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Induction of hypoxia by vascular disrupting agents and the
significance for their combination with radiation therapy

ANE B. IVERSEN!, MORTEN BUSK? & MICHAEL R. HORSMAN?

I Department of Oncology, Aarhus University Hospital, Aarhus, Denmark and ?Department of Experimental
Clinical Oncology, Aarhus University Hospital, Aarhus, Denmark

Abstract

Purpose. This pre-clinical study was designed to investigate the effect of various vascular disrupting agents (VDAs) that
have undergone or are in clinical evaluation, had on the oxygenation status of tumours and what effects that could have
on the combination with radiation. Material and methods. The tumour model was a C3H mammary carcinoma grown in
the right rear foot of female CDF1 mice and treated when at 200 mm? in size. The VDAs were the flavenoid compounds
flavone acetic acid (FAA) and its more recent derivative 5,6-dimethylxanthenone-4-acetic acid (DMXAA), and the leading
tubulin binding agent combretastatin A-4 phosphate (CA4P) and the A-1 analogue OXi4503. Oxygenation status was
estimated using the Eppendorf oxygen electrode three hours after drug injection. Radiation response was determined fol-
lowing single or fractionated (10 fractions in 12 days) irradiations with a 240 kV x-ray machine using either a tumour
re-growth or local tumour control assay. Results. All VDASs significantly reduced the oxygenation status of the tumours. They
also influenced radiation response, but the affect was time and sequence dependent using single radiation schedules; an
enhanced effect when the VDAs were injected at the same time or after irradiating, but no or even a reduced effect
when given prior to irradiation. Only OXi4503 showed an increased response when given before the radiation. CA4P
and OXi4503 also enhanced a fractionated radiation treatment if the drugs were administered after fractions 5 and 10.
Conclusions. VDAs clearly induced tumour hypoxia. This had the potential to decrease the efficacy of radiation. However,
if the appropriate timing and scheduling were used an enhanced effect was observed using both single and fractionated

radiation treatments.

An adequate supply of oxygen and nutrients are
necessary for tumour cells to remain viable and for
the tumour to increase in size. Initially these factors
come from the host normal vascular supply, but
when tumours reach a few millimeters in size the
cells can exceed the diffusion distance of oxygen and
other essential nutrients [1,2]. Further tumour devel-
opment is then only possible if the tumour forms its
own functional vascular system from the host vessels
by the process of angiogenesis [3,4]. This tumour
neo-vasculature not only provides tumours with
oxygen and nutrients, it also allows for the removal
of waste products, and is the principal vehicle for
metastatic spread [5].

This importance of the tumour vascular supply
makes it a potential therapeutic target and two major
groups of vascular targeting agents (VTAs) have now
emerged [6,7]. One is based on controlling blood

vessel development by inhibiting the angiogenesis
process; these agents are collectively referred to as
angiogenesis inhibitors (Als). The other approach
involves compromising the function of the already
existing blood vessels using so called vascular dis-
rupting agents (VDAs). Numerous examples of
both Als and VDAs are currently undergoing clinical
evaluation [8—11]. Regardless of the VTA approach
used there is no evidence that when used alone they
will actually result in tumour control [7] and thus for
their full clinical potential to be realised they must
be combined with more conventional therapies,
especially radiation [7,12]. However, the tumour
vascular supply has a significant influence on the
microenvironmental conditions within tumours [13]
and since the tumour microenvironment plays a
major role in determining the outcome to radiation
therapy, any treatment that targets the tumour
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vasculature, has the potential to alter the microenvi-
ronmental conditions and thus change the tumour
response to the radiation with which it is combined.

The aim of this pre-clinical study was to investi-
gate this issue using a variety of VDAs. These include
the two major classes of small molecule drugs [6,7].
The first are the flavenoid compounds, which have a
complex mechanism of action that is poorly under-
stood, but their main effect on vascular endothelial
cells is thought to involve a cascade of direct and
indirect effects, the latter involving the induction of
cytokines, especially tumour necrosis factor alpha
(TNF-a), leading to the induction of haemorrhagic
necrosis [14,15]. These include the historical com-
pound flavone acetic acid (FAA) and its more
recent derivative 5,6-dimethylxanthenone-4-acetic
acid (DMXAA; ASA404; vadimezan) which is cur-
rently in clinical evaluation [16,17]. The second
group includes tubulin binding agents that are pri-
marily believed to selectively disrupt the cytoskeleton
of proliferating endothelial cells, resulting in endothe-
lial cell shape changes and subsequent thrombus
formation and vascular collapse [15]. They include
the leading small molecule VDA combretastatin A-4
phosphate (CA4P; fosbretabulin; zybrestat) and the
newer A-1 analogue OXi4503 [18,19].

