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Abstract

Purpose—To assess the ability of vascular endothelial growth factor receptor type 2 (VEGFR2)-
targeted and nontargeted ultrasonography (US) to depict antiangiogenic therapy effects and to
investigate whether first-pass kinetics obtained with VEGFR2-targeted microbubbles provide
independent data about tumor vascularization.

Materials and Methods—Governmental approval was obtained for animal experiments.
Vascularization in response to anti-vascular endothelial growth factor receptor or vehicle-control
treatment (n=10/group) in HaCaT-ras A-5RT3 xenografts was longitudinally assessed in mice by
means of first-pass kinetics of nontargeted microbubbles (BR1, BR38; Bracco, Geneva,
Switzerland) and VEGFR2-targeted microbubbles (BR55; Bracco) before and 4, 7, and 14 days
after therapy. VEGFR2 expression was determined 8 minutes after BR55 injection with
destruction-replenishment analysis. US data were validated by immunohistochemistry. Significant
differences were evaluated with the Mann-Whitney test.

Results—First-pass analysis with BR1, BR38, and BR55 showed similar tendencies toward
decreasing vascularization, with a stronger decrease in tumors treated with anti-VEGF antibody.
The median signal intensity (in arbitrary units [au]) of anti-VEGF antibody-treated versus control
tumors at day 14 was as follows: BR1, 5.2 au (interquartile range [IQR], 3.2 au vs 11.3 au (IQR,
10.0 au), respectively; BR38, 6.2 au (IQR, 3.5 au) vs 10.0 au (IQR, 7.8 au); and BR55, 9.5 au
(IQR, 6.0 au) vs 13.8 au (IQR, 9.8 au) (p=0.0230). VEGFR?2 assessment with BR55 demonstrated
significant differences between both groups throughout the therapy period (median signal intensity
of anti-VEGF antibody-treated vs control tumors: 0.04 au [IQR, 0.1 au] vs 0.14 [IQR, 0.08 au],
respectively, at day 4, p=0.0058; 0.04 au [IQR, 0.06 au] vs 0.13 au [IQR, 0.09 au] at day 7,
p=0.0058; and 0.06 au [IQR, 0.11 au] vs 0.16 au [IQR, 0.15 au] at day 14, p=0.0247).
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Immunohistochemistry confirmed the lower microvessel density and VEGFR2-positive area
fraction in tumors treated with anti-VEGF antibody.

Conclusion—Antiangiogenic therapy effects were detected earlier and more distinctly with
VEGFR2-targeted US than with functional US. First-pass analyses with BR55, BR38, and BR1
revealed similar results, with a decrease in vascularization during therapy. Functional data showed
that BR55 is not strongly affected by early binding of the microbubbles to VEGFR2. Thus,
functional and molecular imaging of angiogenesis can be performed with BR55 within one
examination.

Introduction

Angiogenesis, the formation of new blood vessels from pre-existing ones, has been
identified as a major hallmark of cancer. It constitutes an essential prerequisite for tumor
growth, invasion, and metastasis, enabling tumors to grow beyond a size of 1-2 mm.
Angiogenesis has been characterized as a complex, multistep process that involves numerous
angiogenic factors and cytokines (1-5).

The most prominent imaging marker of angiogenesis is the vascular endothelial growth
factor (VEGF) receptor type 2 (VEGFR2), which is highly up-regulated during the onset of
tumor growth (6-8). Because numerous antiangiogenic therapeutic agents either directly
bind to the extra- or intracellular domain of VEGFR2 or block its natural ligand VEGF (9),
imaging of VEGFR2 at the molecular level constitutes an attractive opportunity to monitor
antiangiogenic cancer therapy (10).

