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Purpose: To develop and validate a dual-targeted ultrasonographic
(US) imaging agent with microbubbles (MBs) that attaches
to both vascular endothelial growth factor (VEGF) recep-
tor 2 (VEGFR2) and �v�3 integrin and to compare the US
imaging signal obtained from dual-targeted MBs (MBD)
with that from single-targeted MBs (MBS) in a murine
model of tumor angiogenesis.

Materials and

Methods:

Animal protocols were approved by the institutional Ad-
ministrative Panel on Laboratory Animal Care. Single- and
dual-targeted US imaging agents were prepared by attach-
ing anti-VEGFR2, anti–�v�3 integrin, or both antibodies to
the shell of perfluorocarbon-filled MBs. Binding specifici-
ties of targeted MBs compared with isotype-matched im-
munoglobulin G–labeled control MBs (MBC) and nontar-
geted nonlabeled MBs (MBN) were tested with VEGFR2-
positive and �v�3 integrin–positive cells (mouse SVR cells)
and control cells (mouse 4T1 cells). In vivo imaging signals
of contrast material–enhanced US by using anti-VEGFR2–
targeted MBs (MBV), anti-�v�3 integrin–targeted MBs
(MBI), MBD, and MBC were quantified in 49 mice bearing
SK-OV-3 tumors (human ovarian cancer). Tumor tissue
was stained for VEGFR2, �v�3 integrin, and CD31.

Results: Attachment of MBD to SVR cells (mean, 0.74 MBs per cell �

0.05 [standard deviation]) was significantly higher than at-
tachment to 4T1 cells (mean, 0.04 � 0.03), and attachment
to SVR cells was higher for MBD than for MBV (mean, 0.58 �

0.09), MBI (mean, 0.42 � 0.21), MBC (mean, 0.11 � 0.13),
and MBN (mean, 0.01 � 0.01) (P � .05). Imaging signal in
the murine tumor angiogenesis model was significantly
higher (P � .001) for MBD (mean, 16.7 � 7.2) than for MBV

(mean, 11.3 � 5.7), MBI (mean, 7.8 � 5.3), MBC (mean,
2.8 � 0.9), and MBN (mean, 1.1 � 0.4). Immunofluores-
cence confirmed expression of VEGFR2 and �v�3 integrin on
tumor vasculature.

Conclusion: Dual-targeted contrast-enhanced US directed at both
VEGFR2 and �v�3 integrin improves in vivo visualization of
tumor angiogenesis in a human ovarian cancer xenograft
tumor model in mice.
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A
ngiogenesis, the formation and
recruitment of new blood vessels
from the host surrounding tissue,

is an important process in early tumor
progression (1). Most solid tumors re-
quire a switch to an angiogenic pheno-
type to provide sufficient oxygen, nutri-
ents, and other growth factors to allow
tumor growth beyond 1–2 mm (2–4).
Several steps are involved in tumor an-
giogenesis, including proliferation, mi-
gration, and invasion of endothelial
cells; formation of endothelial cells into
tubular structures; maturation of blood
vessels; and blood vessel degeneration
(1). This complex process involves the
coordination of several signal transduc-
tion pathways and is regulated by vari-
ous proangiogenic and antiangiogenic
molecules (5–7).

Vascular endothelial growth factor
(VEGF) receptor 2 (VEGFR2) and �v�3

integrin are two of the best-character-
ized molecular markers of tumor angio-
genesis, and both are overexpressed on
tumor endothelial cells during tumor an-
giogenesis. VEGFR2 is an endothelium-
specific receptor tyrosine kinase, and
activation of the VEGF/VEGFR2 axis
triggers multiple signaling networks
that result in endothelial cell survival,
mitogenesis, migration, and differentia-
tion, as well as altered vascular perme-
ability (1). The �v�3 integrin is a het-
erodimeric transmembrane receptor
for extracellular matrix molecules, in-
cluding fibronectin, fibrinogen, von Wil-
lebrand factor, vitronectin, and proteo-
lysed forms of collagen and laminin
(8,9). These extracellular matrix mole-
cules activate signaling cascades that

regulate gene expression, cytoskeletal
organization, cell adhesion, and cell sur-
vival, with the result of making cancer
cells more invasive, more migratory,
and better able to survive in different
microenvironments (8).

