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Abstract

Molecularly-targeted microbubbles (MBs) are increasingly being recognized as promising contrast
agents for oncological molecular imaging with ultrasound. With the detection and validation of new
molecular imaging targets, novel binding ligands are needed that bind to molecular imaging targets with
high affinity and specificity. In this study we assessed a novel class of potentially clinically translatable MBs
using an engineered 10t type Ill domain of human-fibronectin (MB-FN3vecrr2) scaffold-ligand to image
VEGFR2 on the neovasculature of cancer. The in vitro binding of MB-FN3vecer2 to a soluble VEGFR2 was
assessed by flow-cytometry (FACS) and binding to VEGFR2-expressing cells was assessed by
flow-chamber cell attachment studies under flow shear stress conditions. In vivo binding of
MB-FN3vecrr2 was tested in a transgenic mouse model (FVB/N Tg(MMTV/PyMT634Mul) of breast
cancer and control litter mates with normal mammary glands. In vitro FACS and flow-chamber cell
attachment studies showed significantly (P<0.01) higher binding to VEGFR2 using MB-FN3vecrr2 than
control agents. In vivo ultrasound molecular imaging (USMI) studies using MB-FN3vegrr2 demonstrated
specific binding to VEGFR2 and was significantly higher (P<0.01) in breast cancer compared to normal
breast tissue. Ex vivo immunofluorescence-analysis showed significantly (P<0.01) increased
VEGFR2-expression in breast cancer compared to normal mammary tissue. Our results suggest that
MBs coupled to FN3-scaffolds can be designed and used for USMI of breast cancer neoangiogenesis.
Due to their small size, stability, solubility, the lack of glycosylation and disulfide bonds, FN3-scaffolds
can be recombinantly produced with the advantage of generating small, high affinity ligands in a cost
efficient way for USMI.

Key words: Ultrasound molecular imaging, breast cancer, vascular endothelial growth factor receptor type 2,
fibronectin scaffold, protein engineering; yeast display.

Introduction

Ultrasound molecular imaging (USMI) using
molecularly-targeted gas-filled echogenic
microbubbles (MBs) as contrast agents is emerging as
a promising tool in oncological imaging [1-3].
Molecularly-targeted MBs consist of a gas-filled core,
stabilized by a shell. The shell is only a few

micrometers in diameter and can be functionalized
using various types of ligands to make MBs attach to
receptors that are differentially expressed on the
neovasculature of different cancer types including
breast cancer. Among those receptors differentially
expressed in breast cancer is vascular endothelial
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growth factor receptor type 2 (VEGFR2) [4-6].
VEGFR2 is one of the key regulators of tumor
angiogenesis and several studies have shown that
targeting VEGFR?2 allows detection and monitoring of
breast cancer using USMI [7, 8].

With the deeper understanding of cancer biology
and the discovery and validation of new receptors
differentially expressed on the cancer neovasculature
[3, 9, 10], there is a need for a robust platform to allow
rapid production of next generation MBs using
bio-compatible ligands binding to those receptors
with high affinity and specificity. Traditional binding
ligands that have been used to functionalize MBs are
monoclonal antibodies generated by the hybridoma
technology [11]. However, the use of antibodies as
binding ligands on MBs can be problematic because of
potential immune reactions as well as the
time-consuming and high-cost production of
antibodies [12]. A potential alternative to antibodies
are engineered proteins that could be produced more
readily in recombinant bacterial culture with the
advantage of generating small, high affinity ligands
for molecular imaging in a cost efficient way. One
evolving technique is the engineered protein scaffold
(EPS) technique that uses a scaffold that can be
modified to bind to a specific receptor [13]. Several
EPSs have been explored including knottins [14],
single-chain variable fragments [15], or nanobodies
[16]. Recently, the 10th type III domain of human
fibronectin (FN3), has been shown to be a promising
platform for designing binding ligands for molecular
imaging [17, 18]. The FN3 is a small (~10 kDa),
cysteine-free protein scaffold containing a p-sandwich
and loop structures, termed BC, DE, and FG, which
are structurally similar to antibody
complementarity-determining regions. In contrast to
antibodies, they are inexpensive to produce in large
quantities, because of their relatively small size,
solubility, and the lack of glycosylation and disulfide
bonds [18-24]. A VEGFR2-targeted FNB3-scaffold
(FN3vEcrro) for therapeutic purposes has been shown
to be safe in patients in early clinical trials [25-27].

The purpose of our study was to develop and
test a molecularly-targeted MB using FN3vecrro for
ultrasound imaging of the neovasculature of breast
cancer at the molecular level as a proof-of-principle
for the future design of next generation MBs targeted
at molecular markers beyond VEGFR2.

