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Viral nanoparticles decorated with novel EGFL7
ligands enable intravital imaging of tumor
neovasculaturet
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Angiogenesis is a dynamic process fundamental to the development of solid tumors. Epidermal growth

factor-like domain 7 (EGFL7) is a protein whose expression is restricted to endothelial cells undergoing

active remodeling that has emerged as a key mediator of this process. EGFL7 expression is associated

with poor outcome in several cancers, making it a promising target for imaging or therapeutic strategies.
Here, EGFL7 is explored as a molecular target for active neovascularization. Using a combinatorial peptide

screening approach, we describe the discovery and characterization of a novel high affinity EGFL7-
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1. Introduction

Deregulation of angiogenesis plays a major role in a number
of human diseases, most notably cancer. Tumor neovascula-
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binding peptide, E7p72, that specifically targets human endothelial cells. Viral nanoparticles decorated
with E7p72 peptides specifically target tumor-associated neovasculature with high specificity as assessed
by intravital imaging. This work highlights the value of EGFL7 as a target for angiogenic vessels and opens
the door for novel targeted therapeutic approaches.

ture differs from normal mature vasculature due mainly to the
rapid and uncontrolled growth typical of cancer development.
Indeed, tumors with a high proportion of angiogenic vascula-
ture have significantly poorer prognosis.” Angiogenesis is now
a well-established clinical therapeutic target, and anti-angio-
genic therapies targeting the VEGF pathway have been
approved for the treatment of solid tumors. For example, the
anti-VEGF antibody bevacizumab is approved for use alone for
glioblastoma or used in combination with other drugs to treat
metastatic colorectal cancer, some non-small cell lung
cancers, and metastatic renal cell cancer. Although angio-
genesis inhibitors are amongst the most promising anticancer
drug candidates, the vast majority of inhibitors in clinical
development are focused on the VEGF pathway. Overall, the
clinical efficacy of VEGF pathway inhibitors has not lived up to
expectations,”™ so it is imperative that alternative targets for
angiogenesis be identified.

The de novo generation of new blood vessels is a complex
and tightly regulated process that is associated with a variety
of specific angiogenic and growth factors. One of these, the
30 kDa epidermal growth factor-like domain 7 (EGFL7)° is
predominantly expressed in remodelling endothelium,” and
has been implicated in the regulation of key angiogenic path-
ways.®? EGFL7 is found principally in the endothelium during
vascular development, and after vascular injury or during
pregnancy,’®™* but is absent in quiescent endothelium in
adults. EGFL7 is required for proper vascular structure
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formation,">"® and over-expression of EGFL7 in mice leads to
abnormal vasculature remodeling.'* Indeed, abnormal micro-
vessel morphology is characteristic of tumor angiogenesis, and
is closely linked with cancer-specific mortality.'"® Elevated
expression of EGFL7 has also been detected in a variety of
solid tumors,””™*° and is associated with high tumor grade
and poor prognosis in malignant glioma,"”” hepatocellular
carcinoma,”® breast cancer,”®*' ovarian cancer,?® pancreatic
cancer® and laryngeal squamous cell carcinoma.** These
unique features make EGFL7 an attractive molecular target for
imaging or targeted therapies.

EGFL7 has been investigated previously as a therapeutic
target in cancer. Preclinical studies have shown that treatment
using an antibody against EGFL7 in combination with anti-
VEGF therapy has led to an improvement in efficacy and survi-
val.”® While antibodies are widely utilized as cancer-targeting
agents, peptides provide an attractive alternative because they
offer many advantages including better pharmacokinetics and
pharmacodynamics, improved tissue penetration and tumor
biodistribution, as well as increased serum stability through
structural modifications (i.e. incorporation of unnatural amino
acids or cyclization).”® As targeting ligands for nanomedicines,
peptides are particularly compelling due to their scalable
synthesis, and straightforward incorporation into nanoparticle
starting materials to achieve better uniformity and higher
ligand density.”” We report here the discovery and characteri-
zation of a novel highly specific EGFL7-binding peptide,
E7p72, which binds endothelial cells in an EGFL7 dependent
Decoration of near-infrared viral nanoparticles
with E7p72 confers molecular specificity to blood vessels
expressing EGFL7, allowing real-time intravital imaging of
tumor neovasculature in vivo.

manner.

2. Methodology

2.1. OBOC library screening

1 g of OBOC peptide library beads were washed extensively
before screening using 70% ethanol, distilled water and
binding buffer (50 mM Na,HPO,, 150 mM NaCl, 2 mM CaCl,,
0.2 M r-arginine, pH 7.4). First, a library enrichment step to
remove potential false positive beads was performed by mixing
the OBOC library with magnetic beads coated with the anti-
GST antibody and GST protein complex for 1 h at 37 °C with
constant shaking at 200 rpm. A strong neodymium magnet
(K&J Magnetics, PA, USA) was placed at the side of the vial for
several minutes, and beads that did not respond to the magnet
(enriched library) were transferred into another vial using a
micropipette. The enriched library was washed five times with
binding buffer. To screen for EGFL7-targeted peptides, 50 ug
of the EGFL7-coated screening beads were mixed with the
OBOC library under the conditions described above. Hits were
collected by magnetic isolation as previously described, and
washed extensively with ethanol and water. A secondary cell-
based screen was performed using EGFL7-overexpressing
HT1080-tdTomato human fibrosarcoma cells (red), and
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EGFL7-low MDA-MB-435-GFP human breast cancer -cells
(green) as previously described.*® Beads were visualized under
an Olympus IX70 inverted fluorescent microscope, and the
ones that associated with the red (high EGFL7 expression)
HT1080-tdT cells, but not the green (low EGFL7 expression)
MDA-MB-435-GFP cells, were manually isolated using a micro-
pipette. Hits were collected, washed and the peptides were
sequenced on-bead using MALDI TOF MS/MS as described.*'

2.2. SPR characterization of EGFL7-binding peptides and
nanoparticles

All procedures were done according to the SPRimager®II array
instrument (GWC Technologies) guidelines. Briefly, amine-
reactive SPR chip (GWC Technologies) was subjected to the
Sulfo-SMCC crosslinker (Thermo Scientific) for functional-
ization with a maleimide group. Each peptide containing a Cys
molecule was immobilized onto the gold-coated spots on the
SPR chip. Different concentrations (1 nM, 20 nM, and 50 nM)
of purified EGFL7 were introduced as a continuous flow over
the chip for 10 min. Real-time images and percent change in
reflectivity (%AR) were recorded and analyzed.

