the active CA4 is
short'"?® and it is difficult to predict whether drug exposures are great enough for significant
direct cytotoxic effects to occur under these conditions, especially as there may be a degree of
drug trapping within tumor tissue, as a consequence of vascular collapse. To maximize efficacy
and achieve local tumor control, it is necessary to combine vascular disrupting agents with other
therapeutic approaches such as conventional chemotherapy or radiotherapy.? Consequently, it
is vital to understand drug effects on both the vascular and tumor cell compartments, to optimize
treatment combinations and scheduling. Dong et al.*° showed that CA4P resulted in an increase
in GRP78, a protein associated with drug resistance. Thus, as has been documented with
multiple other therapeutic agents, treatment with CA4P might result in development of multidrug
resistance (MDR) through increased expression of efflux pump proteins such as P-glycoprotein
(P-gp) and multidrug resistance-associated protein 1 (MRP1) in remaining viable tumor cells.
These efflux pumps prevent intracellular drug accumulation and as a consequence could confer
resistance to subsequent treatment with secondary drug-based agents.?'

Here, we have developed a variant of the wild type human colorectal carcinoma SW1222 cell
line (SW1222"T) with resistance to CA4P (SW1222R¢s). Following confirmation of altered
expression of MDR efflux pumps and corresponding sensitivity to CA4P in vitro, we have carried
out a series of comparative studies in vivo where we considered both the vascular disrupting and
direct anti-tumor effects of CA4P. We hypothesized that if direct cytotoxic effects of CA4P on
tumor cells contributed to therapeutic outcome then this would translate as a reduced response
in the resistant line. We compared levels of CA4P-induced vascular shut-down and tumor cell
necrosis and apoptosis after a single dose of the drug in SW1222"T and SW1222Rs xenografts.
We also performed growth delay studies to ascertain the relative contribution of vascular versus
direct cytotoxic activities of CA4P in determining response to therapy.

Material and Methods

Development of the CA4P resistant SW1222 cell line

The human colorectal carcinoma SW1222 cell line, a kind gift from Dr. Barbara Pedley, was
selected for this study, as its response to CA4P has been well characterized.®?** Cells were
maintained in DMEM supplemented with 10% fetal calf serum. To generate resistance, cells were
initially exposed to 5 nM CA4P for 2 weeks; this was then increased in 10 nM increments on a
weekly basis to 100 nM. Thereafter, cells were exposed to CA4P at 100 nM increments, until a
final concentration of 5 IM was reached. Cells were maintained in 5 IM CA4P to preserve
resistance for over 3 months before use. When implanted into immunocompromised mice,
SW1222 cells

form tumors with a characteristic glandular morphology,®* a characteristic also of the resistant
line.

Measurement of in vitro cell sensitivity to CA4P

Sensitivity of SW1222VT and SW1222R¢s cells to CA4P was quantified by studying cell
proliferation and viability. SW1222"T or SW1222Res cells were plated in 12-well culture plates
(1 x 10° cells per well). CA4P was then added in fresh media 24 hr later. Viable cells were
counted using a Vi-Cell Cell Viability Analyser (Beckman-Coulter, UK) at various times after



CA4P. In some experiments specific MRP inhibitor, MK5713° (Calbiochem, Merck Biosciences,
UK) was added to the cells together with CA4P.

Western blot analysis

To study expression of MDR proteins, extracts from confluent SW1222WT or SW1222Res cells
were prepared in Biosource Cell Extraction Buffer (Invitrogen, Paisley) supplemented with 1
mmol/L phenylmethanesulfonyl fluoride, and Complete™ protease inhibitor cocktail (Roche
Diagnostics, UK). Equal amounts of protein were separated on NUPAGE 7% Tris-acetate gels
(Invitrogen), transferred to nitrocellulose membranes and probed with antibodies to MRP1
(1:500 dilution; Enzo Life Sciences UK) or P-gp (1:800 dilution; Sigma, UK). Immunoreactive
bands were visualized by ECL (GE Healthcare, UK). To confirm equal loading, blots were
reprobed for actin (1:2,000 dilution; Sigma, UK).