Currently, ultrasonography (US) is one of the most commonly used diagnostic imaging
modalities in clinical medicine. Gas-filled microbubbles are routinely used to enhance the
contrast of tumors and for the functional assessment of vascularization (11,12). In this
context, functional assessment includes the visualization of vessels and the quantification of
blood velocity, perfusion and relative blood volume (rBV). First-pass analysis of the
acquired cine loop data with use of accumulated maximum intensity over time (MIOT)
showed a significant correlation with the rBV in tumors (11,13). Several studies strengthen
the utility of contrast material-enhanced functional US to quantify antiangiogenic therapy
effects on the basis of a significant reduction in rBV in treated tumors compared with
untreated ones (11). In addition, the use of molecularly targeted microbubbles at US has
emerged as a very suitable method in preclinical settings, allowing noninvasive analysis of
tumor angiogenesis and antiangiogenic therapy effects (10-13). Consequently, additional
preclinical studies have demonstrated the feasibility of targeting VEGFR2 for the detection
of early tumor lesions and antiangiogenic therapy responses (14-18). The specific
accumulation of targeted microbubbles at the pathologic site can be assessed by subtracting
the US imaging signal after applying a destructive pulse from that before the destructive
pulse (11).

Most molecularly targeted US studies targeting VEGFR2 make use of biotinylated
antibodies that are connected to the microbubble surface via the biotin-streptavidin complex.
These streptavidin-functionalized microbubbles are not recommended for clinical use due to
their potential immunogenicity in humans (19-21). To overcome this limitation and to
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facilitate clinical application, novel target-specific microbubbles have been developed (eg,
BR55 [Bracco Suisse, Geneva, Switzerland], which is a lipopeptide-based, VEGFR2-
targeted molecular US contrast agent). In BR55, the targeting ligands are directly
incorporated into the microbubble shell, making it potentially suited for clinical translation
(12,20).

The purpose of this study was to assess the ability of VEGFR2-targeted and nontargeted US
for depicting antiangiogenic therapy effects in subcutaneous HaCaT-ras A-5RT3 tumor
xenografts and to investigate whether first-pass kinetics of VEGFR2-targeted microbubbles
provide independent data about tumor vascularization.

Materials and Methods

Cell Culture

The US contrast agents (BR1, BR38, and BR55) were provided by Bracco Suisse (Geneva,
Switzerland), and the anti-VEGF antibody B20-4.1.1 was provided by Merck Serono
(Darmstadt, Germany). At the time of submission, one author (F.T.) is an employee of
Bracco Suisse and one author (R.S.) is an employee of Merck Serono. Data collection and
analysis were performed by authors without an affiliation to Bracco Suisse and Merck
Serono. The authors without affiliation to industry (S.C.B., AR., T.L., FK., and W.L.) had
full control of the data and information.

The human skin squamous carcinoma cell line HaCaT-ras A-5RT3 was maintained in
Dulbecco’s modified Eagle’s medium and GlutaMAX (Life Technologies, Darmstadt,
Germany) supplemented with 10% heat-inactivated fetal bovine serum, 1% penicillin-
streptomycin, and 200 pg/ml geneticin at 37° C and 5% CO,.

Cancer Xenografts

All experiments were approved by the governmental review committee on animal care.
HaCaT-ras A-5RT3 cells (2x106) were subcutaneously injected into the right flank of 40
female CD1 nude mice (Charles River, Sulzfeld, Germany). Tumor growth was monitored
regularly with caliper measurements. Tumor volumes were calculated by using the formula:
0.52xAxB2, where A represents the largest and B the smallest tumor diameter. Furthermore,
the animal’s weight was recorded regularly. At a tumor size of 4-5mm, mice were
randomized into one of two treatment groups receiving 20 mg per kilogram body weight
B20-4.1.1 (B20) (n=10), an antibody targeting both murine and human VEGF that is
analogous to Avastin (Merck Serono, Darmstadt, Germany), or a vehicle control (n=10)
composed of 10 mmol/L citric acid, 3% (wt/vol) sucrose, 85 mmol/L NaCl and 0.05% (wt/
vol) Tween 20 (Sigma Aldrich, St Louis, Mo). The substances were injected
intraperitoneally twice per week over a period of 14 days (Fig 1).

Monitoring Treatment Effects of Antiangiogenic Therapy

Therapy monitoring—Therapy monitoring by molecularly targeted US before therapy
(day 0) and 4, 7, and 14 days after treatment initiation to determine the effects on tumor
vascularization (n=10/group). The animals were sacrificed after the last imaging
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examination. Tumors were resected and cryoconserved in Tissue-Tek (Sakara, Zoeterwoude,
The Netherlands) for histologic analysis (Fig 1). Furthermore, two groups of five animals
were used for histologic validation at therapy days 4 and 7. During all experimental
procedures, mice were anesthetized by inhalation of 2% isoflurane in oxygen-enriched air.

