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Abstract. Background/Aim: Anti-angiogenic treatment is a
promising strategy for cancer therapy and is currently
evaluated in clinical trials. The aim of the present study was
to further investigate the effects of an anti-angiogenic
therapy, inhibiting vascular endothelial growth factor
(VEGF) and endothelial growth factor (EGF) using a
tyrosine kinase inhibitor for blocking tumor angiogenesis
and tumor progression in vivo. Materials and Methods:
Experiments were performed using C57/Bl6 mice (25+5 g of
body weight (b.w.)) implanted with subcutaneous Lewis lung
carcinoma (LLC-1). From day 7 till 21 after tumor cell
implantation, animals (n=7 per group) were treated by
monotherapy using ZD6474 (50 mg/kg b.w. per os (p.o.))
daily. A control group received only the solvent polysorbate
80. Using contrast enhanced ultrasound (CE-US) parameters
of intra-tumoral microcirculation animals were examined 24
h after the last application of ZD6474. Moreover,
subcutaneous tumor growth was measured over the whole
therapy period. Finally, histological analyses were performed
to analyze the functional vessel density in the tumor tissue.
Results: ZD6474 reduced tumor growth of LLC-1 in C57/Bl6
mice significantly. A significant difference of maximal signal
intensity (AS1,,,.) and area below the intensity time curve

max

(AUC) after antiangiogenic therapy was recorded in the
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tumor center by CE-US. Vessel density after hematoxyline
and eosin, as well as CD31, staining showed no significant
difference in both groups. Conclusion: Anti-angiogenic
effects can be quantitatively demonstrated using CE-US
imaging, which represents the spreading of efficient vessels
in the tumor tissue, especially in the tumor center.

Angiogenesis, the formation of new blood vessels from the
existing vasculature, is indispensable for tumor growth,
metastasis and disease progression. Without a network of
efficient vessels, nutrition and oxygen cannot be guaranteed
for the surrounding tumor tissue. Consequently, the survival
of proliferating tumor cells is not possible.

Based on this fact, one of the most promising therapy
options concerning cancer therapy is the concept of
antiangiogenesis as Judah Folkman postulated in 1971 (1).
The tumor vessel network should be destroyed to cause a
significant reduction of blood flow, thus leading into a
widespread tumor cell death. In this pathway, vascular
endothelial growth factor (VEGF) is an important mediator
of tumor growth known to have various functions in
angiogenesis, vascular permeability and the regulation of
endothelial cell proliferation and migration (2). Therefore,
vascular endothelial growth factor receptors (VEGFRs) are
mainly expressed on vascular endothelial cells and
stimulated by VEGF. Currently, three different VEGFRs are
described but only VEGFR-1 and VEGFR-2 are supposed
to play a key role in the mechanism of angiogenesis and
tumor growth (2, 3).

In the last years, anti-angiogenic agents, aimed to inhibit
the growth of tumor vasculature, are increasingly developed
for the treatment of solid tumors. Solid tumors depend on a
functional vessel network for survival and proliferation.
Therefore, anti-angiogenic treatment seems to be an
important and potential possibility to avoid tumor growth.
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Figure 1. Tumor size of subcutaneous LLC-1 during anti-angiogenic
therapy with ZD6474.

ZD6474 is a novel, orally-available VEGFR-2 tyrosine
kinase inhibitor, which, additionally, targets epidermal
growth factor receptor (EGFR) tyrosine kinase. Both
receptors play key roles in the angiogenic pathway of tumor
growth. Monitoring the response of tumor tissue to anti-
angiogenic treatment by measuring the tumor size should not
be the single parameter during anti-angiogenic therapy
because tumor cell growth is indirectly suppressed by an
insufficient tumor vasculature. To retrace the effects of anti-
angiogenic therapy on tumor vasculature and tumor growth
in clinical trials, standardized and validated diagnostic
methods are necessary to measure changes in the tumor
vascular network and vessel function. Hence, several non-
invasive imaging methods have already been applied in
experimental animal studies, as well as in clinical trials,
including dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI), positron emission tomography (PET),
contrast enhanced computed tomography (CE-CT) and
contrast enhanced ultrasound (CE-US) (4-6).

The intention of the following study was to evaluate CE-
US for quantitative assessment of tumor microcirculation
during the drug discovery process of antiangiogenic agents.
To validate this approach, we measured the effects of
ZD6474 on tumor microcirculation in vivo. After anti-
angiogenic treatment with ZD6474, histological analyses
were employed to correlate the morphological tissue
modifications to dynamic ultrasound parameters.