Because of their pivotal role in tu-
mor growth and migration, both
VEGFR2 and �v�3 integrin have been
selected as targets for therapeutic
strategies that are now being success-
fully introduced clinically in cancer pa-
tients. Inhibition of the VEGF/
VEGFR2 pathway with the humanized
antibody bevacizumab, in combination
with chemotherapy, results in a sur-
vival advantage in patients with previ-
ously untreated metastatic colorectal
cancer and nonsquamous non–small
cell lung carcinoma relative to chemo-
therapy alone (10,11). The small-
molecule VEGFR tyrosine kinase in-
hibitors sunitinib and sorafenib have
shown effectiveness in the treatment
of metastatic renal cell cancer patients
and were recently approved by the
Food and Drug Administration (12,
13). In addition, the humanized anti–�v�3

integrin antibody etaracizumab has dem-
onstrated prolongation of stable disease
in patients with renal cell carcinoma in a
phase I clinical study (14).

Noninvasive imaging strategies for
the detection and quantification of mo-
lecular markers of tumor angiogenesis
may be particularly helpful for the tracking
of antiangiogenic and tumoricidal treat-
ments in cancer patients, for the diag-
nosis of cancer at early stages, and in
the de novo development of cancer
therapeutics in preclinical animal stud-
ies. Targeted contrast agents have been
introduced for ultrasonography (US)
that allow accurate visualization and
quantification of molecular markers of
tumor angiogenesis (15–17). These US
contrast agents are gas-filled, echogenic

microspheres (microbubbles [MBs])
that can be directed to vascular molec-
ular targets by the attachment of target-
specific ligands to the shell of the MBs.
After systemic administration, these
functionalized MBs attach at vascular
sites, overexpressing the molecular
markers for which the attached ligands
are specific, and produce an increase in
the US imaging signal.

In the current study, we hypothe-
sized that contrast material–enhanced
US by using a newer imaging agent,
dual-targeted MBs (MBD) directed at
both VEGFR2 and �v�3 integrin in tu-
mor angiogenesis, would result in more
enhanced US imaging signal than that
with traditional single-targeted contrast
agents. Thus, the purpose of our study
was to develop and validate a dual-
targeted US imaging agent, MBD, that
attaches to both VEGFR2 and �v�3 inte-
grin and to compare the US imaging
signal obtained from this MBD with that
obtained from single-targeted MBs
(MBS) in a murine model of tumor an-
giogenesis.
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Abbreviations:

ICAM-1 � intercellular adhesion molecule 1

MB � microbubble

MBC � control MBs

MBD � dual-targeted MBs

MBI � anti-�v�3 integrin–targeted MBs

MBN � nontargeted nonlabeled MBs

MBS � single-targeted MBs

MBV � anti-VEGFR2–targeted MBs

VEGF � vascular endothelial growth factor

VEGFR2 � VEGF receptor 2
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Advances in Knowledge

� Contrast agent microbubbles
(MBs) can be modified to attach
to both vascular endothelial
growth factor (VEGF) receptor 2
(VEGFR2) and �v�3 integrin.

� Dual-targeted MBs (MBD), target-
ing both VEGFR2 and �v�3 inte-
grin, increase the imaging signal
of targeted contrast-enhanced US
compared with single-targeted
MBs in a murine model of tumor
angiogenesis.

Implication for Patient Care

� The increased imaging signal of
contrast-enhanced US by using
MBD may facilitate its future ap-
plication for cancer diagnosis and
monitoring of cancer treatment in
patients.
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Materials and Methods

VisualSonics (Toronto, Ontario, Can-
ada) provided the MBs used in this
study. All authors who are not consult-
ants for VisualSonics had control of in-
clusion of any data and information that
might present a conflict of interest for
the author (S.S.G.) who is a consultant
for VisualSonics.

The description of the preparation
of functionalized MBs, as well as of cell
culture experiments for testing binding
specificity of MBS and MBD to both
VEGFR2 and �v�3 integrin is detailed in
Appendix E1 (http://radiology.rsnajnls

.org/cgi/content/full/248/3/936/DC1).

In Vivo Small-Animal Imaging

Experiments

Mouse tumor models.—Animal proto-
cols were approved by the institutional
Administrative Panel on Laboratory An-
imal Care. Subcutaneous human ovar-
ian adenocarcinoma xenograft tumors
were established in 49 female 6–8-
week-old nude mice (Charles River Lab-
oratories, Wilmington, Mass) by means
of subcutaneous injection of 3 � 106

SK-OV-3 cells in 50 �L of phosphate-
buffered saline into the right flank re-
gion. During the injections, the mice
were anesthetized with 2% isoflurane
(Aerrane; Baxter, Deerfield, Ill) in oxy-
gen administered at a rate of 2 L/min.
Tumors were allowed to grow to a mean
maximum diameter of 3.0 mm (range,
2.2–3.4 mm).