US contrast agents—VEGFR2-targeted BR55 microbubbles (Bracco Suisse) were used
to investigate VEGFR2 expression and tumor vascularization (12). BR55 was prepared by
adding 2 mLof 5% glucose to the vial, resulting in a concentration of 2x10° microbubbles
per milliliter. BR55 microbubbles have a mean diameter of 1.5 pm and are characterized by
a circulation time of approximately 4 minutes. /n vitro competitive binding experiments on
human umbilical vein endothelial cells demonstrated the high binding specificity of BR55
for VEGFR?2 (12). To further rule out a possible interaction between the anti-VEGF antibody
B20 and the VEGFR2-targeted BR55 microbubbles, which might prevent microbubble
targeting, additional immunofluorescence microscopy of BR55 and B20 mixtures was
performed and indicated that the anti-VEGF antibody B20 does not bind to the BR55
microbubbles.

In addition to BR55, tumor vascularization was assessed by using nontargeted, long-
circulating BR38 (Bracco Suisse) (22). Before use, 1 mL of saline was added to the vial
yielding a concentration of 1x10° microbubbles per milliliter. BR38 microbubbles have a
mean diameter of 1.5 um but are characterized by a circulation time of approximately 10
minutes until the microbubbles are cleared from the blood. Those microbubbles were
extensively evaluated in a previous study in our group with respect to their circulation
characteristics and ability to assess differences in tumor vascularization in differentially
aggressive breast cancer xenografts (23). Furthermore, the short-circulating, clinically
approved BR1 microbubbles (Bracco Suisse) were used as nontargeted control microbubbles
in 10 animals (five per group). BR1 was prepared by adding 2 mL of saline to the vial
yielding a concentration of 5x108 microbubbles per milliliter. BR1 microbubbles have a
mean diameter of 2.5 um and are characterized by a circulation time of less than 3 minutes
(19). Each microbubble type was manually injected into the tail vein over approximately 3
seconds (injection volume, 50 uL followed by a 20-uL saline flush. Animals that received all
three microbubble types (five per group) were first injected with the short-circulating BR1
microbubbles, followed by injection of BR55 and BR38. In animals being injected with
BR55 and BR38 only, BR55 was injected first, followed by BR38.

First pass analysis and molecularly-targeted US—US measurements were
performed by using the Vevo2100 small-animal high-spatial-resolution US system equipped
with a MS-250 transducer (VisualSonics, Toronto, Ontario, Canada). The “nonlinear contrast
mode” was used with a frequency of 18 MHz and a mechanical index of 0.03. For first-pass
analysis, cine loops were acquired for 25.5 seconds (10 frames per second, 255 frames in
total) starting with the bolus injection of nontargeted BR1 in ten animals (five per group).
After complete clearance from the blood, BR55 was injected (10 animals per group). Eight
minutes after the injection, a destructive pulse (mechanical index, 0.7) was applied for 1
second to destroy all microbubbles in the imaged tumor slice, and the vascular
replenishment of circulating microbubbles was recorded for approximately 15 seconds.
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After clearance of BR55 from the blood, nontargeted BR38 microbubbles were administered
and their injection was recorded (10 animals per group).

Image analysis—Image analysis was performed by two scientists (S.C.B. and A.R., with
4 and 7 years of experience, respectively). One observer was blinded to the types of
microbubbles and experimental groups and confirmed the results. Image analysis was done
with preclinical software (Imalytics; Gremse-IT, Aachen, Germany) (24). A region of
interest was defined over the whole tumor. To investigate tumor vascularization, the rBV was
determined by applying the MIOT postprocessing method to the acquired cine loop data for
BR1, BR38, and BR55 (25). MIOT is a postprocessing technique to map trajectories of
circulating microbubbles. Each circulating microbubble leads to an increase in the acoustic
intensity of the corresponding pixel. A subsequent pixel-by-pixel analysis comparing the
current frame with the previous frame registers the increase in acoustic intensity. Throughout
the entire cine loop, the highest amplitude of each pixel is preserved. The mean increase
within the imaged tumor frame is displayed as the MIOT curve. To assess the amount of
bound BR55, the US imaging signal after the destructive pulse was subtracted from that
before the destructive pulse (23). To evaluate the median reduction in US imaging signal
throughout the therapy period in percentage, the US imaging signal measured before therapy
onset for B20-treated and control animals was set to 100% and the median percentage
decrease in US imaging signal for therapy days 4, 7, and 14 determined.