Establishment of tumors and CA4P treatment

SW1222WT or SW1222Res cells were injected subcutaneously (5 10° cells in 50 Il serum-free
DMEM) into the rear dorsum of 8-12-week-old female SCID mice obtained from an in-house
breeding program. For monitoring tumor growth, three orthogonal tumor diameters (d1, d2 and
d3) were measured using calipers and tumor volume was calculated using the formula 0.52 x
d1 x d2 x d3. CA4P, kindly provided by Professor Bob Pettit, was dissolved in saline as a 10
mg/ml stock and administered in vivo by intra-peritoneal injection at 50 or 100 mg/kg, once
mean tumor diameter reached 5—-6 mm. Control mice received equal volumes of saline. Tumor-
bearing animals were weighed at regular intervals and monitored for evidence of drug-induced
toxicity. All animal procedures were carried out in accordance with U.K. Animals (Scientific
Procedures) Act 1986 and following local ethical approval.

Assessment of ex vivo tumor cell viability

To examine ex vivo tumor cell sensitivity to CA4P, tumors were enzymatically digested (0.05%
pronase, 0.04% DNase and 0.025% collagenase) to a single cell suspension, and seeded into
culture flasks. Once confluent, cells were subcultured into 12-well plates, and treated with CA4P
24 hr later. Viable cell counts were performed 24—144 hr after the start of CA4P treatment.

Assessment of tumor necrosis and vessel morphology

For assessment of necrosis, tumors were excised 24 hr post-treatment, fixed in formalin and
embedded in paraffin. Sections from the centre of each tumor were stained with haematoxylin
and eosin (H&E) and necrosis was quantified over the entire tumor section using an ocular
Chalkley grid and a 20x objective (mean number of points per tumor: 1,850 6 149). Chalkley
counts were calculated as the proportion of points on the grid overlying necrotic tissue,
measured in adjacent regions of interest over the entire tumor section. Blood vessel endothelial
cells were identified in formalin fixed sections by staining with rat anti-mouse CD31 antibody
(1:300 dilution; BD Pharmingen) followed by biotinylated anti-rat 1gG (1:200 dilution, Vector
Laboratories, UK). Signal amplification was achieved using streptavidin-horseradish peroxidase
(Vector Laboratories) followed by Biotinyl Tyramide Amplification Reagent (TSA™ Biotin System,
NEL700, Perkin Elmer) according to the manufacturer’s instructions. Immunoreactive cells were
visualized with DAB. Stained sections were counterstained with haematoxylin to allow
visualization of tissue architecture.

Measurement of tumor cell apoptosis

Apoptotic cell death in vitro was measured using an ELISA-based photometric assay kit (Cell
Death Detection ELISAPYS, Roche Diagnostics, UK) as we described previously.*® Briefly, cells
seeded in 24-well plates were allowed to adhere overnight and then treated with CA4P for 24 hr.
Cytoplasmic fractions were analyzed for nucleosome generation according to the manufacturer’s



instructions. An increase in optical density over that of control untreated cells was represented
as “fold increase” in released nucleosomes. For assessment of apoptotic cell death in vivo,
formalin fixed tumor sections were stained using the ApopTag plus peroxidase in situ apoptosis
detection kit (Millipore, UK) as per the manufacturer’s instructions. This kit follows the same
principle as the TUNEL assay, using terminal deoxynucleotidyl transferase enzyme to label DNA
fragments in apoptotic cells. Apoptosis was also assessed in tumor sections by immunostaining
for active caspase-3, using anti-cleaved caspase-3 (Asp175) antibody (1:2,000 dilution; Cell
Signaling, New England Bioloabs, UK) as previously described.’” Apoptotic cells were
quantified using a 10 x 10 ocular graticule (total area 1 mm?) using a 20x objective in 5
random fields of view, avoiding necrotic regions. Data were expressed as the mean number of
apoptotic cells/mm?.

Measurement of clonogenic survival

Clonogenic survival assays were performed using established protocols.® Briefly, excised tumors
were enzymatically dissociated (0.05% pronase, 0.04% DNase and 0.025% collagenase) to a
single cell suspension. Dilute cell suspensions were plated in triplicate in 100 mm tissue culture
plates. Colonies were stained ~21 days later with 0.1% methylene blue and those containing 50 or
more cells were counted. The plating efficiency (PE) was calculated as the total number of
colonies/number of cells seeded. The surviving fraction (SF) was calculated taking into account the
size of the tumor and number of cells extracted according to the following formula: (PE of CA4P
treated tumor/the mean PE of all control tumors)  (number of cells extracted g of CA4P treated
tumor/the mean number of cells extracted g™ of all control tumors).