For nanoparticles characterization, purified recombinant
EGFL7 (Sino Biological Inc.) was diluted to a final concen-
tration of 0.25 pM in 10 mM sodium acetate at pH 5, and
coupled to a Biacore Sensor chip CM5 (GE Healthcare).
Different concentrations of CPMV-PEG-E7p72 or CPMV-PEG
nanoparticles (90, 45, 22.5, 11.3, 5.6, 2.8 and 1.4 pg mL ™)
were injected into the Biacore 3000 instrument, and allowed to
flow over the chip (flow rate: 30 pL min™'; injection time:
2 min). Dissociation curves were obtained by flowing binding
buffer over the chip for 15 minutes. Chip regeneration was per-
formed by exposing chip to a high salt solution (5 M NacCl) for
30 seconds in between samples. Response units were plotted
over time to generate an association and dissociation curve.

2.3. Evaluation of FITC-E7p72 and FITC-E7-p74 uptake in
fibrosarcoma cells by microscopy

Human HT1080 fibrosarcoma cells were detached using EDTA
and resuspended in DMEM supplemented with 10% fetal
bovine serum (FBS) into microcentrifuge tubes. Live cells were
incubated with 3.3 uM of fluorescein-conjugated E7-p72,
E7-p74 and control GAGDS peptide in suspension for 1 h at
37 °C. Blocking studies were conducted in the presence of
100x excess of non-fluoresceinated peptides. Cells were
washed with PBS by centrifugation (1200 rpm for 1 minute).
After three washes, PBS was replaced with DMEM growth
media and cells were seeded onto coverslips. Once adhered,
cells were washed with PBS and mounted for fluorescence
imaging. Images were captured using the Zeiss Axiolmager
Z1 microscope. The average fluorescein intensity within each
cell was quantified using Volocity, version 6.1.2 (PerkinElmer,
Massachusetts, USA). All statistics were performed using a one-
way ANOVA and Tukey post hoc test.

The evaluation of E7-p72 uptake by HUVECs and SVECs
using flow cytometry was performed using the same
procedures.
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2.4. Purification of CPMV and synthesis of targeted CPMV
nanoparticles

CPMV was produced in black-eyed pea plants no. 5; two weeks
after seeding, plants were infected through mechanical
inoculation. Infected leaves were harvested 14-21 days after
infection and stored at —80 °C. CPMV was extracted in yields
of 1-2 mg per gram of infected leaf material using established
methods.’® CPMV concentration was determined using UV-Vis
absorbance (¢ at 260 nm = 8.1 mg~" mL cm™'), and virus
particle structural integrity was confirmed by transmission
electron microscopy (TEM) and size exclusion chromatography
(SEC) using a Superose6 column on the AKTA Explorer
chromatography system (GE Healthcare).

A 3000 molar excess of NHS-Alexa Fluor (NHS-A647,
Invitrogen) and a 3000 molar excess of NHS-(PEG),-alkyne
(Sigma) were added per CPMV particle in 0.1 M potassium
phosphate buffer pH 7.0; the protein concentration was kept at
2 mg ml™"; the reaction was allowed to proceed at room temp-
erature overnight. Excess NIR dyes and NHS-alkyne molecules
were removed using 10 kDa cut-off centrifugal spin filters
(Millipore); the filters were washed with buffer until there was
no dye detectable in the flow-through. Next, CuAAC reaction
was carried out: 3 molar equivalents of PEG-E7p72 peptide or
PEG, were reacted to CPMV-alkyne (2 mg mL™") in presence of
CuSO, (1.25 mM), tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA, 6.25 mM) (provided by courtesy of Prof. Finn, TSRI),
amidoguanidine (12.5 mM), and ascorbic acid (12.5 mM).
The reaction was stopped after two hours by adding 1% (w/v)
saturated EDTA solution. Modified A647-CPMV-PEG-E7p72
(denoted ~ CPMV-PEG-E7p72)  and  A647-CPMV-PEG
(denoted CPMV-PEG), respectively were then purified using
spin filters and re-suspended in buffer. Purified
CPMV-PEG-E7p72 and CPMV-PEG were analyzed by UV/visible
spectroscopy to determine the concentration of the nano-
particles, as well as to determine the degree of nanoparticle
labeling (see below). The nanoparticles are stored in at 4 °C in
the dark for further use.

2.5. Evaluation of CPMV uptake using flow cytometry

CPMV-PEG (control) and CPMV-PEG-E7p72 were stored in
PBS at 4 °C before further use. EGFL7 knockdown in EA.
hy926 endothelial cells and HT1080 fibrosarocma cells were
achieved using siRNA using jetPRIME transfection reagent
(Polyplus Transfection). After 48 h of transfection with
either control or EGFL7 siRNA, cells were seeded onto a
6-well tissue culture plate to approximately 80% confluency.
Cells were incubated with CPMV-PEG (control) or
CPMV-PEG-E7p72 (1 pg mL™') at 37 °C for 3 h. Cells were
washed three times with PBS, and then detached using
2.5 mM EDTA. Cells were washed once, fixed with 4% para-
formaldehyde, resuspended in flow buffer (PBS with 2 mM
EDTA, 2% FBS and 0.05% sodium azide) and evaluated
using the BD FACS calibur flow cytometer. Data analysis was
performed using FCS express (version 3).
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2.6. Evaluation of CPMV uptake by endothelial cells using
confocal microscopy

EA.hy926 endothelial cells were seeded onto 6-well tissue
culture plate to approximately 80% confluency. Cells were
incubated with CPMV-PEG or CPMV-PEG-E7p72 (1 pg mL™") at
37 °C for 3 h. Cells were washed three times with PBS, fixed
with 4% paraformaldehyde and imaged using confocal
microscopy (Zeiss Axiolmager Z1 confocal microscope). Data
were analyzed and quantified using the Volocity software,
version 6.1.2, and statistics were performed using a one-way
ANOVA and Tukey’s post hoc test.

2.7. Intravital imaging of tumor neovasculature using
targeted CPMV-PEG-E7p72 nanoparticles in avian embryos

HT1080 fibrosarcoma cell line that ubiquitously expressed the
green fluorescent protein (GFP) was generated through trans-
fection of cultured cells with plasmid encoding the GFP gene,
and selected by neomycin without clonal propagation. Avian
embryos were cultured as described in ref. 43. At day 9 of
embryonic development, HT1080 tumor boli were established
in the chorioallantoic membrane (CAM) of the embryos
according to ref. 36. Embryos were placed back into the
humidified incubator at 37 °C and the tumors were allowed to
vascularize for approximately three days. Embryos were then
injected with CPMV nanoparticles (20 pg) and rhodamine-
lectin (0.17 mg) intravenously, and placed within a specialized
avian embryo-imaging unit.”> GFP (488 nm solid state laser
excitation, emission HQ535/50m), rhodamine (594 nm solid
state laser excitation, emission HQ600/50m), and NIR (647 nm
solid state laser excitation, emission HQ700/50m) channels
were visualized using an intravital spinning-disk confocal
microscopy using an upright Zeiss Axiolmager Z1, LUDL filter
wheels, a Yokogawa spinning disk head and a Hamamatsu
9100-12 ImageEM CCD camera. The Volocity software, version
6.1.2 (PerkinElmer) was used to control this set up. Z-Stack
images were captured every two minutes. Images were flat-
tened into a single image, and analyzed using the Volocity
software, version 6.1.2 (PerkinElmer) or Image] (National
Institutes of Health, USA). Two hours after injection, tumors
were excised, washed in PBS and fixed in 10% sucrose and 4%
formalin in PBS for 2 hours at 4 °C. Tumors were then washed
and frozen in OCT (Tissue Tek) on dry ice. Frozen sections
(5 pm) were prepared on positively charged histobond glass
slides (VWR). Samples were mounted in ProLong Gold mount-
ing media containing DAPI (Life Technologies) and imaged
with a 60x objective using confocal microscopy.

