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Abstract

Introduction. The efficacy of the vascular disrupting agent combretastatin A-4 phosphate (CA4P) depends on several factors
including tumor size, nitric oxide level, interstitial fluid pressure, and vascular permeability. These factors vary among tumor
types. The aim of this study was to investigate all these factors in two tumor models that respond differently to CA4P.
Material and methods. Mice bearing C3H mammary carcinomas or KHT sarcomas (200 to 800 mm?) were intraperitoneally
injected with CA4P (100 mg/kg). Tumor size and the effect of a nitric oxide inhibitor nitro-L-arginine (NLA) administered
intravenously were evaluated by necrotic fraction histologically assessed at 24 hours. Interstitial fluid pressure (IFP) was
measured using the wick-in-needle technique, and vascular characteristics were assessed with dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI). Results. Initial necrotic fraction was about 10% in both tumor models at 200
mm?, but only increased significantly with tumor size in the C3H mammary carcinoma. In this tumor, CA4P significantly
induced further necrosis by about 15% at all sizes, but in the KHT tumor, the induced necrotic fraction depended on
tumor size. For both tumor types, NLA with CA4P significantly increased necrotic fraction above that for each drug alone.
CAA4P significantly decreased IFP in all tumors except in the 800 mm? C3H tumor, which had an initially non-significant
lower value. Interstitial volume estimated by DCE-MRI increased in all groups, except the 800 mm? C3H tumors. DCE-
MRI vascular parameters showed different initial characteristics and general significant reductions following CA4P treat-
ment. Conclusions. Both tumor models showed differences in all factors before treatment, and in their response to CA4P.
Perfusion and permeability as estimated by DCE-MRI play a central role in the CA4P response, and interstitial volume
and IFP seemed related. These factors may be of clinical value in the planning of CA4P treatments.

The tubulin binding agent combretastatin A-4
phosphate (CA4P) is a leading vascular disrupting
agent (VDA) in clinical trials [1]. It has cytotoxic and
antiproliferative effects against dividing endothelial
cells and thereby induces vascular damage and perfu-
sion changes in various tumor types. Its efficacy,
however, varies significantly among different tumor
types [2]. Moreover, regardless of the degree of vas-
cular damage, the drug has only a small impact on
tumor growth [3,4]; it is general for VDAs that a
substantial effect is seen in central tumor regions,

whereas peripheral tumor cells, that obtain their
nutrient supply from the surrounding tissue’s physi-
ological vessels, are unaffected by the treatment [3]
and form a viable rim.

Factors have been identified which influence the
effect of CA4P. Insight into the mechanisms behind
these influences may allow modification of these fac-
tors in order to improve the efficacy of CA4P. Tumor
size is one factor; CA4P and other VDAs show a
tumor size dependent anti-tumor effect [5,6], and the
degree of necrosis induced by CA4P treatment
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depends on both tumor model and size [2]. Another
factor is the endogenous vasodilator nitric oxide (INO),
which has been shown to have a protective effect
against CA4P [7]. Initial interstitial fluid pressure
(IFP) also influences response to tubulin binding
agents. It is related with improved cell survival follow-
ing treatment with ZD6126 [8], and in a study of the
tubulin stabilizer patupilone, it predicted tumor
response as measured using a tumor volume endpoint,
and correlated positively with vascularity and nega-
tively with apoptosis [9]. Another study has also shown
a correlation between vessel permeability and the
response to CA4P [10]. Factors, which are affected
by VDA treatment have also been identified. These are
important in the investigation of VDA mechanisms,
and they could play an important role when combin-
ing VDAs with other treatments. IFP has been shown
to decrease following treatment with VDAs [8,9,11],
while vascular permeability has been shown to increase
[12—14]. Vascular permeability has also been assessed
non-invasively by dynamic contrast-enhanced mag-
netic resonance imaging (DCE-MRI) [10,15-20], but
the factors estimating permeability are also influenced
by other factors [16,21], and they are often decreased
following VDA treatment. DCE-MRI has also become
a promising tool for treatment optimization [22-27].