Targeted contrast-enhanced US.—
One radiologist (J.K.W., with 8 years of
experience in performing US) performed
real-time (20-Hz), two-dimensional fun-
damental brightness–mode (B-mode) tar-
geted contrast-enhanced US by using a ded-
icated small-animal high-resolution imag-
ing system (Vevo 770; VisualSonics)
and a 40-MHz high-frequency linear
transducer (RMV-704; VisualSonics).
Lateral and axial resolution were 100
and 40 �m, respectively; focal length
was 6 mm; transmit power was 50%;
mechanical index was 0.14; and dy-
namic range was 52 dB. The transducer
was fixed on a railing system to maintain
the acoustic focus centered at the level
of the largest transverse cross section of

the subcutaneous tumors. In the ani-
mals, anesthesia was maintained during
imaging with 2% isoflurane in oxygen
administered at a rate of 2 L/min, and
the body temperature was kept con-
stant at 37°C by using a heating pad and
a warming lamp. B-mode settings (gain,
time gain compensation) were kept con-
stant throughout each imaging session.
In the first subgroup of 18 tumor-bear-
ing mice, 5 � 107 MBD, 5 � 107 anti-
VEGFR2–targeted MBs (MBV), and 5 �

107 anti-�v�3 integrin–targeted MBs
(MBI) were injected manually through
the tail vein in random order (MB vol-
ume, 60 �L per injection; injection time,
3 seconds) during the same imaging ses-
sion. A pause of 30 minutes was chosen
between each injection to allow clear-
ance of MBs from the vasculature (18).

By using the following destruction-
replenishment imaging sequence (17),
targeted contrast-enhanced US was then
performed: Two hundred forty seconds
after each MB injection (to allow tar-
geted MBs to attach to endothelial mo-
lecular markers), 120 imaging frames
were acquired during 6 seconds with
the imaging parameters described pre-
viously.A continuous (10-MHz)high-power
destructive pulse (mechanical index, ap-
proximately 0.235; average power, approx-
imately 0.0676 W/cm2) was then applied
for 3 seconds to destroy all MBs within the
beam elevation. Following destruction (9
seconds were given to allow freely circulat-
ing MBs to refill into tumor vessels), an-
other 120 imaging frames were acquired.
The imaging signals (video intensity) from
these 120 imaging frames were averaged to
compensate for slight breathing motion ar-
tifacts and were digitally subtracted from
the initial 120 predestruction frames. The
resulting difference in video intensity corre-
sponds to the imaging signal attributable to
MBs adherent to molecular endothelial
markers (17–19). In the same 18 tumor-
bearing mice, targeted US of normal skel-
etal muscle (hind limb adductor muscles
as a quasi tumor angiogenesis–negative
model) was performed as described pre-
viously for tumor imaging to assess con-
trast enhancement of nonneoplastic and
nonangiogenic microvasculature after in-
jection of MBD, MBV, and MBI. To test
the specificity of signal coming from MBs

attached to VEGFR2 and �v�3 integrin,
respectively, 5 � 107 isotype-matched im-
munoglobulin G–labeled control MBs
(MBC) and 5 � 107 nontargeted nonla-
beled MBs (MBN) were also injected in
random order in the same 18 tumor-
bearing mice during the same imaging
sessions.

To test whether there was a differ-
ence in video intensity when scanning
with MBD as opposed to scanning with a
mixture of both MBV and MBI (with the-
oretically the same absolute number of
binding ligands as the MBD), we
scanned an additional subgroup of 11
tumor-bearing mice after the adminis-
tration in random order of 5 � 107 MBD

and a mixture of 2.5 � 107 MBV and
2.5 � 107 MBI.