Materials and Methods

Recombinant production of engineered
VEGFR2-binding ligand (FN3veger2)

The engineered FN3vecrre scaffold FN3vecrro
containing the specific loop sequences for BC, DE, and

FG with high affinity to human (KD: 1.6 £ 0.4 nM) and
murine VEGFR2 (KD: 13 * 02 nM) was
recombinantly expressed in E. coli [25]. In brief, a
plasmid was generated from a derivative of
pET24-FEN3 [18] to encode for FN3vecrr: with a
C-terminal 6xHis-tag (Fig. 1 A) [25]. An analogous
plasmid encoding for a scrambled wild-type FN3
(FN3scrambled) [19] was used as a non-binding control.
The proteins were recombinantly expressed in BL21 E.
coli in lysogeny broth upon induction with 0.5 mM
isopropyl [B-D-thiogalactopyranoside. Cells were
lysed by freeze/thaw in 50 mM sodium phosphate,
pH 8.0, 5% glycerol, 500 mM sodium chloride, 5 mM
3-[(3-cholamidopropyl)dimethylammonio]-1-propane
sulfonate (CHAPS), and 25 mM imidazole. After
centrifugation at 12,000g for 10 minutes to remove the
insoluble fraction, FN3vecrr2 was purified by metal
affinity chromatography using a HisPur™ cobalt resin
gravity-flow column (Thermo Scientific, USA) at
room temperature. Protein was further purified by
reversed-phase high-performance liquid
chromatography on a C18 column using a 9-81%
gradient of acetonitrile in water with 0.1%
trifluoroacetic acid. Protein was lyophilized and
resuspended.

Preparation of VEGFR2-targeted MBs using
FN3vecrr2

Molecularly-targeted MBs were designed as
previously described [28-32], using the following
compounds: 2-Distearoyl-sn-glycero-3-phospho-
choline (DSPC; Avanti Polar Lipids, USA), an active
functionalized N-Hydroxysulfosuccinimide-
PEG2000-DSPE (DSPE-020GS-NHS, Sunbright NOF
America Corporation, USA), and polyoxyethylene-40
stearate (PEG40S; Sigma-Aldrich, USA) at a molar
ratio of 8:1:1. 1 mg DSPC was evaporated and the
dried lipid film was then hydrated with sterile
phosphate-buffered serum (PBS) and mixed with
DSPE-020GS-NHS and PEG40S (Sigma-Aldrich, USA)
to a final concentration of 1 mg/ml. The lipid mixture
was first preheated (55 °C) and perfluorobutane gas
(FluoroMed, L.P., USA) was introduced into the lipid
suspension, and subsequently sonicated with a
high-frequency, high-power, probe sonicator at 500W

for 45 s (QSonica, USA) to generate MBs.
Subsequently, the lysine group of the ligand
FN3vecrre was  conjugated to  the  active

N-hydroxysulfosuccinimide ester of the DSPE-020GS-
NHS wusing a direct one-step carboxyl-amine-
conjugation chemistry and attached to the shell of
synthesized perfluorobutane-filled phospholipid MBs
(Fig. 1 B). All ligands were added in excess amounts
(10-fold molar excess) to occupy all binding sites on
the MB surface. Unbound FN3vecrr: ligand was
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removed by centrifugation at 300g for 2 min, and
MB-FN3vecrro-containing supernatant were collected
and reconstituted in sterile saline (0.9% sodium
chloride). As a negative control MB, FN3scrambled Was
coupled to MBs (MB-FN3scrambled). A second type of
control non-targeted MB  (MBnontargeted) =~ Was
synthesized using the same techniques but without
attaching a binding ligand to the MB shell. The mean
diameter, concentration, and total particle surface
area of all MBs were analyzed using a cell counter and
sizer (Multisizer III Coulter Counter; Beckman
Coulter). Approximately 90-95% of MBs could be
recovered after washing steps.

For comparison purposes, commercially
available streptavidin-containing MBs with a mean
diameter of 1.5 pm (range, 1-2 pm) [44] (Target-Ready
MicroMarker Contrast Agents; VisualSonics, Canada)
coupled to a biotinylated anti-VEGFR2 monoclonal
antibody (MBvecrr2) were prepared according to
manufacturer’s instructions. In brief, lyophilized
streptavidin coated MBs were suspended in 1 mL of
sterile saline (0.9% sodium chloride) and 6 pg of
biotinylated  anti-mouse = VEGFR2  monoclonal
antibody (eBioscience, USA) were incubated with 5 x
107 MBs for 10 minutes at room temperature to allow
attachment of the antibodies to the MB shell via
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biotin-streptavidin interactions. Non-bound
antibodies were removed by centrifugation at 300g for
2 min.

Validation of FN3 coupling to the MB surface

Assessment of FN3 ligand conjugation on MB surface
by using flow cytometry and microscopy

The successful coupling of both FN3vecrr2 and
FN3scramblea 0N the MB shell was confirmed by
fluorescence-activated cell sorting flow cytometry
(FACS, Becton-Dickinson Biosciences, USA) and
microscopy. Synthesized targeted MBs (1 x 10° each)
coupled with either FN3vecrrz and FN3scrambled Were
incubated with an anti-His antibody-AF488 (Thermo
Fisher, USA) for 1h. The labeled molecularly-targeted
MBs were washed three times by centrifugation at
300g for 2 min and analyzed by FACS. FACS was
used to confirm MB ligand coating by fluorescence
intensity. Voltage, forward and side light scattering
(FSC and SSC) settings were adjusted to detect solely
MB populations. 50 pL freshly synthesized MB
solutions were diluted with 200 uL PBS prior to each
measurement. Subsequent data analysis was done
using FlowJo software (Stanford University, CA,
USA).
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Figure 1. A, structure of the FN3-scaffold with the corresponding amino acid sequence of FN3vecrr2 binder backbone and loop sequences BC (red), DE (green), and FG (blue)
with a C-terminal 6xHis-tag (purple). Source: protein data bank (http://www.rcsb.org/pdb/home/home.do); search option with ID: 1TTG. B-D, overview of the overall study
design. MB-FN3vecrr2 was generated by covalently attaching the FN3-scaffold on the surface of MB. C, molecularly-targeted MBs were tested both in vitro and D, in vivo in a
transgenic mouse model of breast cancer followed by ex vivo quantitative immunofluorescence of VEGFR2 expression on the tumor neovasculature. USMI signal was measured

