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Therapeutic potential of using the vascular disrupting agent OXi4503 to
enhance mild temperature thermoradiation

Michael R. Horsman

Department of Experimental Clinical Oncology, Aarhus University Hospital, Aarhus, Denmark

Abstract

Purpose: The response of tissues to radiation with mild temperature hyperthermia is dependent
on the interval between the two modalities. This study investigated the effect that the vascular
disrupting agent OXi4503 had on this time-interval interaction.
Methods: The normal right rear foot of female CDF1 mice or foot-implanted C3H mammary
carcinomas were locally irradiated (230 kV X-rays) and heated (41.5 �C for 60 min) by foot
immersion in a water bath. OXi4503 (50 mg/kg) was injected intraperitoneally 1.5 h before
irradiating. Irradiation was performed either in the middle of the heating period (simultaneous
treatment) or at 1 or 4 h prior to starting the heating (sequential treatments). Response was the
percentage of mice showing local tumour control at 90 days or skin moist desquamation
between days 11–23. From the radiation dose response curves the dose producing tumour
control (TCD50) or moist desquamation (MDD50) in 50% of mice was calculated.
Results: The TCD50 and MDD50 values for radiation alone were 54 Gy and 29 Gy, respectively.
Simultaneously heating the tissues enhanced radiation response, the respective TCD50 and
MDD50 values being significantly (chi-square test, p50.05) reduced to 33 Gy and 14 Gy. A
smaller enhancement was obtained with a sequential treatment in both tissues. OXi4503
enhanced the radiation response of tumour and skin. Combined with radiation and heat, the
only effect was in tumours where OXi4503 prevented the decrease in sensitisation seen with
the sequential treatment.
Conclusion: Combining OXi4503 with a sequential radiation and heat treatment resulted in a
1.4-fold therapeutic gain.
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Introduction

Hyperthermia is probably one of the most effective agents for

enhancing the response of tumours to radiation. This has

clearly been demonstrated in numerous pre-clinical studies

[1]. The enhancement observed is dependent on several

factors that include the sequence and timing between

hyperthermia and radiation, the greatest effect being observed

with a simultaneous administration of both modalities [1]. It

also depends on the heating temperature and the time of

heating [1]. Based on the successful pre-clinical studies, a

large number of clinical trials were initiated, but few trials

actually demonstrated a clear benefit [1–3]. This lack of

success in many clinical studies may partly be attributed to

the fact that a truly simultaneous heat and radiation treatment

is not yet technically possible. But it has also been suggested

to result from a failure to adequately heat tumours [4].

Considerable effort has therefore been made to find additional

treatments that could be applied to improve tumour heating.

One area that has received considerable attention in this

context is the tumour vascular supply [5] since the blood

supply of tissues and the effect of heat are closely interrelated.

In tumours, hyperthermia exerts some of its effects by

inducing damage to vasculature [6,7]. However, the vascular

supply also influences tumour response to heat treatment, and

here blood flow is probably one of the most critical factors. It

is a major vehicle by which heat is dissipated, thus affects the

ability to heat the tumour [8,9]. The blood supply also plays

an important role in determining the type of microenviron-

ment that exists within tumours, and cells that exist under

poor microenvironmental conditions are known to be more

sensitive to killing by heat [10,11]. Attempts to decrease

tumour blood flow and so improve the efficacy of heat have

thus been applied. These include physical clamping [12–14]

and physiological modifiers [15–17]. Alternatively, attempts

have been made to use agents that specifically target tumour

vasculature using drug-based approaches that either inhibit

the angiogenesis process [18–21], or that damage the already

established tumour vessels [22–27]. This latter group of

so-called vascular disrupting agents (VDAs) have also been

applied to enhance tumour response to radiation [28–30],

thus the concept of combining VDAs with thermoradiation

treatments would appear to be a logical next step. Indeed, the
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potential benefit of such an approach has been demonstrated

using flavonoid compounds such as flavone acetic acid (FAA)

[31] and 5,6-dimethylxanthenone-4-acetic acid (DMXAA)

[32], tubulin binding agents such as combretastatin [33] and

its derivative OXi4503 [34], and anti-cancer agents such as

arsenic trioxide [35].