2.8. Evaluation of CPMV-PEG-E7p72 nanoparticle uptake in
mice

All studies were performed according to protocols approved by
the University of Alberta Animal Care and Use Committee.
8-weeks old mice were established with HT1080 fibrosarcoma
tumors. HT1080 cells (1 x 10° cells) were injected sub-
cutaneously into the flank. After two weeks (or when the tumor
size reached 1000 mm?®), animals were euthanized and tumors

This journal is © The Royal Society of Chemistry 2017
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were excised, fixed in 4% formaldehyde and 10% sucrose over-
night at 4 °C, and embedded in OCT medium. Frozen sections
(10 pm) were prepared on a Leica cryomicrotome, and samples
were stored at —80 °C for further analysis.

For immunofluorescence staining, tumor sections were
fixed in 4% formaldehyde at 25 °C. Samples were blocked
using 10% goat serum and 1% BSA (in PBS + 0.02% Tween-20)
for one hour at 25 °C. Tissues were incubated with a rat anti-
CD31 antibody in blocking buffer (1 h at 25 °C) and washed
four times (PBS + 0.02% Tween-20). Tissues were then in-
cubated with the anti-rat AlexaFluor 488 antibody (Invitrogen)
in blocking buffer (1 h at 25 °C in dark). Tissues were washed
four times (PBS + 0.02% Tween-20), and mounted in ProLong
Gold mounting media containing DAPI (Life Technologies).
Tissues were imaged using the Zeiss Axiolmager
Z1 microscope upright confocal microscopy, and images were
quantified using Volocity, version 6.1.2 (PerkinElmer,
Massachusetts, USA).

For ex vivo staining, frozen tumor sections were fixed in 4%
formaldehyde and incubated with 10 ug of CPMV-PEG-E7p72
or control CPMV-PEG nanoparticles. Samples were then
blocked in 10% goat serum and 1% BSA (in PBS + 0.02%
Tween-20) for one hour at 25 °C. The samples were then
stained with CD31 antibody as described above.

2.9. PET imaging using [**Ga]-DOTA-E7p72

EGFL7-HT1080 cells and control HT1080 cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10%
FBS in 6 well plates respectively. The number of cells in each
well was counted using a microscope. [**Ga]-DOTA-E7p72
(100 pL, approx. 1 MBq mL™") was added to each well with/
without inhibitor (x100) and the cells were incubated at room
temperature for 1 h. The medium in the well was decanted
out. The cells on the bottom of well were washed twice by PBS
(x1) and counted in a y-counter. The radioactive counts based
on the number of cells in each well was calculated.

For in vivo studies, NOD/scid mice (male, 4-6 weeks age)
were ordered from Charles River. All animal studies were per-
formed following the Canadian Council on Animal Care guide-
lines and animal use protocol approved by Western University.
NOD/scid mice were xenografted with EGFL7-HT1080 or
MDA-MB-231 cells. The PET imaging study was conducted
when the tumor grew to approx. 1 cm in diameter. [**Ga]-
DOTA-E7p72 (10 MBq) was injected into the tail vein of the
animal while under 1.5% isoflurane/O, flow and the mouse
was scanned for 60 min in dynamic mode using a small
animal PET scanner (Explore Vista-DR, GE Healthcare). The
PET image was reconstructed using Vista 4.7 software
(GE Healthcare) and the SUV data in the tumor was calculated
every 3 minutes based on the region-of-interest analysis on
PET images.

2.10. Blocking study to test the specificity of FITC-E7p72
uptake in endothelial cells

EA.hy 926 were detached using EDTA and resuspended in
DMEM supplemented with 10% FBS into microcentrifuge
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tubes. Live cells were incubated with 3.3 pM of fluorescein-
conjugated E7-p72 and either 3 times molar excess of E7p72
peptide, 3x recombinant EGFL7 purified protein or 3x scram-
ble peptide in suspension for 1 h at 37 °C. Cells were washed
with PBS by gentle centrifugation (300g for 1 minute) three
times. Cells were resuspended in 1 ml PBS supplemented with
2% FBS in polystyrene flow cytometry tubes and analysed
using the Fortessa X-20 flow cytometer and analysed using FCS
Express (version 4). For imaging, 100 pl of the cell suspension
was supplemented with DMEM growth media and cells were
seeded onto coverslips. Once adhered, cells were washed with
PBS and cell nuclei were stained with Hoechst 33342 and
mounted for fluorescence imaging. The Nikon A1+ confocal
microscope was used to visualize the slides.

3. Results

3.1. EGFL?7 localizes to the lumen of tumor endothelium and
is expressed on the surface of cancer cells

It has been reported previously that EGFL7 localizes to the
extracellular matrix associated with the endothelial cells that
express it.””° We sought to confirm for screening purposes
that human HT1080 fibrosarcoma cells transfected with an
EGFL7 expression plasmid would express EGFL7 on their
surface. To assess this, we first performed a cell surface bio-
tinylation experiment followed by immunoprecipitation of cell
surface proteins using anti-biotin antibodies. EGFL7, but not
tubulin, was present in the immunoprecipitate, confirming its
localization on the cell surface (ESI Fig. 1at). This was further
confirmed by confocal imaging (ESI Fig. 1b¥).

We wanted to assess, for vascular targeting purposes,
whether EGFL7 expressed by tumor endothelium is localized
to the basal and/or lumenal surface. Sections of human breast
cancer (MDA-MB-468) xenograft tumours in mice were co-
stained with antibodies against CD31, an endothelial cell
marker, and EGFL7. The image (ESI Fig. 1ct) and associated
line scan (ESI Fig. 1d¥) indicate that EGFL7 localizes to both
the lumenal and basal surfaces of tumor endothelium.

3.2. EGFL7-targeting peptides identified through a high-
throughput one bead one compound (OBOC) library screen

To identify novel peptide ligands of EGFL7, we performed a
two-stage screen of an OBOC combinatorial peptide library
using a magnetic/fluorescent bead-based approach and fol-
lowed by a cell-based approach (Fig. 1). A linear octapeptide
OBOC library was constructed on 90 um Tentagel beads com-
prised of eighteen of the eukaryotic amino acids (minus
cysteine and isoleucine) wusing a splitmix synthesis
approach.?® This resulted in a library containing roughly 10"
distinct peptides, with each bead displaying 10" copies of a
unique peptide entity.

