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Abstract

Tumour-speci®c vascularisation may be therapeutically approached in two di�erent ways: by antiangiogenic treatments speci®-
cally directed to dividing and migrating endothelial cells, or by agents that target principally the inadequate and ill-structured
tumour vasculature. Combretastatin A-4 phosphate (combreAp), a recently synthesised prodrug (OXiGENE, Lund, Sweden), is a

vascular targeting agent of the latter kind. We evaluated the e�ect of a single intraperitoneal (i.p.) combreAp injection on the
growth of rhabdomyosarcomas syngeneic in WAG/Rij rats. Di�erent tumour volume groups, ranging between 0.1 and 27 cm3, were
selected to assess the relationship between the size at treatment time and the response to combreAp. A double combreAp treatment
(2�25 mg/kg) was investigated within the same overall aim: the relationship between growth delay and tumour size. Our results

show that the systemic administration of combreAp induces a clear-cut di�erential growth delay in the solid rat rhabdomyosarco-
mas: with very large tumours (5 14 cm3), a 17.6-fold stronger e�ect was measured than with very small tumours (<1 cm3). This is
the `inverse' of the volume-response seen with the conventional therapeutic approaches (radiotherapy, chemotherapy or surgery).

These combreAp antitumour responses were observed without treatment limiting systemic toxicity in the rats. With clinical digital
subtraction angiography, using microsurgical cannulation of a major tumour draining vessel, and with histopathology, we
demonstrate that growth delay is related to an early (within 3±6 h) and extensive breakdown of tumour blood vessels. The experi-

ments involving a second injection also indicate a volume-dependent e�ect of combreAp in reducing the regrowth rate of small or
large rhabdomyosarcomas. This signi®cant di�erential volume±response obtained with `selective' vascular targeting, stronger in
larger tumours than smaller ones, suggests the potential of broadening the therapeutic window. # 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Maintenance and improvement of vasculature is cri-
tical for the continued growth of solid tumours. These
blood vessels therefore represent a target for potential
new anticancer therapies (for reviews, see e.g. [1±6]).
De®nitive damage will lead to an avalanche of ischae-
mic tumour cell death and necrosis. As a consequence,
inhibition of angiogenesis and more recently, speci®c
vascular targeting are being extensively investigated
[7±10].
Angiogenesis inhibition in solid tumours is de®ned as

the prevention of new blood vessel formation from the
existing vascular bed [1,7,8,11]. The actions of these
drugs thus primarily consist of inhibiting growth and
migration of the endothelial cell. Subsequent to such
antiangiogenic treatment, tumour growth that is criti-
cally dependent on angiogenesis will be prevented.
Vascular targeting treatments, on the contrary, are

predominantly based on the fact that the already
acquired tumour vasculature is selectively attacked
[1,12,13]. This type of therapy takes advantage of the
weaknesses of established tumour endothelial cells and
their supporting structures and induces collapse,
thrombosis and/or haemorrhage. Obviously, depending
on the agent and the dose intensity selected for this
treatment, the proliferating endothelial cells of newly
growing blood vessels might serve as an additional
target.
Selectively targeting the acquired tumour blood ves-

sels may constitute a potential tool, complementing
traditional anticancer therapy that is mainly directed
against the malignant cells themselves. Occlusion or
collapse of the tumour vessels inherently leads to
ischaemic or haemorrhagic necrosis. The acute reduc-
tion of tumour vasculature will initiate an immense loss
of tumour cells because of nutrient deprivation, and
might thus result in stabilisation or reduction of tumour
growth. This has been demonstrated with hyperthermic
treatment [14,15], with ¯avone acetic acid injections
[13,16], with tumour necrosis factor-a [13,17] and with
an antitumour endothelial cell immunotoxin [18,19].
Another vascular targeting approach, involving tubulin-
binding agents, recently gained increasing attention. As
such, colchicine, vinblastine and dolostatin have been
tested for their e�ect on tumour growth through anti-
vascular activity [12,20,21]. Of particular interest is the
novel compound combretastatin A-4, derived from the
South African tree Combretum ca�rum [22,23]. The
more soluble phosphorylated prodrug showed the
potential to induce a similar extent of vascular shut-
down and necrosis, but without the severe side-e�ects of
the parent compound [24±26]. These studies, as well as
all other vascular targeting investigations have, how-
ever, been restricted to small-sized mouse tumours only.
They therefore lack potentially useful information on

the relationship between tumour size and the e�ective-
ness of a selective vascular targeting compound.
The present study assessed the in vivo antitumour

e�ect by vascular targeting with combretastatin A-4
phosphate prodrug (combreAp) in a broad range of
tumour volumes, using the syngeneic WAG/Rij rat
rhabdomyosarcoma model. This tumour grows sub-
cutaneously (s.c.) in the ¯ank region to much larger
sizes than have been described in the literature for
mouse models. Such a growth capacity up to several
tens of cm3 favours clinical relevance, as many cancer
patients present with already large tumour masses. In
addition, we have tested a clinical imaging technique
consisting of digital subtraction angiography for its
applicability to evaluate the antivasculature and anti-
tumour e�ects of combreAp in our rat tumour model.
The overall goal of our research was to determine the

relationship between tumour volume and the vascular/
antitumour e�ect of combreAp. Our investigations cov-
ered: (i) the extent of the antitumour activity in terms of
growth delay; (ii) histopathological examinations; and
(iii) the visualisation of the e�ect of combreAp on the
tumour vasculature with digital subtraction angio-
graphy. Using the latter twomethods, we also focused on
the time relationship between the combreAp injection
and the sequence of the major events involved in the
development of tumour damage and eventual regrowth.
Finally, a double combreAp treatment was evaluated
for its additional tumour growth delay capabilities and
the presence of a size-dependent phenomenon.