using the destruction-replenishment technique.
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Furthermore, direct visual confirmation of MB
size was performed after the samples were prepared
using a Zeiss inverted microscope (Axio Imager.M2
Zeiss, Germany). The MB samples were taken directly
from the vials and imaged at room temperature.
Images were captured in bright-field mode. The FN3
ligand conjugation on the MB surface was confirmed
by fluorescence microscopy (Axio Imager.M2 Zeiss,
Germany) using anti-His antibody-AF488-labeled
molecularly-targeted MBs.

Assessment of ligand purity and conjugation on MB
surface

To confirm purity and stable ligand conjugation
of FN3 ligands on the MB shell, SDS-PAGE analysis
was performed [15]. SDS-PAGE was performed
according to standard protocols with a Novex ExCell
Sure lock SDS-PAGE Electrophoresis System (Life
Technologies, USA). Three hours after MB synthesis,
MBvecrre,  MB-FN3vecrry, ~ MB-FN3scrambled, — and
MBnNon-targeted ~ Were  washed  four times by
centrifugation at 300g for 2 min and were dissolved in
SDS-loading buffer (Life Technologies, USA) at 94°C
for 1 min in order to release ligands from the surface
of MBs. The MB solution was centrifuged and the
supernatant was loaded on a gradient gel and then
electrophoresed on a 7.5 to 10% Tris gel with
Tris-running buffer. After migration, gels were
stained with Coomassie stain (Thermo Fisher
Scientific, USA) to reveal protein.

In vitro flow cytometry VEGFR2-binding
studies of FN3-conjugated MBs using soluble
recombinant VEGFR2

FACS analysis was performed in order to assess
the binding specificity of molecularly-targeted MBs to
a soluble human and mouse VEGFR2 protein (R&D
Systems, USA). To confirm successful ligand
conjugation of FN3 ligands including His-tag to the
MB shell, 1 x 105 MBvecrr2 (DO His—tag) , MB-FN3vEcrr2,
MB-FNBscrambled, and MBnon-targeted (N0 His-tag) were
pre-labeled with anti-His antibody-AF488 for 30
minutes at room temperature. The MBs were washed
twice by centrifugation at 300g for 2 min.
Subsequently, pre-labeled MBs were incubated with
11 nM soluble human and mouse IgG-Fc-conjugated
VEGFR2 with 900 pL mouse serum (Sigma-Aldrich,
USA) on a benchtop rotator for 40 minutes at room
temperature. This was followed by washing by
centrifugation at 300g for 2 min and incubation with
anti-human IgG-Fc antibody-AF647 (eBioscience,
USA) for 30 minutes on ice. This was followed by a
final washing by centrifugation at 300g for 2 min. The
measured median fluorescence intensity data was
analyzed using FlowJo software. A strong correlation

of anti-His antibody-AF488-labeled MBs and IgG-Fc
antibody-AF647-labeled VEGFR2 indicates positive
binding. All experiments were performed in
quintuplicate.