Immunohistochemistry

Immunofluorescent staining was performed on 8-pum-thick tumor slices (26). The following
primary antibodies were used: a rat antimouse CD31 antibody (1:100; BD Biosciences,
Heidelberg, Germany) to detect endothelial cells, a goat antimouse VEGFR2 antibody (1:20;
R&D Systems, Wiesbaden, Germany) to assess angiogenic activity, and a biotinylated anti-
a-smooth muscle actin (a-SMA) antibody (1:500; Progen, Heidelberg, Germany) to
determine vessel maturation. Secondary antibodies were donkey antirat DyeLight 488
(1:350), donkey antigoat Cy-3 (1:250), and streptavidin-Cy-3 (1:350) (all derived from
Dianova, Hamburg, Germany). Cell nuclei were counterstained with Hoechst 33258 (1:400;
Sigma-Aldrich, Steinheim, Germany).

Fluorescence microscopy was performed by using an Axio Imager M2 microscope and a
high-resolution camera (AxioCam MRm Rev.3; Carl Zeiss Microimaging, Géttingen,
Germany) at 200-fold magnification. For each tumor, six images (three from the tumor
periphery and three from the center) from two representative tumor slices were analyzed.
The scientists who performed the immunohistochemistry analysis were blinded to the
experimental groups. To determine vessel density, the area fraction covered by CD31-
positive vessels, including the lumina was quantified. The VEGFR2 expression was
quantified by determining the VEGFR2-positive area fraction. To determine vessel
maturation, a vessel count was performed and the percentage of the number of a-SMA-
positive vessels per total number of vessels was calculated. Micrographs were analyzed by
using software (AxioVision Rel 4.8, Carl Zeiss Microimaging).
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Statistical Analysis

Results

Statistical analysis was performed by using software (GraphPad Prism 5.0; GraphPad
Software, San Diego, Calif). Data are presented as medians + interquartile ranges (IQRs).
The nonparametric Mann-Whitney U test was used to assess statistical significance.
Furthermore, for each US contrast agent and time course, the statistical results were
corrected for multiple comparisons by using the Benjamini-Hochberg false discovery rate
method. The correction was performed by using R (version 3.2.0; R Development Core
Team, Vienna, Austria). P < 0.05 was considered indicative of a significant difference.

Antiangiogenic Therapy with B20 Leads to Significantly Reduced Growth of HaCaT-ras
A-5RT3 Tumors

Subcutaneous injection of HaCaT-ras A-5RT3 cells into CD1 nude mice led to palpable
tumors from day 7 onwards after inoculation. Fourteen days after tumor cell injection,
tumors had reached a size of 4-5 mm in diameter and the antiangiogenic therapy with B20
was initiated (median tumor volume at day 0: 86 mm?3 [IQR, 52.0 mm3] in B20-treated
group and 83 mm3 [IQR, 65.8 mm?3] in control group). Although control animals showed a
constant increase in tumor volume, those treated with B20 showed reduced tumor growth.
Six days after therapy onset, differences in tumor volume between B20-treated tumors
(median, 131 mm3 [IQR, 127.8 mm?3]) and control tumors (median, 181 mm3 [IQR, 206.8
mm?3]) were significant (p=0.0355). These differences remained significant throughout the
remaining therapy period. At the end of the therapy period, a significant difference in tumor
volume between the B20-treated tumors (median, 137 mm?3 [IQR, 70.7 mm3]) and control
tumors (median, 400 mm3, [IQR, 371.6 mm3]) was observed (p=0.0011) (Fig 2).

Assessment of Tumor Vascularization (rBV) with First-Pass Analysis of Nontargeted BR1

Tumor vascularization was assessed with first-pass analysis of BR1 and postprocessing with
MIOT (24). Functional US with the clinically approved, short-circulating BR1 microbubbles
showed a tendency toward decreasing rBV values in treated and control tumors, with values
being lower in B20-treated tumors (Fig 3). In detail, the median US imaging signal
decreased from 100% at day 0 (median US imaging signal, 10.2 au [IQR, 14.0 au] in B20-
treated group and 15.9 au [IQR, 9.8 au] in control group) to 72% in control tumors (median
US imaging signal, 11.3 au [IQR, 10.0 au] and 51% in B20-treated tumors (median US
imaging signal, 5.2 au [IQR, 3.2 au]) at therapy day 14. However, differences between both
groups were not significant (Fig 3).

