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Abstract

Combretastatin A-4 phosphate (CA4-P) is an antivascular agent which inhibits tumour blood flow. The effects of CA4-P were
studied at 1 and 24 h in colorectal xenografts by the concomitant imaging of multiple physiological parameters (hypoxia, blood ves-
sels and perfusion), selected to demonstrate changes related to vascular shut-down. Untreated tumours were viable, with perfused
blood vessels throughout and only small areas of hypoxia. At 1 h post-treatment, although blood vessels remained throughout the
tumour, perfused vessels were mainly restricted to the rim. However, hypoxia was widespread in both peripheral and central parts of
the tumour. Quantitative analysis also revealed a significant decrease in perfusion and a maximum increase in hypoxia at this time-
point. Conversely, at 24 h after treatment, when most of the tumour was necrotic, pathophysiological conditions in the surviving
viable rim were already returning to normal: perfusion was increasing, and hypoxia was greatly reduced and restricted to regions
bordering central necrosis. In conclusion, these data provide an insight into the actions by which CA4-P may exert its effects on

solid tumours.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is widely accepted that tumour vasculature is criti-
cal for both the survival and the continuous growth of
tumours [1,2]. It also determines the type of microenvi-
ronment that exists within a tumour and thus influences
tumour response to therapy [3]. These findings have led
to a significant research effort to develop therapies that
specifically target and damage tumour vasculature,
either by inhibiting its development (anti-angiogenic
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therapy) or specifically destroying established vessels
(anti-vascular therapy) [4]. Vascular targeting aims to
exploit the differences between tumour and normal vas-
culature by irreversibly arresting tumour blood flow and
producing tumour cell death by oxygen and nutrient
starvation. However, although there is some under-
standing of the effects of anti-vascular agents on tumour
endothelial cells, much less is known about their overall
effects on the tumour as a whole. As tumour microenvi-
ronment is a key factor in tumour biology and has a
large impact on response to treatment, analysis of multi-
ple tumour parameters is essential in order to obtain a
better understanding of the modes of action of anti-vas-
cular agents, thereby optimising therapy.

Two main classes of drugs have been identified as hav-
ing anti-vascular activity [5]. First, compounds related to
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flavone acetic acid which are thought to cause vascular in-
jury via the tumour necrosis factor-o pathway, for exam-
ple 5,6-dimethyl-xanthenone-4 acetic acid (DMXAA) [6—
8]. Second, the tubulin binding agents, which include
combretastatin A-4 phosphate (CA4-P) [9,10].

CA4-P is a compound originally isolated from
Combretum caffrum, a southern African shrub [11]. In
contrast to colchicines and other tubulin-binding
agents that have been investigated for disrupting tu-
mour vasculature and for which there is significant
dose-limiting toxicity, CA4-P is active at one-tenth of
the maximum tolerated dose, offering a wide therapeu-
tic window [12]. The precise mechanism of action of
CAA4-P is not fully understood, but it has been shown
to specifically target dividing endothelial cells and
block mitosis through binding to tubulin, causing
destabilisation of the cytoskeleton [12]. In vivo, CA4-
P has been shown to cause rapid reduction in tumour
blood flow followed by large-scale central necrosis in
a range of animal and human xenografts [12-15], as
well as in spontaneous animal tumours [16]. In addi-
tion, it has also been shown to enhance outcome when
used in combined therapies such as radiation and che-
motherapy [17], hyperthermia [18] and antibody-based
approaches [19,20]. Furthermore, in Phase I clinical tri-
als, a single dose of CA4-P was shown to cause
changes consistent with tumour blood flow reduction
[21]. This drug is currently entering a range of com-
bined-therapy trials, including antibody-targeted treat-
ment for colorectal cancer [19].

The aim of the present study was to investigate, with-
in the same whole tumour section, the effects of CA4-P
on selected tumour parameters at different time-points
using a human colorectal xenograft (SW1222) in nude
mice. These include morphology, blood vessel distribu-
tion, vascular perfusion and hypoxia. Furthermore, we
show quantitative data of the changing relationship be-
tween the latter three parameters at a microscopic level
following CA4-P treatment. This is the first time that
these techniques have been used to investigate the effects
of anti-vascular drugs on tumour biology over time.