Our peptide screening strategy was designed to maximize
the likelihood of capturing high-affinity EGFL7 ligands with
high stringency and low false positives. To achieve this, we
employed two sequential approaches: (1) a magnetic/fluo-

Nanoscale, 2017, 9, 12096-12109 | 12099
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Fig.1 Two-stage strategy for screening an OBOC peptide library
against recombinant EGFL7 protein. (a) Schematic representation of the
‘beads on a bead’ approach to screen for EGFL7-binding peptides.
Purified recombinant GST-EGFL7 protein was bound onto protein
A/G-coated magnetic beads via an anti-GST antibody, and mixed with a
library of Tentagel beads displaying random 8-amino acid peptides.
(b) Tentagel beads displaying high affinity peptides that strongly retained
magnetic beads were isolated using a magnet. (c) Schematic representa-
tion of a secondary cell-based screen using EGFL7-overexpressing cells
and EGFL7-negative cells. (d) Beads with high affinity peptide for EGFL7
expressed on the cellular surface were coated with tdTomato cells (but
not GFP cells). These beads were selected and isolated under a micro-
scope using a micropipette, and peptides were sequenced on-bead
using MALDI TOF MS/MS.

rescent ‘beads on a bead’ screening approach,® and (2) a cell-
based positive/negative selection screen®® (Fig. 1). The first
approach exploited the tendency of small magnetic beads
(2 pm diameter) decorated with EGFL7 to reversibly interact
with the much larger peptide-coated TentaGel peptide library
beads (90 um diameter). EGFL7-GST was adsorbed onto
magnetic screening beads via an anti-GST antibody
(ESI Fig. 21). We first performed a library enrichment step by
removing all the library beads that associated with the
magnetic beads displaying the anti-GST antibody and GST
protein. Then, the EGFL7-displaying magnetic beads were
mixed with the OBOC library and Tentagel beads displaying
EGFL7-binding peptides were isolated by magnetic sorting.
Roughly 500 hit beads were isolated in this first screen.

Using the positive hit library beads from the first screen, a
second screen was employed to ensure that hit peptides recog-
nized EGFL7 in its native cellular context and conformation.
To do this, the Tentagel beads were mixed with live cells that
either expressed EGFL7 (EGFL7+) or did not (EGFL7-)
(Fig. 2a). To make the separation straightforward, the EGFL7+
cells were engineered to express tdTomato, while EGFL7— cells
were transduced to express GFP (Fig. 2b). In this way, beads
with a strong association for the red EGFL7+ cells, but not
green EGFL7— cells, were readily identified using fluorescence
microscopy and isolated manually (Fig. 2b). In total, 16 library
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Fig. 2 Identification of novel EGFL7 ligands. (a) A secondary cell-based
screening approach to identify peptides with high affinity for EGFL7 dis-
played on the cell surface. Western blot analysis using a polyclonal anti-
EGFL7 antibody shows negligible EGFL7 in MDA435-GFP cells and high
EGFL7 expression in HT1080-tdT cells overexpressing EGFL7. (b)
Fluorescence image of an example hit bead that strongly associated
with HT1080-tdT cells that overexpress EGFL7 (red), but have very little
interaction with MDA435-GFP cells (green) that do not express EGFL7.
(c) Association curves were produced by exposing peptides immobilized
onto the SPR chip with a continuous flow of increasing EGFL7 concen-
trations (1 nM, 20 nM, and 50 nM). At t = 600 s (10 min), the percent
change in reflectivity (%AR) due to EGFL7 binding was plotted against
EGFL7 concentration (nM), and the slope (m) of each line was obtained.
(d) Association and dissociation curves were generated based on the
interaction of E7p72 and E7p74 with purified EGFL7 (15.6 nM) using the
SPRimager Il. Association curves were obtained by exposing peptides
immobilized onto the SPR chip with a continuous flow of EGFL7. At t =
1700 s, the dissociation curves were generated when the flow of EGFL7
was replaced with binding buffer. Fitted curves and Kp values were gen-
erated using the ‘association-then-dissociation’ equation in GraphPad
Prism. (e) Chemical structure of fluorescein-labeled E7p72 (top) and
(f) E7p74 (bottom).

beads were isolated and peptides were sequenced using a pre-
viously-developed on-bead mass spectrometry approach,®
leading to the identification of 8 unique peptide sequences.
These peptides were prioritized based on our confidence in
the sequence deconvolution, and four were selected for further
characterization (Table 1).

Table 1 Sequences of isolated hit peptides

Peptide Sequences
E7p72 HMYFLLGH
E7p73 SQSSMYPS
E7p74 WYKLPTM
E7p75 EWELHAEE

This journal is © The Royal Society of Chemistry 2017
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3.3. Characterization of EGFL7-binding peptides

We re-synthesized the four lead peptides E7p72, E7p73, E7p74
and E7p75, and then characterized their specificity for EGFL7.
The binding affinity for immobilized EGFL7 was first deter-
mined using surface plasmon resonance (SPR). Two peptides,
E7p72 and E7p74, were observed to exhibit concentration-
dependent affinity for EGFL7, while the association rate of
E7p73 and E7p75 did not differ significantly from a control
negative peptide (Fig. 2c). Kinetic binding analysis revealed the
Kp values for E7p72 and E7p74 to be 13.2 nM and 14.3 nM,
respectively (Fig. 2d). Based on these findings, E7p72 and
E7p74 were re-synthesized with a C-terminal fluorescein dye
(Fig. 2e and f) to evaluate their ability to bind cells expressing
EGFL7. We first confirmed that labeling of E7p72 with fluo-
rescein did not hinder peptide binding to EGFL7 by SPR
analysis (ESI Fig. 37).