Those studies that combined VDAs with heat and radiation

involved injecting the VDA some 30–60 min after irradiating

and then heating at some later time point. The aim of the

current study was to extend those investigations to determine

the effect VDAs could have on the time interval between

radiation and heat when using a mild temperature heat

treatment of 41.5 �C for 60 min. This heat treatment was

selected and defined as mild because it was the lowest

temperature and heating time that produced a measurable

enhancement of radiation response in the same tumour model

as used in this study [1]. The VDA selected to investigate this

interaction was OXi4503. This drug is a second generation

analogue of combretastatin A-4 phosphate (CA4P), the

leading VDA in clinical development [36]. Both CA4P and

OXi4503 are tubulin binding agents that can induce vascular

damage in tumours [37]. However, unlike CA4P, OXi4503

also undergoes oxidative activation to a quinone intermediate,

and this gives OXi4503 additional direct cell-killing proper-

ties [38]. OXi4503 is now also under preliminary clinical

evaluation [36]. As in previous studies the tumour model used

was our well-established C3H mammary carcinoma with the

end point being a clinically relevant one of local tumour

control. Furthermore, since the timing between radiation and

heat can also influence normal tissue reactions [1], we

monitored the effect of the combinations on the development

of moist desquamation in normal skin and compared the

tumour and normal tissue effects to establish the greatest

therapeutic benefit.

Methods

Animal and tumour model

Experiments were performed using 10–14-week-old female

CDF1 mice. These were either normal mice or animals that

had a C3H mammary carcinoma implanted in the right rear

foot. This tumour model is an anaplastic adenocarcinoma

that arose spontaneously in a C3H mouse at our institute

and was originally designated as HB [39]; the name was

changed to C3H mammary carcinoma when it was grown

in the more stable CDF1 mouse variant [40]. C3H

mammary carcinomas do not grow in culture, thus experi-

mental tumours were produced following sterile dissection

of large flank tumours as previously described [41].

Basically, macroscopically viable tumour tissue was

minced with scissors and 5–10 mL of this material was

implanted into the foot. Treatments were started when foot

tumours reached a volume of 200 mm3, which generally

occurred within 3 weeks after inoculation, tumour volume

being determined by the formula D1�D2�D3� p/6

(where the D values represent three orthogonal diameters).

All animal studies were conducted according to the animal

welfare policy of Aarhus University (http://dyrefaciliteter.

au.dk), with the Danish Animal Experiments Inspectorate’s

approval.

Drug preparation

OXi4503 was supplied by Oxigene (South San Francisco, CA,

USA). It was freshly prepared before each experiment by

dissolving in a sterile saline solution (0.9% NaCl). Stock

solutions were kept cold and protected from light. OXi4503

was injected intraperitoneally (i.p.) in a volume of 0.02 mL/g

mouse body weight.