Measurement of relative red cell flux

Red blood cell (RBC) flux was monitored using the Oxford Array multiple channel laser Doppler
system (Oxford Optronics, Oxford, UK). Mice were anaesthetized using iso-fluorane and kept
warm using a thermostatically controlled heating pad in a heated chamber. Three or four
microprobes were inserted into each tumor and once readings were stabilized for 20 min CA4P
was administered. RBC flux was monitored continuously for 60 min and for at least 5 min
following a lethal pentobarbitone injection to obtain measurement of the biological zero RBC flux.
Readings were recorded every 10 sec, and 100 sec averages were calculated for each probe.
Because of variation in the absolute values of individual probes, data were normalized against
the initial pretreatment readings for each probe following subtraction of the biological zero
reading.

Analysis of vascular density and vessel perfusion

Vessel perfusion was calculated as the ratio of perfused to total vessel area, as identified by
pixels positive for administered lectin and endogenous CD31, respectively. FITC-conjugated lectin
(Vector Laboratories) (0.5 mg/ml in saline; 200 Il) was injected i.v. 24 hr post-treatment with
CA4P and 5 min before sacrifice. Tumors were rapidly excised, frozen in OCT, cryostat-
sectioned, and stained by immunofluorescence for endothelial cell marker CD31 using rat anti-
mouse CD31 monoclonal antibody (1:500 dilution; BD Pharmingen) as we described
previously.*® Images of perfused vessels (lectin) and total vessels (CD31) were acquired using
a Leica AF6000 inverted microscope. For each tumor, 10-12 random fields were imaged, using a
20x objective over 2 tumor levels sectioned 200-300 Im apart. The total area in pixels of lectin and
CD31 staining was assessed for each image using in-house developed image-analysis software
4041 which allowed selection of individual thresholds for each fluorescence channel of a
representative image from each tumor. The optimal thresholds were then applied to all images
acquired for an individual tumor. Perfusion was calculated as the ratio of lectin to CD31 staining
100. Vascular density was calculated as the total area of CD31 staining per tumor area.



Statistical analyses

Experiments with three or more groups were analyzed for statistical significance using the
Kruskal-Wallis analysis of variance, and individual comparisons within these groups were
carried out using Dunn’s test. Experiments with two groups were analyzed for statistical
significance using the Mann-Whitney statistical test. In all cases, differences between
groups were described as significant if the probability corresponding to the appropriate statistic
was <0.05.
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Figure 1. The SW1222Res [ine demonstrates reduced sensitivity to CA4P in vitro. (a) Mean number of
viable tumor cells 6 SEM (n 2 3), normalized against untreated controls, are shown following in vitro
exposure to CA4P for 24 to 96 hr. (b) Growth curves of SW1222VT and SW1222Res cells in vitro (n Y4 3).
(c) Representative western blots demonstrating relative expression levels of MRP1 and P-gp
normalized to actin. (d) SW1222Res cells were treated with MRP1 inhibitor MK571 6 1 IM CA4P for 24 hr.
Values represent mean number of viable tumor cells 6 SEM (n ¥4 3). “*” indicates significance (p

0.05). (e) Representative images of SW1222Res cells, 24 hr after CA4P 6 20 IM MK571, demonstrating
reversal of resistance. (f) Apoptotic nucleosome degradation 24 hr after CA4P. Values are mean
absorbance over untreated controls 6 SEM (n 74 3). “*” indicates significance (p 0.05).
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The SW1222Fes |ine demonstrates reduced sensitivity to CA4P in vitro, associated with enhanced
expression of MDR proteins Differences in sensitivity to CA4P between SW1222"T and
SW1222Res |ines were established through assessment of cell growth and viability following
exposure to increasing concentrations of CA4P for 24—72 hr. The SW1222R¢s |ine was less
sensitive to CA4P relative to the SW1222VT line (Fig. 1a).

Exposure to 1-10 IM CA4P for 24 hr was not cytotoxic to SW1222Res cells, whereas a 72 hr
exposure did induce cell death but to a lesser extent than in the SW1222"T line (Fig. 1a). It is of
note that, although the SW1222Res line grew successfully in vitro, the rate of growth was reduced
relative to the SW1222"T variant (Fig. 1b).