Materials and Methods

Animals, tumor model and treatment protocol. After approval by the
local ethics committee, experiments were performed on male C57/B16
mice (255 g of body weight (b.w.)). All experiments were performed
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Figure 2. Intensity-time curves of tumor periphery and tumor center of
control tumors (black) and tumors after anti-angiogenic therapy with
ZD6474 (red) after measurements using contrast-enhanced ultrasound.
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Figure 3. Contrast enhanced ultrasound (CE-US) imaging and
histological results of tumor microcirculation. (A) area under time-
intensity curve (AUC), (B) rate of signal increase (RSI), (C) change of
signal intensity from baseline to initial peak (ASI,,.) and (D)
quantitative analysis of microvessel density (CD31-staining). Results are

given as mean+SEM. Significant difference was defined when p<0.05.

in accordance with the United Kingdom Coordinating Committee on
Cancer Research (UKCCCR) guidelines for the welfare of animals in
experimental neoplasia. The animals were placed in single cages with
free access to water and standard laboratory food (Sniff GmbH, Soest,
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Figure 4. Histological analysis of subcutaneous LLC-1 carcinomas. Left side with CD31-staining of tumor center (A) and tumor periphery (C) of
ZD6474-treated tumors. Right side shows H&E staining of tumor center (B) and tumor periphery (D) of ZD6474-treated tumors.

Germany) according to institutional and governmental guidelines. All
surgical procedures were performed under general anesthesia with
ketamine (100 mg/kg b.w. intraperitoneally (i,p.), Ketavet®; Parke-
Davis, Berlin, Germany) and xylazine (10 mg/kg b.w. i.p., Rompun®;
Bayer, Leverkusen, Germany).

Lewis lung carcinoma (LLC-1) cells were cultured in Dulbecco's
modified Eagle’s medium (DMEM; Biochrom, Berlin, Germany)
supplemented with 10% inactivated fetal bovine serum plus
penicillin/streptomycin (Pan Biotech GmbH, Aidenbach, Germany)
and incubated in 5% CO, at 37°C.

The dorsal skin of C57/B16 mice was shaven and depilated. LLC-
1 tumor cells (5x10¢) were suspended in a 10 pl volume DMEM
and injected subcutaneously in the dorsal skin. After tumor cell
inoculation, the longer (1) and the shorter (b) perpendicular axes and
the height (h) of each tumor were measured and tumor volume was
calculated according to the following formula:

V umor=Ixbxhx ¢

tumor’

Body weight of animals was measured every other day. ZD6474
was kindly provided by Astra Zeneca (Macclesfield, UK) and was
dissolved in a solution of polysorbate 80 (Sigma Aldrich Chemie
GmbH, Steinheim, Germany). After 10 days, when subcutaneous
LLC-1 tumors were well established, animals were randomised. The
treatment group (n=7) received a dose of ZD6474 (50 mg/kg, per
os (p.o.)) every second day. Control animals (n=7) received
polysorbate 80 in an equivalent volume. Ultrasound imaging was
performed 24 h after the last treatment.

Contrast enhanced ultrasound. To enable imaging of subcutaneous
tumors, mice were anesthetized with 8% inhaled halothane in

oxygen and kept under a heat lamp to avoid body temperature
reduction. Ultrasound imaging was performed with an Acuson
Sequoia 512 machine (Siemens Healthcare, Erlangen, Germany)
using a 15L8-MHz multifrequency transducer for all experiments.
The Cadence™ contrast pulse sequencing (CPS) technology was
used. The detection technique applied the non-linear microbubble
energy within the same fundamental frequency band as the
transmitted pulse of sound to obtain an improved sensitivity. The
mechanical index was lowered to 0.4 or less and the frequency was
set to 14 MHz. For examination, mice were placed in the prone
position and imaging was performed through a 1 cm gel standoff
heated to 37°C. Imaging depth and focal zone location was adjusted.
First, B-mode imaging of the tumors in longitudinal and transverse
direction was performed for an adequate measurement of tumor
size. Imaging was performed with the second generation contrast
agent Sonovue (Bracco, Milano, Italy), which is a stabilised
microbubble suspension containing sulphur hexafluoride (SFg), an
echogenic and poorly soluble gas, stabilized in a shell by a
monolayer of phospholipids. The mean size of the intravascular
remaining particles ranges between 2 to 3 um. Sonovue was injected
as an intravenous bolus (3.5 ul/g b.w.) into the lateral tail vein of
each mouse. Imaging was recorded on video shortly before the
injection up to two minutes at a frame rate of 8-10 Hz. Injections
of the contrast agent were considered adequate if the peak of
contrast enhancement was visible within the inferior aorta or the
vena cava immediately after the injection. After two minutes of
recording, the microbubbles were destroyed by using the destructive
imaging method. Afterwards, measurements were repeated by
another injection of Sonovue.