Radiation treatments

Irradiations were given with a conventional therapeutic

Philips X-ray machine (230 kV, 15 mA, 2-mm Al filter, 1.1-

mm Cu half-value layer, dose rate of 2.3 Gy/min) as

previously described [42]. Dosimetry was accomplished by

use of an integrating chamber. All treatments to mice feet

were administered to non-anaesthetised animals placed in a

specially constructed jig that restrained them, but allowed

their right rear legs to be exposed for irradiation. This jig

consisted of a 6.5-cm tube of clear Lucite that had a diameter

slightly larger than the animal’s body and was attached to a

flat base. The head end of the tube was sealed but had holes in

it to allow air circulation, while the opposite end was open

thus allowing for the right rear leg to be pulled to the side and

exposed. By attaching the mouse tail to the tube with tape and

applying additional tape across the rear end of the mouse the

animal remained in the jig. For tumour irradiations, the right

leg of the mouse was attached to part of the jig base that

extended approximately 2 cm to the right; this part was

around 1 cm wide. The upper region of the right leg was then

attached to this extension with tape. This was loosely applied

so that the mouse could move its foot a few millimetres to the

left or right, but the physical presence of the tumour

prevented the animal from withdrawing its leg during

irradiation. During irradiation, homogeneity of the radiation

dose was achieved by immersing the mouse foot in a water

bath with about 5 cm of water between the X-ray source and

the tumour. This was possible because the water bath was

covered with a Lucite plate with holes in it; by turning the jig

on its side the foot could be immersed approximately 1 cm

below the water surface. Only the mouse foot was irradiated,

the remainder of the animal being shielded by lead. With the

normal foot skin irradiations, the absence of a tumour meant

that it was not possible to loosely attach the leg to the jig with

tape. To fix the leg in the correct position for irradiation,

histoacrylic glue was used [33]. A small drop of glue was

placed on the jig in the region of the uppermost part of the leg

and the leg firmly compressed against the jig with tape for

5 min. After this time the tape was loosened and the mouse

left for a further 10 min before any further treatment was

started. Using this procedure irradiations could be performed

without the need for anaesthetics. The leg was easily detached

from the jig after treatment.

Hyperthermia treatments

As with the radiation treatments, hyperthermia was given

locally to the right rear foot of restrained, non-anaesthetised,

tumour or non-tumour bearing, mice. This has been described

previously [33]. Briefly, the legs of the animals were attached

to the jigs as described for the radiation treatments and
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hyperthermia delivered by immersing the right rear leg into a

circulating water bath (TE 623, Heto, Birkerød, Denmark) as

also described previously [33]. Previous measurements of

intratumoural temperature have shown stabilisation within 1

to 2 min to approximately 0.2 �C below the water bath

temperature [16]. The temperature of the water bath was

therefore adjusted to 41.7 �C, 0.2 �C above the desired tumour

temperature of 41.5 �C. An identical temperature water bath

setting was used for the skin score studies, thus the actual skin

temperature may have been slightly higher than that of the

tumour, but certainly no greater than 0.2 �C, since the water

bath temperature was 41.7 �C.

Response end points and analysis

The response of tumours to treatment was assessed using a

local tumour control assay, and for skin damage the end

point was the development of moist desquamation, as

described previously [43]. For the local tumour control

assay this involved observing mice on a weekly basis up to

90 days post-treatment and recording the number of animals

in each treatment group (there were an average of 10 mice

per group) showing tumour control within this 90-day

period. With the skin damage assessment, mice were

observed on a daily basis from days 11–23, and the

number of animals in each group (average of seven mice

per group) that developed moist desquamation was recorded.

Both the tumour control and moist desquamation data were

subjected to logit analysis, and from the radiation dose–

response curves the radiation doses producing tumour

control (TCD50) or moist desquamation (MDD50) in 50%

of mice were calculated along with the 95% confidence

intervals (CI). These TCD50 and MDD50 values were

converted into enhancement ratios (ERs) by using the ratio

of the response for radiation alone to that for radiation plus

OXi4503 and/or heat. The therapeutic gain factor (TGF) for

the different treatments was calculated from the ratio of the

ERs for the tumour and normal skin. Statistical analysis of

all data was achieved using a chi-square test, with a

significance level of p50.05.

Results

The radiation dose–response curve showing local control in

this C3H mammary carcinoma following irradiation alone is

shown in Figure 1(A). From this data, a TCD50 value (with

95%CI) was calculated to be 54 Gy (52–57). Also shown is

the effect of combining radiation with either OXi4503, a

simultaneous heat treatment, or when this heat treatment and

OXi4503 were combined. A single injection of OXi4503

(50 mg/kg) 1.5 h prior to irradiating moved the dose–response

curve to the left and resulted in a statistically significant

reduced TCD50 value of 48 Gy (46–51). Irradiating tumours

in the middle of mild temperature heating (41.5 �C for 60 min)