In this study, we demonstrate how quantitative
microscopy can be used to investigate relative changes
in a range of tumour parameters within the same whole
tumour section following anti-vascular therapy. This
same technique can be used to study the therapeutic ef-
fects of any cancer treatment and will allow the optimi-
sation of both type and timing of therapy.

2. Materials and methods
2.1. Tumours and drug treatment

The human colorectal adenocarcinoma SW1222
was grown as subcutaneous (s.c.) xenografts in the

flanks of nude mice [19]. Tumours were selected for
treatment when they reached approximately 1cm in
diameter, 10-14 days after implantation. All experi-
ments were in compliance with the United Kingdom
(UK) Coordinating Committee on Cancer Research
Guidelines for the Welfare of Animals in Experimen-
tal Neoplasia.

CA4-P, supplied by OXiGENE, was made up in ster-
ile normal saline immediately prior to use. Two groups
of 3 mice each were injected with a single dose
(200 mg/kg) of CA4-P and sacrificed at 1 and 24 h
post-treatment. A further group of 3 mice who were
not given any drug was used as controls. Tumours were
removed, snap-frozen in isopentane (cooled over liquid
nitrogen), sectioned at 10 um and stored at —80 °C.

2.2. Tumour parameters

The effect of CA4-P on selected tumour parameters
was studied in detail using the following markers:

1. Perfusion. Hoechst 33342 (Molecular Probes) was
injected intravenously (i.v.) at a concentration of
10 mg/kg 1 min before sacrifice. This marker is
viewed directly under an ultraviolet (UV) filter.

2. Hypoxia. Mice were injected with 60 mg/kg pimoni-
dazole intraperitoneally (i.p.) 30 min before sacrifice
and a fluorescein isothiocyanate (FITC)-conjugated
anti-pimonidazole antibody was used to identify hyp-
oxic areas within the tumour.

3. Tumour vasculature. An anti-CD31 antibody and an
Alexa Fluor 546 conjugated secondary antibody were
used to detect blood vessel distribution within the
tumour.

4. Morphology. Haematoxylin and eosin (H&E) staining
of the same section was carried out in order to com-
pare the distribution of fluorescence with tumour
structure/architecture.

2.3. Fluorescence immunohistochemistry

After thawing, sections were fixed in acetone for
10 min and left to air dry at room temperature. Sections
were then blocked in 3% normal goat serum and incu-
bated with a 1:2 dilution of unconjugated anti-CD31
rat anti-mouse (A kind gift from Professor A. Manto-
vani) for 1 h at room temperature. After rinsing in phos-
phate-buffered solution (PBS), sections were incubated
simultaneously with a 1:200 dilution of Alexa Fluor
546 goat anti-rat antibody (Molecular Probes), and with
a 1:2000 dilution of a FITC-conjugated rabbit poly-
clonal anti-pimonidazole antibody (A kind gift from
Professor J. Raleigh). After rinsing in PBS, sections were
mounted in PBS and viewed under a fluorescence micro-
scope (see below).
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2.4. Fluorescence image generation and quantification

Sections were viewed on an Axioskop 2 microscope
(Zeiss, UK), (at 200x magnification), fitted with a com-
puter-controlled motorised stage, and the images cap-
tured by an AxioCam digital colour camera using
KS300 image analysis software (Zeiss, UK) [20].