Drug resistance is classically achieved through upregulation of MDR proteins, which act to pump
cytotoxic agents out of the cell. We examined the expression levels of efflux proteins, MRP1 and P-
gp. Both proteins were upregulated in the SW1222R¢s |ine relative to the SW1222VT variant (Fig. 1c¢).
To establish whether resistance to CA4P was a consequence of increased efflux pump activity,
SW1222R¢s cells were exposed to the selective MRP1 inhibitor, MK571. MK571 (at doses
between 5 and 30 IM) re-established cell sensitivity to CA4P, whereas alone had no effect on
basal levels of cell growth and viability (Figs. 1d and 1e). These data suggest that enhanced
MRP1 expression contributed significantly to resistance development in the SW1222Res |ine.

Previous in vitro studies have shown CA4P-mediated cytotoxicity to be a result of mitotic arrest
and apoptosis.?6=28 Tumor cell apoptosis was examined in both lines following treatment with
CA4P for 24 hr. Consistent with the tumor cell viability data, the SW1222"T tumor line exhibited
a dose dependent increase in apoptosis at all CA4P doses tested (0.1-100 IM). In addition,
little or no change in basal apoptosis levels was observed in the SW1222R¢s cells after 0.1 and 1
IM CA4P, whereas the extent of apoptosis induction observed in response to 10 and 100 IM was less
than that exhibited by the SW1222VT line (Fig. 1f).

SW1222Res tumors grow successfully in vivo and tumor cells maintain reduced sensitivity to CA4P

The SW1222Res |ine grew successfully in vivo; however, time to palpation was notably longer
than the WT cells (Fig. 2a), consistent with the reduced proliferation rate of the resistant cells in
vitro. Once tumors attained a size of 100 mm?, tumor growth was comparable between the two
lines, probably reflecting vascularization. During tumor growth in vivo, the SW1222Res cells could
not be maintained under the selective pressure of CA4P. Therefore, we examined whether tumor
cell resistance was maintained in vivo by extracting tumor cells from both tumor types and
measuring cell viability following exposure ex vivo to different doses of CA4P. Analogous to the
in vitro data described above (see Fig. 1a), cells extracted from SW1222R¢s tumors maintained
their increased resistance to CA4P (Fig. 2b).

SW1222Res tumors demonstrate comparable responses with a single dose of CA4P in vivo as
SW1222"T tumors

SW1222 is a well-differentiated tumor of glandular morphology (Fig. 3a) with blood vessels
surrounding the glands (arrows in Figs. 3a and 3b). The SW1222R¢s |ine exhibited a similar
glandular morphology in vivo with only a few necrotic cells occupying less than 10% of the tumor
sections (Fig. 3c). Consistent with the published literature,®?3® treatment with a single dose of
100 mg/kg CA4P induced extensive necrosis at 24 hr, identified by H&E staining (Fig. 3a).
Necrosis was characterized by large central tumor regions of contiguous cells with pyknotic
nuclei that stained homogeneously dark with haematoxylin. Necrotic regions were also
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Figure 2. The SW1222%¢s |ine demonstrates a slower rate of growth in vivo, and maintains reduced
sensitivity to CA4P. (a) Tumor growth curves (tumor volume, mm?®) are shown for SW1222"T and
SW1222Res lines in vivo (n ¥4 6). (b) Mean numbers of viable cells 6 SEM (n %4 3) normalized against
untreated controls are shown following in vitro exposure to CA4P for 24—-144 hr of ex vivo tumor cells.

characterized by significant thinning of the cell cytoplasm, disruption of tissue architecture and
loss of cell-to-cell contact (see inset Fig. 3a). Levels of CA4P-induced necrosis were
comparable in the two tumor types (Fig. 3c). Staining of tumor sections for the endothelial
marker CD31 revealed severely disrupted, fragmented and collapsed blood vessels within
necrotic regions of CA4P-treated tumors (Fig. 3b). Distorted endothelial cells with cytoplasmic
protrusions into the lumen were also apparent, even in the non-necrotic regions (Fig. 3b).

Laser Doppler measurement of relative red cell flux was used to assess early CA4P-mediated
vascular effects. CA4P treatment significantly reduced relative red cell flux in both lines (Fig. 4a).
This was apparent within 10 min of drug administration and continued gradually over the course
of a 60 min observation period. There were no significant differences in this early vascular
response between the two tumor lines. Functional changes in the vasculature of each tumor type
were also assessed at 24 hr after treatment by injecting fluorescent lectin, a marker of perfusion,
5 min before tumors were excised (Fig. 4b). Perfusion, expressed as a ratio of lectin positive
pixels over total CD31 positive pixels, was significantly reduced in both tumor lines after CA4P
(Fig. 4c) demonstrating that SW1222Res tumors, similar to their wild type counterparts, exhibited
classic VDA-mediated vascular functional changes. As for the early vascular effects on red blood
cell flux, perfusion changes were also not significantly different between the two tumor lines.



