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Abstract Purpose: As first-generation small-molecule vascular disrupting agents (VDA) have begun to
enter clinical trials, second-generation agents are under active development. One such agent is
the combretastatin A4 disodium phosphate (CA4P) analogue OXi4503 (CA1P).
Experimental Design: C3H/HeJ mice bearing KHT sarcomas were treated with CA4P and
OXi4503 and the effect on tumor vasculaturewas determinedby evaluating the extent of vascular
shutdown (Hoechst-33342 vessel staining) and tumor perfusion inhibition (dynamic contrast-
enhancedmagnetic resonance imaging). Dynamic contrast-enhancedmagnetic resonance imag-
ing and tumor necrosis end points alsowere used to examine the pathophysiologic tumor effects
following repeated exposures to these agents.
Results: Single doses of either agent (CA4P, 100 mg/kg; OXi4503, 25 mg/kg) resulted in an
80% to 90% reduction in tumor perfusion 4 hours after treatment.Whereas recovery in tumor
perfusion was observed 48 hours posttreatment, this recovery was significantly slower in mice
treated with OXi4503. Tumors re-treated with eitherVDA 72 hours after the first drug exposure
showed a similar reduction and recovery in tumor perfusion. Histologic evidence showed the
presence of a smaller viable rim after exposure to OXi4503 than that observed after CA4P treat-
ment. Furthermore, the extent of recovery of tumor necrosis 72 hours after drug treatment was
less for OXi4053.
Conclusions: The present studies show that the second-generationVDA OXi4503 possesses
significant antivascular effects in solid tumors. Importantly, the vasculature of tumors of mice that
had received an initial dose this agent was as responsive to a subsequent treatment.

It has been well established that if a tumor is to grow to a
clinically relevant size, it must induce a supporting vasculature
(1, 2). It has also been shown that the rapid growth and
development of the tumor places tremendous strains on this
new vasculature, resulting in major vascular abnormalities
(3, 4). These vascular abnormalities consist of temporary
occlusions, a rapidly dividing endothelial population, blind
ends, leaky vessels, and a reduction in pericytes (5, 6). Im-
portantly, the successful treatment of the cancer by conventional
therapies may be affected by these vascular abnormalities (3, 4).
In recent years, therapies targeted specifically at exploiting

these tumor vasculature abnormalities have been under
investigation (5–7). A class of vascular disrupting agents
(VDA) that cause a rapid and selective shutdown of the tumor

vascular by damaging tumor vessel endothelium have now
been identified (8). Treatment with such agents results in the
arrest of the blood flow, which in turn acts to starve the tumor
of the oxygen and nutrients it needs to survive (6, 9). The lead
drug in this class of agents is the tubulin binding agent
combretastatin A4 disodium phosphate (CA4P; refs. 5, 9, 10).
This agent has been extensively examined in various preclinical
and clinical trials with encouraging results (11, 12).
Tubulin binding agents like CA4P disorganize the micro-

tubules within endothelial cells; specifically, they bind to the
h-tubulin subunits, preventing the formation of microtubules
(9, 13). After treatment with CA4P, newly formed daughter
endothelial cells have been observed to undergo shape changes
(14, 15) as a consequence of cytoskeletal alterations. These
shape changes are thought to lead to the increase in vascular
permeability observed after treatment with CA4P (15). Finally,
these endothelial cells detach, the vascular wall collapses, and
tumor cell death occurs as a consequence of tumor blood flow
obstructions (6, 9).
Because the periphery of the tumor is mainly fed through the

surrounding vessels of normal tissues, a ‘‘viable rim’’ of tumor
cells is seen to remain after treatment with these agents. As a
result, VDAs alone are unlikely to be a curative (9). Conse-
quently, there has been considerable interest in evaluating the
antitumor effects of these agents when they are combined
with traditional anticancer therapies (5, 9). For the case of
CA4P, results have shown that the VDA could enhance the
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effects of radiation (16–18), hyperthermia (19), chemotherapy
(10, 20–23), and radioimmunotherapy (24, 25).
The entrance of CA4P into clinical trials (9, 11, 12) has also

spurred the development of second-generation VDAs. The
present study examined the efficacy of one such agent
(OXi4503) by comparing its antivascular effects with those of
CA4P in the KHT sarcoma model.

Materials andMethods

Animal and tumor model. All research works were governed by the
principles of the Guide for the Care and Use of Laboratory Animals and
approved by the University of Florida Institutional Animal Care and
Use Committee. Female C3H mice, ages 6 to 8 weeks, were obtained
from The Jackson Laboratory (Bar Harbor, ME). KHT sarcoma cells (17)
were injected (2 � 105) into a single hind limb of the mice.