Each tumour section was placed on the motorised
stage and then scanned for all three fluorescence param-
eters, using the appropriate filter for each of the markers.
Perfusion was viewed by a UV filter (365 nm excitation),
hypoxia by a FITC filter (450490 nm excitation), and
blood vessel distribution by a rhodamine filter (546 nm
excitation). A threshold value, equivalent to the exposure
in milliseconds, was used to distinguish the signal from
background and was determined for each individual
marker before the scanning process. After each scan,
which consisted of a large number of individual fields
(225-400), a composite tiled image was reconstructed
for each marker. When scanning of all three fluorescent
markers was complete, the same tumour section was then
stained with H&E and scanned under bright field micros-
copy. The whole scanning procedure therefore yielded
four composite images for each tumour section showing
perfusion (Hoechst 33324), hypoxia (pimonidazole),
blood vessel distribution (CD31) and morphology
(H&E). The fluorescence images were then co-registered
using Adobe Photoshop software, resulting in a new multi-
channel image showing overlapping fluorescently
labelled structures. In order to quantify the changing
relationship of the tumour parameters following therapy,
regions of interest (ROI) within the tumour were defined
by manually drawing on the corresponding H&E image,
demarcating regions of viable tumour tissue and exclud-
ing those necrotic and non-tumour areas. The number of
pixels in the ROI (i.e., viable tissue) was then calculated
as a percentage of the whole tumour section. Finally,
the relative intensity for each fluorescent marker in each
pixel was measured using an Interactive Data Language
(IDL) program (IDL, UK), the latter representing the
corresponding parameter fraction within the ROI.

3. Results

In order to assess and quantify the extent of damage
produced by CA4-P, sections from both control and
treated tumours underwent both fluorescence and
H&E staining, and image analysis.

3.1. Regional distribution of parameters following CA4-P
treatment

3.1.1. Untreated tumours
Morphology. H&E staining revealed the typical histo-
logical appearance of SW1222 tumours, showing them

to be moderately differentiated with malignant glandular
acini supported by connective tissue stroma. The tu-
mour was mainly viable with only limited necrosis
(Fig. 1(e)).

Vasculature, perfusion and hypoxia. Simultaneous
demonstration of both CD31 and Hoechst revealed per-
fused blood vessels throughout both central and periph-
eral areas of the tumour (Fig. 1(a) and (b)). In contrast,
pimonidazole staining demonstrated only small areas of
hypoxia within the tumour (Fig. 1(c)). These areas
tended to be distant from blood vessels (Fig. 1(f)) and/
or bordering areas of tumour necrosis. Fig. 1(d) shows
a co-registered image of the three fluorescence parame-
ters across the same tumour section.

3.1.2. CA4-P-treated tumours
The effects of CA4-P on tumour parameters were as-
sessed in SW1222 tumours at 1 and 24 h after treatment.

3.1.2.1. 1 h post-treatment. Morphology. H&E staining
revealed that, after a 1-h treatment with CA4-P, treated
tumours retained a similar morphology to untreated tu-
mours. At this time-point, most of the tumour appeared
viable with some areas of haemorrhage and necrosis
(Fig. 2(a)).

Vasculature, perfusion and hypoxia. In spite of the
lack of morphological change at this time-point, the
functional biology of the tumour was drastically al-
tered. Treatment with a single i.p. dose of 200 mg kg '
of CA4-P resulted in almost complete vascular
shutdown in SW1222 tumours 1 h after treatment as
demonstrated by Hoechst staining (Fig. 2(b)). Co-
registration of fluorescence staining for both Hoechst
and CD31 revealed that, although blood vessels were
still distributed throughout the whole of the tumour,
perfusion was now predominantly confined to the outer
rim of fibrous connective tissue capsule surrounding
the tumour. The occasional perfused blood vessels
found within the tumour region itself were mainly seen
at the tumour edge (Fig. 2(b)). By contrast, pimoni-
dazole staining, revealed that at this time-point large
areas of hypoxia had developed throughout the tu-
mour (Fig. 2(b)). These were found in both central
and peripheral regions of the tumour, primarily adja-
cent to non-perfused blood vessels (Fig. 2(c)). How-
ever, some hypoxia also developed at a distance from
perfused blood vessels and surrounding regions of
necrosis.

3.1.2.2. 24 h post-treatment. Morphology. At 24 h fol-
lowing CA4-P treatment, the centre of the tumour
was necrotic with only a peripheral rim of viable cells
remaining as demonstrated by H&E staining (Fig.
2(d)).