In vitro flow chamber cell attachment studies
of FN3-conjugated MBs

Binding specificity of MB-FN3vecrr: to the target
VEGFR2 was also assessed in cell culture experiments
under flow shear stress conditions simulating flow in
blood capillaries by using a parallel flow chamber
experimental set-up. Human wumbilical vein
endothelial cells (HUVEC) were obtained directly
from ATCC (American Type Culture Collection, USA)
that performs standard cell line characterizations of
mycoplasma, yeast, bacterial and viral contamination.
HUVEC were cultivated and activated in sterile
vascular cell basal medium supplemented with
endothelial cell growth kit-VEGF (ATCC), 10% fetal
bovine serum, 100 U/ml penicillin, and 100 pg/ml
streptomycin under standard culture conditions
(37°C, 5% CO2) for fewer than 6 months after receipt.
Cells between passages 2 and 4 were used in all
experiments. HUVECs were cultivated in basal
medium and were subsequently activated with
endothelial cell growth kit-VEGF for 24h to stimulate
VEGFR2 cell membrane expression. In addition,
mouse VEGFR2-expressing angiosarcoma cells (SVR
cells; ATCC) were used for in vitro flow chamber cell
attachment studies. SVR cells were cultivated in
Dulbecco’s modified Eagle’s medium with a high
concentration of glucose (4.5 g/1) and L-glutamine
(Invitrogen, USA), and supplemented with 10% fetal
bovine serum and penicillin (100 U/ml) and
streptomycin (100 pg/ml). Before flow chamber
experiment, FACS analysis was performed in order to
confirm VEGFR2 expression of activated HUVEC and
SVR cells. The geometric mean fluorescence intensity
was determined using Flow]Jo software (Fig. 3 B).
VEGFR2-expressing HUVEC and SVR cells were
grown on coated (Sigmacote; Sigma, St Louis, Mo)
neutral-charged glass microscope slides (VWR, USA)
for 24 hours and mounted on a parallel plate flow
chamber (GlycoTech, Rockville, Md). A syringe
infusion and withdrawal pump (Genie Plus; Kent
Scientific, Torrington, Conn) was used to maintain the
flow rate of 0.6 mL/min, corresponding to a wall
shear stress rate of 100 sec, similar to that in tumor
capillaries [33]. The flow chamber cell attachment
study was performed as described [10, 34-36]. The
glass microscope slides were inverted and positioned
in the parallel flow chamber apparatus in order to
allow MBs to float and then bind to
VEGFR2-expressing cells. In brief, solutions were
passed over cells in the following order: PBS for 2
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minutes; 5 x 107 of either MBvgcrre, MB-FN3vegro,
MB-FNBsrambled, OF MBnNon-targeted in PBS for 4 minutes;
and finally washing with PBS for 2 minutes. The
adhered MB number on the HUVEC and SVR cells
monolayer was quantified manually by counting
attached MBs on HUVEC and SVR cells with a
phase-contrast bright-field microscope (Axiovert 25;
Carl Zeiss, Thornwood, NY; original magnification, x
100) to assess the number of attached MBs per cell. At
least five random fields of view of these slides were
immediately imaged. Note that MBs can be visualized
as small, rounded particles and were considered to be
attached to VEGFR2-expressing cells when there was
direct contact with the cells without free floating.
Blocking studies were performed to confirm binding
specificity of MB-FN3vecrre to VEGFR2. For this
purpose, HUVEC and SVR cells were incubated with
80 pg/mL purified FN3vecer2 in PBS for 30 minutes at
37°C before flow chamber cell attachment study to
block the VEGFR2 receptor. All flow chamber
experiments were performed in triplicate.

Transgenic Breast Cancer Mouse Model

All  experiments were approved by the
Institutional Administrative Panel on Laboratory
Animal Care. The transgenic mouse model of breast
cancer  development FVB/N-Tg(MMTV-PyMT)
634Mul [8, 37-39] was used (Fig. 1 D). The mammary
tissue of this transgenic mouse model progresses
through four distinct histological stages from normal
mammary tissues, through hyperplasia, to ductal
carcinoma in situ (DCIS), and finally invasive breast
carcinoma which highly recapitulates human breast
cancer. For this study, inguinal mammary glands with
invasive breast carcinoma were imaged by USMI
(total of 12 female mice (mean age, 7 weeks; range,
4-10 weeks) with 12 mammary tumors). Four control
litter mates with normal mammary glands were used
as controls.

In vivo ultrasound molecular imaging

Mice were kept anesthetized with 2% isoflurane
in oxygen at 2 L/min on a heated stage for 37°C
throughout the ultrasound imaging sessions. In an
intra-animal comparison experiments, molecularly-
targeted MBs (5X107 MBvecrr,, MB-FN3vecer2,
MB-FNB3scrambled, and MBnon-targeted) Were  injected
intravenously through the tail vein of 8 mice in
random order to minimize any bias. Between imaging
sessions using the four different contrast agents, a
waiting interval of 30 min was used to allow for
clearance of MBs from the vasculature [40, 41]. Also,
at 30 min it was confirmed by USMI that no remaining
MBs were present from the previous injection.

In addition, control litter mates with normal

mammary glands were scanned as tumor
angiogenesis-negative models after the injection of all
MB types to assess the contrast enhancement of
non-angiogenic microvasculature. To further confirm
binding specificity of molecularly-targeted MBs, an in
vivo competition experiment was performed. In a
subgroup of four breast cancer-bearing mice, in vivo
blocking of VEGFR2 by injecting 125pg FN3vecrr2 via
the tail vein was performed in order to block binding
of MB-FN3vrcrro to its target VEGFR2 [18, 42, 43].

All in vivo imaging studies were performed in
contrast mode using a small-animal high resolution
ultrasound imaging system (Vevo 2100; VisualSonics,
Canada). Images were acquired with a 21-MHz
high-resolution linear transducer (MS250,
VisualSonics; lateral and axial resolution of 165 pm
and 75 pm, respectively), and all imaging parameters
(focal length, 8 mm; transmit power, 10%; mechanical
index, 0.2; dynamic range, 40 dB and a center
frequency of 18MHz) were kept constant during all
imaging sessions. The transducer was fixed on a
railing system to maintain the acoustic focus at the
center of the mammary gland at the level of the
largest transverse cross section.

To differentiate the acoustic signal owing to MBs
adherent to VEGFR2 and the signal from freely
circulating MBs in the bloodstream we used
previously described principles of destruction-
replenishment techniques [3, 44, 45]. In brief, the
imaging signal in the field of view increases after
intravenous injection of molecularly-targeted MBs
and is composed of signal from attached and freely
circulating MBs as well as tissue background signal.
After 4 minutes, a high pressure destructive pulse
(1-second continuous high-power destructive pulse of
3.7 MPa, transmit power, 100%; mechanical index,
0.63) was applied to destroy all bound and unbound
MBs within the beam elevation. After ten seconds to
allow freely circulation MBs to replenish into the field
of view, an additional set of 200 frames was acquired
to measure the signal intensity from the unbound
circulating MBs. The difference in imaging signal pre-
and post-destruction was calculated corresponding to
the signal from attached MBs (see below).