Vascular density, established through measurement of CD31 positive staining in frozen
sections, was not significantly different between the two tumor types and remained constant
24 hr after CA4P (Fig. 4d).
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Figure 3. CA4P induced necrosis is comparable between SW1222VT and SW1222Res tumors. (a)
Representative H&E staining shows well-differentiated tumors with glandular morphology. Arrows
indicate blood vessels surrounding the glands. CA4P (100 mg/kg, 24 hr) caused profound central
tumor necrosis. V and N indicate viable and necrotic tissues, respectively. Bar, 100 Im. (b)
Representative CD31 staining shows vessel disruption in necrotic areas. Bar, 200 Im. (¢) Percentage
of tumor necrosis is shown for individual tumors. The bar represents the median; “*” indicates
significance relative to corresponding control untreated groups (p 0.05).
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Figure 4. CA4P mediated vascular shut-down is comparable between the SW1222"T and
SW1222Res tumors. (a) Mean relative red cell velocity 6 SEM was measured using laser Doppler
following treatment with saline control or CA4P. Values were normalized against pretreatment
readings for each group. Arrow indicates the start of CA4P (100 mg/kg) or saline administration.
(b) Representative immunofluorescence images of CD31 staining (Texas red) and lectin (FITC)
demonstrating regions of perfused (arrow) and nonperfused (arrow-head) vessels. (c) Vessel
perfusion as the ratio of lectin to CD31 positive pixels in tumors after CA4P (100 mg/kg) or saline
control for 24 hr. Values are means 6 SEM. (d) CD31 positive staining, expressed as percentage of
total tumor area. In (c) and (d), n ¥4 7, except for SW1222Res controls where n ¥4 6. “*” indicates
significance relative to control untreated groups (p  0.05).

The surviving tumor cell fraction was examined using a clonogenic survival assay, which
accounts for the overall effects of the drug, both vascular and directly cytotoxic. The surviving
fraction 24 hr after CA4P did not differ between the two lines (Fig. 5a). Tumor sections were
also examined for evidence of apoptotic cell death assessed by staining for DNA fragmentation
and for activated caspase-3. In both tumor types, spontaneous levels of apoptosis were
comparable (Figs. 5b—5e). Significantly more apoptotic cells were detected in the SW1222VT
than the SW1222Res tumors following treatment with CA4P (Figs. 5b—5e). These data confirmed
that the SW1222Res cells remained resistant to CA4P when grown as xenografts in vivo.

SW1222Res tumors demonstrate comparable response with extended CA4P treatment in vivo as
SW1222"T tumors

In order to determine whether the reduced apoptotic index observed in the SW1222R¢s tumors
relative to SW1222"T tumors, following single dose CA4P (Fig. 5) translates into a reduced
growth response after extended treatment, growth delay was examined in both tumor lines
treated with CA4P at 50 mg/kg/day (5 days/week over 2 weeks). CA4P caused a moderate
growth delay in both tumor lines, with the SW1222Res tumors displaying at least equivalent
sensitivity to their WT counterparts (Fig. 6a). Therefore, the reduced direct cytotoxic action of
CA4P against SW1222R¢s tumors did not translate into an altered tumor growth response,
demonstrating that direct cytotoxicity was not the principal mechanism for drug action in a
clinically relevant dosing strategy. Interestingly, there was even a tendency for the
SW1222Res tumors to grow more slowly in response to CA4P than the SW1222"T tumors,
although this did not reach statistical significance with the numbers used (Kruskall-Wallis
analysis of variance for tumor volume on day 12). Tumor-bearing animals did not show any
evidence of drug-induced toxicity over the course of CA4P treatment (Fig. 6b).

Discussion

This study compared a CA4P resistant tumor line with its wild-type variant to specifically examine the
relative importance of the vascular versus direct cytotoxic effects of the tubulin binding agent,
CA4P.* There is a clear need to distinguish between the overall contribution of these two vital tumor
compartments to treatment outcome to maximize the efficacy of combination therapies. In this study
we carried out an extensive series of in vivo analyses to address this issue. Despite demonstrably
significant differences in sensitivity to CA4P in vitro and ex vivo, tumors propagated in vivo from
SW1222Res cells were found to behave in a manner comparable to that of SW1222VT tumors, with
both variants showing CA4P-induced tumor necrosis, vascular shut-down and similar growth



response. These data demonstrate the dominant role of CA4P mediated vascular effects on
therapeutic efficacy.