Vasculature, perfusion and hypoxia. Fluorescence
staining showed that both perfusion and blood vessel
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Fig. 1. Fluorescence microscopy of a control untreated tumour stained by triple immunofluorescence as described in the text. (a)—(e) Composite
images of the same tumour section showing (a) perfusion (Hoechst 33342), (b) blood vessel distribution (anti-CD?31), (c) hypoxia (pimonidazole), (d)
a co-registered image of all three parameters and (¢) H&E staining of the same tumour section demonstrating morphology. (f) Detail of the untreated
tumour demonstrating the development of hypoxia (green) at a distance from perfused (blue) blood vessels (red). All images at 200x magnification.

distribution were restricted to this viable region at the
edge of the tumour, although remnants of blood vessels
were also found in the more central necrotic areas (Fig.
2(e)). Furthermore, some areas of pimonidazole staining
were also seen in the viable rim, demonstrating hypoxic
cells bordering regions of tumour necrosis (Fig. 2(e)).

3.2. Quantification of the different parameters following
CA4-P treatment

Quantitative analysis of the fraction of viable tissue
within the whole tumour section following CA4-P treat-
ment was first carried out (Fig. 3). The percentage of
viable tissue was similar for both untreated and 1 h-trea-
ted tumours (78% and 73%, respectively). However, at
24 h after treatment, this fraction was significantly re-
duced to 16% (Fig. 3).

Next, quantitative analysis of the relationship be-
tween the different tumour parameters in viable tissue
(i.e. ROI) was carried out to demonstrate their relative
changes over time following CA4-P treatment (Fig. 4).
In untreated tumours, blood vessel distribution occurred
at a frequency of 7.9%. After treatment, this fraction
rapidly declined to 4.3% by 1h and subsequently re-
mained at this level, being only 4.8% at 24 h following
CA4-P treatment. Perfusion also occurred at a maxi-
mum frequency measuring 12.3% in the untreated tu-
mours. After therapy, this proportion was markedly
reduced to 1.5% at 1 h, but had risen to 3.4% at 24 h fol-
lowing treatment. By contrast, hypoxia measured 1.7%
in the control tumours. At 1h post-treatment, there
was a significant increase in the fraction of hypoxia to
a maximum of 23.7%, followed by a return to control
levels (1.4%) at 24 h post-treatment.
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(d)

Fig. 2. Effects of CA4-P at 1 (a)-(c) and 24 (d)—(e) hours. (a) An H&E composite image of a 1-h treated tumour section demonstrating tumour
morphology, (b) a corresponding co-registered composite image of the same tumour section showing all three parameters: Perfusion (blue), hypoxia
(green) and blood vessel staining (red). (c) Detail of the 1 h-treated tumour demonstrating the development of hypoxia (green) adjacent to non-
perfused blood vessels (red). (d) An H&E composite image of a 24-h treated tumour section demonstrating tumour morphology, and (e) a
corresponding co-registered composite image of the same tumour section showing all three parameters: Perfusion (blue), hypoxia (green) and blood

vessel staining (red). All images at 200x magnification.

4. Discussion

This study provides further insight into the effects of
CAA4-P on solid tumours. We have shown microscopi-
cally that CA4-P specifically causes alterations in pat-
terns of vascular distribution, perfusion and the state
of hypoxia in SW1222 tumours over time. Furthermore,
we provide quantification data for the changes in these
parameters following CA4-P treatment. By using quan-
titative analysis of the changes in spatial relationships
between three different fluorescent markers simulta-
neously, we have dissected the tumour parameters af-
fected by CA4-P at both early and late time-points.
Furthermore, by studying two time-points following
administration, we have generated additional informa-
tion about the temporal effects of the drug on tumours.

Untreated tumours were highly vascular, with abun-
dant perfusion and very little hypoxia. At 1 h after treat-
ment, CD31 staining still revealed that blood vessels
were distributed throughout the tumour. However, com-