2. Materials and methods

2.1. Tumour model

The in vivo tumour system used in the present project
is a highly reproducible experimental syngeneic rhabdo-
myosarcoma in WAG/Rij rats [27]. Brie¯y, the tumour
cell line has been derived from a radiation-induced
tumour in the jaw musculature of inbred WAG-Rij rats.
Alternate s.c. tumour cell inoculation and tumour piece
transplantation are routinely used in our laboratory to
maintain qualitatively the characteristics of the rhabdo-
myosarcoma. The tumour shows a regular growth pat-
tern without the development of metastases, and has the
property of s.c. growth up to 40±50 cm3 in the ¯ank
region of rats without causing any obvious disturbance
of the animals' health. Indeed, no anaemia, weight loss
or change in physical behaviour was recorded during
the time of this growth. This allowed us to investigate
the e�ectiveness of combreAp in a large range of
tumour sizes. It was, however, decided to sacri®ce rats
bearing tumours larger than 40 cm3 (or less if adequate
information is obtained earlier during growth) at any
time during the follow-up period. For the present
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experiments, we transplanted tumour pieces of approxi-
mately 1 mm3 s.c. into the lower ¯ank of adult rats
(260±300 g). This technique avoids the spread of growth
along the injection track, which often occured after s.c.
inoculation of 1±3�106 tumour cells, and allows ade-
quate and reproducible tumour volume measurements.

2.2. Preparation of the vascular targeting compound
solution and administration

The combretastatin A-4 prodrug (OXiGENE Inc.,
Lund, Sweden) was dissolved in 0.9% saline immedi-
ately before use. The solution was injected intraper-
itoneally (i.p.) in a volume of 0.5 ml. The control rats
received an i.p. injection of 0.5 ml 0.9% saline only.

2.3. Growth delay measurements

Three orthogonal diameters were measured with a
caliper and used to calculate the volume of the tumour
with the formula: a�b�c�p/6=volume, expressed in
our study as cm3. Correction for skin thickness of 1 mm
was applied at all the measured diameters. To evaluate
the relationship between tumour size and the combreAp
administration, ®ve di�erent tumour volume ranges
were selected prior to any treatment. These ranges were
<1 cm3, 1±3 cm3, >3±7 cm3, >7±14 cm3 and >14 cm3,
referred to in our study as `very small', `small', `med-
ium', `large' and `very large', respectively.

2.4. Histopathology examination

After removal of the tumour from the animals, at
selected time intervals after the combreAp injection,
transections were made of predetermined tumour size
ranges. Either the whole segment (for very small and
small tumours) or half of the segment (medium to very
large tumours) was ®xed in 10% formaldehyde solution.
Care was taken to enable the evaluation of both the
central and peripheral tumour area in the same slice.
Following para�n embedding, 10 mm sections were
stained with the haematoxylin±eosin combination. All
sections were screened independently, generally using a
�100 and a �400 magni®cation, by the principal inves-
tigator and the histopathologist. The latter was blinded
to the treatment protocol.

2.5. Microsurgical cannulation of the tumours for digital
subtraction angiography

Spontaneously breathing anaesthetised rats (Fentanyl±
Dehydroperidole (Janssen-Cilag, Belgium) mixture 0.4
ml/100 g, i.p.) were placed in dorsal decubitus and pinned
to a cork operation table. Through transcutaneal and
transfascia midline incision, the encapsulated tumour
was exposed. The wound was retracted, and the tumour

vascular pedicle was dissected under microsurgical
viewing. The major feeding artery and vein were fol-
lowed by proceeding proximally up to the con¯uence
site with the iliac artery and iliac vein, respectively.
Because the pedicle of the exposed tumour often
appeared kinked and occasionally compressed by vas-
cular sheet bands, the sheet and the adventitia of the
vein were trimmed. Following cannulation, a ¯ush with
0.2 cc pure heparin was made and the syringe with con-
trast medium was attached to allow injection during
imaging. An occlusive microvascular clamp was applied
proximally to prevent possible back¯ow of contrast
medium into the blood circulation. At the end of the
angiographic recording, the cannula was withdrawn
and the operation wound was closed with 4/0 Prolene
running suture. Only the large and very large tumours
were investigated in this way since the smaller ones
had a narrow vascular pedicle that made cannulation
impossible.