To further test the specificity of the
signal coming from MBs attached to en-
dothelial VEGFR2 and �v�3 integrin,
in vivo dual-blocking studies were per-
formed in another subgroup of 10 tu-
mor-bearing mice. First, mice were in-
jected with 5 � 107 MBD and were im-
aged by using the previously described
imaging sequence. After 30 minutes to
allow clearance of MBs from the blood
circulation, a mixture of 125 �g of rat
antimouse VEGFR2 and 125 �g of rat
antimouse �v monoclonal antibodies
(eBioscience, San Diego, Calif), for a
total of 500 �L, was injected manually
through the tail vein within 1 minute.
After 30 minutes to allow distribution of
the two types of antibodies in the tissue,
targeted US by using 5 � 107 MBD was
repeated. In another subset of 10 tu-
mor-bearing mice, sequential in vivo
single-blocking experiments were per-
formed. For this purpose, the blocking
monoclonal antimouse VEGFR2 anti-
body (eBioscience), for a total of 125
�g, was injected first, and then imaging
with MBD was performed after 30 min-
utes. Thereafter, antimouse �v antibody
(eBioscience), for a total of 250 �L, was
injected intravenously, and imaging
with MBD was repeated after 30 min-
utes.

Image Analysis

After imaging, frames were recorded
digitally and analyzed off-line by using
commercially available high-resolution

MOLECULAR IMAGING: Imaging Tumor Angiogenesis with Targeted Microbubbles Willmann et al
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micro-US software (Vevo 770; Visual-
Sonics). One radiologist performed im-
age analysis in random order and was
blinded to the types of administered
MBs. In regions of interest drawn over
the whole tumor in the two-dimensional
imaging planes, average image bright-
ness (video intensity, which corresponds to
the 8-bit log-compressed gray scale)
was measured, and the difference in
video intensity from subtraction of the
pre- and postdestruction image frames
(described previously) was automati-
cally displayed by the software as a
color (green) overlay on the B-mode an-
atomic images. In hind limb muscles,
regions of interest were set to encom-
pass the adductor muscle.

Ex Vivo Immunofluorescence Staining of

Tumors

Animals were euthanized after US, and
the subcutaneous tumors were excised,
embedded in optimal cutting tempera-
ture compound (Sakura Finetek, Tor-
rance, Calif), and frozen on dry ice. Fro-

zen blocks were sectioned at 10 �m and
mounted on glass slides for immunofluo-
rescence staining. A double-staining proce-
dure was employed to visualize VEGFR2
and �v�3 integrin expression on tumor
endothelial cells. The following were
used for mouse VEGFR2 staining: a rab-
bit antimouse VEGFR2 primary anti-
body, with dilution of 1:500 (Thermo
Fisher Scientific, Waltham, Mass); a
biotinylated goat antirabbit secondary
antibody, with dilution of 1:500 (Jack-
son ImmunoResearch Laboratories,
West Grove, Pa); and streptavidin la-
beled with a dye (AlexaFluor 594; In-
vitrogen, Carlsbad, Calif), with dilution
of 1:200. The following were used for
staining of mouse �v�3 integrin: a ham-
ster antimouse �3 primary antibody (BD
Bioscience, San Jose, Calif), with dilu-
tion of 1:100; a biotinylated mouse anti-
hamster secondary antibody, with dilu-
tion of 1:300 (BD Bioscience); and
streptavidin labeled with the same dye
as was used for mouse VEGFR2 stain-
ing, with dilution of 1:200. Slices were

double stained for mouse CD31 by using
a rat antimouse CD31 primary antibody
(BD Bioscience), with dilution of 1:100;
a biotinylated goat antirat secondary
antibody (Jackson ImmunoResearch
Laboratories), with dilution of 1:500;
and streptavidin labeled with the same
dye as was used for mouse VEGFR2
staining, with dilution of 1:200. Fluores-
cent images were acquired with micros-
copy (Axiophot; Carl Zeiss, Thorn-
wood, NY) and were documented with a
digital camera (AxioCam MRc; Carl
Zeiss, Bernried, Germany).

Statistical Analysis

Data are reported as the mean � stan-
dard deviation. For cell culture experi-
ments, a 2 � 2 � 2 between-groups
analysis of variance was performed on
cell attachment rates of MBs with fac-
tors of the type of cell line (SVR or 4T1)
and VEGFR2 and �v�3 integrin targeting
of MBs. Differences in cell attachments
of MBD with and without addition of
blocking antibodies were assessed by

Figure 1

Figure 1: Light microscopic images of (a– d) SVR cells and (e– h) control 4T1 cells after static incubation with MBD on a and e, MBV on b and f, MBI on c and

g, and MBC on d and h. MBD, MBV, and MBI attached to SVR cells but rarely to 4T1 cells. MBC rarely attached to either type of cells. Small rounded structures are MBs