produced an even greater effect, with the TCD50 reduced to

33 Gy (31–35). No additional effect on radiation response was

found when OXI4503 and heating were combined, the TCD50

being 32 Gy (29–35). These TCD50 values, along with those

obtained with all the other treatment combinations are

summarised in Figure 1(B). When an interval was allowed

between the time of irradiation and the start of heating there

was a substantial decrease in the degree of enhancement of

the radiation response. A considerable drop was seen with an

interval of 60 min, which then seemed to remain relatively

constant up to 4 h. This decrease in effect with increasing

interval between radiation and heat was not observed when

mice were injected with OXi4503 prior to irradiating, such

that the effect of this VDA on the 1- or 4-h radiation–heat

interval resulted in TCD50 values that were not significantly

different from a truly simultaneous radiation and heat

treatment.

Figure 2 shows the results for similar studies using a skin

reaction end point of the development of moist desquamation.

The MDD50 value for radiation only obtained from the

radiation dose–response curve in Figure 2(A) was found to be

29 Gy (28–30). When OXi4503 was injected before irradiat-

ing there was an extremely small yet statistically significant

enhancement of the radiation effect with the MDD50 now

being 28 Gy (27–29). Similar to the tumour findings there was

a statistically significant effect from performing a simultan-

eous radiation and heat treatment, with the MDD50 reduced to

Figure 1. The effect of OXi4503 (50 mg/kg)
and mild temperature hyperthermia (41.5 �C,
60 min) on the radiation response of a C3H
mammary carcinoma. (A) Radiation dose
response curves for local tumour control in
tumours treated with radiation alone (4),
OXi4503 injected 1.5 h before irradiating
(m), radiation administered in the middle of
heating (*), or the combination of OXi4503,
radiation and heat (�). Points are for an
average of 10 mice with the lines drawn
following logit analysis. (B) The TCD50

doses are a function of time relative to
irradiation, and are taken from the curves
shown in (A) and for other similar dose–
response curves. Results are for radiation
alone ( ), OXi4503 injected 1.5 h before
irradiating (m), radiation and heat (*), and
OXi4503, radiation and heat (�). Radiation
was administered at time zero. Points invol-
ving radiation and heat are shown at the
middle of the 1-h heating period. Errors are
95%CI.
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14 Gy (12–15). This response was only marginally, yet again

statistically significant, decreased to 12 Gy (11–13) by

injecting OXi4503 prior to the radiation and heat treatment.

The MDD50 values for these curves and all the other

treatments are shown in Figure 2(B). As with the C3H

mammary carcinoma, the enhanced effect of combining

radiation and heat decreased as the time interval between

irradiation and heating increased, reaching a level equivalent

to that seen for radiation alone with a 4-h interval. The

inclusion of OXi4503 with both the 1 - and 4-h interval

between the radiation and heat treatments had absolutely no

additional effect on skin response.

The enhancement ratios obtained when the different

treatments were compared to the response for radiation

alone in both the C3H mammary carcinoma and normal foot

skin are shown in Table 1. These values confirm what we

have already shown in Figures 1 and 2 regarding the effects

of OXi4503 and/or heat on radiation response. From these

enhancement ratios it is possible to directly compare the

effects in the tumour and normal skin by determining

therapeutic gain factors. The results obtained here show no

therapeutic benefit with a simultaneous radiation and heat

treatment or when these treatments were separated by a 1-h

interval; the therapeutic gain factor was never greater than

1.0. Only with the 4-h interval was the tumour effect

significantly greater statistically than that seen in normal

skin; the therapeutic gain factor was 1.13. When OXi4503

was combined with radiation and heat a similar lack of any

therapeutic benefit is seen with the simultaneous radiation

and heat treatment, but a statistically significant benefit was

observed with both the 1- and 4-h interval, and this increased

with time, the therapeutic gain being 1.24 with the 1-h

interval and 1.43 at 4 h.