Material and methods
Anmimal and tumour model

A C3H mammary carcinoma grown in the right rear
foot of 10-14-week-old female CDF1 mice was used
in all experiments. The derivation and maintenance
of this tumour have been described previously [20].
Experimental tumours were produced following
sterile dissection of large flank tumours. The excised
tumour tissue was minced with a pair of scissors and
5-10 ul of this material injected into the foot of
experimental animals. This location ensured easy access
to the tumour for treatment without involvement of
critical normal tissues in the radiation treatment
field. Experiments were preformed when tumours
had reached approximately 200 mm? in size, which
typically occurred three weeks after inoculation;
tumour volume being calculated from the formula
D1*D2*D3*r/6, where the D values represent the
three orthogonal diameters. Additional studies have
demonstrated that when this tumour model is treated
at this size in the foot the results obtained with vas-
cular disrupting drugs are identical to those seen in
patients [21]. All experiments were conducted in
accordance with National and European Union appro-
ved guidelines for animal welfare, with the Danish
Animal Experiments Inspectorate’s approval.
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Drug preparation

The VDAs used in this study included CA4P and its
A-1 derivative OXi4503 (supplied by Oxigene Inc.,
South San Francisco, CA, USA), flavone acetic acid
(FAA; obtained from Lyonnaise Industrielle Phar-
maceutique, Lyon, France) and its derivative
DMXAA (provided by Dr. William Denny at the
University of Auckland, New Zealand). All drugs
were prepared fresh before each experiment by
dissolving either in saline (CA4P, OXi4503, and
DMXAA) or in a 1% Na,CO, solution (FAA). They
were injected intraperitoneally (i.p.) in a volume of
0.02 ml/g mouse body weight; the final concentra-
tions being CA4P (250 mg/kg), OXi4503 (50 mg/kg),
FAA (150 mg/kg), and DMXAA (20 mg/kg).

Eppendorf electrode measurements

Tumour oxygenation measurements were made as
previously described [22]. Basically, tumour bearing
mice were transferred to a specially made Lucite jig
which restrained the non-anaesthetised animal but
allowed for the tumour bearing leg to be exposed and
the foot attached to the jig with tape. A fine needle
autosensitive electrode probe (Eppendorf, Hamburg,
Germany) was then inserted about 1 mm into the
tumour, and the needle then moved automatically
through the tissue in 0.7 mm increments, followed
each time by a 0.3 mm backward step prior to mea-
surement. Response time was 1.4 s. After making
measurements along one track in the tumour the
probe was removed and repeated parallel insertions
were made. The number of tracks per tumour was
3-6 with the total number of measurements being
35-90. The relative frequency of the oxygen partial
pressure (pO,) measurements was automatically cal-
culated and displayed as a histogram. From the raw
data various parameters may be selected, but we
chose to use the percentage of pO, values =5 mmHg
and the median pO,, because the former is likely to
include all the radiobiologically hypoxic cells in the
tumour, while the latter is indicative of the overall
oxygenation status. Measurements were made either
three hours after VDA injection or after applying a
clamp to achieve total hypoxia. Clamping involved
tightening a rubber tube around the leg proximal to
the tumour for five minutes before the start of mea-
surement and maintaining the clamp in position dur-
ing the entire measurement period.

Radiation treatments

Irradiations were given using a conventional thera-
peutic x-ray machine (240 kV, 15 mA, 2-mm Al
filter, 1.1-mm Cu half-value layer, dose rate of
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2.3 Gy/min) as previously described [22]. Dosimetry
was accomplished by using an integrating chamber.
All treatments to tumour-bearing feet were given
locally to the tumours of non-anesthetised mice
placed in the restraining jigs as described for the
Eppendorf measurements. The tumour-bearing legs
were again exposed and loosely attached with tape to
the jig, without impairing the blood supply to the
foot. Only tumours were irradiated; the remainder of
the mouse was shielded by 1 cm of lead. To secure
homogeneity of the radiation dose, the tumours were
immersed in a water bath with about 5 cm of water
between the x-ray source and the tumour. Radiation
was administered either as single irradiations or given
in a fractionated schedule of 10 fractions in 12 days
(5 daily irradiations — 2 day gap — 5 daily irradia-
tions). Tumour response to radiation treatment was
assessed using either a regrowth delay or local tumour
control assay. The tumour regrowth experiments
involved determining tumour volume five times each
week after treatment, and the tumour growth time
(TGT, - time in days to reach three times the treat-
ment volume) was determined. For the tumour
control studies mice were observed on a weekly basis
and the percentage of animals in each treatment
group showing local tumour control 90 days after
treatment recorded.