2.6. Digital subtraction angiography technique

Following micro-dissection and cannulation of the
major tumour draining blood vessel, angiography of the
tumour was initiated. For this purpose, 1 ml of ioxa-
glate meglumine/ioxaglate sodium (Hexabrix, Codali,
Belgium) 200 mg I/ml, a water soluble low osmolar ionic
contrast agent, was injected. The animals remained
anaesthetised to obtain recordings without movement
artifacts. Pulse mode X-ray image acquisition was done
at a ®xed voltage of 70 kV with a Siemens Polytron
apparatus, using a constant image intensi®er ®eld.
Scanning of the tumour vascularity was performed at 3
frames per second during the injection. The images were
stored and digital subtraction of the body-background
was performed to improve the analytical quality. Selec-
ted images were printed on Agfa ®lms. The tumour
vasculature images were o�ered for interpretation to
two independent radiologists blinded to the study plan.
Number and size (numerical grading), location (periph-
eral; central) and gross morphology (regular or irre-
gular) of the blood vessels were the parameters used to
evaluate the antivasculature e�ects of combreAp.

2.7. Statistics

The results presented in the growth delay graphs are
means with standard error of the mean (SEM). Di�er-
ences between groups were evaluated with a Multiple
Regression Analysis.

2.8. General aspects

The overall number of tumours used to assess growth
delays, tissue changes and vascularity amounts to a total
of approximately 320, including repeat experiments.
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The research protocol was in accordance with the
Ethical Committee for Animal Care and Use of the
Catholic University of Leuven (K.U. Leuven, Belgium)
and national guidelines.

3. Results

Systemic toxicity evaluations of a single i.p. com-
breAp injection clearly indicated that doses above 50
mg/kg (MTD) resulted in severe weight loss. A com-
breAp dose of 100 mg/kg resulted in 25% mortality in
the rats. It was therefore decided to use combreAp
injections of 25 mg/kg or less in all experiments, as no
signi®cant signs of general toxicity were observed in
both tumour-free and tumour-bearing rats.
The s.c. growth of control tumours, evaluated

between 0.1 cm3 and less than 40 cm3, consistently
occurred at a volume doubling rate of 2.5±5 days. The
e�ect of combreAp on the growth rate of rhabdomyo-
sarcomas was evaluated with the ®ve preselected
tumour volume ranges. Each point of all the growth
curves represents the mean volume (cm3) of at least 20
tumours. Using a single i.p. injection of 25 mg/kg a
distinct volume-dependent antitumour e�ect was seen
(Fig. 1). With tumours referred to as very small to
medium (47 cm3), growth delays of at most 5 days were
seen (Fig. 1a, b, c). Tumours with a volume at injection
larger than 7 cm3 responded well to the treatment, with
growth delays between 9 and 18 days (Fig. 1d, e). The
slowing of tumour growth was small, but measurable at
2 days after treatment. For the very large tumours, not
only a stabilisation in size but even a small regression of
tumour volume was detected (Fig. 1e). Palpation of the
control and treated tumours revealed, for all the chan-
ges in volume, a consistently ®rm tumour mass that was
later con®rmed at transection. To enable a precise
quanti®cation of the growth delay relative to the treat-
ment starting volume, it was decided to interpolate the
measured growth delay at 1.5 times the increase in size.

The results of these calculations are summarised in
Table 1. The two extremes in the present study, i.e. no
growth delay for very small tumours versus a mean of
17.6 days delay for the very large tumours, clearly
demonstrate the size dependency of the combreAp
e�ectiveness with this rhabdomyosarcoma tumour
model. When the single i.p. dose of combreAp was
reduced to 10 mg/kg, a smaller reduction in the growth
rate was observed, but still with a more marked e�ect at
the larger tumour volumes (data not shown). With
large-sized rhabdomyosarcomas, 5 days delay in growth
was measured, as compared with 9.5 days when 25 mg/
kg was used with this tumour size. With medium sized
tumours (>3±7 cm3), 1.5 days growth delay was
obtained after injection of 10 mg/kg combreAp instead
of 4.5 days as observed with 25 mg/kg of the drug.
The digital subtraction angiographic images of con-

trol tumour-bearing rats showed the relatively rich vas-
cularity of the large sized rhabdomyosarcomas (Fig.
2a). Vascularisation was always more intense in the
periphery than in the centre of the tumour, the latter
being partially necrotic (see histopathological screen-
ing). The majority of the blood vessels in these control
tumours were large and showed a regular morphology.
A striking e�ect of the treatment with 25 mg/kg com-
breAp on the tumour vascularity was imaged. At 3 h
after drug administration, a slightly reduced number of
vessels was seen in the periphery and towards the centre.
These blood vessels showed an irregular shape as well as
a reduction in diameter. At 6 h, a clear decrease in the
number and size of blood vessels was observed and they
were found to be irregular (Fig. 2b). At both time
intervals, a back-pressure was present during the injec-
tion of the contrast medium. Screening the rhabdo-
myosarcomas at 1 day after the combreAp treatment
revealed similar pictures to those at 6 h. Blood vessels
were, however, now present only in the peripheral area.
The images obtained at 3 days after drug injection
showed that vascularity was absent in the major part of
the tumour and only a few vessels remained at the

Table 1

Rat rhabdomyosarcoma and combretastatin A-4 phosphate (25 mg/kg i.p.)