bination with the Hoechst marker demonstrated that
perfused vessels were now limited to the edge of the tu-
mour, with only a few found in the centre. Conversely,
hypoxia could now be seen throughout the whole of
the tumour, both in peripheral and central regions as
demonstrated by pimonidazole staining. This pattern
of distribution was further confirmed by glut-1 staining
on an adjacent section (data not shown). The use of
quantitative analysis revealed a significant reduction in
the percentage of perfusion at this time-point, accompa-
nied by a corresponding increase in the fraction of hy-
poxia, in comparison with untreated tumours.
Interestingly, the fractions of viable tissue within both
untreated and treated tumours were comparable at this
early time-point, comprising most of the tumour section
(Fig. 3). These findings show that alterations in the
levels of both perfusion and hypoxia represent an early
effect of CA4-P treatment despite little or no evidence
of change in tumour morphology. These data confirm
and enhance previous studies by ourselves and others
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% pixel count
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Fig. 3. Histogram showing the percentage of total pixel counts found
in viable regions of the tumour over time following CA4-P treatment.
The means * standard error of the means (S.E.M.) of three different
tumours are shown. ROI, regions of interest.
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Fig. 4. Histogram showing the quantitative analysis of blood vessel
distribution, perfusion and hypoxia over time in CA4-P-treated
tumours. The means £ S.E.M. of three different tumours are shown.

showing that, in both single and combined therapy,
CAA4-P reduces levels of perfusion in a range of tumour
models [9,19,22]. In addition, CA4-P has also been
shown to increase levels of hypoxia in a number of spon-
taneous and experimental tumours using oxygen probes
[23]. The current study demonstrates that the increase in
levels of hypoxia observed at 1 h post-therapy is likely to
be a consequence of a rapid block in perfusion caused by
CAA4-P treatment.

In agreement with several earlier studies [9,19,24], our
histological analysis revealed that most of the tumour
was necrotic at 24 h post-CA4-P treatment, with only
a rim of viable tissue remaining at the periphery. Quan-
titative data demonstrated that this viable tissue com-
prised only 16% of the whole tumour section
compared with 78% in control and 73% in 1 h-treated
tumours (Fig. 3), thus reflecting a significant increase
in the amount of necrosis developing by this later
time-point. However, within this viable rim of the tu-
mour there was a recovery in perfusion, and a corre-
sponding reduction in hypoxia to control levels, when
compared with the 1 h CA4-P treatment (Fig. 4). These

data support our previous work with CA4-P which
showed that the level of perfusion within the remaining
viable rim was significantly reduced at 6 h post-treat-
ment compared with untreated controls, but had started
to recover by 24 h after treatment [19]. The increase in
perfusion at the rim may relate to a re-perfusion of ves-
sels which had been temporarily shut down by the treat-
ment, or the growth of new vessels. This is important,
because the tumour rapidly recommences growth from
this remaining peripheral rim of viable cells leading to
treatment failure [19,24]. These cells may survive treat-
ment by receiving diffused oxygen and nutrients from
adjacent normal host tissue and/or from re-perfused
blood vessels within the tumour, which allows their con-
tinued proliferation.

CD31 staining demonstrated that blood vessels
were distributed throughout the whole tumour in both
control and early treatment time-points, but by 24 h
they were restricted to the viable rim except for some
scattered remnants in the necrotic areas. Furthermore,
the quantification data revealed that, although the
percentage of blood vessels was reduced following
CA4-P treatment, this fraction remained relatively un-
changed between 1 and 24 h. This decline in the frac-
tion of blood vessels following treatment may be due
to endothelial cell death as a direct consequence of
CA4-P treatment. Indeed, a number of in vitro studies
support this argument. CA4-P has been shown to in-
duce G2/M cell cycle arrest and subsequent death in
transformed murine endothelial cells [25]. In addition,
CAA4-P has been demonstrated to induce apoptotic cell
death in human umbilical vein endothelial cells (HU-
VECs) [26]. More recently, the combretastatin family
member, OXI4503, was shown to induce tumour vas-
cular collapse through the induction of endothelial cell
apoptosis in vivo [27].

This early reduction in the fraction of blood vessels
observed in our study (i.e. 1 h after treatment), demon-
strates the rapid effects of the drug on tumour endothe-
lium, and the likely subsequent sloughing of endothelial
cells. This is interesting in view of the fact that a study
using a liver metastatic model demonstrated a significant
reduction in the density of blood vessels 1 h after CA4-P
treatment [28]. Furthermore, a recent study using CD31
staining in a panel of tumour models demonstrated loss
of endothelial cells as early as 2 h following treatment
with the tubulin-binding agent ZD6126 [29].