Data and statistical analysis

Results with the Eppendorf oxygen electrode are
shown as mean (£ 1 S.E.) and statistically significant
differences between the values were determined
using a Student’s t-test. For the radiation studies the
data was analysed either by determining the slope of
the tumour regrowth dose response curve or calcu-
lating the TCD50 dose (radiation dose producing
tumour control in 50% of treated animals) following
logit analysis of the dose response curve for tumour
control. Statistical comparison of the TCD50 values
was made using a y>-test. For all statistical tests the
significance level was p <0.05.

Results

Typical histograms showing the results obtained in
our C3H mammary carcinoma with the Eppendorf
oxygen electrode under control or clamped condi-
tions are illustrated in Figure 1. Clamping tumours
substantially shifted the oxygen partial pressure
distributions to the left and this was reflected by a
significant decrease in the median pO, and a corre-
sponding significant increase in the percentage of
pO, values =5 mmHg (Table I). Table I also shows
the results for these two parameters obtained three
hours after injection of the different VDAs. Although
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Figure 1. Representative histograms showing the oxygen partial
pressure (pO,) profiles obtained in C3H mammary carcinomas
with the Eppendorf oxygen electrode. Results show the relative
frequency of the various pO, values measured in 3-6 mice under
either control or clamped conditions.

variability was seen with the percentage of pO,
values =5 mmHg between the various VDAs, all
were significantly higher than that found in control
animals. All VDAs significantly reduced the median
pO, values and here there was less variability between
the drugs. Several of the VDAs actually resulted in
levels of hypoxia (percentage of pO, values =5 mmHg)
that were close to those found under clamped
conditions.

Representative examples showing how VDAs
affect the radiation response of the C3H mammary
carcinoma are shown in the top panels of Figure 2.
The VDA used in these examples was the newest
combretastatin analogue OXi4503. For this tumour
model a linear relationship exists between the TGT,
and radiation dose, with a slope value of 0.75.
0OXi4503 alone significantly influenced the mean
(=1 S.E.) TGTj; going from a value of 3.3 days
(3.1-3.5) for control tumours to 7.7 days (7.3-8.1)
following OXi4503 treatment. Injecting OXi4503
two hours after irradiating increased the TGT} at all
radiation doses, resulting in a slope of 1.0 and an
enhancement ratio (ER; ratio of the slopes obtained

Table I. The effect of VDA treatment on tumour oxygenation.

Median pO, pO, values
Treatment (mmHg) =5 mmHg (%)
Control 4.7+0.6 51*+6
FAA (150 mglkg) 1.6 +0.7* 72 + 8%
DMXAA (20 mglkg) 1.6 +0.9* 87 +10*
CA4P (250 mglkg) 1.5+0.3* 91 + 5%
OXi4503 (50 mglkg) 2.2+0.3* 77+ 6*
Clamping 0.9 +0.2* 97 + 2%

Oxygenation measurements were made using the Eppendorf
electrode three hours after VDA injection or five minutes after the
start of clamping (clamping maintained during the measurement
period). Results are means (=1 S.E.) from 3 to 7 animals and
*indicates those values significantly different from controls
(Student’s t-test; p <0.05).
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Figure 2. The effect of VDAs on the radiation response of C3H mammary carcinomas. Left panel top: Tumour growth time (time for
tumours to grow to three times treatment volume) following local tumour irradiation. Results are the means (+1 S.E.) from 6-8 mice
per group with the lines fitted following linear regression analysis using individual data points. Right panel top: The percentage local tumour
control obtained 90 days after irradiation. Results are from 8-19 mice per group, with the curves fitted following logit analysis. For both
figures the results are for radiation alone (O) or radiation followed by an injection with OXi4503 (50 mg/kg) two hours later (e). Bottom
panel: Enhancement ratios (ER; ratio of the effect of radiation alone and radiation plus VDA) as a function of varying the time interval
and schedule between radiation and VDA treatment. These ERs were calculated from the data shown in the top panels, plus similar
unpublished and published data [23-26]. Radiation was always given at time zero and no enhancement of radiation response is represented
by an ER of 1.0. Points are for FAA (a), DMXAA (A), CA4P (0O), and OXi4503 (e).