(arrows), which can be counted to obtain the number of attached MBs per cell. Quantitation is given in the Table. (Original magnification, �400.)
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using the Mann-Whitney test. To assess
the effect of MB type on video intensity
in in vivo experiments, a 2 � 2 � 2
repeated-measures analysis of variance
was performed with within-subject fac-
tors of VEGFR2 targeting, �v�3 integrin
targeting, and tissue type (SK-OV-3 tu-
mor vs nonneoplastic and nonangio-
genic microvasculature in normal skele-
tal muscle tissue). In addition, paired
Wilcoxon signed rank tests were used
to test differences in video intensity for
all in vivo imaging studies in the same
animals. All statistical analyses were
performed with software (Stata 9.2;
Stata, College Station, Tex). A differ-
ence with a P value of less than .05 was
considered significant.

Results

Cell Attachment Studies

At flow cytometry, expression of both
mouse VEGFR2 and �v�3 integrin on
SVR cells was observed, whereas 4T1
cells were negative for mouse VEGFR2
and only slightly positive for mouse �v�3

integrin. Attachment of MBS and MBD

to SVR cells was significantly higher
(P � .01) than attachment to negative

control 4T1 cells (Fig 1, Table). Both
MBC and MBN adhered only minimally
to SVR cells. After preincubation of SVR
cells with antimouse VEGFR2 and anti-
mouse �v antibodies, attachment of
MBD to SVR cells was significantly (P �

.05) reduced (Table).

In Vivo Small-Animal Imaging

Experiments

In all animals, there were no signs of
any acute toxic reactions after MB ad-
ministration, and all animals fully recov-
ered after the US imaging sessions.

A VEGFR2-specific or �v�3-inte-
grin–specific imaging signal was mea-
sured in all tumors by using contrast-
enhanced US after administration of
MBS. On average, the mean difference
in video intensity was 11.3 � 5.7 after
administration of MBV and 7.8 � 5.3
after administration of MBI in the first
group of 18 tumor-bearing mice. In the
same imaging session and in the tumors
of the same animals, the difference in
video intensity significantly increased
(P � .001) after administration of MBD,
with a mean difference in video inten-
sity of 16.7 � 7.2 (Fig 2). To confirm
binding specificity of MBV and MBI,
MBC were administered in the same an-

Figure 2

Figure 2: Transverse color-coded US images in subcutaneous human ovarian adenocarcinoma (SK-OV-3) xenograft tumor (arrows) from nude mouse. Imaging was

performed in same imaging session 4 minutes after intravenous injection of (a) MBV, (b) MBI, or (c) MBD, with 30 minutes between injections to allow clearance of previ-

ously injected MBs. Difference in video intensity (color-coded as green signal from adherent MBs on gray-scale US images) was highest after administration of MBD in

this tumor.

Attachment of Different Types of MBs

to Mouse Angiosarcoma (SVR) Cells

and Mouse Breast Cancer (4T1) Cells

in Cell Culture Experiments

Cell Line and Type

of MBs

Adherent MBs per Cell

Mean

Standard

Deviation

SVR

MBD 0.74 0.05

MBD and

blocking 0.09 0.09

MBV 0.58 0.09

MB� 0.42 0.21

MBC 0.11 0.13

MBN 0.01 0.01

4T1

MBD 0.04 0.03

MBD and

blocking 0.02 0.0003

MBV 0.01 0.001

MB� 0.04 0.01

MBC 0.03 0.02

MBN 0.01 0.02

Note.—Blocking was performed with preincubation

with anti-VEGFR2 and anti–�v integrin antibodies. MBD

consists of VEGFR2-targeted and �v�3 integrin–tar-

geted MBs; MBN consists of nonlabeled control MBs.
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imals in the same imaging session, and
contrast-enhanced US of the same tu-
mors was again performed. Differences
in video intensity were significantly de-
creased (P � .001) after administration
of both MBC (mean, 2.8 � 0.9) and MBN

(mean, 1.1 � 0.4). In another experi-
ment with a second group of 11 tumor-
bearing mice, the mean difference in
video intensity after administration of
MBD was 15.9 � 7.8, which was signifi-
cantly higher (P � .05) compared with
the mean difference in video intensity
after administration of the mixture of
both MBV and MBI (10.2 � 4.7).