Although understanding the factors that influence
response to VDAs may lead to improvements in activ-
ity, VDAs are still unlikely to be applied as stand alone
treatments. More likely, they will be used in combina-
tion with other more conventional treatments. Radia-
tion therapy and chemotherapy suffer from low
efficacy in hypoxic tumor regions, which often appear
in neovascularized central tumor areas. CA4P is
believed to increase the effect of these treatments by
acting on these neovascularized regions. For example,
the combination of VDAs with radiation therapy has
been investigated with promising results [1-3, 28-30].
Information on IFP and vascularity, which are affected
by VDA treatment, may be important for optimizing
timing and doses in such combinations.

All the above mentioned factors related to CA4P
activity have been investigated in different studies using
different tumor models, but to our knowledge, no
study has investigated all of these factors in the same
tumor models. The aim of this study was to investigate
tumor size, NO level, interstitial fluid pressure, and
DCE-MRI parameters in two tumor models previ-
ously shown to respond differently to CA4P with focus
on the information obtainable by # vivo imaging.

Material and methods
Animal and tumor model

C3H mammary carcinomas grown in female CDF,
mice and KHT sarcomas grown in female C3H/km
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mice were used for all experiments. Derivation and
maintenance of the tumor models have been described
previously [31,32]. All tumors were implanted into the
right rear foot of the animals. Experiments were
performed when tumors had reached 200 to 800 mm?
in size, which typically occurred three to four weeks
after inoculation. Tumor volume was calculated from
the formula D1XD2XD3Xn/6, where the D values
represent the three orthogonal diameters. All experi-
ments were performed under national and European
Union-approved guidelines for animal welfare.

Drug preparation

CAA4P was supplied by OXiGENE, Inc. (Waltham,
MA, USA). The drug was dissolved in saline imme-
diately prior to each experiment; it was kept cold and
protected from light. The stock solution was further
diluted in saline so that it could be given as a single
intraperitoneal (i.p.) injection at a constant volume
of 0.02 ml/g at a dose of 100 mg/kg mouse body
weight. Nitro-L-arginine (Sigma Chemical Co., St.
Louis, MO, USA) (NLA) was dissolved in saline and
administered intravenously (i.v.) at a dose of 10 mg/
kg in a volume of 0.02 ml/g mouse body weight.

Necrotic fraction

Mice were sacrificed by cervical dislocation 24 h after
1.p. injection of CA4P and their tumors excised. They
were then fixed in formalin, and hematoxylin and
eosin stained sections were made. For each tumor a
randomly selected section was cut and the two addi-
tional, equally spaced sections (400 um apart) were
produced and examined under a projecting micro-
scope. Each section was systematically scanned and
projected on a grid with 60 equidistant-spaced
points. For each field of vision, the total number of
points overlying tumor (nT) and necrosis (nN)
were recorded, and necrotic fraction of the tumor
was defined by XnN/ZnT. Necrotic fractions were
compared by Student’s t-test or two-way analysis
of variance (ANOVA) with p<0.05 considered
significant.

Interstitial fluid pressure

Prior to the IFP experiments, mice were anesthetized
by a subcutaneous injection of 0.3 ml xylazine (Rom-
pun; Bayer Healthcare, Kgs. Lyngby, Denmark) and
ketamine (Ketalar; Pfizer, Sollentuna, Sweden)
diluted 1:4:15 in isotonic normal saline. The mice
were restrained in specially constructed lucite jigs.
The tumor-bearing legs were then exposed and
loosely attached to the jig with tape without impair-
ing the blood supply to the foot. IFP was measured
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using the wick-in-needle technique [33] with small
modifications [34], using a 23 G side-holed needle
with a 2 mm side-hole. The sensing needle was cou-
pled to a pressure sensor by a water column in 0.58
mm hosing (inner diameter). The pressure sensor
was connected to a MacLab/4e (ADInstruments
Ltd., Australia) through a ML112 bridge amplifier
(ADInstruments Ltd., Australia). Pressure data from
the sensor were collected from the MacLab/4e digi-
tizer by the SCSI interface using a PC with Power-
Lab® Chart software v. 4.2 (ADInstruments Ltd.,
Australia). The pressure sensing system was cali-
brated against a water column of predefined height
prior to each experiment, and calibration was checked
at the end of each experiment. Calibration remained
stable over time. A total of three identical pressure
measurement setups were connected to the MacLab,
so that the IFP of three tumors could be measured
independently at the same time. IFP values were
compared by Student’s t-test with p<<0.05 consid-
ered significant.