Ultrasound molecular Imaging data analysis

The acoustic imaging signals were analyzed post
image acquisition, averaged to compensate breathing
motion artifacts by using commercially available
analysis software (VevoCQ; VisualSonics). Data
analysis was accomplished by selecting a frame with
the plane of interest and manually drawing a region
of interest (ROI) around the breast cancer-bearing
mammary glands or placing ROI in the normal
mammary glands of control litter mates. The
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magnitude of imaging signal (expressed in arbitrary
units, a.u.) from attached microbubbles was assessed
by calculating an average for pre- and
post-destruction imaging signals and subtracting the
average post-destruction signal from the average
pre-destruction signal using Vevo2100 built-in
software (VevoCQ; VisualSonics).

Ex vivo immunofluorescence

Immediately after USMI, all mice were sacrificed
and 12 breast cancers and 4 normal mammary breast
tissues were excised, fixed with ice-cold acetone,
embedded in optimum cutting temperature
compound (O.C.T.; Sakura Finetek), frozen on dry ice,
and sectioned to 5-10 um thickness. Slices were
incubated for 1h at room temperature in 5% goat
serum to block non-specific binding. Sections were
co-incubated with a rabbit anti-mouse VEGFR2
antibody (Cell Signaling Technology Inc., Danvers,
MA) and rat anti-mouse CD31 antibody (BD
Biosciences, San Jose, CA) overnight at 4°C at a
dilution of 1:200 and 1:100, respectively, and were
visualized by using Cy3-conjugated anti-rabbit and
FITC-conjugated anti-rat secondary antibodies,
respectively (both at a dilution of 1:200; Jackson
Immuno Research Laboratories, West Grove, Pa).
Double staining for VEGFR2 and CD31 was
performed to confirm co-localization of VEGFR2 on
CD31-positive tumor vascular endothelial cells.
Fluorescent images were acquired by microscopy at a
magnification of 100X (Axiovert 25; Carl Zeiss,
Germany). The total number of vessels was summed
for at least 10 fields of view covering the whole tumor
section for each tumor slice. Quantitative
immunofluorescence analysis was performed using
ImageQuant software (GE Healthcare, USA). The
angiogenic activity was determined by VEGFR2
expression and the percentage area of blood vessels
per field of view. At least 10 fields of view covering
the whole tumor section for each tumor slice were
quantified. CD31 was used to identify blood vessels,
and the mean fluorescent intensity of VEGFR2 within
the region of interest and percentage area of blood
vessels were measured. The angiogenic activity was
calculated by the ratio of overall mean expression of
VEGFR2 and the mean percentage area of blood
vessels per mm? [46].

Statistical Analysis

Data were presented as mean =* standard
deviation. An unpaired nonparametric one-sample
Wilcoxon test for in vitro and a paired one-sample
Wilcoxon test for in vivo experiments were used to
analyze differences between the groups using
commercially available software (IBM SPSS statistics

software, version 20; IBM Corp, Chicago, IL). The
significance level was set at 0.05.

Results

Engineered FN3vecrr2 binding ligand covalently
coupled to MB

The mean diameter of synthesized MB-FN3vecrr2
and MB-FN3scrambled MBs was 1.8 pm (>95% range, 1-3
pm; Fig. 2 A and B). The mean concentration after
reconstitution of a vial with 2 mL of saline was 8 x 108
MBs per mL. Successful FN3vecrr2 conjugation to the
surface of MBs was confirmed through fluorescence
microscopy (Fig. 2 C) and SDS PAGE, showing ligand
purity and conjugation in molecularly-targeted MBs
compared to MBnon-targeted (Fig. 2 D).

In vitro binding study of MB-FN3vegrr2 using
FACS

FACS analysis was performed to analyze
binding specificity of synthesized MB-FN3vecrr2 to a
soluble recombinant human and mouse VEGFR2
protein. Before FACS studies, all synthesized MBs
were fluorescently  pre-labeled by anti-His
antibody-AF488 and were incubated with human and
mouse VEGFR2 protein. Figure 3 A shows the
fluorescence intensity values of MBs after incubation
with AF647 post-labeled soluble recombinant human
VEGFR2. Figure 3 B shows the fluorescence intensity
values of MBs after incubation with AF647
post-labeled soluble recombinant mouse VEGFR2. In
comparison to non-FN3 coated MBs (MBvecrr2 and
MBnon-targeted),  sOlely  His-tagged  FN3-scaffolds
conjugated to the surface of MBs (MB-FN3vecrr2 and
MB-FN3scrambled) showed an enhanced fluorescence
intensity signal using anti-His antibody-AF488,
indicating successful conjugation of FN3-scaffolds to
the surface of MBs (Fig. 3 A and B).