Predetermined volume

groups (cm3)

Time lapse for volume

change (days)a
Relative growth

delay (days)b
Statistical signi®cance

for growth changesc

Control CombreAp

Very large (>14) 3.4 21.0 17.6 P<0.0001

Large (>7±14) 2.6 12.1 9.5 P<0.0001

Medium (>3±7) 2.5 7.0 4.5 P<0.002

Small (1±3) 2.4 4.8 2.4 P=0.0044

Very small (<1) 2.9 2.9 0 ±

a Time (days) necessary for tumours to increase 1.5� in volume.
b Time di�erence (days) between combreAp-treated and control tumours to increase 1.5� in size.
c Signi®cance level of the change in tumour growth between combreAp-treated and control tumours estimated from the full growth curves (see

Fig. 1) using Multiple Regression Analysis.
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Fig. 1. Growth of rhabdomyosarcomas implanted subcutaneously (s.c.) in the ¯ank of WAG/Rij rats: control tumours (closed symbol, broken line)

and combreAp-treated tumours (open symbol, solid line). The di�erent panels display the results with very small tumours (a); small tumours (b);

medium tumours (c); large (d); and very large (e) tumours. The combreAp dosage was 25 mg/kg given as a single intraperitoneal (i.p.) injection.

Vertical bars represent the standard error of the mean (SEM).
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periphery (Fig. 2c). They had an irregular morphology
and reduced diameter.
The histopathological examination of control rhabdo-

myosarcomas showed for all sizes a mainly cellular
tumour with numerous actively dividing cells (Fig. 3a,
b). Blood vessels were rather abundant and randomly
located, showing a normal morphology. Sections of
medium to large control tumours (>3±14 cm3) revealed
areas of necrosis dispersed in the centre as well as in the
periphery. In very large tumours (>14 cm3) pro-
portionally more necrosis was seen. The blood vessels
adjacent to these necrotic tumour parts were dilated.
After injection of a single dose of 25 mg/kg combreAp,
the picture promptly changed. Apart from the blood
vessels present in the periphery of the tumour, dilatation
and congestion were observable at 3 h postinjection of
combreAp. Moreover, several small foci of fresh necro-

sis were present in the potentially viable parts of the
tumours. After 6 h, the necrotic foci were larger and
started to merge. After 1 day, the whole tumour showed
extensive necrosis, except for a very narrow rim of
potentially viable tumour cells. The blood vessels that
were present in the peripheral rim showed no abnorm-
alities. Just beneath this rim, small haemorrhagic
zones were seen. Vessel wall interruption and endothe-
lial cell damage were present in the necrotic area. At 2
and 3 days after combreAp injection, the rim of poten-
tially viable tumour was even thinner and the haemor-
rhagic/necrotic area practically occupied the whole
tumour volume (Fig. 3c, d): at this time interval, no
bleeding was present when the tumours were transected.
Analysis of the rhabdomyosarcoma tumours with
volumes less than 3 cm3 indicated that the combreAp-
induced e�ects were quantitatively less than those

Fig. 2. Angiographic images (with digital subtraction of the body-background) of large sized rhabdomyosarcomas growing subcutaneously (s.c.) in

the ¯ank of WAG/Rij rats. They were randomly selected and representative for the imaging of tumour vascularity in control and combreAp treat-

ment conditions. (a) Control, non-treated, tumour showing the wealth of regular blood vessels. (b) Image obtained 6 h after the combreAp treatment

(25 mg/kg). A decrease in size and in number of the blood vessels was observed. (c) Angiographic screening of tumours 3 days after the combreAp

injection revealed very poor vascularity, present only in the peripheral area. The remaining vessels had a reduced diameter and showed an irregular

morphology. (d) At 10 days after combreAp treatment, characteristic features of newly formed vessel morphology were seen. Compared with the

images obtained at the 3 day time interval, an increase in number of blood vessels was present.
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described for the larger tumours: the ratio of induced
necrosis to the viable looking areas was less than with
the larger rhabdomyosarcomas. The timescale for pre-

senting any vascular damage with subsequent necrosis
was, however, again the same as described in detail
above.

Fig. 3. Vascular targeting e�ect with combreAp in rat rhabdomyosarcomas. Photographs are representative of the tissue changes in large tumours,

as observed at day 2±3 (c and d) and at day 10±11 (e and f) following a single intraperitoneal (i.p.) injection of 25 mg/kg combreAp. The (a) and (b)

are microscopic images of control (no combreAp) tumours. The para�n-embedded tumour tissue slices are stained with haematoxylin/eosin. Mag-

ni®cations are �10 (a, c and e, with � indicating the magni®ed area) or �100 (b, d and f).
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The strong antitumour e�ects observed in the large
and very large tumours, after the single combreAp
injections and with three di�erent techniques, were,
however, not permanent. Subsequent to the period of
reduced growth rate, a renewed increase in size was
measured in these tumours, at a rate similar to the
tumour growth observed in the control groups (Fig. 1d,
e). This regrowth is also clearly documented with the
histopathological and the angiographical approach.
Indeed, when screening the slices of the large and very
large tumours, removed and prepared at 10±11 days
after the 25 mg/kg combreAp injection, several periph-
eral thickenings and outgrowths were present (for
example in Fig. 3e, f). In the intermediate areas, a `cap-
sule' had been formed that consisted of ®brous tissue in
which some dispersed tumour cells were present. In
most tumours, this ®brous capsule surrounded the
completely necrotic original tumour mass. The blood
vessels were, for the same time interval, angio-
graphically imaged only at the periphery (Fig. 2d): they