Dynamic contrast enhanced MRI

A 7 Tesla spectroscopy/imaging system (Varian, Palo
Alto, CA, USA) was used for the DCE-MRI. Non-
anesthetized mice were restrained with the tumor-
bearing legs exposed as described for the IFP
experiments. An i.v. line was applied in a tail vein for
administration of the contrast agent Gd-DTPA
(Magnevist, Schering, Berlin, Germany), and an i.p.
line was inserted for administration of CA4P. The
mice were scanned before and three hours following
CAA4P treatment.

The semiquantitative parameter initial area under
the curve (IAUC) was calculated, and the standard
DCE-MRI model including a vascular term was
applied for quantitative estimation of the transfer
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constant, K™, the rate constant, k_, the extravascu-
lar extracellular space, v,=K"™"/k_, and the plasma
volume fraction, v, [21]. The imaging protocol and
data analysis are reported previously [19]. Pre- and
post-treatment parameter maps were compared with
respect to median values of identical ROIs by one-
way ANOVA with p<<0.05 considered significant.

Results
Tumor size

The two tumor models both showed initial necrotic
fractions of about 10% (see Figure 1). Increasing
tumor size caused necrotic fraction to increase lin-
early with the logarithm of the tumor size in the C3H
mammary carcinoma (significant differences between
all sizes except 500 and 800 mm?). In the KHT sar-
coma, necrotic fraction did not increase with tumor
size. Treatment with CA4P significantly increased
necrotic fraction with an almost fixed amount (about
15% of the tumor volume) at all sizes in the C3H
mammary carcinoma. In the KHT sarcoma, the
treatment induced no further necrosis at 200 mm?,
but at 300 mm? and above, necrotic fraction increased
significantly and size-dependently to a level at 800
mm?> comparable to that seen in the C3H mammary
carcinoma at this size.

Nitric oxide

Figure 2 shows that NLA alone had little or no effect
on necrotic fraction at 24 h in both tumors, and
CAA4P significantly increased the necrotic fraction in
the C3H mammary carcinoma only (Student’s t-test,
p=0.008). The effect on necrotic fraction was great-
est when combining the drugs, it appeared to lead to
significantly greater effects than either agent alone in
both tumor models at all times. A two-way ANOVA

KHT sarcoma
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Figure 1. Necrotic fraction versus logarithmic tumor size for control animals (O) and animals treated with 100 mg/kg i.p. CA4P (@).
Measurements were performed 24 hours following treatment. Left: C3H mammary carcinoma, right: KHT sarcoma. Results show mean

(= 1 SE) for 6-18 mice/group.
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Figure 2. Upper panel: Necrotic fraction measured 24 hours following no treatment (O), treatment with 10 mg/kg i.v. NLA alone (A),
100 mg/kg i.p. CA4P alone (O), or treatment with both NLA and CA4P (@®). For the combined treatment, measurements were performed
24 hours following CA4P administration, and the abscissa shows the time point of NLLA administration relative to the administration of
CAA4P, which was given at time point 0. Lower panel: Interstitial fluid pressure versus tumor size for control animals (O) and animals
treated with 100 mg/kg i.p. CA4P 3 hours prior to the measurement (@). Left panels: C3H mammary carcinoma, right panels: KHT

sarcoma. Results show mean (= 1 SE) for 6-18 mice/group.

with interaction showed a statistical interaction
between CA4P and NLA when they were given
together (p=0.016). The effect of administration
time of NLA relative to CA4P appeared to be slightly
different in the two tumors; in the KHT sarcoma,
the necrotic fractions after administering NLA either
at the same time or 60 minutes after CA4P were
significantly different (Student’s t-test, p=0.045)
with the largest effect when the drugs were given
simultaneously. In the C3H mammary carcinoma,
there was no dependence of necrotic fraction on the
investigated intervals between administration of the
two drugs.