To confirm binding specificity of MB-FN3veger2
to the recombinant VEGFR2 protein, a binding
complex analysis between anti-His antibody-AF488
pre-labeled MB-FN3vecrr: and AF647 post-labeled
soluble human and mouseVEGFR2 was performed
and showed a significant (P < 0.01) and strong
positive correlation (human VEGFR2 R?=0.97 + 0.02;
mouse VEGFR2 R2=0.96 <+ 0.04), whereas,
MB-FN3scrambled (R?=0.24 + 0.09; R?=0.19 + 0.03), and
MBnon-targeted (R?=0.07 £ 0.03; R?=0.05 + 0.0.04) showed
no correlation, indicating no binding to soluble
AF647-labeled VEGFR?2 (Fig. 3 A and B). As a positive
control, a binding complex between pre-labeled
VEGFR2 and MBvecrr2 (no His-tag) depicted an
enhanced AF647 fluorescence intensity signal (Fig. 3A
and B).
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Figure 2. Characterization of synthesized MB-FN3vegrro. A, size distribution analysis of synthesized molecularly-targeted MBs showed a mean diameter of 1.8 ym. B,
representative micrograph of molecularly-targeted MBs showed no aggregation of particles in solution. Scale bar = 10 pm. C, successful conjugation of FN3vecrr2 to the surface
of MB was validated through fluorescence microscopy using anti-His-AF488-antibody binding to His-tagged FN3-coated MBs. DIC; Differential interference contrast. Scale bar =
10 ym. D, SDS PAGE showed the presence of successful stable ligand conjugation and purity of anti-VEGFR2 antibody, FN3vecrr2, and FN3scrambled scaffolds. Note that all
synthesized molecularly-targeted MBs showed their corresponding expected molecular weight for each ligand type. As a negative control, no ligand was conjugated to the surface
(MBNon-targeted).
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Figure 3. In vitro binding specificity assessment of MB-FN3vecrr2. A, B binding specificity of MBvecrra, and MB-FN3vecrr: to a fluorescent soluble human (A) and mouse (B)
VEGFR2 was analyzed using FACS. MB-FN3vegrr2 and MB-FN3scramblea showed enhanced geometric mean fluorescence intensity which indicates the presence of an
anti-His-AF488-antibody binding to FN3-coated MBs (A and B). A correlation between MB-FN3vegrr2 to the soluble human (A) and mouse (B) AF647-labeled VEGFR2
demonstrated specific binding of FN3vecrr: scaffold. As a reference standard, MBvecrr2 shows enhanced geometric mean fluorescence intensity towards human (A) and mouse (B)

AF647-labeled VEGFR2. As a negative control, MB-FN3scrambled and MBnon-targeted Showed no binding to human and mouse VEGFR2. The cut-off was defined based on the
background geometric mean fluorescence intensity of MBnon-targeted and MB-FN3scrambled.
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Figure 4. A, activated HUVEC cells showed significantly increased fluorescence intensity on FACS, indicating strong VEGFR2 expression (**, P < 0.01) compared to
non-activated HUVEC cells. B, C, representative photomicrographs from cell culture experiments using a parallel plate flow chamber setting with VEGFR2-expressing HUVEC
cells exposed to MBvecrr2, MB-FN3vecrr2, MB-FN3scrambied, and MBNon-targeted. There was significantly lower accumulation of MB-FN3scrambled, MBNon-targeted, and MB-FN3vecrr: after
blocking the receptors with the free FN3vecrra compared with MB-FN3vegrrz (¥, P < 0.01). D, mouse VEGFR2-expressing SVR cells showed significantly increased fluorescence
intensity on FACS, indicating strong VEGFR2 expression (**, P < 0.01) compared to non-stained SVR cells. E, F, representative photomicrographs from cell culture experiments
using a parallel plate flow chamber setting with VEGFR2-expressing SVR cells exposed to MBvegrr2, MB-FN3vegrr2, MB-FN3scrambled, and MBnon-targered. There was significantly lower
accumulation of MB-FN3scrambled, MBNon-targeted, and MB-FN3vecrr2 after blocking the receptors with free FN3vegrra compared with MB-FN3vegrra (**, P < 0.01). MBs (arrows) are

visualized as white spherical dots. Scale bar = 10 ym.

Flow chamber cell attachment studies

FACS analysis of VEGFR2 expression on
activated HUVEC and SVR cells confirmed
overexpression of VEGFR2 on cells (Fig. 4 A and D).
Activated HUVEC as well as SVR cells showed
significantly (P < 0.01) increased VEGFR2 expression
(HUVEC: 2921.17 + 201.73 a.u.; SVR: 3332.28 + 332.67
a.u.) compared to non-activated HUVEC cells (448.83
* 57.65 a.u.) and non-stained SVR (negative control

incubated solely with secondary antibody) cells (515.5
* 126.39%a.u.). Figure 4 B and E illustrates binding of
MBvecrrz,  MB-FN3vecrrz, ~ MB-FN3scrambled, — and
MBnon-targeted to VEGFR2-expressing HUVEC and SVR
cells. The average number of MBvecrr: (2.1+ 1.1 MBs)
and MB-FN3vecrr2 attached per HUVEC cell (2.07
0.88 MBs) were significantly higher (P < 0.01) than
MB-FN3scramblea  (0.67 + 0.72 MBs). Blocking of
VEGFR2 receptors with free FN3vecrr: resulted in
significantly (P < 0.01) decreased MB-FN3vrcrr2
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attachment (0.53 + 0.64 MBs), confirming binding
specificity of MB-FN3vecrre to VEGFR2-expressing
HUVEC cells. There was only minimal non-specific
attachment of MBnon-targeted (0.47 = 0.51 MBs) to
VEGFR2-expressing HUVEC cells compared with
MB-FN3vecrr2 and MBvegero, respectively (P < 0.01).
Similarly, the average number of MBvecrra (2.2+
0.77 MBs) and MB-FN3vecrro attached per SVR cell
(2.13 £ 0.52 MBs) were significantly higher (P < 0.01)
than MB-FN3scramblea (0.50 £ 0.68 MBs), confirming
attachment of both MB types to murine VEGFR2.
Blocking of VEGFR2 receptors by free FN3vrcrre
resulted in significantly (P < 0.01) decreased
MB-FN3vecrr2 attachment (0.8 + 0.67 MBs), further
confirming binding of MB-FN3vecrroe to murine
VEGFR2 (Fig. 4 E). There was also only minimal
non-specific attachment of MBnon-targeted (0.4 £ 0.51
MBs) to murine VEGFR2 compared with
MB-FN3vecrr2 and MBvegero, respectively (P < 0.01).