Drug treatment. For all experiments, mice were randomly allocated
to various experimental groups. Both CA4P and OXi4503 (OXiGENE,
Waltham, MA) were prepared in saline and injected i.p. (0.01 mL/g
body weight). Tumor-bearing mice were treated with either CA4P at
100 mg/kg or OXi4503 at 25 mg/kg.

Clonogenic cell survival. Tumor-bearing mice were killed 24 hours
after treatment and their tumors removed and dissociated. The cells
were then counted and incubated at various dilutions in 60-mm dishes.
After 2 weeks of incubation at 37jC, colonies of z50 cells were
counted. Ten days later, the number of colonies in each of the groups
was counted and cell survival was determined.

Vascular shutdown studies. Hoechst-33342 (Sigma) solution was
administered at 40 mg/kg i.v. at various times after CA4P/OXi4503
treatment. One minute after Hoechst-33342 injection, the mice were
killed, the tumors excised, and 10-Am cryostat sections were prepared.
Vessel counts were done using a Chalkley point array for random
sample analysis (26). For each tumor, the mean vessel density was
determined based on a minimum of six sections per tumor. Statistical
analysis was based on a mean of three to five tumors per group (FSE).

Tumor perfusion measurement. Tumor perfusion was determined in
KHT tumor–bearing mice using the magnetic resonance imaging (MRI)
contrast agent gadolinium-diethylenetriaminepentaacetic acid (GdDTPA)
‘‘Omniscan (gadodiamide).’’ Contrast-enhanced MRI measurements were
made before and at 4-, 24-, and 48-hour time intervals after a single-dose
treatment or 4, 24, 72, 96, and 144 hours after repeat dosing treatments.
Image sets were acquired using an 11-T magnet (Oxford Instruments,
horizontal bore of 40-cm diameter). The mice were anesthetized with 2%
isoflurane via induction chamber and maintained with 1.25% isoflurane
via face mask (reducing isoflurane concentration by 0.25% for every
20 minutes). A flow of warmed air was used to maintain the body
temperature of the animals while in the magnet.

Contrast enhancement measurements were made using a T1-
weighted spin-echo sequence (TE, 12 ms; TR, 130 ms; field of view,
20 � 20 mm; 128 phase-encode increments and 256 data points, zero-
filled to 256 � 256; slice thickness, 1 mm). For all animals, one 14-slice
data set was acquired before the introduction of GdDTPA (0.2mmol/kg)
via bolus tail-vein injection. Subsequent data sets were collected from
all 14 slices throughout the tumor for a period of 15 minutes
postinjection to monitor inflow of GdDTPA into the tumor. Maps of
the initial rate of inflow of GdDTPA into the tumors were generated
by subtracting the image acquired before GdDTPA was introduced
from the five images acquired 3, 6, 9, 12, and 15 minutes later. The
resultant contrast-enhanced tumor images were assessed quantitatively
by plotting the mean signal intensity in a region of interest defined
within the tumor (excluding skin) against time after injection of
contrast agent. Perfusion was then determined by measuring the
integrating area under the signal intensity-time curve.

Necrotic fraction assessment. KHT tumor–bearing mice were treated
with either CA4P (100 mg/kg) or OXi4503 (25 mg/kg), or kept as
untreated controls. At 24, 72, 96, and 144 hours after treatment, three
mice from each group were killed and tumors were removed and fixed
in formalin for 24 hours before sectioning. Paraffin sections were taken
from the center of each tumor and stained using H&E. After H&E
staining, the sections were imaged under a morphometric microscope at
�5 magnification using the tile field mapping technique. The necrotic
fraction was then determined for these sections using the NIH imaging
software ImageJ. For each tumor, the mean necrotic fraction was
determined based on a minimum of three sections per tumor. Statistical
analysis was based on a mean of three to five tumors per group (FSE).

Statistical analysis. Results were analyzed using ANOVA in combi-
nation with Scheffe’s post hoc procedure. In all cases, differences were
considered statistically significant at P < 0.05.

Fig. 1. Clonogenic cell survival in KHTsarcomas of mice treated with a range of
doses of CA4Pand OXi4053. Points, mean of three to five tumors; bars, SE.