Interstitial fluid pressure

The measurements of IFP are also shown in Figure 2.
Initial IFP in the 200 mm?® C3H mammary carci-
noma dropped significantly (p=0.014) after treat-
ment. In the 800 mm?® C3H mammary carcinoma,
the initial IFP was lower (although not significantly)
and did not change after treatment. For the KHT

sarcoma, initial IFP values at the two sizes were
similar and decreased significantly to the same level
(p<<0.05). These IFP values for the KHT sarcoma
pre- and post-CA4P treatment matched those for the
200 mm? C3H mammary carcinoma. Thus, the C3H
mammary carcinoma differed from the KHT sar-
coma by showing a size dependency for IFP. An addi-
tional observation is that CA4P decreases IFP in
tumors exhibiting larger IFP values.

DCE-MRI

The DCE-MRI results are shown in Table 1 and
Figure 3. The interstitial volume, v,, non-significantly
increased to comparable levels in all treatment
groups except the 800 mm? C3H mammary carci-
noma, where v, did not increase. The 800 mm?
C3H mammary carcinoma also differed in the IFP
results, where IFP did not decrease as in all other
groups. This suggests a relationship between the
CA4P induced changes in interstitial pressure and
volume.
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Table 1. DCE-MRI results.

Initial DCE-MRI values (mean*1 SE)

C3H 200 mm? (n=7)

C3H 800 mm? (n=6)

KHT 200 mm? (n=8) KHT 800 mm? (n=8)

TIAUC [1073Ms] 15.3 £ 1.03 11.6 £ 2.05 11.7 = 1.69 11.5 + 1.18
Krans [1073s71] 0.389 = 0.0405 0.418 = 0.0893 0.637 = 0.0891 0.678 = 0.0702
kep [1073s71] 4.15 = 0.311 2.95 = 0.317 5.57 £ 0.744 5.12 + 0.354
v, [%] 8.84 * 0.976 11.9 £ 1.12 13.2 = 3.89 11.4 + 0.977
v, [%] 4.58 = 0.386 3.70 = 0.697 3.14 = 0.503 2.5 = 0.328
Relative change in DCE-MRI values in % (mean*1 SE)
C3H 200 mm? C3H 800 mm? KHT 200 mm? KHT 800 mm?

IAUC —-42.3 * 8.99 —48.5 £ 5.45 -41.8 £ 10.4 —-45.2 * 10.3
Krans -26.8 £ 9.31 -55.0 £ 10.0 -433 £ 124 -61.2 = 6.83
kep -30.8 = 7.54 -31.4 £ 17.75 -57.1 £9.13 -52.4 = 9.44
A 23.3 £ 9.30 -8.48 £ 5.19 32.8 £ 129 23.0 £ 11.0
\% -58.1 £ 11.9 -59.1 £ 13.2 -58.9 = 13.1 -57.2 = 18.0

p

The other DCE-MRI parameters shown are all
related to vasculature. The semiquantitative vascular
parameter JAUC indicated a higher initial vascular-
ization in the 200 mm>? C3H mammary carcinoma
than in all other groups (not significant) and showed
reduction with comparable changes in all tumors.
However, the IAUC reductions were only statistically
significant in the 200 mm>® C3H mammary carci-
noma and the 800 mm? KHT sarcoma (p<<0.01).
The model parameters of plasma volume, v_, and
Kuans the latter depending on blood flow and perme-
ability surface area product, showed some further
differences. Comparing all C3H mammary carcino-
mas and all KHT sarcomas, the C3H mammary car-
cinoma generally had a higher v, (p=0.010), whereas
the KHT sarcoma had a higher K"#" (p=0.002).
Following treatment, both K" and v, were signifi-
cantly reduced in all tumor groups. v_ was reduced
with comparable changes, but comparing all 200
mm? tumors and all 800 mm? tumors, K" showed

Inversion recovery images
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a significant (p=0.028) size dependency with the
largest change in the large tumors.