In vivo ultrasound molecular imaging of tumor
angiogenesis in breast cancer and ex vivo
immunofluorescence analysis

In vivo USMI showed significantly higher signal
following MB-FN3vecrr2 (P < 0.01) and MBvegrr2 (P <
0.01) administration compared to MBnon-targeted (Fig. 5
A). The imaging signals following administration of
MB-FN3vecrr2 (1248 + 341 au.) and following
MByvecrr2 (13.01 + 3.08 a.u.) administration were not
significantly different (P = 0.84, Fig. 5 B). Following
injection of MB-FN3scrambled (2.69 £ 1.51 a.u.), imaging
signal was significantly (P < 0.01) lower compared to
the signal after MB-FN3vecrr2 and not significantly
different (P = 0.62) compared to MBnon-targeted (2.5 %
071 au; Fig. 5 B). To further confirm
VEGFR2-binding specificity of MB-FN3vecero, it vivo
blocking of VEGFR2 receptors with free FN3vecrro
was performed and showed significantly decreased (P
< 0.05, 610 £ 3.12 a.u.) imaging signal by 60%
compared to tumors without pre-administration of
the blocking agent (Fig. 5 C, D). Finally, as a negative
control for non-angiogenic vessels, normal mammary
glands were scanned after intravenous administration
of MB'FN3VEGFR2/ MB'FN3Scrambledr and MBNon—targeted
(Fig. 5 E). The imaging signal was significantly lower
in normal mammary gland tissue (MB-FN3vegrr21.35
+ 021 au; MB-FN3sgambea 1.27 * 031 au,
MBnon-targeted 1.18 + 0.15 a.u.; P < 0.01) than in breast
cancer following injection of MB-FN3vecrr2.

Similar to in vivo USMI parameters, quantitative
immunofluorescence showed significantly (P < 0.01)
increased angiogenic activity (co-localization of
VEGFR?2 (red) on CD31-stained (green) tumor vessels)
in breast cancer (0.64 + 0.08 a.u.) compared to normal
breast tissue (0.12 £ 0.05 a.u.) (Fig. 5 F).

Discussion

This study showed that breast cancer
neovasculature can be visualized by ultrasound using
molecularly-targeted MBs coupled with a new class of
targeting ligands, small FN3vecrr2 scaffolds. Specific
binding of MB-FN3vecrr2 to both soluble human and
mouse VEGFR?2 as well as VEGFR2 expressed on live
cells was demonstrated, and VEGFR2 specific
ultrasonic  molecular  imaging signal using
MB-FN3vecrr2 was shown in transgenic mice with
breast cancer in vivo.

USMI using molecularly-targeted MBs is
emerging as a promising new modality for
oncological imaging. In particular for earlier cancer
detection where repetitive imaging exams are
warranted, such as in a screening setting of women
with dense breast tissue where mammography has
limited accuracy in detecting breast cancer [47-51],
USMLI is advantageous as it has the potential to detect
small foci of cancer with high sensitivity and
specificity without the use of potentially harmful
ionizing radiation [8, 10]. Also, USMI comes at
relatively low cost compared to other imaging
techniques. While novel molecular imaging targets
are being discovered and validated that may further
improve diagnostic accuracy of USMI for better
detection of various cancer types including breast
cancer [9, 10, 52, 53], there is a critical need for a
platform for quickly generating biocompatible high
affinity binding ligands that are smaller and cheaper
to produce than conventional full-length antibodies
[54, 55].