Assessment of Tumor Vascularization (rBV) with First-Pass Analysis of Nontargeted BR38

First-pass analysis with BR38 also indicated a trend toward decreasing rBV values with
ongoing treatment in both groups. The median rBV was also lower in tumors of B20-treated
animals compared with vehicle-treated controls (Fig 4). The median US imaging signal
decreased from 100% at day 0 (median US imaging signal, 14.1 au [IQR, 13.4 au] in B20-
treated group and 16.9 au [IQR, 7.2 au] in control group) to 44% in control tumors (median
US imaging signal, 10.0 au [IQR, 7.8 au]) and 47% in B20-treated tumors (median US
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imaging signal, 6.2 au [IQR, 3.5 au]) at therapy day 14. However, differences between both
groups were not significant (Fig 4).

Assessment of Tumor Vascularization (rBV) with First-Pass Analysis of BR55

Finally, first-pass analysis with BR55 also showed a tendency toward decreasing values with
ongoing therapy in both groups, with a stronger decline in B20-treated animals (Fig 5). The
MIOT data were significantly lower in B20-treated compared with control tumors at therapy
days 4 (median US imaging signal, 13.1 au [IQR, 3.6 au] in B20-treated group and 18.0 au
[IQR, 2.2 au] in control group; p=0.0028) and 14 (median US imaging signal, 9.5 au [IQR,
6.0 au] in B20-treated group and 13.8 au [IQR, 9.8 au] in control group; p=0.0230). The
median decrease in US imaging signal of BR55 expressed as a percentage revealed a
decrease in US imaging signal from 100% at day 0 (median US imaging signal, 18.6 au
[IQR, 15.9 au] in B20-treated group and 21.9 au [IQR, 9.1 au] in control group) to 63% in
control tumors (median US imaging signal, 13.8 au [IQR, 9.8 au]) and 51% in B20-treated
tumors (median US imaging signal, 9.5 au [IQR, 6.0 au] at therapy day 14.

Assessment of VEGFR2 Expression in HaCaT-ras A-5RT3 Tumor Xenografts with BR55

To assess tumor angiogenesis, molecularly targeted US was performed with VEGFR2-
targeted BR55 (Fig 6). The amount of target-bound microbubbles was determined by
calculating the difference between the US imaging signal before and after the destructive
pulse 8 minutes after microbubble injection (Fig 7).

By therapy day 4, the amount of bound BR55 was significantly lower in B20-treated tumors
(median difference, 0.04 au [IQR, 0.1 au]) compared with control tumors (median
difference, 0.14 au [IQR, 0.08 au]) (p=0.0058). The amount of bound BR55 in B20-treated
tumors remained significantly lower than that in the control tumors throughout the treatment
period (day 7: 0.04 au [IQR, 0.06 au] vs 0.13 au [IQR, 0.09 au], respectively, p=0.0058; day
14:0.06 au [IQR, 0.11 au] vs 0.16 au [IQR, 0.15 au], p=0.0247) (Fig 7).

Ex Vivo Analysis

US data were validated with immunofluorescence analyses of tumor slices. In contrast to
rBV measurements with nontargeted BR1 and BR38, immunohistochemical analysis
revealed that the microvessel density in tumors after 4 days of treatment with B20 was
significantly decreased compared with that in control tumors (median. 4.1% [IQR, 1.2%] vs
7.9% [IQR, 2.9%)], respectively; p=0.0079) (Fig 8). At days 7 and 14, the vessel density was
also significantly lower in the B20-treated tumors compared with the control tumors (day 7:
median, 3.5% [IQR, 0.9%] vs 8.3% [IQR, 1.3%], respectively, p=0.0079; day 14: median,
3.0% [IQR, 1.7%] vs 7.2% [IQR, 4.5%], p=0.0159).