Discussion

Our results showed that when radiation and heat were

combined the greatest enhancement of tumour response

was seen with simultaneous treatment (Figure 1). With

the introduction of any interval between radiation and heat

the enhancement is reduced, and the longer the interval the

greater this reduction. This is a well known finding having

Figure 2. The effect of OXi4503 (50 mg/kg)
and mild temperature hyperthermia (41.5 �C,
60 min) on the radiation response of normal
foot skin. (A) Radiation dose response curves
for moist desquamation in skin treated with
radiation alone (4), OXi4503 injected 1.5 h
before irradiating (m), radiation administered
in the middle of heating (*), or the com-
bination of OXi4503, radiation and heat (�).
Points are for an average of seven mice with
the lines drawn following logit analysis. (B)
The MDD50 doses are a function of time
relative to irradiation, and are taken from the
curves shown in (A) and for other similar
dose–response curves. Results are for radi-
ation alone ( ), OXi4503 injected 1.5 h
before irradiating (m), radiation and heat
(*), and OXi4503, radiation and heat (�).
Radiation was administered at time zero.
Points involving radiation and heat are shown
at the middle of the 1-h heating period. Errors
are 95%CI.

Table 1. Comparison of the effects of OXi4503 and/or mild temperature hyperthermia on the radiation response of the
C3H mammary carcinoma or normal foot skin.

Enhancement ratio2

Treatment1 Tumour Skin Therapeutic gain factor3

Radiation during heat 1.64* (1.53–1.76) 2.17* (2.00–2.34) 0.76** (0.60–0.91)
Radiation 1 h before heat 1.17* (1.10–1.25) 1.18* (1.10–1.27) 0.99 (0.88–1.10)
Radiation 4 h before heat 1.11* (1.05–1.18) 0.98 (0.89–1.07) 1.13** (1.01–1.26)
OXi4503 1.5 h before radiation 1.12* (1.06–1.19) 1.05* (1.00–1.10) 1.07 (0.98–1.15)
OXi4503 1.5 h before radiation during heat 1.70* (1.55–1.87) 2.47* (2.26–2.69) 0.69** (0.50–0.88)
OXi4503 1.5 h before radiation 1 h before heat 1.54* (1.39–1.69) 1.24* (1.19–1.28) 1.24** (1.05–1.44)
OXi4503 1.5 h before radiation 4 h before heat 1.52* (1.38–1.67) 1.06* (1.01–1.11) 1.43** (1.22–1.65)

1Treatments: Radiation, mild temperature hyperthermia of 41.5 �C for 60 min (Heat), or 50 mg/kg OXi4503.
2Enhancement ratios were calculated from the data of Figures 1 and 2 and are the ratios of the TCD50 (tumour) and MDD50

(skin) values for radiation alone compared to the other treatments; errors are 95%CI. *Values significantly different from
radiation alone.

3Therapeutic gain factors were calculated by comparing the enhancement ratios for tumours to those of skin; errors are
95%CI. **Values where the tumour and skin values were significantly different.
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been shown previously in numerous pre-clinical studies [1].

The same trend has also been reported by others in normal

tissues [1] and is also shown in the current study for skin

(Figure 2). But, unlike tumours, with normal tissues a 4-h

interval results in absolutely no enhancement. This is

believed to be because a simultaneous effect is the result of

sensitisation by heat, and that will be found in any tissue

[1]. The exact mechanism by which heat sensitises cells to

radiation is not known, but most evidence suggests that

heat primarily interferes with the cells’ ability to deal with

radiation-induced DNA damage [44,45]. The effect of a

sequential 4-h interval is generally considered to be the

result of heat simply killing those tumour cells that are

radiation resistant. It has been well documented that the

radiation resistant population in tumours are the oxygen

deficient hypoxic cells [46]. Additional in vitro studies have

demonstrated that hypoxic cells are also sensitive to killing

by heat [10,11]. Those pre-clinical studies also showed that

cells at low pH were also heat sensitive [10,11]. In

tumours, the diffusion gradients for oxygen and nutrients

are somewhat similar [47], thus regions of hypoxia and

acidity are most likely found together. Such cells will only

be present in tumours; skin is also known to contain

regions of hypoxia [48], but this would not be expected to

be associated with acidic conditions. From a therapeutic

standpoint it will only be beneficial to give a simultaneous

radiation and heat treatment if one can categorically only

treat the tumour and not hit normal tissues. If this cannot

be avoided then a sequential treatment would be preferred

to avoid unwanted treatment-induced side effects.