Discussion

Tumor size played different roles in the two tumor
models. In the C3H mammary carcinoma, necrotic
fraction increased with tumor size, but it was inde-
pendent of size in the KHT sarcoma. This could pos-
sibly be explained by differences in vascularity
between the tumor models. Intuitively, the vascular
characteristics of the KHT sarcoma prevents increases
in necrotic fraction with increasing tumor size.
The vascular differences between the tumor models
found by DCE-MRI were higher plasma volume (vp)
in the C3H mammary carcinoma and higher K'ans
in the KHT sarcoma. K" and Voo however, did not
change with tumor size in any of the tumors. The
higher K" in the KHT sarcoma indicates higher
blood flow or permeability surface area product, so

wdrens (1) x 10"
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Figure 3. Example of images (inversion recovery with T;=2400 ms) and parameter maps produced by kinetic analysis: IAUC, K™, k_,
v,, and Vo The images are produced for the same 200 mm? KHT sarcoma before (left) and 3 hours after treatment with CA4DP (right).
On the inversion recovery images, the light blue color shows the leg visible to the left of the tumor and the foot below the tumor, and the
yellow line indicates 1 cm. The images and maps show intratumor heterogeneity and overall reduction of the vascular parameters IAUC,

trans
Ktrans, kep, and Vo



one of these quantities is assumed to explain the dif-
ferences in necrotic fraction.

The CA4P induced change in necrotic fraction
was independent of tumor size in the C3H mammary
carcinoma, where necrotic fraction was increased
with an almost fixed amount (about 15%) at all sizes.
In the KHT sarcoma, the treatment induced no fur-
ther necrosis at 200 mm?, but at 300 mm? and above,
necrotic fraction increased significantly and size-
dependently to a level at 800 mm?> comparable to
that seen in the 800 mm? C3H mammary carcinoma.
There was no initial difference in DCE-MRI param-
eters between the 200 mm? and 800 mm?> KHT sar-
comas, which could have explained their different
increase in necrotic fraction. The DCE-MRI vascular
response in all tumor groups was large, but this did
not show a difference, which could explain the size-
dependent response of the KHT sarcomas. There
was a size-dependent difference in the response of
Kans but this was common for the two tumor mod-
els. The size dependency of the response in the KHT
sarcoma is in accordance with the size-dependent
cell survival following treatment with ZD6126 in this
tumor model [6] and with the size-dependent growth
delay induced by CA4P in rhabdomyosarcomas [5].

IFP has been correlated with vascularity [9], and
like the vascular parameters K" and Voo the IFP did
not show any difference between the 200 mm? and
800 mm? KHT sarcomas. In the C3H mammary car-
cinoma, however, IFP differed between the two sizes
unlike the vascular parameters. Both the initial IFP
and the IFP reduction at 200 mm> were in accor-
dance with the KHT sarcoma values, but at 800 mm?
IFP was initially lower and did not change following
CA4P treatment. The initially high IFP originates
from an equalization to blood pressure through the
highly permeable vessels and physical confinement of
the tumor cells [35]. The vascular characteristics of
the 800 mm? C3H mammary carcinoma was, how-
ever, similar to those at 200 mm?>. Besides its correla-
tion with vascularity, initial IFP has also been
correlated negatively with apoptosis [9], and therefore
the cause of the initially lower IFP in the 800 mm?
C3H mammary carcinoma may be the higher necrotic
fraction. Furthermore, the lack of IFP reduction in
the 800 mm>® C3H mammary carcinoma was in
accordance with a lack of increase in the interstitial
volume (v,), which was seen in the other treatment
groups. Initial IFP has been shown to be predictive
of response to VDAs as measured by cell survival and
tumor volume [8,9], but in the C3H mammary car-
cinoma showing size-dependent IFP, the CA4P
induced necrotic fractions were similar. The general
reductions in initially high IFP values were, however,
in accordance with these studies. DCE-MRI
parameters have been correlated with IFP in tumors
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without necrotic regions [36], but such a relation was
not seen in our study.