To further confirm binding specific-
ity of MBD to both VEGFR2 and �v�3

integrin, in vivo–blocking experiments
were performed in another group of 10
tumor-bearing mice. After simultaneous
administration of both antimouse VEGFR2
and antimouse �v antibodies, the mean
difference in video intensity after ad-
ministration of MBD significantly de-
creased (P � .005) from 15.6 � 8.3
before blocking to 8.5 � 7.8 after block-
ing (Fig 3). In another subset of 10 tu-
mor-bearing animals, sequential in vivo
blocking of both VEGFR2 and �v was
performed. The mean difference in

video intensity after administration of
MBD significantly decreased (P � .018)
from 17.6 � 7.7 to 8.9 � 4.4 after
VEGFR2 blocking and significantly de-
creased further (P � .018) to 4.1 � 2.6
after additional �v blocking and addi-
tional imaging with MBD in the same
imaging session (Fig 4).

Finally, as a quasi tumor angiogen-
esis–negative model, nonneoplastic and
nonangiogenic vasculature in normal
skeletal muscle tissue was imaged after
administration of MBD, MBV, and MBI.
For all three types of targeted MBs,
mean differences in video intensity mea-
sured over skeletal muscle tissue (MBD,
1.05 � 0.48; MBV, 1.1 � 0.51; MBI,
1.14 � 0.48) were significantly smaller
(P � .001) compared with those mea-
sured over tumor tissue.

Ex Vivo Immunofluorescence Staining of

Tumors

After US, tumors were excised and tu-
mor slices were double stained for
mouse VEGFR2 and CD31, as well as
for mouse �v�3 integrin and CD31.
CD31 was used as a marker of vascular
endothelium. Immunofluorescence
showed colocalization of both VEGFR2
and �3 with CD31, confirming presence
of both mouse VEGFR2 and �v�3 inte-
grin on endothelial cells within the SK-
OV-3 tumors in our study (Fig 5).

Discussion

In this study, we demonstrated that
MBs that were dually targeted to both
mouse VEGFR2 and mouse �v�3 inte-

Figure 3

Figure 3: Transverse color-coded US images of subcutaneous human ovarian adenocarcinoma (SK-

OV-3) xenograft tumor (arrows) in nude mouse after intravenous injection of MBD either (a) without or (b) with

administration of mixture of anti-VEGFR2 and anti-�v antibodies 30 minutes before MB injection. Difference

in video intensity, shown as green areas overlaid on gray-scale images, was substantially reduced with ad-

ministration of blocking antibodies.

Figure 4

Figure 4: Transverse color-coded US images of subcutaneous human ovarian adenocarcinoma (SK-OV-3) xenograft tumor (arrows) obtained with MBD (a) before,

(b) 30 minutes after blocking with anti-VEGFR2 antibodies, and (c) 30 minutes after blocking with additional anti-�v antibodies. Signal from adherent MBD, visualized as

green areas overlaid on gray-scale images, was substantially reduced after administration of anti-VEGFR2 and was further decreased after injection of anti-�v antibodies.

MBD were administered in all three experiments; imaging was performed after 4-minute delay.
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grin led to higher levels of attachment
and resultant US imaging signal than ei-
ther of the single-targeted MBs at sites
of tumor angiogenesis in tumor-bearing
mice.

Few studies have addressed the as-
sessment of tumor angiogenesis with
targeted contrast-enhanced US. By us-
ing echistatin as the binding ligand on
the MB shell, an �v-specific signal in an
orthotopic malignant glioblastoma tu-
mor model in rats has been demon-
strated by using targeted contrast-en-
hanced US (15). By coupling monoclo-
nal antibodies against endoglin, VEGFR2,
or VEGF-activated blood vessels on the
MB surface, tumor angiogenesis during
treatment of subcutaneous and ortho-
topic pancreatic tumors has been moni-
tored by using targeted contrast-en-
hanced US (16). Recently, tumor angio-
genesis has been visualized by using
targeted contrast-enhanced US in rat
glioblastoma and mouse angiosarcoma
tumor models by using MBs coupled to
monoclonal antibodies targeted to VEGFR2
(17). In all three studies, the imaging
signal measured was from MBs attached
to a single marker of tumor angiogene-
sis. However, contrast agents binding to
more than one molecular marker may
be advantageous over single-targeted
contrast agents by increasing the num-
ber of MBs attached at sites of tumor
angiogenesis. This may enhance the
specific US signal from tumor angiogen-
esis and, hence, may facilitate cancer
detection and cancer treatment moni-
toring in vivo. We hypothesized that
targeting two major markers of tumor
angiogenesis, VEGFR2 and �v�3 inte-
grin, could lead to an increase in MB
attachment to tumor vessels and, thus,
could improve US depiction and quanti-
fication of tumor angiogenesis.