were relatively large in size and number, having a reg-
ular morphology comparable with the peripheral vessels
of control untreated tumours. In contrast, the histo-
pathological analysis of medium and even more so of
the small tumours showed that growth of the com-
breAp-treated tumours rather occurred as a broad
expansion of the potentially viable peripheral area.
With the strategy to introduce a second combreAp

injection at a speci®c stage of tumour regrowth, the
same message was obtained: a slightly stronger e�ect
was observed with larger tumours compared with small-
sized tumours. As described above, the regrowth of the
large tumours from the remaining potentially viable rim
often showed a nodular pattern. These outgrowths
shared the size of very small or small tumours prior to
any treatment (43 cm3). Although they were respon-
sive, it was to a lesser extent than could be expected if
the tumours were still considered large, based on their
total volume (Fig. 4a). The interpolated additional
growth delay at 1.5 times the increase in size following
the second injection is approximately 3±4 days
(P<0.001). Regrowth of small tumours occurred as an
overall expansion at the tumour edge. Following the
second combreAp treatment, given when these tumours
reached 4±7 cm3, they showed a growth delay of
approximately 5 days (Fig. 4b). In fact, this growth
delay corresponds with the one measured for medium
tumours when only a single combreAp injection was
used (see Table 1).

4. Discussion

Cancer growth requires the expansion of the vascular
network to balance the cellular needs for oxygen and
other nutrients. This vessel sprouting occurs initially
from the host and secondarily from both the host and
the acquired tumour blood vessels. Eventually, the
tumour expands between the surrounding newly formed
capillary sprouts. It has been well described that this
tumour neovasculature shows an irregular pattern of
convoluted and dilated vessels with less di�erentiated
and more rapidly proliferating endothelial cells. It is
therefore attractive to introduce compounds that
directly attack the vulnerable tumour blood vessels with
the subsequent initiation of a cascade of tumour cell
death. This should at its best occur without treatment
limiting normal tissue damage.
The combretastatin A4 phosphate prodrug (com-

breAp) belongs to a family of tubulin inhibitors for
which isolation, structure and activity have been descri-
bed [12,22,23,28]. The major target of the drug activity
seems to be the ill-structured tumour blood vessels and
their endothelial cells, with more speci®cally the inhibi-
tion of tubulin polymerisation. Apoptotic death has
been demonstrated in vitro with normal human umbili-

Fig. 4. Growth of subcutaneous (s.c.) implanted rhabdomyosarcomas:

changes in growth delay after the use of 1�25 mg/kg (~) or 2�25 mg/

kg (*) combreAp given intraperitoneally (i.p.) (time of injections is

indicated). The ®gure shows the results for large (a) and for small (b)

tumours. The additional gain in the growth delay is identi®ed with an

arrow. Vertical bars represent the standard error of the mean (SEM).
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cal vein endothelium [29]. More details about the
mechanisms of action of combreAp, speci®cally in
tumour blood vessels, remain to be unravelled, and fur-
ther discussion of this aspect is beyond the scope of the
present paper.
Recently, using transplanted tumours in mice, several

laboratories have shown that a single administration of
combreAp induced a vascular shutdown as early as 6±
12 h after injection, with the subsequent formation of
haemorrhagic necrosis [24±26,30]. To our knowledge,
all of these reported in vivo data involved the treatment
of very small rodent tumour models. It is obviously
important to screen, when possible, the activity of such
a compound in larger tumours of any type. In radio-
and chemotherapy it is ®rmly documented that a di�er-
ential antitumour e�ectivity exists, for di�erent reasons,
at least partly related to tumour sizes at treatment times.
Our investigations, using the established rat rhabdo-

myosarcoma cancer model, are intriguing in that they
illustrate the dramatic change in growth pattern from
combreAp relative to the tumour volume at the time of
treatment. With the very small and small rhabdomyo-
sarcomas, no or a borderline signi®cant growth delay
was measured respectively. This result is similar to data
published on very small murine tumours, where no
growth delay was seen at a systemically non-toxic com-
breAp dose [25,26,30]. However, as the rhabdomyo-
sarcoma tumour volume at the time of the combreAp
injection increased (>3 cm3), the growth delay became
more important. For instance, the di�erence in delay
with the rhabdomyosarcoma between the small (1±3
cm3) or very small (<1 cm3) and the very large (>14
cm3) tumours was approximately 7- and 17-fold,
respectively. Moreover, a signi®cant shrinkage was also
observed with the larger tumour sizes rapidly after the
combreAp injection (see Fig. 1b). This `inverse' (com-
pared with e.g. radio- or chemotherapy) volume±
response relationship (compared with e.g. radio- or
chemotherapy) could be expected, if one accepts that
the corollary requirement for newly acquired blood
vessels increases with the size of the tumour. This
implies at ®rst glance that larger tumours may have
proportionately more ill-formed and eventually com-
breAp sensitive vasculature than small tumours, that
initially have their nutrient supply through the periph-
eral and the co-opted host vasculature [6,31]. A further
and strong impairment of an already inadequate blood
supply due to combreAp activity will consequently stop
tumour growth and may lead to tumour growth retar-
dation, as is clearly demonstrated in the present study
speci®cally with the tumours larger than 7 cm3.
To evaluate the overall blood vessel changes, standard