In the DCE-MRI analysis, voxels with initially
low contrast uptake were assumed necrotic and omit-
ted. This was necessary because the model analysis
can not be performed in voxels with no contrast
uptake, and it should therefore be kept in mind that
the results are for living tissue. Voxels, which showed
contrast uptake before treatment and not three hours
after treatment were assumed to be living and show-
ing complete vascular shutdown. These were included
for all parameters except v, and the parameter values
were set to 0. The reason why they were not included
for v, was the the interstitial volume could not be
estimated or assumed to be 0, so this parameter was
compared using only voxels with contrast uptake at
both time points.

The importance of nitric oxide for vascular devel-
opment has been shown by letting experimental
tumors overexpress dimethylarginine dimethylamino-
hydrolase, which metabolizes endogenous inhibitors
of NO synthesis [37].This resulted in increased tumor
blood volume and growth rate, but the vessel caliber
estimated by the MRI method of vessel size imaging
(VSI) in that study was not affected. NO is also used
as a provascular approach to radiosensitization [38].
Previously, NO was shown to have a protective effect
against CA4P [7]. NLA increased the effect of CA4P
in both tumor models in the current study. Given
alone, NLA has been shown to cause a 50% decrease
in erythrocyte velocity by reduction of arteriolar
diameter [13]. In the same study, CA4P was shown
to reduce the number of small vessels. In fact, our
recent study of CA4P action in the C3H mammary
carcinoma by VSI also showed that the induced reduc-
tion in blood volume mainly was reduction in volume
of small vessels (Nielsen et al., unpublished data).VSI
has also shown a vessel size decrease following treat-
ment with patupilone [9]. These are supposedly the
mechanisms involved in the drug effects seen in this
study. Reduced blood velocity caused by NLA may
explain the enhancement in CA4P induced necrotic
fraction. The NLA induced reduction in arteriolar
diameter can increase arteriolar vascular resistance
leading to a pressure drop rendering the distal capil-
lary blood pressure lower. As blood pressure contrib-
utes to the high IFP, this blood pressure decrease may
decrease IFP. High IFP is believed to reduce drug
delivery by preventing convection from blood plasma
to interstitium [35], and the IFP reduction could
therefore enhance drug delivery. This would explain
the enhancement in CA4P induced necrotic fraction.
However, a recent study showed that NLA’s enhance-
ment of CA4P induced necrosis was largest when
NLA was given three hours following CA4P [39].
A possible explanation may be that an initially high
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perfusion followed by an NLA induced IFP reduction
is optimal for the CA4P effect.

The factors influencing the response to CA4P
that were measured in this study are the major fac-
tors known to have an effect. But, there are probably
other factors that may play a role. One of these may
be vessel maturity. Pericyte involvement with vessels
is believed to be indicative of vessel maturation, and
there is evidence that tumors that stain positively
for the presence of pericytes are more resistant to
vascular shutdown [40].

A vascular dose response of CA4P obtained by
DCE-MRI in the C3H mammary carcinoma showed
decreased vascular response when the drug dose
exceeded a certain value [19]. It is currently being
investigated whether this is related to the known side
effect of hypertension, and preliminary data show
that different CA4P doses increased blood pressure
to the same level but for different durations (Busk
et al., unpublished data). This also argues for the
importance of blood pressure, which in this case is
caused by the drug itself. Besides the impact on drug
delivery through IFP increase, hypertension may
force blood flow through vessels, which otherwise
would be shut down.

Conclusions

The two tumor models investigated in this study
showed differences with respect to tumor size, NO
level, IFP, and vascularity, both in the initial values
obtained and in the changes seen following treatment
with CA4P. Furthermore, some of the different fac-
tors appeared interrelated. The question remains as
to how this information about the factors of impor-
tance for CA4P activity can be used to select patients
for CA4P therapy and how such factors can be
manipulated to improve CA4P activity. Performing
DCE-MRI scans before and after CA4P treatment,
as was done in some of the phase I clinical studies
[41-43] would certainly provide information as
to how a patient would respond to CA4P. These
patients that do not respond could then have their
NO levels monitored and an NO inhibitor applied
where necessary.
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