In line with the reduced vessel density, the VEGFR2-positive area fraction was significantly
decreased in B20-treated tumors compared with control tumors at day 4 (median, 2.3%
[IQR, 1.3%] vs 4.1% [IQR, 1.2%], respectively; p=0.0079), 7 (median, 1.0% [IQR, 0.3%] vs
3.4% [IQR, 1.7%]; p=0.0119), and 14 (median, 0.8% [IQR, 0.4%] vs 1.9% [IQR, 1.2%];
p=0.0079) (Fig 8), confirming the significantly reduced VEGFR2 levels /n vivo measured
with molecularly targeted US.
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To investigate the effects of antiangiogenic treatment on vessel maturation, tumor vessels
were stained for a-SMA (Fig 9) and the number of a-SMA-positive vessels per total
number of vessels was determined. At 4, 7, and 14 days after therapy induction, a
comparable percentage of a-SMA-positive vessels was observed in B20-treated and control
tumors (day 4: median, 56.5% [IQR, 41.6%; median number of a-SMA-positive vessels per
total number of vessels, 12/24] vs 49.3% [IQR, 18.5%; median number of a-SMA-positive
vessels per total number of vessels, 9/21]; day 7: median, 43.5% [IQR, 14.3%; median
number of a-SMA-positive vessels per total number of vessels, 10/24] vs 56.7% [IQR,
22.5%; median number of a-SMA-positive vessels per total number of vessels, 11/19]; day
14: median, 52.3% [IQR, 19.6%; median number of a-SMA-positive vessels per total
number of vessels, 21/34] vs 53.4% [IQR, 30.8%; median number of a-SMA-positive
vessels per total number of vessels, 29/53]), indicating no prominent maturation effects on
tumor vascularization, neither during growth nor during treatment (Fig 9b).

Discussion

The objective of this study was to assess the ability of VEGFR2-targeted and nontargeted
US to depict antiangiogenic therapy effects and to investigate whether first-pass kinetics of
BR55 provide independent data about tumor vascularization. Throughout the therapy period,
first-pass analyses with BR1, BR38, and BR55 constantly revealed reduced rBV values in
B20-treated tumors compared with control tumors, which, however, were not significant for
most time points. Conversely, VEGFR2 assessment with BR55 demonstrated significant
differences between both groups at all investigated time points, which indicates that
VEGFR2-targeted US can enable assessment of antiangiogenic therapy effects earlier than
functional US.

This excellent performance of molecularly targeted US in the characterization of
neovasculature is consistent with previous results, where molecularly targeted US with
BR55 was superior to functional imaging with respect to the differentiation of highly
angiogenic from less angiogenic breast tumors (23). Furthermore, molecularly targeted US
with BR55 accurately depicted the angiogenic activity in early breast tumors (27) and the
malignant, angiogenic conversion of liver dysplasia, which was not possible using functional
US with nontargeted microbubbles (28). In agreement with these findings, Bachawal ef a/.
(29) demonstrated that molecularly targeted US with BR55 was able to help differentiate
between benign and malignant breast tumors with high sensitivity and specificity. Pysz et al.
(20) longitudinally monitored the antiangiogenic therapy effects of B20 by molecularly
targeted US by using BR55 in a human colon cancer xenograft model and observed
significant changes in US imaging signal 1 day after the start of therapy. Thus, VEGFR2-
targeted US sensitively depicts angiogenic and antiangiogenic activity. Conversely,
significant differences between tumor models and early antiangiogneic therapy are often
difficult to determine by assessing tumor vascularization (eg, with nontargeted, contrast-
enhanced US). This can be explained by the fact that vascularization does not necessarily
reflect the angiogenic state of tumors (30). In a tumor with low angiogenesis, slow growth,
and high vessel maturation, many functional blood vessels may survive and thus this tumor
appears better perfused than a rapidly growing tumor with high angiogenesis but low vessel
maturation, where most angiogenic vessels rapidly undergo apoptosis and even do not carry
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blood. The latter tumor type typically manifests with only a small angiogenic rim at the
periphery of the tumor and a hypovascular core. Vaupel et a/. (31) already showed many
years ago that a significant percentage of tumor vessels are not perfused. This nonperfused
vessel fraction consists of either vessels that became thrombotic or small vessels at the
angiogenic front. At histologic examination with CD31 staining, these nonfunctional vessels
are counted although they are not perfused. It is a limitation of our study that we did not
perform isolectin perfusion of animals at the end of the experiments, because it is a useful
method for differetiating perfused and nonperfused vessels in histologic specimens when
costaining with CD31.