All digital data sets were evaluated using the Dicom raw data on
the ultrasound machine as a workstation. Three regions of interest
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(ROI) were determined in each subcutaneous tumor: the first ROI was
drawn around the entire tumor area, another one was marked in the
tumor centre and the third one in the tumor periphery. The size of the
marked ROI differed depending on the tumor size. Time-intensity
curve (TIC) analyses were made offline before the whole data were
transferred into a spreadsheet table (Excel 2007; Microsoft, Redmond,
WA, USA). The first 30 sec after contrast agent injection were used
for further analyses. Initially, each TIC was normalized for precontrast
baseline signal intensity (SI). Next, the change in SI from baseline to
initial peak (ASI ) in decibels, the rate of SI increase from baseline
to initial peak (RSI) in decibels per second and the area under time
intensity curves (AUC) in arbitrary units were calculated. Two
repetitive measurements in each animal were averaged.

Immunohistochemistry. After CE-US imaging, mice were sacrificed
and tumors were prepared for further histological investigation.
Tissue samples were either fixed in 1% paraformaldehyde and
embedded into paraffin for hematoxylin and eosin (H&E) staining
or frozen on dry ice for immunohistochemical studies.

Multiple sections of tumor tissue with a thickness of 5 pm were
taken from all samples. For the examination of tumor microvessel
density, immunohistochemical staining for CD31 (PECAM-1; Santa
Cruz, Heidelberg, Germany) was performed. For quantitative
analysis, tissue sections were examined using a Zeiss Axiophot 2
microscope (Zeiss, Jena, Germany) fitted with a 20x objective
combined with digital image analysis (KS400; Zeiss). Specific
CD31 staining was obtained after interactively setting an red, green
and blue (RGB)-threshold, which depicts only specific CD31
staining. The vessel density was calculated as percentage of the total
area of CD31-positive pixels related to the total image area. A
minimum of 15 ROIs from different slides and tumor areas (tumor
center and tumor periphery) were randomly selected and analyzed.

Statistical analysis. All results are shown as mean#standard error of
the mean (SEM). Statistical analysis of the data sheets were
performed using the non-parametric Mann-Whitney rank sum test
for intergroup comparison. To analyze the variability of a parameter
in the same individual, the Wilcoxon signed rank test was used. All
p-values < 0.05 were considered to indicate a statistically significant
difference. All analyses were performed with the SigmaStat
software (version 3.5; Systat Software Inc., Erkrath, Germany).

Results

Treatment by monotherapy, using ZD6474 (50 mg/kg b.w.
p.o.) daily, started on day 7 after subcutaneous tumor cell
implantation. A significant decrease (p=0.001) in tumor size
compared to the controls was measured during the treatment
period (Figure 1). The averaged signal time-intensity curves
corresponding to tumor center and periphery are displayed
in Figure 2. In both groups, a mono-exponential increase of
contrast-enhancement can be measured after an intravenous
bolus injection of microbubbles.

The signal enhancement in tumors treated with ZD6474
compared to control tumors displayed a strong heterogeneity
between tumor center and tumor periphery. In the tumor
periphery, nearly equal curves were pictured after microbubble
injection in both groups. In the tumor center, a higher increase
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of signal enhancement was measured in the tumors after
antiangiogenic therapy compared to control tumors.

Parameters quantified from time-intensity curves
corresponding to the tumor periphery and tumor centre are
illustrated in Figure 3. Following contrast agent
administration, AUC value corresponding to the tumor center
was significantly higher in ZD6474-treated tumors compared
to control tumors (p=0.043). In addition, the value of ASI_,,
of the tumor center was significantly higher in treated tumors
compared to the controls (p=0.048). The RSI value showed
no significant difference.

Interestingly, following the application of Sonovue, the values
of RSI, ASI,,, and AUC corresponding to the tumor periphery
are not significantly different in tumors after antiangiogenic
treatment with ZD6474 compared to the control group.

Tumor vessel density, detected between ZD6474-treated
tumors and control tumors concerning H&E and
immunohistochemical CD31-staining (Figure 4), showed no
significant differences for the tumor center (p=0.093). Both
groups showed nearly similar data respecting the measured
vessel density in the tumor periphery (p=0.867). Without being
statistically significant, histological vessel density showed well-
fitting results compared to the described ultrasound parameters.