Fig. 2. Effect ofVDA treatment on patent tumor blood vessels.Tumor-bearingmice
were treated with a single dose of either CA4P (100 mg/kg) or OXi4503
(25 mg/kg). At various times after treatment, the number of vessels actively
involved in blood flowwas determined (Materials andMethods). Columns, mean of
three to five tumors; bars, SE. +, P < 0.05, statistically significant from the
pretreatment values; *, P < 0.05, statistically significant from the CA4P group.
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Results

The present study aimed to compare the antivascular activity
of the VDA CA4P with its second-generation analogue OXi4503
in the KHT rodent sarcoma grown in C3H mice. The disruption
of the tumor vasculature leads to secondary tumor cell death
due to ischemia (9). To quantify this effect, clonogenic cell
survival studies were done. The results shown in Fig. 1 indicate
that for both agents investigated, tumor cell survival initially
decreases as the VDA treatment dose increases and then
plateaus. On the basis of these results and in keeping with
previous preclinical investigations using these agents (27–30),
doses of 100 and 25 mg/kg of CA4P and OXi4503, respectively,
were chosen for subsequent pathophysiologic evaluations.
The antivascular effects of these agents were established by

counting the number of perfused tumor blood vessels as
function of time after drug exposure (Fig. 2). These results
showed that within 30 minutes of treatment with either CA4P
or OXi4503, a significant reduction in perfused vessels was
apparent. For both agents, an 80% to 90% reduction in
perfused vessels was seen 4 hours after treatment. By 24 hours
after drug exposure, some vascular recovery occurred but this
recovery was found to be significantly slower in the tumors of
OXi4503-treated mice.
Changes in tumor perfusion following treatment with single

doses of CA4P or OXi4503 were also determined using
dynamic contrast-enhanced MRI (Fig. 3). GdDTPA-enhanced
images taken before treatment showed that whereas some
tumors had poorly perfused centers before treatment, in all
cases GdDTPA enhancement was impaired after treatment with
either CA4P or OXi4503. These images were quantified (Fig. 4)
and the results showed that GdDTPA inflow into KHT tumors
was significantly reduced 4 hours after treatment. At later time
points, tumor perfusion started to recover (Fig. 4); however, as
was also seen in the Hoechst 33342 staining study (Fig. 2), the
rate of this recovery was significantly slower in the OXi4503
treatment group. By 48 hours, tumor perfusion continued to
improve, leading to values that were 75% and 63% of those
found in control tumors for CA4P- and OXi4503-treated mice.

To evaluate the effect of repeat VDA dosing on tumor
perfusion, KHT tumor–bearing mice were treated with two
doses of either CA4P or OXi4503 separated by 72 hours. MRI-
based perfusion measurements were made 4, 24, 48, and 72
hours after each of the two VDA doses. The results over the
initial 0 to 48 hour time period (Fig. 5) showed perfusion
patterns similar to those seen in the single dose study (Fig. 4).
However, by 72 hours after treatment, tumor perfusion in the
CA4P-treated animals had returned to pretreatment values. In
contrast, the OXi4503-treated mice tumor perfusion recovered
at a significantly slower rate, with median tumor perfusion at
72 hours being 62% of pretreatment values. At this time, all
animals were re-treated and the vascular response to the second
dose of the VDA was determined 4, 24, and 72 hours later. The
results showed that by 4 hours after the second treatment,
tumor perfusion was once again dramatically reduced for both
agents (Fig. 5). Although the median tumor perfusion in the
OXi4503-treated group seemed to be lower than that achieved
with CA4P treatment, the difference was not significant. At later

Fig. 4. Tumor perfusion after treatment with a single dose of CA4P (100mg/kg) or
OXi4503 (25 mg/kg). Dynamic contrast-enhancedMRI perfusion measurements
were made on individual mice, each being assessed at every time point. Points,
median group response as a function of time after treatment. *,P < 0.05, statistically
significant from CA4P group.

Fig. 3. Tumor perfusion images at various
times before and afterVDA treatment
(CA4P, 100 mg/kg; OXi4503, 25 mg/kg).
Before and after measurements were made
on the same mouse.White, perfused tissue.
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times, perfusion recovered in all tumors in a manner similar to
that seen after the initial treatment.
Histology assessment done on the tumors of mice treated

with two doses of the VDAs separated by 72 hours indicated
that, 24 hours following treatment with either VDA, the percent
tumor necrosis rose to f80% to 90% (Fig. 6). At later times,
tumor necrosis recovered in a manner similar to that seen in the
dynamic contrast-enhanced MRI study, with a somewhat
slower rate of recovery observed in the tumors of mice treated
with OXi4503 (Fig. 6). In addition, as was the case for the
dynamic contrast-enhanced MRI perfusion measurements, the
effect of the second VDA treatment on tumor necrosis and its
subsequent recovery was similar to that seen following the first
treatment dose.