for radiation alone and radiation + OXi4503) of
1.33. Similar results were seen when using a local
tumour control assay (Figure 2). Here the TCD50
dose (£95% confidence intervals) for radiation
alone was 54 Gy (52-57). Administering OXi4503
two hours following irradiation caused a parallel
shift in the radiation dose response curve, with the
TCDS50 value being significantly reduced to 41 Gy
(39-45). Comparing these two TCD50 values again
resulted in an ER of 1.32. From these tumour growth
and tumour control results, and from
additional similar studies, we calculated the ERs
when a variety of VDAs were injected at different
times before or after irradiating and those results are
summarised in the bottom panel of Figure 2. Clearly,
injecting the VDA at the same time or after irradiat-
ing always enhanced the radiation response of this
C3H mammary carcinoma. This effect was generally
independent of the VDA used, or the time interval
between radiation and VDA treatment. When the

VDAs preceded the radiation a different response
was observed. For CA4P and DMXAA there was
either no enhancement of radiation response or,
when irradiating within a few hours of injecting the
VDA, there was even a decreased effect. This was
not observed with OXi4503 in which a similar degree
of enhancement was obtained regardless of whether
the drug was given before after irradiating.

Figure 3 illustrates how VDAs could be combined
with a fractionated radiation schedule. In these
experiments radiation was administered as 10 frac-
tions in 12 days (5 daily irradiations — 2 day gap — 5
daily irradiations) and the resulting TCD50 value
was found to be 76 Gy (73-79). The VDAs were then
injected one hour after giving radiation fractions
5 and 10 and the resulting TCD50 values were found
to be 69 Gy (66—-72) when using CA4P and 67 Gy
(63-71) with 0OXi4503. These TCD50 values
obtained with CA4P and OXi4503 were significantly
lower than the radiation only value.
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Figure 3. The effect of VDASs on the response of the C3H mammary carcinoma when irradiated in a fractionated schedule of 10 fractions
in 12 days. Local tumour control was determined 90 days after completion of irradiation. Results are from an average of 18 mice per
group, with the curves fitted following logit analysis. For both figures the results are for radiation alone (O) or radiation followed by an
injection with the VDA one hour after radiation fractions number 5 and 10 (e); the VDAs being either CA4P (250 mg/kg; left panel) or

0Xi4503 (50 mg/kg; right panel).

Discussion

This current study, using representative examples of
the two leading groups of small molecule VDAs,
demonstrated that within three hours following
injection they all significant increased the level of
hypoxia in this C3H mammary carcinoma. Similar
findings have been reported by us in this murine
tumour model using other small molecule VDAs,
including tubulin binding agents like ZD6126 [27]
and plinabulin [28]. Increases in tumour hypoxia
have also been observed by others using various
VDAs [29-32]. Such effects are not entirely surpris-
ing since all these agents are known to significantly
reduce tumour blood flow as a result of the induced
vascular damage, especially in this C3H mammary
carcinoma [27,28,33-35]. The time at which the
nadir in flow reduction occurs is drug dependent,
being reached within three hours for the tubulin
binding agents [27,28,34], but taking up to six hours
for the flavenoid compounds [33,34]. Thus, while
starting the oxygenation measurements in our cur-
rent study three hours after drug injection may have
been idea for CA4P and OXi4503, an even larger
decrease may have been obtained with FAA and
DMZXAA if we had waited for an additional three
hours. But, even at the time we used, a large signifi-
cant increase in hypoxia was observed. The effects
seen with VDAs are in contrast to those seen with the
other principle group of VTAs, the Als. These gener-
ally reduce tumour vascular density [7], which as
expected often results in an increased tumour hypoxia
[7]. However, this is not a universal effect, since
numerous studies also report no change in oxygen-
ation status and even an improvement [7].
Regardless of whether one uses Als or VDAs,
targeting tumour vasculature can certainly inhibit