In the current study, we first ad-
dressed binding specificity of MBD to
both VEGFR2 and �v�3 integrin in cell
culture experiments. MBD adhered
more to VEGFR2-positive and �v�3 inte-
grin–positive cells than did MBS, MBV,
and MBI. We then tested the different
types of MBs in vivo by using human
ovarian cancer (SK-OV-3) xenograft tu-
mors in mice and showed higher imag-
ing signal when we used MBD compared

with MBS. To ensure a direct intraindi-
vidual comparison between video inten-
sities derived from the contrast agents
in our study, the MBs were injected con-
secutively in the same animals during
the same imaging sessions, and US of
the almost identical two-dimensional
imaging plane was performed with all
imaging settings kept constant. To fur-
ther obviate any bias from the order of
MB injections and to minimize interac-
tions between the MB types, the differ-
ent MBs were administered in random
order, and a delay of 30 minutes be-
tween the MB injections was used. We
chose this delay between MB injections
on the basis of our experience (20), as
well as that of others (18), that most of

the MBs are cleared from the mouse
vasculature within 30 minutes after in-
travenous injection.

The concept of MBD has been evalu-
ated in cell culture experiments with the
use of MBs targeted at two inflamma-
tion markers, intercellular adhesion
molecule 1 (ICAM-1) and selectin (21).
Inflammation of human coronary artery
endothelial cells was induced by activa-
tion with interleukin 1�, and the cells
were then incubated with MBs labeled
with antihuman ICAM-1 antibody, natu-
ral selectin ligand sialyl LewisX, or with
a combination of the two (21). By using
a radial flow chamber to quantify the
adhesion strength of the types of MBs, it
has been demonstrated that the mean

Figure 5

Figure 5: Immunofluorescence staining of human ovarian adenocarcinoma (SK-OV-3) tumor slices for

VEGFR2, �3 integrin subunit, and CD31. CD31 is expressed on vascular endothelium. Immunofluorescence

images of mouse CD31 (green), mouse VEGFR2 (red), and merged VEGFR2- and CD31-stained image (yel-

low) demonstrate expression of VEGFR2 on endothelial cells in SK-OV-3 tumors (top). Mouse �3 is also co-

localized on endothelial cells of tumor blood vessels in SK-OV-3 tumors as evidenced by immunofluores-

cence staining of another tumor slice (bottom) for CD31 and �3, and on merged �3- and CD31-stained image

(yellow on merged image confirms colocalization). CD31 was visualized with dye (AlexaFluor 488; Invitrogen)

(green); VEGFR2 and �3 were visualized with dye (AlexaFluor 594; Invitrogen) (red). (Original magnification,

�400).
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critical shear rate of MBD (440/sec �

90) was significantly greater than that of
both ICAM-1–targeted (340/sec � 70)
and selectin-targeted (370/sec � 70)
MBs (21).

In our study, we add to these exper-
iments (21) by introducing for the first
time, to our knowledge, a US contrast
agent that is based on MBD targeted to
tumor angiogenesis. These MBs were
directed at two major regulators of an-
giogenesis, VEGFR2 and �v�3 integrin.
Our study is clinically important in that
we tested for the first time, to our
knowledge, MBD in living animals. In
our study, there was a substantial in-
crease in video intensity after adminis-
tration of MBD compared with MBS.
There may be several explanations for
this increase of signal in vivo. First, it
might be intuitively expected that two
ligands directed to two different mark-
ers on the endothelial cells may increase
the likelihood of MB attachment be-
cause each MB can bind to an increased
number of targets. The extent of signal
enhancement, thereby, depends on the
number of targets in the tumor vessels,
the numeric distribution of the markers
on the endothelial cells, as well as on the
absolute and relative number of the two
binding ligands on the MB shell. Be-
cause various tumor types may express
different levels of both VEGFR2 and
�v�3 integrin on tumor vasculature, and
these levels also may change during tu-
mor progression, the absolute values of
increased video intensity in our human
ovarian cancer tumor model may,
therefore, not be directly generalizable
to other tumor types or other tumor
stages.