Fluorescein-labeled E7p72 and E7p74 were first assessed
using a panel of HT1080 cancer cell lines engineered to
express no, low or high EGFL7 (ESI Fig. 4a and bt). The
binding and uptake of the peptides to these cells was assessed
by fluorescence microscopy and flow cytometry. While binding
of FITC-E7p72 to HT1080 cells was highly dependent on
EGFL7 expression (Fig. 4a and b and ESI Fig. 4c-et), little to
no specific binding was observed with FITC-E7p74 (Fig. 4a and
b). The specificity of E7p72 for EGFL7 was further confirmed
by blocking with 100 molar excess of unlabeled E7p72 peptide,
which resulted in a significant reduction in the binding of
FITC-E7p72 to HT1080 EGFL7"#" (Fig. 4a and b). The binding
of E7p72 to EGFL7 was then assessed using human umbilical
vein endothelial cells (HUVEC), which normally express high
levels of EGFL7 that can be reduced by siRNA knockdown
(Fig. 4c). Flow cytometry analysis showed that HUVECs incu-
bated with FITC-E7p72 demonstrate significant binding and
uptake (Fig. 3c and d). When EGFL7 expression was knocked
down, uptake was reduced by more than 50% (Fig. 3d). We
then also evaluated the affinity of E7p72 for murine EGFL7,
which shares 73% identity with human EGFL7. Flow cytometry
analysis revealed that FITC-E7p72 showed 2x selectivity for
mouse endothelial cells (SVECs) compared to control peptide
(Fig. 3e). Finally, we quantified human endothelial cell
(EA.hy926) uptake of FITC-E7p72 in the presence of 3x molar
excess of purified EGFL7 protein. Flow cytometry and confocal
microscopy analysis showed nearly 70% reduction in
FITC-E7p72 uptake by endothelial cells in the presence of
EGFL7 (Fig. 3f-h). Taken together, these data indicate that
E7p72 specifically targets EGFL7 expressed in human and
mouse endothelial cells."”

To further assess the specificity of E7p72 for EGFL7, a
radiotracer derived from E7p72 was synthesized, and its ability
to target EGFL7 in vivo was evaluated by positron emission
tomography (PET) imaging. First, a metal chelator DOTA was
placed at the C-terminus of the peptide through a Lys side-
chain, with a short linker to separate the lysine-metal complex
from the targeting peptide. A non-radioactive (°””*Ga) surro-
gate was used as a chromatographic standard during radio-

This journal is © The Royal Society of Chemistry 2017
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labelling. Radiolabeled [**Ga]-DOTA-E7p72 (ESI Fig. 5af) was
prepared using the short-lived positron emitter **Ga (t;,, =
68 min) in a 53% yield (decay-corrected), >95% purity and 9.4
GBq pmol ™" specific activity (ESI Fig. 5ct). In vitro evaluation
showed a significantly higher uptake of [**Ga]-DOTA-E7p72 in
HT1080-EGFL7 overexpressing cells compared to regular
HT1080 cells. Additional evidence for EGFL7 specific uptake
was proven by blocking protein-mediated uptake through
competition with an excess of unlabeled E7p72 peptide (ESI
Fig. 5bt). To investigate EGFL7 targeting in vivo, we esta-
blished two xenograft models using NOD/scid mice. The first
was a breast cancer xenograft consisting of MDA-MB-231 cells,
which express low levels of human EGFL7 (ESI Fig. 5df) yet
grow rapidly and recruit significant EGFL7-expressing neovas-
culature. The second xenograft model consisted of HT1080
tumor cells with high expression of EGFL7, which grows just
as rapidly and has significant expression of EGFL7
(ESI Fig. 5df). [*®Gal-DOTA-E7p72 was injected iv. and
dynamic PET scans were carried out over a 60 minutes time
period. The xenograft tumors were readily visualized in both
models; however, the HT1080-EGFL7 tumor displayed a much
higher uptake of the radiotracer (ESI Fig. 5e and f¥). Standard
uptake values (SUV) were calculated throughout the time
course of the dynamic scan (ESI Fig. 5g1). The HT1080-EGFL7
(EGFL7"8") tumor was found to have a SUV reaching
0.6 shortly after injection, with sustained tumor uptake over
60 min dropping only to 0.5. The MDA-MB-231 (EGFL7'Y)
tumor (ESI Fig. 5g1) also had robust initial uptake (up to a
SUV of nearly 0.4), but this was followed by a more rapid
washout. This suggests that while EGFL7 targeting is occurring
initially in both tumors, E7p72 was retained at higher levels in
the EGFL7-overexpressing tumor over time.

3.4. Development of EGFL7-targeted near infrared viral
nanoparticles

We next sought to validate the potential of E7p72 peptides to
mediate the targeting and visualization of neovasculature by
nanoparticles. Viral nanoparticles (VNPs) based on the cowpea
mosaic virus (CPMV) offer a compelling biocompatible plat-
form for intravital imaging of tumors and their associated
vasculature.***® CPMV nanoparticles label blood vessels in
animal models®® through a specific interaction with endo-
thelial cell surface vimentin.?” We have previously shown that
this interaction can be blocked by PEGylating CPMV,***° and
that VNPs can then be engineered to be selective by decorating
the exterior surface with targeting peptides.’*** We expected,
therefore, that the incorporation of E7p72 peptide onto the
surface PEGylated CPMV VNPs would render them selective for
endothelial cells expressing EGFL7.