neuroradiological and interventional radiological digital
subtraction angiography was performed with an iodi-
nated contrast-medium and image analysis. The applied
intra-operative technique avoids the dilution of the

contrast medium in the total body circulation, which
occurred when we used injections in the tail vein. The
angiographic images obtained at 3 h after the combreAp
injections already showed e�ects on the tumour vascu-
larity. At later time intervals (up to 3 days) reduction in
vessel diameter, changes in morphology and extensive
loss of blood vessels within the tumour were obvious.
The histopathological microscopy observations of
tumour slices were in agreement with these ®ndings,
with the ®rst signs of vascular damage (dilation and
congestion) being clearly detectable at 3 h postinjection.
At 6 h after the combreAp treatment, evidence of
damage of blood vessels and endothelium was detect-
able with the microscopic analysis. An obvious deduc-
tion from the combination of the two clinico-analytical
approaches is the relationship between the `dis-
appearance' of blood vessels and the increase in necro-
sis, both phenomena clearly present 1 day after the
combreAp treatment. The early presence of tissue
changes was also observed histopathologically in the
smaller rhabdomyosarcomas, similar to the reports on
small mouse tumour models which documented acute
vascularity changes and blood ¯ow reductions
[12,24,26]. Such an acute manifestation of necrosis has
been reported separately with experiments involving
mouse tumours treated with ¯avone acetic acid (FAA)
[20]. A strong reduction in tumour blood ¯ow, indica-
tive of vessel damage, was measured within 4±6 h after
FAA administration [16,21,32]. The overall pattern of
the combreAp-induced necrosis, being preceded by vas-
cular defects, also resembles the antitumour e�ects
observed with tumour necrosis factor-a. Both Baguley
and colleagues [20] and Mahadevany and coworkers
[32] discussed the involvement of the tumour necrosis
factor-a when analysing the antitumour e�ects of FAA
in their biological systems. Anyhow, the straightforward
relationship between the severity of vascular shutdown
and the antitumour e�ect seems obvious. Indeed, a sig-
ni®cant growth delay was only obtained following a
temporary clamping of tumour blood supply for 12±14
h, whereas 1±2 h occlusion induced little changes in
tumour growth [33]. It seems clear that the suppression
of rhabdomyosarcoma tumour growth by combreAp is
mainly the result of selective targeting of the acquired
tumour neovasculature. This is consistent with the fact
that the absolute tumour volume, and inherently the
absolute number of tumour cells depending on these
established ill-formed blood vessels for their survival,
seems to be an important parameter determining the
growth delay after treatment. In addition, larger
tumours inherently may have more newly formed blood
vessels which can be aberant in structure and function
and thus more vulnerable to the action of such agents.
A correlation between small and large rhabdomyo-
sarcomas and their vasculature may be indirectly dedu-
cible from a comparison of our results obtained with
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antiangiogenesis treatment in the same tumour model
[34] and the present combreAp data. With the use of
TNP-470, a fumagillin analogue and speci®c angiogen-
esis inhibitor, growth delays were more pronounced in
tumours smaller than 7 cm3. This contrasts, with regard to
tumour volume, to the e�ect seen with combreAp admin-
istration. Both these observations obtained with vascular
targeting and anti-angiogenesis, taken together may indi-
cate di�erences in tumour size-related vascular quality
(and quantity) at least in rat and rhabdomyosarcoma.
It could also be hypothesised that combreAp ®nds

activation through hypoxia, present to a much greater
extent in large tumours compared with those smaller
than 3 cm3. It may be worthy to think about this possi-
bility, since we earlier showed with the same tumour
model that only tumours larger than 4±5 cm3, having a
su�cient amount of severe hypoxia/necrosis, could be
colonised with anaerobic bacteria [35]. The possibility
for such an inter-related activation will be investigated.
Finally, some direct cytotoxic e�ects of combreAp

towards the tumour cell population, as indicated in the
recent literature for some tumour cell types [25,30,36],
may have to be taken into account in our in vivo rhabdo-
myosarcoma studies.
The present data describing the in¯uence of tumour

size on the outcome of vascular targeting treatment,
may be compared with only a few other studies. Indi-
cations for a similar size±response relationship have to
our knowledge only been suggested for hyperthermia
and for FAA treatments [15,16]. In some of these
experiments, the e�ect of treatment was also less with
very small tumours compared with relatively larger
ones. However, the use of these agents at their respec-
tive anticancer e�ectivity was hampered by severe side-
e�ects. The absence of obvious systemic toxicity related
to the combreAp dosage and injection site, used in our
investigations, are therefore an additional advantage.
The rats maintained normal activity, with no evidence
of bleeding, diarrhoea or skin lesions at the tumour
transplantation or injection site. The absence of normal
tissue injury in parallel with strong tumour cell kill has
been quoted by other research groups using various
mouse tumour models [24±26,30].
In view of the absence of systemic side-e�ects, the