Discussion

In the present study, we used CE-US imaging with the
contrast agent Sonovue to analyze the vascular effects of the
anti-angiogenic agent ZD6474. Antiangiogenic therapy
should avoid neovascularization by inhibiting new blood
vessel formation and should achieve tumor dormancy
because tumors depend on a sufficient neoangiogenesis to
survive and grow beyond a volume of a few cubic
millimetres. By repressing tumor-induced angiogenesis and
VEGF-signaling, tumor cell proliferation and tumor
expansion should be switched-off depriving the tumor tissue
of essential oxygen and nutrients (3, 7, 8). A few years ago,
Jain et al. suggested that the regular application of
antiangiogenic therapy may reverse the abnormal vessel
structure of tumor vascularization. Consequently, the vessel
network is supposed to be more efficient for the delivery of
drugs and oxygen to the existing tumor tissue (8).

ZD6474 is a tyrosine kinase inhibitor of VEGFR-2 and
EGFR, which represent essential regulators of endothelial
cell proliferation, migration, differentiation and survival.
Besides, these growth factors play an important role in tumor
angiogenesis (2, 9). Pre-clinical studies have confirmed its
anti-angiogenic effects in a wide range of cancer types (9,
10). Phase III clinical studies are underway with applying
ZD6474 in non-small cell lung cancer (NSCLC) following
promising results in phase II and III studies (3,9, 11, 12).
To evaluate therapy response, an adequate imaging modality
is indispensable to monitor anti-angiogenic therapy in
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clinical studies, achieve important information about the
mechanism of action of these therapeutic agents and
optimize this new treatment concept (6, 13, 14).

For the present study, we employed LLC-1, which has
been used to study angiogenesis in tumor tissue frequently
(5, 15). Implanted subcutaneously in the dorsal skin, LLC-1
cells gave rise to rapidly growing tumors with areas of
necrosis and a tortured vascular network (5).

In the present study, we determined the effects of
angiogenesis inhibitors on tumor vasculature and tumor growth
in vivo. The measured significant decrease in tumor growth
after treatment with ZD6474 compared to control tumors
represents the antiangiogenic effect by inhibiting VEGF
signaling, followed by an inhibition of angiogenesis and tumor
growth as it is previously described in the literature (16, 17).

We demonstrated that functional therapeutic effects on the
tumor microcirculation by anti-angiogenic therapy with
ZD6474 can be quantitatively detected by non-invasive CE-
US. The measured values of ASI , and AUC after
antiangiogenic treatment with ZD6474 describe the different
tumor vessel network in the therapy group compared to
untreated control tumors. In the tumor center, the signal
enhancement of tumors after treatment with ZD6474 is overall
higher than the enhancement in control tumors. This
represents a yielding uptake of contrast medium in the few but
efficient-formed tumor vessels after treatment with the
antiangiogenic agent (8). Signal enhancement in the tumor
periphery is nearly equal in both groups, possibly because of
supplemental perfusion by vessels from the surrounding tissue.

The central region of control tumors harbors large areas
of necrotic tumor tissue with malfunctioning and confusing
vessels of different size because of the fast growing tumor
tissue. This illustrates the different types of tumor vessels in
larger-growing tumors: Pre-existing normal vessels, mostly
dislocated by rapid tumor expansion, supply the peripheral
tumor tissue with nutrients and oxygen. Otherwise, newly-
formed vessels, with an abnormal vessel structure because of
abnormal vascular endothelia, can be detected unequally
distributed in the tumor tissue (7, 18). It can be presumed
that anti-angiogenic therapy inhibits the formation of new
blood vessels and reverses the confuse vessel structure in the
tumor tissue to achieve an efficient vascularization in the
tumor tissue (19, 20). Referring to the measured parameters
of CE-US, it can be hypothesized that this effect is
responsible for the significant lower tumor growth and the
increased signal enhancement during CE-US imaging.

In addition, histological analysis of the tumor vasculature,
characterized by quantitative measurement of microvessel
density after CD31 staining, show almost compatible results
for both groups. Matching to the functional parameters of
CE-US imaging, microvessel density in the tumor center
increases in the treatment group after antiangiogenic therapy
with ZD6474. This measurement might confirm the

hypothesis of numerous, small-sized but well-structured
vessels in smaller tumors after antiangiogenic therapy (8).

In summary, we demonstrated the anti-angiogenic effect
of ZD6474 using CE-US as an established in vivo imaging
technology. Due to its clinical availability, non-invasiveness
and lack of ionizing radiation, CE-US imaging represents a
feasible tool to quantitatively investigate anti-angiogenic
effects during the drug discovery process.
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