The CPMV viral capsid displays 300 lysine side chains on
its surface, which can be covalently modified with diverse
functional groups.’® To create a molecular targeted formu-
lation, we engineered multivalent VNPs to display polyethylene
glycol (PEG) polymers to shield them from the mononuclear
phagocyte system (MPS), Alexa Fluor 647 near infrared
fluorescent dyes for intravital imaging, and E7p72 peptides to
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Fig. 3 E7p72 targets endothelial cells in an EGFL7-dependent manner. (a) Fluorescence images showing the uptake of FITC-conjugated E7-p72,
E7-p74 and a control peptide (final concentration = 3.3 microM) by HT1080 cells. Left panels: FITC signal from peptide uptake (green). Right panels:
Merged images of brightfield image, nuclei staining (red) and FITC-conjugated peptide (green). A blocking study was conducted by adding 100x
molar excess of non-labeled peptides. Scale bar, 10 microns. (b) Bar graph showing the mean fluorescence intensity of cells from each group. The
perimeter of each cell was selected, and the mean FITC intensity within each selected region was measured using Volocity software. The uptake of
FITC-E7p72, but not FITC-E7p74 was significantly higher than that of control peptide (n = 30, p < 0.001). FITC-E7p72 binding was significantly
reduced in the presence of 100x excess unlabeled E7p72 peptide (n = 30, p < 0.001). (c) Western blot analysis showing EGFL7 expression and EGFL7
knockdown (by siRNA) in HUVECs using the EGFL7 polyclonal antibody (top left). Dot plots show the uptake of FITC-E7p72 by HUVECs or HUVECs-
KD (EGFL7 knockdown). Flow cytometry analysis was performed using the COPAS flow cytometer (Union Biometrica) and the plots were generated
using FCS express (version 3). (d) Bar graph showing the uptake of FITC-E7p72 by HUVECs or HUVECs-KD. All statistics were performed using a one-
way ANOVA and Tukey post hoc test. (e) Histogram showing the uptake of FITC-conjugated E7p72 (red) or control peptide (green) (final concen-
tration = 3.3 mM) by mouse endothelial cells (SVEC). The mean fluorescence intensity of each group is indicated in the plot. (f) Histogram showing
the uptake of FITC-conjugated E7p72 by human endothelial cells (EA.hy926) in the presence or absence of EGFL7 (final concentration = 3.3 mM)
using the Fortessa X-20 flow cytometer. (g) Bar graph showing a 64.5% decrease in the uptake of FITC-E7p72 in the presence of EGFL7 by EA.hy926
cells. All statistics were performed using a one-way ANOVA and Tukey post hoc test. (h) Confocal images showing uptake of FITC-E7p72 (green) by
EA.hy926 cells were captured at 63x magnification. FITC-E7p72 (in green) and Hoechst 33342 stained nuclei staining (in blue) are shown here. Scale
bar, 20 microns.
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confer specificity for EGFL7. The bioconjugation of VNPs was
carried out using a two-step approach. First, surface lysines
were modified using NHS ester chemistry to introduce NIR
dyes and alkyne handles. Then, the alkyne handles were conju-
gated with either azide-containing PEG2000 (CPMV-PEG) or
PEG2000-E7p72 peptide (CPMV-PEG-E7p72) so that the target-
ing peptide was displayed on the outer surface (Fig. 4a).
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Fig. 4 Synthesis and characterization of viral nanoparticles targeting
EGFL7. (a) Schematic showing the two-step synthesis protocol
employed for the modification of CPMV particles: (1) A647 and alkyne
handles are introduced; (2) CuAAC chemistry is used to conjugate the
PEG-E7p72 peptide or PEG molecules. (b) Transmission electron micro-
scope images of CPMV-PEG-E7p72 or CPMV-PEG nanoparticle. Scale
bar, 100 nm. (c) UV/visible spectra of CPMV-PEG-E7p72 confirming
conjugation of ~25 NIR dyes per CPMV formulation. (d) Native (top
panel) and denaturing (bottom panel) gel electrophoresis. The native gel
was stained with ethidium bromide and imaged under UV light, while
the denaturing gel was stained with Coomassie dye and imaged under
white light. 1 = CPMV, 2 = CPMV-647-alkyne intermediate, 3 =
CPMV-PEG-E7p72, 4 = CPMV-PEG. M corresponds to the molecular
weight marker (molecular weights are indicated in kDa). (e) Size exclu-
sion chromatography (SEC) of CPMV, CPMV-PEG and CPMV-PEG-E7p72
(1 mg mL™% flow rate 0.5 mL min™) using a Superose6 column on the
AKTA Explorer chromatography system.
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The engineered VNPs were characterized first using trans-
mission electron microscopy (TEM), which confirmed that the
VNPs remained intact after chemical modification (Fig. 4b).
Using UV/visible spectroscopy, we determined that each for-
mulation was labeled with ~25 NIR dyes per virus, resulting in
exceptionally bright particles with no detectable quenching
(Fig. 4c). The control and targeted formulations were then
analyzed using native and denaturing gel electrophoresis. Each
yielded a single band indicating particles and subunits with
expected sizes with no aggregation or unexpected cross-
linking. The increased mobility observed in the CPMV-647-
alkyne intermediate compared with native CPMV is consistent
with the lysine modifications, where conjugation with either
NIR dyes or alkynes substantially reduced the positive charges
on the viral surface, and therefore accelerated its migration
towards the anode*' (Fig. 4d). Conjugation with PEG and
PEG-E7p72 increased the size of the particles, resulting in
reduced electrophoretic mobility compared with CPMV-alkyne
(Fig. 4d). The VNP formulations were analyzed by size exclu-
sion chromatography (SEC) using fast protein liquid chromato-
graphy (FPLC) and a Superose6 column. A typical elution
profile was observed for CPMV with an elution time of approxi-
mately 17 minutes and an A, : Asg ratio of 1.7 + 0.1 (Fig. 4e),
indicating native intact CPMV particles. CPMV-PEG-E7p72
eluted in a sharper, left-shifted peak with an elution time of
15.5 minutes (Fig. 4e), consistent with the expected increase in
overall size. The elution profile of CPMV-PEG nanoparticles
followed a similar trend as CPMV-PEG-E7p72, where sharpen-
ing of the peak was observed (Fig. 4e).

3.5. VNPs displaying E7p72 peptides specifically label
human endothelial cells

The binding of CPMV-E7p72 and CPMV-PEG VNP formu-
lations to recombinant EGFL7 protein was characterized using
SPR analysis. Our analysis indicated that while both nano-
particles associated with EGFL7 at relatively similar rates, the
dissociation of CPMV-PEG-E7p72 (K4 = 1.00 x 10~* s") was sig-
nificantly slower compared to CPMV-PEG (Kg = 1.24 x 107> s7)
(Fig. 5a). This suggests that CPMV-PEG-E7p72 associated more
strongly with immobilized EGFL7 compared to the non-
targeted CPMV-PEG nanoparticles. We then evaluated the
specificity of the VNP formulations to human endothelial
cells. High-resolution confocal imaging revealed that
CPMV-PEG-E7p72 VNPs are endocytosed and internalized by
endothelial cells at a rate 6 times higher than that observed for
control CPMV-PEG VNPs (Fig. 5b and c).

3.6. EGFL7-targeted nanoparticles bind tumor
neovasculature

CPMV-PEG-E7p72 was internalized by endothelial cells, while
little or no uptake was observed for CPMV-PEG nanoparticles.
Flow cytometry analysis also confirmed that endothelial cell
uptake of CPMV-PEG-E7p72 was more than 3 times higher
than control CPMV-PEG nanoparticle (Fig. 5d). Taken together,
these data show that CPMV-PEG-E7p72 VNPs specifically
target endothelial cells in an EGFL7-dependent manner.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7nr02558k

Open Access Article. Published on 01 August 2017. Downloaded on 12/1/2025 8:54:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
a
12 CPMV-PEG . CPMV-PEG-E7p72
— 16 nM (m = -0.048) — 16 nM (m =-0.016)
104 — 8 nM (m =-0.027) 104 8 nM (m =-0.016)
—0.5nM —-0.5nM
84 i 8- (
. o y
5 "g\,‘?"ﬁ;“-‘v’*“\{vhyw\’éfﬁsﬁmi»‘ " 3 § !
a % S
8 2 R 8 2 . . . N
- , " = W
100: 'zor 300 400 500 600 700 800 900 1000 1100 100 wMﬂ(’ 400 500 600 700 800 900 1000 1100
N, . Time (s) . Time (s)
2 21
“ Kq=1.24x102%s"" “ Kg=1.00x10*s™"
b C d no treatment
— CPMV-E7p72
3.01 —— CPW-PEG
120
2.51 43.4
CPMV-PEG CPMV-PEG-E7p72 -
§ 2.04
o -—
2 c
S 151 3 6o 4.9
€ ()
s
s" 1.04
30
Positive
0.54
0 T T
0 1
cPmv-pEG  CPMV-PEG- 10 10 10
g CPMV