tumour growth; this is illustrated by the increase in
TGT, for OXi4503 alone (Figure 2). However, there
are no examples in the literature showing VTAs to be
capable of inducing tumour control. As such, all
VTAs must be combined with other more conven-
tional therapies and such a combination with radia-
tion has been extensively investigated in pre-clinical
studies [7]. However, tumour response to radiation
is strongly dependent on the microenvironmental
conditions within the tumour. Oxygen is critical for
the efficacy of radiation to damage cells [36] and
numerous pre-clinical and clinical studies have clearly
demonstrated that the greater the degree of tumour
hypoxia the worse the response to radiation [36]. So
any VTA that induces hypoxia has the potential to
reduce the cell killing potential of radiation. This was
illustrated with the ER values in Figure 2, where
injecting CA4P or DMXAA prior to radiation not
only failed to enhance radiation response, but with
short time intervals between drug injection and irra-
diation they could also result in a reduced level of
tumour control. Obviously there were cells in the
tumour that were probably sufficiently oxygenated to
be killed by the radiation treatment, that survive the
vascular shut-down and because of the induced
hypoxia actually now become radiation resistant. Of
course this issue can be avoided by injecting the
VDAs after irradiating and in fact this was the
schedule used in those pre-clinical studies reporting
an enhancement of radiation response using single
radiation treatments [7]. The ER data of Figure 2
clearly illustrates the benefit obtained using this
approach. The problem arises when one has to frac-
tionate the radiation treatment as is done clinically;
administering the drug after one radiation fraction
may reduce the effectiveness of the next fraction. In



our study, we tried to overcome this problem by only
giving the VDAs after the final radiation treatment
each week (Figure 3). Our assumption was that the
three-day interval between the last radiation treat-
ment in one week and the first treatment of the
following week would allow sufficient time for either
the induced hypoxic cells to reoxygenate or even die
if the oxygen and nutrient starvation was prolonged.
The results of using this procedure in our limited
fractionated study clearly demonstrated a benefit,
supporting the suggestion of using such an approach
if these agents are to be applied clinically in combi-
nation with radiation therapy.

Interestingly, the effect with OXi4503 in a frac-
tionated schedule was exactly the same as CA4P, yet
0Xi4503 did not show the same time and schedule
dependency; OXi4503 enhanced radiation response
to the same degree regardless of whether it was
administered before or after irradiating (ER data of
Figure 2). OXi4503 is an analogue of CA4P, which
is superior to CA4P because it induces greater vas-
cular damage [37] and also undergoes oxidative acti-
vation to a quinine intermediate, thereby, giving it
direct cell killing properties [38]. Thus, the enhance-
ment seen when OXi4503 is administered prior to
irradiating is probably a result this drug killing any
hypoxic cells it induces. Since both OXi4503 and
CA4P were identical in their enhancement of the
fractionated radiation treatment it also suggests that
the hypoxic cells induced by CA4P actually die dur-
ing the three day recovery period rather than reoxy-
genate. The fact that OXi4503 does not show a
time-sequence dependency probably means that it
could be given more often during a fractionated
radiation schedule than is possible with other VDAs,
but the question is how often should it be given?
Once vascular damage has been induced it would
seem counter-productive to administer OXi4503
again until the vasculature has shown significant
recovery. One study that investigated the time course
for recovery suggested that a second treatment should
be delayed for 72 hours [37]. This would suggest the
optimal application would be giving OXi4503 only
twice per week rather than more often.

Apart from influencing the local tumour response
to radiation, hypoxia has also been shown to have an
effect on malignant progression, especially the devel-
opment of distant metastases [39—41]. Recent stud-
ies with Als have now shown that prolonged treatment
with these agents, while inhibiting the growth of pri-
mary tumours, significantly increased tumour hypoxia
and this subsequently led to an increase in metastatic
burden [42,43]. Whether the same effect occurs after
VDA treatment, has never been investigated. It may
not be such a significant issue because unlike the
studies with Als using continuous and prolonged
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exposure times, treatment with VDAs is intermittent
and would only be during the relatively short radia-
tion schedule. In addition, if the induced hypoxic
cells are being killed following the drug treatment,
and this is likely to be the case with OXi4503 and
perhaps with other VDAs, it is unlikely that these
cells will be able to give rise to metastases. Neverthe-
less, it is an important issue that needs investigation
prior to extensive clinical application of such VDAs.

In conclusion, our current study has clearly
demonstrated that VDAs induce tumour hypoxia.
While this suggests a potential negative factor for the
combination of VDAs with radiation therapy, it is
clearly not a problem if VDAs are administered after,
rather than prior, to irradiation. In a clinical fraction-
ated schedule this would mean giving the VDA after
the final radiation treatment each week. Using VDAs
like OXi4503 which have dual functional activity and
can kill any hypoxic cells that it may induce as a
result of the vascular shut-down such concerns about
timing become a less relevant issue.
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