Numerous pre-clinical studies have shown that VDAs can

be used to enhance tumour radiation response [28–30]. In

those studies the VDAs were always given after irradiating.

This was done to avoid possible radiation protection that

could be caused by any induction of tumour hypoxia

resulting from the vascular damage. Indeed, one study has

recently shown that VDAs do induce hypoxia and that if the

drugs are given prior to irradiating the anti-tumour effect of

radiation is diminished [49]. The exception to this was

OXi4503 [49]. It induces vascular damage in tumours [37]

and can increase the level of tumour hypoxia [49]. But it

also undergoes oxidative activation to a quinone intermedi-

ate, which gives it direct cell-killing properties [38]. As such

it probably kills any hypoxic cells that are induced. Such an

effect would clearly account for the finding that OXi4503 is

equally effective at enhancing radiation damage whether

given before or after irradiating [49]. Thus, in the current

study we were able to administer OXi4503 prior to

irradiating; without administering the drug this way we

could not investigate the effect on simultaneous radiation

and heat treatment. Our results confirmed the ability of

OXi4503 to enhance radiation response. In the limited

studies undertaken in normal tissues, no increase in radiation

response has ever been reported by VDAs [29], presumably

because VDAs are unlikely to damage normal tissue vessels.

However, in our current study there was a small, albeit

statistically significant, enhancement of skin damage.

Whether this was related to any cytotoxic effect of

OXi4503 in this normal tissue is not clear and certainly

needs further investigation, but the effect in skin did appear

to be lower than that seen in tumours (Table 1), although the

difference was not significant.

VDAs can also enhance tumour response to hyperthermia

[22–27]. This is probably the result of the vascular shut-down

leading to a better tumour heating, as well as an increase in

the more heat sensitive adverse microenvironmental condi-

tions [27]. VDAs also enhance thermoradiation [31–35]. In

fact, the combination of VDAs with thermoradiation using a

sequential radiation and heat schedule is so effective that the

enhancement obtained with a temperature as low as 41.5 �C is

actually greater than that obtained with 43 �C in the absence

of a VDA [1]. What is more noteworthy from the current

study is that OXi4503 does not really influence the response

of normal tissue to the combination of radiation and heat

regardless of the time interval between irradiating and

heating. The effect of OXi4503 on simultaneous radiation

and heating in our C3H mammary carcinoma was also

minimal. But this drug did prevent the reduction in the

enhancement observed when an interval was introduced

between radiation and heat, such that the enhancement ratio

of 1.11 seen with a 4-h interval was increased to 1.52 when

OXi4503 was added to the combination, and this was not

significantly different from the 1.64 value obtained with a

truly simultaneous radiation and heat treatment (Table 1).

Since there was no effect in skin with this 4-h interval a large

therapeutic gain factor of 1.43 was obtained. Whether the

same benefit is likely with other VDAs is not known,

although tumour enhancement ratios in the range of 1.4–1.9

have been reported with both tubulin binding agents and

flavonoid compounds [1].

Overall, these results clearly suggest that combining a

VDA with a sequential radiation and heat treatment could

have potential clinical application for treating primary

tumours. Using such local treatments one might not expect

any effects on metastatic disease. However, a recent pre-

clinical study suggested that treating a primary melanoma

tumour with mild temperature hyperthermia (with or without

radiation) and then targeting the chronically hypoxic cells in

that tumour with the hypoxic cell cytotoxin tirapazamine not

only influenced the primary tumour but could actually

decrease the number of lung metastases in that mouse model

[50]. Since tumour cells that are already oxygen deprived are

likely to be those that die first following the vascular shut-

down induced by OXi4503, it is interesting to speculate

whether combining OXi4503 with thermoradiotherapy could

also influence metastatic disease.
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