overall research with combreAp encourages the use of
such tumour vessel targeting drugs as a novel cancer
treatment modality, speci®cally for large tumours. With
the present rhadomyosarcoma tumour model, a clear-
cut di�erential tumour volume versus response rela-
tionship with combreAp injection is demonstrated. In
addition, the double combreAp treatment indicates this
positive volume-dependent growth delay e�ect. Fur-
thermore, the data demonstrate that even tumours
smaller than 3 cm3 can be signi®cantly inhibited in
growth with an appropriately scheduled repeat injection
of combreAp. This `inverse' response is at ®rst surprising,

as well as promising, since traditional anticancer therapies,
such as radiotherapy and chemotherapy, are less e�ec-
tive on large solid tumours than on small ones [37,38].
It is obvious that, since a single combreAp treatment

is not curative on its own, a combined strategy with e.g.
radiotherapy and/or chemotherapeutic drugs will be
necessary to improve tumour control. Pilot experiments
involving the mouse CaNT tumour model, with either
irradiation or with cisplatin in combination with com-
breAp, provide a positive indication [30].
Corroborating the results described herein with the

rhabdomyosarcoma tumour model, it is conceivable
that patients who present with large inoperable solid
tumours or who relapse after other treatments, may
bene®t from a vasculature targeting treatment. At pres-
ent, phase I trials with combreAp treatments are ongo-
ing in Europe and the USA, of which the preliminary
results are promising.

Acknowledgements

Supported by grants from the `FWO-V', the `K.U.L.
Onderzoeksfonds', the `IWT', the `VKL', the `VIS' and
the `SVTK' of Belgium. S. Nuyts and J. Theys are IWT
research fellows. We wish to express our appreciation
for the expert secretarial assistance of Inge Aerts and
Chantal Biernaux (Rega Institute for Medical
Research). It is our pleasure to acknowledge the assis-
tance of A. Rijnders with the statistical analysis. W.L.
appreciates the stimulating discussions with Professor
G. Opdenakker from the Molecular Immunology
Department (Rega Institute for Medical Research) and
the comments from Professor Ni and Dr Miau of the
Experimental Radiology Section (University Hospital).
We are grateful for excellent cooperation from Michel
Op de Beeck of the University Medical Research Ani-
malium and the help from his team with the breeding, as
well as the care, of the rats during the experiments. We
thank Professor R. Pero, OXiGENE Inc., Lund, Sweden,
for providing the combretastatin A-4 phosphate prodrug.

References

1. Denekamp J. Review article: angiogenesis, neovascular prolifera-

tion and vascular pathophysiology as targets for cancer therapy.

Br J Radiol 1993, 66, 181±196.

2. Denekamp J. Vascular endothelium as the vulnerable element in

tumours. Acta Radiol Oncol 1984, 23, 217±225.

3. Folkman J. The role of angiogenesis in tumor growth. Semin

Cancer Biol 1992, 3, 65±71.

4. Folkman J. What is the evidence that tumors are angiogenesis

dependent? J Natl Cancer Inst 1990, 82, 4±6.

5. Folkman J. Tumor angiogenesis: therapeutic implications. N

Engl J Med 1971, 285, 1182±1186.

6. Hanahan D. A ¯anking attack on cancer. Nature Med 1998, 4,

13±14.

7. Sipos EP, Tamargo RJ, Weingart JD, Brem H. Inhibition of

tumor angiogenesis. Ann NY Acad Sci 1994, 732, 263±272.

1842 W. Landuyt et al. / European Journal of Cancer 36 (2000) 1833±1843



8. Auerbach W, Auerbach R. Angiogenesis inhibition: a review.

Pharmacol Ther 1994, 63, 265±311.

9. Molema G, Gri�oen AW. Rocking the foundations of solid

tumor growth by attacking the tumor's blood supply. Trends

Immunol Today 1998, 19, 392±394.

10. Barinaga M. Designing therapies that target tumor blood vessels.

Science 1997, 275, 482±484.

11. O'Reilly MS, Holmgren L, Chen C, Folkman J. Angiostatin

induces and sustains dormancy of human primary tumors in

mice. Nature Med 1996, 2, 689±692.

12. Chaplin DJ, Pettit GR, Parkins CS, Hill SA. Antivascular

approaches to solid tumours therapy: evaluation of tubulin

binding agents. Br J Cancer 1996, 74, S86.

13. Baguley BC, Calveley SB, Crowe KK, Fray LM, O'Rourke SA,

Smith GP. Comparison of the e�ects of ¯avone acetic acid, fos-

triecin and homoharringtonine and tumour necrosis factor-a on

colon 38 tumours in mice. Eur J Cancer Clin Oncol 1989, 25, 263±

269.

14. Song CW. E�ect of local hyperthermia on blood ¯ow and

microenvironment: a review. Cancer Res 1984, 44, 4721s±4730s.

15. Reinhold HS, Zurcher C, Van den Berg-Blok AE. Di�erential

heat sensitivity of tumour microvasculature. Eur J Cancer 1990,

26A, 541±543.

16. Hill S, Williams KB, Denekamp J. Vascular collapse after ¯avone

acetic acid: a possible mechanism of its anti-tumour action. Int J

Cancer Clin Oncol 1989, 25, 1419±1424.