Engineered protein scaffold (EPS) techniques are
promising approaches to enhance binding to a specific
molecular imaging target by using antibody-like
molecules with exposed loops or surfaces that can be
randomized, modified, and screened using selective
engineered libraries [55]. Several EPSs have been
explored including knottins [14], single-chain variable
fragments [15], or nanobodies [16]. Recently,
engineered FN3-scaffolds have been introduced as an
alternative platform for designing binding ligands for
molecular imaging with several advantages [17, 18].
FN3 domains are small (~10 kDa) immunoglobulin
(Ig)-like domains. Their hydrophobic core of the
B-sandwich domain provides a stable framework
structure, conveying high thermo-stability (84 °C)
[56]. Hence, wild-type FN3 and most mutants are
stable monomers lacking cysteine residues and
post-translational modifications, which facilitates
high-level expression in bacteria. Also, fibronectin is
already present at high levels (300 to 400 pg/mL) in
normal human plasma [57], thereby minimizing the
risk for immunogenicity to the FN3-scaffold. FN3
loops which are structurally similar to antibody
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complementarity-determining regions provide a
platform to engineer novel binders with antibody-like
affinity and specificity. FN3 libraries using phage,
mRNA, and yeast display with randomized BC, DE
and FG loops, or loop/sheet combinations, have been
successfully engineered for screening novel binding
ligands to various molecular targets [25, 42].
FN3vecrre is a scaffold with high affinity to human
VEGFR2 with simultaneous introduction of
cross-reactivity to murine VEGFR2 [25]. It has shown
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good safety profile in phase I and II clinical trials in
patients used as an anti-angiogenic drug [26, 27]. The
absence of cysteine and lysine residues near the
engineered binding loops of FN3-scaffolds allows
site-specific coupling of the ligand to the MB shell
without compromising binding affinity. We

demonstrated that FN3vecrro can also be used as
binding ligand for designing a new class of
molecularly-targeted MBs using derivatives of the
biocompatible human fibronectin.
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Figure 5. In vivo USMI of breast cancer in transgenic mouse model. A, bar graph summarizes in vivo imaging signal using the various types of contrast MB. Error bar = standard
deviation; **, P < 0.01. B, representative transverse contrast mode ultrasound images show strong signal in breast cancer (green ROI) after injection of MBvecr2 and
MB-FN3vecrr2 but only background signal following injection of the two types of control MBs (MB-FN3scrambled and MBNon-urgeted). € and D, bar graph and representative in vivo
USMI example show substantial decrease of imaging signal after intravenous administration of free blocking FN3vecrr2 ligand. Error bar = standard deviation; *, P < 0.05. E,
representative transverse contrast mode ultrasound images show a strong signal in breast cancer but only background signal in control normal mammary gland tissue after
injection of MB-FN3vecrr2, MB-FN3scrambled, and MBnon-targeted. F, representative immunofluorescence staining of breast cancer and normal mammary tissue shows strong
expression of VEGFR2 on the neovasculature of cancer (co-localization of VEGFR2 (red) on CD31-stained (green) tumor vessels) compared to normal control tissue. Scale bar

=50 ym.
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Binding of MB-FN3vecrr: was significantly
higher compared to the two types of control MBs
(MBnon-targeted and MB-FN3scrambled) in both in vitro and
in vivo experiments and could be blocked by free
FN3vecrro, further confirming binding specificity of
MB—FN3VEGFR2 to VEGFR2. AISO, MB-FNBVEGFRQ
resulted in similar in vivo imaging signal in breast
cancer compared to MBvgcrro, the most commonly
used targeted contrast MB in preclinical ultrasound
imaging experiments [44]. MBvecrr2 contains
streptavidin in the MB shell and biotinylated
anti-VEGFR2-antibody were attached to the MB shell
via the strong biotin/streptavidin interaction [1].
Since streptavidin is immunogenic and can cause
severe allergic reactions in patients [58, 59], MBvecrr2
can only be used for preclinical experiments. In
contrast, we covalently bound FN3vecer: to the MB
shell using carboxyl-amine-conjugation chemistry in
our study to generate a potentially clinically
translatable MB platform that does not use
biotin/streptavidin ~ interactions  for  ligand
attachment.

Recently, another VEGFR2-targeted ultrasound
contrast agent (BR55), wusing an engineered
heterodimeric peptide identified by phage display
and covalently bound to the MB shell, has been
designed for better cancer visualization [4, 8]. BR55 is
currently the only clinical grade molecularly-targeted
ultrasound contrast agent and has been moved into
early phase clinical trials in Europe and the USA for
cancer imaging (ClinicalTrials.gov  identifiers:
NCT01253213, NCT02142608, 2012-000699-40) [60, 61].
As an alternative to engineered peptides, versatile
FNB3-scaffolds are small, stable, and efficiently
conjugated immunoglobulin (Ig)-like domains that
can be readily modified by direct evolution and
produced in bacteria. As such, FN3-scaffolds are
excellent candidates for molecular recognition with
unique advantages in several applications and can be
further explored for the design of next generation
ultrasound contrast agents targeted at novel
molecular imaging targets beyond VEGFR2.

A limitation of our study was that USMI was
limited to two-dimensional planes. Efforts are under
way for three-dimensional USMI which better
captures the spatial heterogeneity of the
neovasculature of cancer and of the expression levels
of molecular markers such as VEGFR2 [62].
Automated whole breast ultrasound scanners have
been clinically introduced [63] that are currently being
further developed to allow automated whole breast
USMI of breast cancer in an operator-independent
manner. Furthermore, additional characterization and
refinement of FN3-conjugated MBs are needed to
assess its stability and functionality over longer

periods of time. Also, future experiments are
warranted to assess the relationship between the
number of targeting FN3vecrr2 ligands on the MB
surface and the binding properties of the MB to
VEGFR2.

In conclusion, our results suggest that
potentially  clinically translatable molecularly-
targeted MBs coupled to FNB3-scaffolds can be
designed and used for USMI of breast cancer
neoangiogenesis. Due to their small size and stability,
FN3-scaffolds can be recombinantly produced with
the advantage of generating small, high affinity
ligands in a cost efficient way for USML
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