Another explanation for a signal in-
crease after administration of MBD may
be a synergistic interaction between the
two binding ligands in our study. For
example, it might be possible that bind-
ing of one of the ligands, even if only
temporarily, could first capture the MB
to the target surface or slow down the
moving MB, allowing the second binding
ligand to also attach to the endothelium,
thereby increasing the bonding interac-
tions and the probability of the MB to
actually adhere to the tumor endothelial
cells.

This mechanism of synergistic inter-
actions has been found to be likely be-
tween two binding ligands with different
attachment strengths and has been
modeled for leukocytes binding on in-
flammatory endothelial cells through
the two molecular markers ICAM-1
(mediating strong attachment) and se-
lectin (mediating weak attachment)
(22). In a recent in vitro study, polysty-
rene microspheres were functionalized
with the two binding ligands P-selectin
and ICAM-1, and a synergistic interac-
tion between the two binding ligands
with an increased attachment of the mi-
crospheres to a P-selectin and ICAM-1
surface was found (23). Future studies
with the use of optical systems, such as
intravital microscopy, may allow direct
in vivo visualization of fluorescent-la-
beled MBs passing through tumor ves-
sels. This factor may help to define dif-
ferent binding patterns of functionalized
MBs on tumor endothelial cells and may
be instrumental in the prediction of sig-
nal enhancement by using US contrast
agents such as MBD or multitargeted
MBs.

An increase in sensitivity by using
MBD may be particularly helpful for fu-
ture molecular US imaging in cancer
types with low VEGFR2 or �v�3 integrin
expression levels, such as early-stage
cancer containing only a small number
of tumor vessels. In particular, for fu-
ture cancer screening approaches, the
use of MBD with increased imaging sig-
nal may be advantageous when US, in
combination with a panel of different
screening serum biomarkers, is per-
formed as a second step for detection
and further characterization of a suspi-
cious lesion in certain organs such as
the ovaries. Further studies are war-
ranted to address the specificity of tar-
geted contrast-enhanced US in imaging
tumor angiogenesis in this clinical sce-
nario. A direct comparison between im-
aging techniques by using low-frequency
US (as used in clinical applications) ver-
sus high-frequency US (as used for
small-animal imaging) is also needed to
address differences in imaging signal re-
lated to technical approaches of tar-
geted contrast-enhanced US.

The following limitations of the

study need to be addressed. The im-
aging approach described in our study
allowed visualization of tumor angio-
genesis only within the small width of
the transducer beam. Therefore, in in-
homogeneous tumor tissues, the imag-
ing signal derived by using targeted
contrast-enhanced US depends on the
positioning of the transducer on the
tumor, which limits the repeatability
of studies even in the same animal.
Further developments in three-dimen-
sional imaging techniques that allow
quantification of expression levels of
molecular markers within the entire
tumor volume are needed. In addition,
although we administered the differ-
ent types of MBs in random order, we
cannot exclude some confounding in-
teractions from repetitive contrast
agent administration within the same
animal, which may have influenced the
absolute values of video intensities ob-
tained in our study. Additional studies
in which the influence of MB doses on
imaging signal is addressed and in
which the sensitivity of dual-targeted
US is compared with that of other
quantitative molecular imaging modal-
ities are warranted and will further
help define the role of targeted con-
trast-enhanced US in oncologic imag-
ing.

In conclusion, the results of our
study suggest that dual-targeted con-
trast-enhanced US targeting both
VEGFR2 and �v�3 integrin improves
in vivo visualization of tumor angiogen-
esis in a human ovarian cancer xeno-
graft tumor model in mice.

Because of its wide clinical availabil-
ity, noninvasiveness, real-time high-
spatial-resolution imaging capabilities,
and lack of ionizing radiation, targeted
contrast-enhanced US is an attractive
approach for high-throughput molecu-
lar imaging. These features may also
simplify the translation of this imaging
approach from preclinical animal mod-
els to clinical applications in patients in
the near future. The enhanced imaging
signal at sites of tumor angiogenesis
produced by using MBD may be useful in
cases such as the early detection of can-
cer when tumors are too small to cause
detectable morphologic changes but
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large enough to induce tumor angiogen-
esis. Sensitive quantification of tumor
angiogenesis with US by using MBD also
may be a valuable tool for future moni-
toring of antiangiogenic strategies when
whole-body imaging is not needed.
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