Fig. 5 CPMV-PEG-E7p72 nanoparticles target human endothelial cells. (a) SPR curves generated from the interaction and dissociation of
CPMV-PEG-E7p72 or CPMV-PEG nanoparticle (at concentrations 16 nM, 8 nM and 0.5 nM) with immobilized EGFL7 using the Biacore 3000.
Association curves were obtained by exposing EGFL7 immobilized on the SPR chip with CPMV-PEG-E7p72 or CPMV-PEG (control) nanoparticle. At
t = 280 s, the dissociation curves were generated when the injection of nanoparticles was substituted with binding buffer. CPMV-PEG-E7p72 nano-
particle displayed a much lower dissociation rate compared to CPMV-PEG. The slopes (m) depicting the dissociation rates of the two highest con-
centrations are indicated in this plot. (b) (Left) Confocal images (using the 20X objective) showing the uptake of CPMV-PEG-E7p72 nanoparticle
(white arrow), but not control CPMV-PEG nanoparticle by human endothelial cells. AF 647 signal from CPMV (green), plasma membrane labeled
with wheat germ agglutinin (WGA) (red), and nuclei staining (blue). Scale bar, 10 microns. (Right) Bar graph showing the mean fluorescence intensity
of cells from each group. Quantification of peptide uptake was performed by obtaining the mean AF 647 signal intensity within each cell using
Volocity software, v 6.1. The uptake of CPMV-PEG-E7p72, was significantly higher than that of control CPMV-PEG (n = 20, p < 0.05). All statistics
were performed using a one-way ANOVA and Tukey post hoc test. (c) Z-Stack confocal microscopy images (using the 60x objective) of cells from (b)
showing the internalization of CPMV-PEG-E7p72 nanoparticles. (d) Histogram indicating the uptake of CPMV-PEG-E7p72 and CPMV-PEG (control)
by EA.hy926 endothelial cells. Flow cytometry was conducted using the BD FACSCalibur flow cytometer and data was analyzed using the FCS
Express software. The mean fluorescence intensity of each group is indicated in the plot (n = 10 000).

A xenograft mouse model of human fibrosarcoma (HT1080)
was used to test the specificity of CPMV-PEG-E7p72 for EGFL7.
Tumors were implanted subcutaneously and allowed to grow
to 1000 mm?. Immunofluorescence staining of tumor cryo-sec-
tions showed that the tumor endothelium expressed a high
level of EGFL7 (Fig. 6a). Further analyses revealed the
Pearson’s correlation coefficient and overlap coefficient to be
0.702 and 0.906, respectively, indicating strong co-localization
between EGFL7 expression and the tumor-associated neovas-
culature (Fig. 6b). Ex vivo staining of the tumor cryo-sections

12104 | Nanoscale, 2017, 9, 12096-12109

with the VNPs revealed that CPMV-PEG-E7p72, but not control
CPMV-PEG nanoparticles, bound to the tumor-associated
blood vessels (Fig. 6¢).

We have shown previously that VNPs based on CPMV are
useful tools for intravital imaging in animal models. Intravital
imaging in the ex ovo avian embryo model in particular allows
for high resolution temporal analysis of uptake of nano-
particles in tumors.*>?*7%*>*3 ¢ test if CPMV-PEG-E7p72 can
target the tumor neovasculature in vivo, we established human
HT1080-GFP fibrosarcoma tumors in the CAM of ex ovo

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 CPMV-PEG-E7p72 nanoparticle binds HT1080 tumor and neovasculature ex vivo. (a) Fluorescence images of HT1080 tumor tissues sections
showing the expression of EGFL7 in tumor neovasculature. Immunofluorescence staining was performed to detect mouse EGFL7 (red), CD31 vascu-
lar marker (green), and nuclei (blue). Scale bar, 50 microns. (b) Composite image showing areas of mEGFL7 and CD31 localization (white). This
image was generated using ImageJ (Colocalization Finder plugin). (c) Fluorescence images showing that CPMV-PEG-E7p72, but not CPMV-PEG
nanoparticles bind to the tumor-associated neovasculature as well as HT1080 tumor tissues ex vivo. CPMV (red), CD31 (green), and nuclei (blue).
Scale bar, 50 microns. Right panel shows high magnification of inset. Scale bar, 25 microns.

embryos, which form large,
Vasculature is visualized in vivo using a fluorescent lectin.
Following intravenous administration of either CPMV-PEG-E7p72
or control CPMV-PEG nanopatrticles, the embryo was placed in
a specialized imaging unit for immobilization of the CAM to
allow for high-resolution real-time confocal imaging of the
tumor and its associated vasculature.*>™** Intravital imaging
over several hours revealed that CPMV-PEG-E7p72 VNPs
accumulate significantly in tumor endothelium
90 minutes (Fig. 7a and b; ESI Movie 1f). In contrast,
CPMV-PEG VNPs circulated within the vasculature with no sig-
nificant uptake by the endothelium (Fig. 7a and b; ESI Movie
27). In quiescent vessels distal from the tumor, our intravital
imaging experiments revealed little to no uptake of either the
targeted or control VNPs (ESI Fig. 67). We did observe some
uptake of both targeted and non-targeted VNPs by macro-

highly vascularized tumors.
42-44

over

This journal is © The Royal Society of Chemistry 2017

phages in the tumor and normal vasculature (ESI Fig. 6; ESI
Movie 1 and 2f), consistent with previous studies.*®
CPMV-PEG and CPMV-PEG-E7p72 appear to have a similar bio-
distribution profile in most organs, with the exception of a sig-
nificant elevation in spleen uptake observed in case of
CPMV-PEG-E7p72 (ESI Fig. 71). Higher fluorescence signal was
also observed in the PC3 flank tumor in mice injected with
CPMV-PEG-E7p72 compared with control nanoparticles.

We observed that CPMV-PEG-E7p72 VNPs were internalized
by the tumor endothelium in what appears to be the endo-
somal compartment (Fig. 7c), which can also be observed in
the confocal images of the fixed tissue (ESI Fig. 8aft).
CPMV-PEG-E7p72 colocalized strongly with the tumor endo-
thelium (Pearson’s correlation coefficient: 0.787) 90 minutes
after administration (Fig. 7d). In contrast, no colocalization
was observed for CPMV-PEG (Pearson’s correlation coefficient:

Nanoscale, 2017, 9, 12096-12109 | 12105
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Fig. 7 CPMV-PEG-E7p72 nanoparticles bind tumor neovasculature
in vivo. (a) Real-time live intravital imaging of tumor neovasculature and
normal blood vessels using confocal microscopy. CPMV-PEG-E7p72,
but not CPMV-PEG control nanoparticle, accumulated in tumor endo-
thelium (small green arrows) over 1.5 hours. Blood vessels were labeled
with lectin rhodamine. CPMV (white), endothelium (red), and HT1080
tumor (green). Scale bar, 30 microns. (b) Quantification of the CPMV
accumulation in tumor blood vessel (region of quantification is indicated
by yellow box in (a)). (c) Magnified image from inset in (a) showing
internalization CPMV-PEG-E7p72 in vesicles of tumor endothelium
(small purple arrows). Macrophages that have taken up both nano-
particles were seen in circulation (large turquoise arrows). (d) Image
showing areas of CPMV and lectin colocalization (white). This image was
generated using ImageJ (Colocalization Finder plugin). Pearson’s coeffi-
cient demonstrating the colocalization of CPMV and lectin were
obtained from Volocity software. (e) Line profile through the tumor
endothelium shows accumulation of CPMV-PEG-E7p72, but not
CPMV-PEG nanoparticle (yellow line) in the blood vessels (red line)
1.5 hours after injection.