Various reports have demonstrated the effects of the
anti-vascular drug CA4-P on single tumour parameters,
using a range of techniques. These have included
microvasculature using scanning electron microscopy
[28], blood flow by magnetic resonance imaging (MRI)
[30,31] and hypoxia using computerised fine-needle
polarographic oxygen electrode probe [23]; however,
this is the first to demonstrate the relative effects of
CA4-P on tumour vasculature, perfusion and hypoxia
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simultaneously, over time, by fluorescence microscopy.
Using these techniques, we have been able to show for
the first time that, in spite of the dramatic effects of
CA4-P on tumour morphology and pathophysiology,
the major parameters determining tumour growth are
returning to pre-treatment conditions in the surviving
periphery by 24 h after drug administration. This helps
to explain why CA4-P is inefficient as a single agent,
as it does not inhibit tumour growth, and requires a
combined treatment regime in order to realise its full
therapeutic potential [18,19].

In the current study, we have described a new ap-
proach to the use of montaging techniques for investi-
gating tumour responsiveness to anti-vascular agents.
This technique, in which a series of individual micro-
scopic fields is reconstructed using image analysis soft-
ware to form a composite image of a whole tumour
section, was first demonstrated by Rijken and colleagues
in Ref. [32], and has since been used to visualise and
quantify multiple tumour parameters in various studies
[33-35]. In those studies, an adjacent section is generally
used to delineate tumour tissue, by excluding non-tu-
mour tissue and necrotic areas. However, in the current
study, an H&E image of the same tumour section is used
to select the ROI within the tumour in order to carry out
the quantification analysis. This has the advantage of
allowing more accurate quantification, as all the analysis
is made on the same tumour section.

In studies utilising image processing techniques prior
to image analysis, the exposure for each fluorophore
must be adjusted in order to distinguish clearly between
signal and background. Variations in the exposure val-
ues could therefore influence the calculations for each
parameter fraction. It has been suggested that a fixed
threshold for each fluorophore should be used to ana-
lyse sections from the same study. It was argued that this
should be feasible if all sections were stained using the
same protocol at the same time [34]; in our experience,
this has not been the case, as different sections fluoresce
at different intensities, even when stained simulta-
neously. However, this does not appear to be a problem
in the current study, as the mice within each group give
highly reproducible results with small SEMs (see Fig. 4).
In addition, the strength of this methodology is that all
pixels within the ROI for each tumour are counted
allowing all of the data for each parameter to be taken
into account. Given this level of accuracy, it has been
possible to clearly demonstrate the time-dependent ef-
fects of CA4-P on the tumour. Furthermore, this meth-
odology allows us to demonstrate not only the difference
in distribution of a single parameter following therapy,
but also significant changes in the relationship between
the three parameters over time. In an attempt to refine
the techniques used to quantify the different fluorescent
markers, we are currently exploring other methods that
enable more rapid acquisition of images which, in turn,

will enhance the sensitivity of fluorophore (marker)
detection. In addition, we aim to further dissect the tu-
mour environment by studying a range of additional
parameters, for example apoptosis and proliferation,
which will enhance our understanding of both tumour
microenvironment and its regional responsiveness to
therapy. Finally, we are currently applying a three-
dimensional system, which allows the reconstruction of
a tumour from serial tumour sections, in order to fur-
ther evaluate the damage caused by CA4-P throughout
the whole tumour mass. Considering the whole tumour
volume instead of a single section should provide new
insights regarding the effect of treatment. As diffusion
of molecules is a three-dimensional process, and single
images do not take into account out of plane effects of
treatment within a tumour, a three-dimensional system
will address the intratumoral heterogeneity in regional
response to therapy. This, in turn, will lead to a more
accurate prediction of therapeutic response in the clinic.

In conclusion, this study has demonstrated the
importance of both fluorescence imaging and quantita-
tive microscopy in the analysis of tumour microenviron-
ment parameters following treatment with CA4-P. This
technique provides information on the architectural pat-
terns which improves our understanding of the tumour
micro-environment, and can be applied to a wide range
of anti-vascular and other therapeutic agents. This, in
turn, will give insight into their modes of action, thereby
allowing the optimisation of single and combined thera-
pies for future clinical trials.
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