For functional US, we compared BR55 with BR1 and BR38 in the assessment of
antiangiogenic therapy effects between B20-treated and control animals at several time
points. First-pass analyses with BR1, B38, and BR55 indicated a similar trend in decreasing
vascularization in B20-treated and control tumors throughout the therapy period with a
stronger decline in B20-treated tumors. This suggests that first-pass analysis with BR55 is
not strongly affected by early binding of the microbubbles to VEGFR2 and, therefore,
comparable functional results with regard to tumor vascularization can be obtained as with
nontargeted microbubbles. In line with this, Tardy et a/. (19) previously demonstrated that
BR55 and the clinical, nontargeted contrast agent BR1 show comparable peak intensities
and similar wash-in phases after injection. These results suggest the possibility of
simultaneously obtaining functional and molecular information on antiangiogenic activity
with targeted BR55.

However, because BR55 shows a longer blood half-life than BR1, we concluded that an
additional comparison with BR38 was necessary. Furthermore, the gas phase of BR55 and
BR38 is composed of a mixture of perfluorobutane and nitrogen, whereas BR1
microbubbles are stabilized with sulfur hexafluoride.

However, for the functional examination we did not perform a direct head-to-head
comparison between the agents, which would be required to get hard numbers about
sensitivity and specificity. A head-to-head comparison in turn requires their reference to a
standard of reference measurement in the same mice (eg microvessel density as determined
with histologic examination), which was not available except at the last time point. Another
limitation of our study is that the comparison of molecularly targeted and nontargeted
microbubbles was only performed in one tumor model and with one antiangiogenic agent.
Thus, comparative analyses in additional tumor models, and with further antiangiogenic
agents, is required to generalize our conclusions. In addition, two-dimensional US was
performed to depict a single tumor plane. In a future study, three-dimensional measurements
recording the whole tumor should also be obtained. A further limitation of our study is that
the order of microbubble injection was based on the circulation time of each microbubble
type and was not randomized. This was done to keep the time of anesthesia for the animals
as short as possible. This is reasonable to prevent unwanted animal loss in studies with
repetitive US examinations. However, it should be noted that repetitive microbubble
injections might influence and reduce the regional blood flow in tumors after the application
of a destructive pulse (32,33). In the choice of microbubble dosages we followed the
manufacturer’s recommendations, which are different between the microbubble types
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because acoustic properties and blood half-lives of the microbubbles are not identical.
However, in particular for the functional first-pass analysis, dose optimization may further
improve the assessment of therapy effects for one or the other microbubble type.

Furthermore, in our study, the first US measurements were performed 4 days after therapy
onset. In future experiments, it would be of interest to also examine changes in US imaging
signal at very early time points after the start of therapy to determine whether significant
changes in US imaging signal are detectable in HaCaT-ras A-5RT3 tumors at such time
points, as described, for example, by Pysz et al. (20) for LS174T tumors.

In summary, our results show that molecular US with VEGFR2-targeted BR55 depicts
antiangiogenic therapy effects earlier than functional US imaging with nontargeted
microbubbles. In addition, we showed that the functional results about tumor vascularization
obtained with first-pass kinetics of BR55 werecomparable to those with nonspecific US
contrast agents. Because clinical studies with nontargeted microbubbles already proved the
value of dynamic contrast-enhanced US for predicting and monitoring the efficacy of
antiangiogenic tumor treatment (34-36), the evaluation of BR55 for functional and
molecular tumor therapy monitoring in a one-stop shop may be a logical next step.
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Advancesin Knowledge

Molecularly targeted ultrasound imaging with clinically translatable, vascular
endothelial growth factor receptor type 2 (VEGFR2)-targeted microbubbles
(BR55; Bracco, Geneva, Switzerland) depicts antiangiogenic therapy effects
earlier (day 4: p=0.0058) than functional ultrasound with nontargeted BR1
and BR38 (Bracco) (day 4: p=0.4127 and p=0.6305, respectively) in a mouse
xenograft model.