17. Watanabe N, Niitsu Y, Umeno H, et al. Toxic e�ect of tumour

necrosis factor on tumour vasculature in mice. Cancer Res 1988,

48, 2179±2183.

18. Burrows FJ, Thorpe PE. Eradication of large solid tumors in

mice with an immunotoxin directed against tumor vasculature.

Proc Natl Acad Sci USA 1993, 90, 8996±9000.

19. Seon BK, Matsuno F, Haruta Y, Kondo M, Barcos M. Long-

lasting complete inhibition of human solid tumors in SCID mice

by targeting endothelial cells of tumor vasculature with anti-

human endoglin immunotoxin. Clin Cancer Res 1997, 3, 1031±

1044.

20. Baguley BC, Holdaway KM, Thomsen LL, Zhuang L, Zwi LJ.

Inhibition of growth of colon 38 adenocarcinoma by vinblastine

and colchicine: evidence for a vascular mechanism. Eur J Cancer

1991, 27A, 482±487.

21. Hill SA, Sampson LE, Chaplin DJ. Anti-vascular approaches to

solid tumor therapy: evaluation of vinblastine and ¯avone acetic

acid. Int J Cancer 1995, 63, 119±123.

22. Pettit GR, Singh SB, Boyd MR, et al. Antineoplastic agents 291.

Isolation and synthesis of combretastatins A-4, A-5 and A-6. J

Med Chem 1995, 291, 1666±1672.

23. Lin CM, Singh SB, Chu PS, et al. Interactions of tubulin with

potent natural and synthetic analogs of the antimitotic agent

combretastatin: a structure±activity study. Mol Pharmacol 1988,

34, 200±208.

24. Dark GG, Hill SA, Prise VE, Tozer GM, Pettit GR, Chaplin DJ.

Combretastatin A-4, an agent that displays potent and selective

toxicity toward tumor vasculature. Cancer Res 1997, 57, 1829±

1834.

25. Lingyun L, Rojiani A, Siemann DW. Targeting the tumor vas-

culature with combretastatin A-4 disodium phosphate: e�ects on

radiation therapy. Int J Radiat Oncol Biol Phys 1998, 42, 899±903.

26. Horsman MR, Ehrnrooth E, Ladekarl M, Overgaard J. The

e�ect of combretastatin A-4 disodium phosphate in a C3H mouse

mammary carcinoma and a variety of murine spontaneous

tumors. Int J Radiat Oncol Biol Phys 1998, 42, 895±898.

27. Hermens AF, Barendsen GW. Cellular proliferation patterns in

an experimental rhabdomyosarcoma in the rat. Eur J Cancer

1967, 3A, 361±369.

28. Dorr RT, Dvorakova K, Snead K, Alberts DS, Salmon SE, Pettit

GR. Antitumor activity of combretastatin A-4 phosphate, a nat-

ural product tubulin inhibitor. Invest NewDrugs 1996, 14, 131±137.

29. Iyer S, Chaplin DJ, Rosenthal DS, Boulares AH, Li LY, Smulson

ME. Induction of apoptosis in proliferating human endothelial

cells by the tumor-speci®c anti-angiogenesis agent combretastatin

A-4. Cancer Res 1998, 58, 4510±4514.

30. Chaplin DJ, Pettit GR, Hill SA. Anti-vascular approaches to

solid tumour therapy: evaluation of combretastatin A-4 phos-

phate. Anticancer Res 1999, 19, 189±196.

31. Denekamp J, Dasu A, Waites A. Vasculature and microenviron-

mental gradients: the missing links in novel approaches to cancer

therapy? Adv Enzyme Regul 1998, 38, 281±299.

32. Mahadevany MS, Meager A, Fiers W, Lewis GP, Hart IR. Role

of tumor necrosis factor in ¯avone acetic acid induced vascular

shutdown. Cancer Res 1990, 50, 5537±5542.

33. Denekamp J, Hill SA, Hobson B. Vascular occlusion and tumour

cell death. Eur J Cancer Clin Oncol 1983, 19, 271±275.

34. Landuyt W, Theys J, Nuyts S, et al. E�ect of TNP-470 (AGM-

1470) on the growth of rat rhabdomyosarcoma tumors with dif-

ferent sizes. Cancer Invest 2000, in press.

35. Lambin P, Theys J, Landuyt W, et al. Colonisation of Clos-

tridium in the body is restricted to hypoxic and nectrotic areas of

tumours. Anaerobe 1998, 4, 183±188.

36. El-Zayat AAE, Degen D, Drabek S, Clark GM, Pettit GR, Von

Ho� DD. In vitro evaluation of the antineoplastic activity of

combretastatin A-4, a natural product from Combretum ca�rum

(arid shrub). Anti-Cancer Drugs 1993, 4, 19±25.

37. Lambin Ph, Kramar A, Haie-Meder C, et al. Tumour size in

cancer of the cervix. Acta Oncol 1998, 37, 729±734.

38. Dubben H-H, Thames HD, Beck-Bornholdt H-P. Tumor

volume: a basic and speci®c response predictor in radiotherapy.

Radiother Oncol 1998, 47, 167±174.

W. Landuyt et al. / European Journal of Cancer 36 (2000) 1833±1843 1843