0.498). A line profile through the tumor endothelium high-
lights the close co-localization of CPMV-PEG-E7p72 with the
endothelial lectin labeling (Fig. 7e). In contrast, this associ-
ation was not observed with the control CPMV-PEG VNPs.
Quantitative analysis of the images of fixed tissue sections
revealed that CPMV-PEG-E7p72 was taken up in tumor
endothelium 40 times greater than the control CPMV-PEG
nanoparticle (ESI Fig. 8b¥).
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4. Discussion

Given the importance of angiogenesis in the pathogenesis of
diseases such as cancer, it would be greatly beneficial to be
able to specifically target angiogenesis for the purpose of
molecular imaging or therapy. In this work, we focused our
efforts on the novel angiogenic factor EGFL7, a protein that is
highly upregulated in angiogenic endothelium, but has not
been directly implicated in VEGF-mediated signaling. In our
search for novel ligands targeting EGFL7, we have undertaken
a stringent combinatorial peptide library screen that integrates
several complementary approaches that we developed pre-
viously.*>?° This has resulted in the discovery of a novel
peptide ligand, E7p72, with high affinity and specificity for
human EGFL7 that labels endothelial cells in an EGFL7-depen-
dent manner. To demonstrate the utility of this EGFL7-
directed ligand for molecular targeting, we have engineered
fluorescent viral nanoparticles decorated with E7p72 peptides
and evaluated their capacity to specifically label tumor neovas-
culature in two animal models. Real-time intravital confocal
imaging of human tumors in ex ovo avian embryos revealed
specific accumulation of nanoparticles in the tumor-associated
endothelium within an hour of injection, allowing for rapid
identification of the tumor neovasculature. These results
establish E7p72 as a potent targeting ligand for angiogenic
vasculature, and suggest its potential for applications in non-
invasive imaging and drug delivery strategies.

EGFL7 is an emerging therapeutic target in cancer. Given
the advent of precision medicine approaches, imaging agents
based on EGFL7 targeting ligands may be useful to predict the
efficacy of EGFL7-targeted therapies, or to monitor treatment
with these agents. A recent study in metastatic colorectal
cancer (mCRC) revealed that low expression of endothelial-
specific EGFL7 in tumor samples is significantly correlated to
better response rate to first-line chemotherapy and bevacizu-
mab, indicating that EGFL7 expression has predictive value.’*
The ability of E7p72 to detect EGFL7 in the tumor vasculature
indicates that this peptide can potentially serve as a compa-
nion diagnostic with bevacizumab. This suggests that for
patients where biopsy samples are difficult or impossible to
obtain (i.e. presence of micrometastases), whole-body imaging
of EGFL7 expression with E7p72 may provide valuable infor-
mation for deciding the most appropriate therapeutic option.
A correlation between EGFL7 expression and survival has also
been observed in patients with mCRC,>" ovarian cancer*” and
pancreatic cancer,”® highlighting the potential prognostic
value of E7p72.

We have chosen to use the viral nanoparticle platform for
our targeting studies, as these are naturally occurring nano-
materials, making them biocompatible and biodegradable
compared with other synthetic nanoparticles, which poten-
tially render them safer for use in humans.*” Viral-based nano-
technology has received significant attention over the last
decade and making major strides towards the clinic. They are
extremely robust, stable, and compatible with a broad range of
conjugation chemistries. While we have focused on the use of

This journal is © The Royal Society of Chemistry 2017
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VNPs for optical imaging in this study, other viral nano-
particles bearing iron oxide or gadolinium for magnetic reson-
ance imaging (MRI),*®*° and radioisotopes for positron emis-
sion tomography (PET) have also been described.*
Furthermore, the viral capsid can be easily modified
(either chemically or by genetic engineering) to allow for the
incorporation of a diverse range of payload (i.e. toxins or
drugs), thereby opening doors to the generation of new
therapeutics.

Over the past decade, peptides have gained extensive inter-
est because of their standard and cost-effective synthesis proto-
cols, good efficacy and safety profiles, as well as high speci-
ficity and potency.>® Currently, more than 60 peptide drugs
have been approved by the FDA, and around 400 peptides are
being evaluated in clinical trials.>® Several of these peptides
are or being developed for applications in oncology.>* Some of
the most popular anti-angiogenesis peptides include the RGD
peptide, which functions through binding the integrin ovp3
and avp5,> as well as the NGR peptide, which targets the ami-
nopeptidase N.’° Although integrins and aminopeptidase
N are overexpressed in tumor cells and their associated vascu-
lature, they are also found in several types of normal tissues
(i.e. breast, lung, kidney and skin).>>*® EGFL7 serves as a
unique marker because it is almost exclusively expressed by
remodeling endothelial cells in the vasculature system, and is
virtually absent from mature blood vessels in normal adult
tissues.” Targeting the vasculature can be advantageous
because tumor cells are genetically unstable and hetero-
geneous, and they are more difficult to target from a drug
delivery perspective. Meanwhile, the tumor-associated
endothelium is genetically stable and highly accessible for
targeting.>” EGFL7-targeted nanoparticles should provide a
robust platform for future imaging and drug delivery efforts.

5. Conclusions

In summary, angiogenesis is a dynamic process that is funda-
mental to cancer, and a high proportion of angiogenic vessels
is closely linked with poor prognosis. EGFL7 is a key mediator
of angiogenesis, and its expression is highly upregulated in
remodeling endothelium, such as in cancers. EGFL7
expression is associated with poor outcome in several cancers,
making it a promising target for imaging or therapeutic
strategies. We have described the discovery and character-
ization of a novel high-affinity EGFL7-specific peptide, called
E7p72. We have shown that E7p72 is taken up by endothelial
and tumor cells in an EGFL7-dependent manner. PET imaging
using a **Ga-labeled E7p72 radiotracer has also demonstrated
in vivo targeting of EGFL7. As assessed by intravital imaging,
viral nanoparticles decorated with E7p72 specifically accumu-
late in the tumor neovasculature in vivo. E7-p72 is, to our
knowledge, the first peptide that binds EGFL7 and targets the
remodelling endothelium. This work highlights the potential
of EGFL7 as a target for cancer imaging and opens the door
for novel molecular targeted therapeutic approaches.

This journal is © The Royal Society of Chemistry 2017
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