First-pass data obtained with BR55 can also be used to assess vascularization,
as functional information is not considerably influenced by early target
binding of the microbubbles.

Implication for Patient Care

Molecularly targeted BR55 microbubbles can be used to assess both tumor
vascularization and VEGFR2 expression in tumors, thereby enabling
simultaneous functional and molecularly targeted ultrasound imaging of
antiangiogenic therapy responses; this encourages further clinical testing of
BR55.
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Figure 1.

Diagram of experimental study design. HaCaT-ras A-5RT3 cells were injected
subcutaneously (s.c.) in right flank of nude mice. Fourteen days after tumor cell injection,
baseline US was performed and mice were randomized to one of two treatment groups,
receiving either B20 (n=10) or vehicle control treatment (n=10). Additional US
examinations were performed 4, 7, and 14 days after therapy initiation. After the last
measurement time point, mice were sacrificed and tumors were excised for histologic

analysis.
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Figure 2.
Growth curve of HaCaT-ras A-5RT3 tumors in B20-treated and control animals. Therapy

was started 14 days after tumor cell injection. Treatment with VEGF-antibody B20 reduced
tumor growth during a 14-day period, with significant differences in tumor volume between
B20-treated and control animals 6 days after treatment start (day 20). Data are medians and
IQRs. * =p <0.05,** = p<0.01.
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Figure 3.
Box-and-whisker plot shows analysis of rBV with postprocessing MIOT technique after
injection of nontargeted BR1 microbubbles. Data are medians and IQRs.
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Figure 4.
Box-and-whisker plot shows analysis of rBV with postprocessing MIOT technique after
injection of nontargeted, long-circulating BR38 microbubbles. Data are medians and IQRs.
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Figure5.
Box-and-whisker plot shows results of first-pass analysis with BR55 and postprocessing
with MIOT technique after injection of targeted microbubbles. Data are medians and IQRs.
* -

=p<0.05.
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a) before injection b) peak enhancement ¢) late enhancement d) after destruction

Control
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Figure 6.
Representative US images show control and B20-treated HaCaT-ras A-5RT3 tumor at

therapy day 14 before and after injection of BR55 microbubbles. A higher peak
enhancement is seen in control tumor compared with B20-treated tumor. Eight minutes after
microbubble injection (late enhancement), the intensity of contrast enhancement is still
higher in control tumor owing to bound BR55 microbubbles. Contrast intensity is markedly
lower after application of a destructive pulse. Arrows indicate tumor margin. Bar = 1 mm.
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Figure 7.
Box-and-whisker plot shows amount of target-bound BR55 in B20-treated and control

tumors. The amount of bound BR55 microbubbles was significantly decreased in tumors of
B20-treated animals compared with control mice starting from day 4 of therapy. Results are
expressed as difference in US imaging signal before and after application of a destructive
pulse. Data are medians and IQRs. * = p < 0.05, ** = p < 0.01.
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Figure8.
Immunohistochemical analysis of microvessel density and VEGFR2 expression at treatment

days 4, 7, and 14. A) Representative images for immunofluorescent staining for CD31
(green), VEGFR2 (red), and cell nuclei (blue) of control and B20-treated tumor at therapy
days 4, 7, and 14. B) Box-and-whisker plots show CD31- and VEGFR2-positive area
fraction at treatment days 4, 7, and 14. B20-treated tumors show a significantly decreased
microvessel density and VEGFR2-positive area fraction compared with control tumors. Data
are medians and IQRs. * = p < 0.05, ** = p < 0.01.
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Immunohistochemical analysis of vessel maturation at treatment days 4, 7, and 14. A)
Images from immunofluorescent staining for CD31 (green), a-SMA (red), and cell nuclei
(blue) of control and B20-treated tumor at therapy days 4, 7, and 14. Arrows indicate
representative a-SMA-positive blood vessels. In addition to a-SMA-positive blood vessels,
fluorescent signals from a-SMA-positive, nonvessel-associated myofibroblasts can be
observed in the tumor stroma. B) Box-and-whisker plot shows median percentage of a-
SMA-positive vessels. The percentage of a-SMA-positive vessels was equal for control and
B20-treated tumors at therapy days 4, 7, and 14. Data are medians and IQRs. There are five
tumors per experimental group. * = p < 0.05.
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