Discussion

In the early eighties, studies carried out by Denekamp and
colleagues showed that endothelial proliferation was consider-
ably higher in tumors regardless of their size, and suggested that
this high proliferation rate might prove to be a useful target in
the treatment of cancer (31, 32). In an effort to exploit this
possibility, a number of agents that target tumor blood vessels
have now been identified and the lead candidates have entered
clinical trials (5, 9, 12). Hallmark characteristics of such VDAs
are reduction in tumor blood flow, induction of widespread
tumor necrosis, secondary tumor cell death due to ischemia,
and the presence of a surviving rim of neoplastic cells at the
tumor periphery (6, 9). This ‘‘viable rim’’ is thought to result
from the tumor cells in this area receiving oxygen and nutrients
from the surrounding normal tissue vasculature. Consequently,
it is generally believed that such agents will have their greatest
utility when used in conjunction with conventional anticancer
therapies (5, 6, 9).
Clinically, dynamic contrast-enhanced MRI, a method that

assesses changes in tumor blood perfusion through the use of a
gadolinium-based contrast agent, has emerged as an important
tool in determining the antivascular effects of VDA treatment
(33). In the present study, this technique was compared with
the established preclinical indicators of VDA treatment efficacy

(i.e., vessel density and tumor necrosis). In addition, the efficacies
of single and repeat exposures to VDAs CA4P and OXi4503 were
assessed and compared in the KHT sarcoma tumor model.
Initial investigations into the antivascular properties of these

agents revealed that tumors treated with these agents suffered a
rapid loss of patent blood vessels (Fig. 2). For both agents, a
similar nadir in vessel number was reached 4 hours after
treatment but the effect of OXi4503 treatment on the tumor
vasculature clearly lasted longer than that observed following
CA4P exposure. When these antivascular effects were assessed
using dynamic contrast-enhanced MRI (Figs. 3 and 4), similar
results were seen. Both agents led to comparable reductions in
tumor perfusion 4 hours after treatment, and once again,
vascular recovery (as measured by tumor perfusion) was found
to be significantly slower in tumors of mice treated with
OXi4503.
Because in the clinic patients receive more than a single dose

of a given VDA, it was of interest to examine the effect on tumor
vasculature of administering a VDA to a tumor-bearing host
that had undergone a prior treatment. Specifically, the efficacy
of delivering a second dose of either CA4P or OXi4503 72
hours after the first was examined. The results (Fig. 5) showed
that for both agents the effect of the second dose mostly
mirrored that of the first. Indeed, once again the results suggest
a greater antivascular efficacy of OXi4503 as compared with
CA4P.
An established method for determining VDA treatment

efficacy in preclinical investigations has been the measurement
of the extent of tumor necrosis. Such measurements are not
easily made in patients undergoing VDA therapy. This being the
case, it seemed appropriate to compare the dynamic contrast-
enhanced MRI assessments (which can be made in the clinic) to
this established preclinical response end point. To achieve this,
necrosis measurements were made in KHT sarcoma–bearing
mice undergoing the repeat dosing regimen. The results (Fig. 6)
showed a pattern of fluctuating necrotic fraction consistent with
the perfusion changes measured by dynamic contrast-enhanced
MRI. Once again, in the OXi4503 treatment group, a longer-
lasting effect on tumor necrosis was seen, a result consistent
with both the vessel density and dynamic contrast-enhanced

Fig. 5. Tumor perfusion after treatment with two doses ofVDAs CA4P
(100 mg/kg) and OXi4503 (25 mg/kg).The first dose was administered at time 0;
the second was given 72 hours later. Changes in tumor perfusion of individual mice
as a function of time after treatments; points, median. *, P < 0.05, statistically
significant fromCA4Pgroup; +, not statistically significant fromCA4P (76 hours) or
from both agents at the 4-hour time point.

Fig. 6. Necrotic fractionmeasurements in KHT tumors following repeated doses of
either CA4P (100 mg/kg) or OXi4503 (25 mg/kg). Doses were given 72 hours
apart. Columns, mean change in tumor necrotic fraction as a function of time;
bars, SE.
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MRI data. Further, the indication of more extensive necrosis
following OXi4503 treatment is consistent with the observation
of significantly greater cell kill (Fig. 1) and the presence of a
smaller viable rim in this tumor model (29). Taken together,
these data support the notion that OXi4503 may have some
therapeutic advantages over CA4P (27, 29).
In summary, the association between VDA treatment–

induced tumor necrosis and dynamic contrast-enhanced
MRI–based perfusion measurements supports the continued
use of the latter technique for the monitoring of patients
receiving VDA therapy. Because MRI facilities are readily
available in many hospitals, the clinical assessment of these

novel agents should therefore be readily feasible. The data
presented in this study also indicate that tumors previously
treated with a VDA will be susceptible to repeat treatments with
such agents. Finally, the present studies provide additional
preclinical evidence that the second-generation VDA OXi4503
holds significant promise and warrants further investigation.
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