Tumor cell lines resistant to analogues of CA4 have been developed previously. Nihei et al.*?
found that a colon carcinoma line, resistant to AC-7739 (the active form of AC-7700, now the
Sanofi-Aventis compound AVE8062) in vitro, was equal to its wild-type counterpart in terms of
tumor size after treatment relative to untreated controls, at the time of maximum response.
Although this result is consistent with our findings, full growth curves were not shown and no
further analyses were performed. Another study used a cervical carcinoma line resistant to CA4
analogue BRPOLO75 to examine changes in gene expression related to tumor cell death in
vitro*® but no in vivo investigations were reported.

The SW1222Res |ine was successfully generated through exposure to increasing
concentrations of CA4P, following established procedures.** In vitro analyses showed that
SW1222Res cells were notably more resistant to CA4P, most likely through elevated expression
of MDR proteins, MRP1 and P-gp. Resistance to CA4P was reversed by an inhibitor of MRP1
suggesting that this efflux pump was largely responsible for the developed resistance. The
SW1222Res cell line in vitro exhibited a clear resistance to CA4P compared with the SW1222VT line
at concentrations of 0.1-10 IM for various times. These drug exposures are relevant for in vivo
studies,

where mouse plasma levels of the active CA4P metabolite CA4 were reported in the region
of 0.5-2.8 IM, within

90 min of administering 100 mg/kg CA4P.%4°> Qur data confirmed several previous studies®-2®
showing that the mode of direct tumor cell death was anti-proliferative, leading to apoptosis, and
that resistance to CA4P was indeed maintained in vivo, since markers of apoptosis, namely DNA
fragmentation and cleaved caspase-3 expression were significantly greater in SW1222"T compared
with  SW1222Res tumors following CA4P treatment (see Fig. 5). In addition, ex vivo analyses of
tumor cell viability demonstrated that SW1222R¢s tumors maintained their reduced sensitivity to
CAA4P following growth in vivo.

CA4P treatment induced a significant increase in necrosis (40-50% of tumor area) in both
SW1222"T and SW1222Res tumors, consistent with its effects in a range of other tumor
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Figure 5. Tumor cell surviving fraction is comparable in both lines following treatment with CA4P,
whereas tumor cell apoptosis is reduced in the SW1222R¢s line. (a) Surviving tumor fraction was
measured by clonogenic assay after CA4P (100 mg/kg, 24 hr) or saline control. The bar indicates the
median. The mean number of apoptotic cells per mm? were determined by TUNEL assay (b) and
cleaved caspase-3 immunostaining (d) in formalin fixed sections. Error bars represent SEM. “*”
indicates p 0.05 significance. Representative images of TUNEL staining and cleaved caspase-3
positive cells in SW1222"T and SW1222R¢s tumors are shown in (¢) and (e). Bar, 200 Im.

model systems.?°46 Characteristically, VDA-induced necrosis is primarily confined to central
tumor regions of contiguous cells, surrounded by a rim of viable tumor cells. This pattern of
tumor cell death is distinct from apoptosis and typical of the effects of prolonged vascular



occlusion (ischemia).*” Profound CA4P-mediated tumor ischemia has also been shown to be
associated with depletion of high energy nucleoside triphosphates,*® suggesting that the
associated cell death is
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Figure 6. The SW1222Res tumors are as sensitive to continuous CA4P treatment in vivo as SW1222Res
tumors. (a) Mean tumor growth (relative to tumor volume at treatment start) is shown for SW1222VT
and SW1222Res tumors. CA4P was administered at 50 mg/kg/day for 5 days/week over a 3-week
period shown by the arrows. Values represent means 6 SEM; n V4 6 for all groups; (b) Animal weights
(relative to weight at start of treatment). Animals implanted with SW1222"T tumors: 22.8 g 60.37 g
mean starting weight, 22.8 g 60.31 g mean finishing weight. Animals implanted with SW1222Res
tumors: 21.9 g 60.49 g mean starting weight, 21.9 g 6 0.56 g mean finishing weight.

instigated by a passive process, a feature that distinguishes necrosis from apoptosis. Tumor
blood vessel morphology (CD31 staining patterns), blood-flow (laser Doppler flowmetry) and
vessel perfusion (lectin binding) were all severely compromised by CA4P treatment to a similar
degree in both tumor types, providing compelling evidence for an acute, profound and sustained
vascular damage in response to CA4P in both tumor types. The established link between
ischemia and necrosis strongly supports the notion that equivalent levels of vascular damage in
the SW1222"T and SW1222Res tumors led to the development of equivalent levels of necrosis,
via ischemia, irrespective of any direct drug-induced cytotoxicity on the tumor cells themselves. It
should be noted that endothelial cell death may contribute to the net overall vessel disruption
observed in our tumor models?4364% put is not a prerequisite and cannot explain the early
collapse in blood flow that manifests within minutes of drug administration. Therefore, we did not
explicitly investigate endothelial cell death either by apoptosis or necrosis in these studies but
rather the morphological changes in endothelial cells that potentially compromise blood flow. It
should also be noted that there were no intrinsic differences between vascular development in
the two lines, which were seen to be equally well vascularized and perfused with similar rates of
growth once established.



When we examined overall cell survival of tumor cells following a single 100 mg/kg dose of
CA4P to tumour-bearing mice, using a clonogenic assay, we found very similar surviving
fractions for the SW1222"WT and SW1222Res tumors, despite the reduction in drug-induced
apoptosis observed in the SW1222Res tumors. This indicates that the apoptosis levels observed
were insufficient to influence overall cell survival and that the necrosis induction was therefore
the predominant influence. The constant similarity in response observed in vivo between the
SW1222W"T and SW1222Res tumors strongly supports the concept of a dominant vascular
response in mediating treatment outcome via necrosis. In reaching this conclusion, we need to
consider whether other stromal components could cause significant CA4P-induced tumor cell
death. In vivo CA4P triggers an influx of immune cells such as neutrophils into the tumor,*®
which could certainly contribute to tumor cell cytotoxicity. However, these effects are secondary
to vascular damage, with immune cells clustering around necrotic tumor regions (our own
unpublished data) and so cannot be considered to play an independent role. SW1222Res tumors
showed a reduced early growth rate in vivo compared with SW1222"T tumors, as shown by the
longer time to palpation. Interestingly, a reduced growth rate in drug-resistant tumor lines has
been described previously.®® This was attributed to elevated caveolin-1 expression in resistant
cells,

which has been linked to increased apoptosis.®' In our study, there was no difference between
apoptosis levels in size-matched untreated SW1222"T and SW1222Res tumors, but CA4P more
effectively induced apoptosis in SW1222"VT compared with SW1222Res cells. Zhao et al.%? found
that over-expression of caveolin-1 blocked TRAIL-induced apoptosis in human hepatocarcinoma
cells. Thus, we can speculate that the reduced growth rate of our SW1222Res line and the direct
tumor cell response to CA4P is linked to caveolin-1 expression. Further studies would be needed
to investigate this hypothesis.

A clear therapeutic concern is that continued exposure to VDAs could induce tumor cell
resistance. To address this, we examined tumor growth in response to repeated exposure to
CA4P over 2 weeks, where the wild-type tumor cell population might be expected to have a
greater impact on the overall response to treatment due to increased drug exposure. However,
this was not found to be the case, with the SW1222R¢s tumors being at least as sensitive as the
SW1222"T tumors. Any increase in sensitivity of the SW1222R¢s tumors compared with the
SW1222"T tumors is difficult to interpret, considering that the vascular response after a single
dose of CA4P was very similar in the two lines. It is possible that necrotic tissue is cleared more
rapidly in the SW1222Res tumors.

Irrespective of the explanation, this result is encouraging, demonstrating that incurred tumor cell
resistance to CA4P does not translate to reduced therapeutic efficacy. However, if resistance is
acquired through upregulation of MDR proteins, it might impact on response to combined
treatment with therapeutic agents that target the tumor cell population directly and this would
need further study.

To conclude, we have shown that the SW1222R¢s tumor line, which was shown to be less
sensitive to CA4P with a reduced apoptotic index, responds to CA4P treatment in a manner
analogous to that of the SW1222"T tumor line. These data strongly support a dominant role for
the vascular targeting effects of CA4P in eliciting an anti-tumor effect, even for repeated dosing
strategies. This result is encouraging, suggesting that incurred resistance to CA4P would not
impact on its clinical efficacy.
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