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Abstract Pathological angiogenesis is crucial in tumor
growth, invasion and metastasis. Previous studies dem-
onstrated that the vascular endothelial growth inhibitor
(VEGI), a member of the tumor necrosis factor superfam-
ily, can be used as a potent endogenous inhibitor of tumor
angiogenesis. Molecular probes containing the asparagine—
glycine—arginine (NGR) sequence can specifically bind to
CD13 receptor which is overexpressed on neovasculature
and several tumor cells. Near-infrared fluorescence (NIRF)
optical imaging for targeting tumor vasculature offers a
noninvasive method for early detection of tumor angio-
genesis and efficient monitoring of response to anti-tumor
vasculature therapy. The aim of this study was to develop
a new NIRF imaging probe on the basis of an NGR-VEGI
protein for the visualization of tumor vasculature. The
NGR-VEGI fusion protein was prepared from prokary-
otic expression, and its function was characterized in vitro.
The NGR-VEGI protein was then labeled with a Cy5.5
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fluorophore to afford Cy5.5-NGR-VEGI probe. Using the
NIRF imaging technique, we visualized and quantified the
specific delivery of Cy5.5-NGR-VEGI protein to subcuta-
neous HT-1080 fibrosarcoma tumors in mouse xenografts.
The Cy5.5-NGR-VEGI probe exhibited rapid HT-1080
tumor targeting, and highest tumor-to-background contrast
at 8 h post-injection (pi). Tumor specificity of Cy5.5-NGR—
VEGI was confirmed by effective blocking of tumor uptake
in the presence of unlabeled NGR-VEGI (20 mg/kg). Ex
vivo NIRF imaging further confirmed in vivo imaging find-
ings, demonstrating that Cy5.5-NGR-VEGI displayed an
excellent tumor-to-muscle ratio (18.93 £ 2.88) at 8 h pi
for the non-blocking group and significantly reduced ratio
(4.92 £ 0.75) for the blocking group. In conclusion, Cy5.5-
NGR-VEGI provided highly sensitive, target-specific,
and longitudinal imaging of HT-1080 tumors. As a novel
theranostic protein, Cy5.5-NGR-VEGTI has the potential to
improve cancer treatment by targeting tumor vasculature.

Keywords NIRF imaging - Tumor vasculature - CD13
receptor - NGR - Vascular endothelial growth inhibitor

Abbreviations

NIRF Near-infrared fluorescence

VEGI Vascular endothelial growth inhibitor
TNF Tumor necrosis factor

NGR Asparagine-glycine-arginine

APN Aminopeptidase N

TNF-o  Tumor necrosis factor-alpha

IFN Interferon

DOX Doxorubicin

NHS N-hydroxysuccinimide

DMSO  Dimethyl sulfoxide

HUVEC Human umbilical vein endothelial cell line
DMEM  Dulbecco’s Modified Eagle’s Medium
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FBS Fetal bovine serum

PBS Phosphate-buffered saline

PFA Paraformaldehyde

DAPI 4’ ,6-Diamidino-2-phenylindole
pi Post-injection

ROIs Regions of interest
Introduction

Angiogenesis is a biological process through which new
capillaries sprout from existing blood vessels (Goncalves
et al. 2005). In an adult, physiological angiogenesis only
occurs in the female reproduction or during episodes of
wound healing (Risau 1997). In contrast, pathological
angiogenesis is usually associated with numerous disease
states, including inflammation, vascular retinopathy, rheu-
matoid arthritis and cancer (Balkwill et al. 2005; Carme-
liet 2005; Coussens and Werb 2002; Hanahan and Folk-
man 1996; Lopez-Otin and Matrisian 2007). Over the past
decades, numerous anti-angiogenic agents with diverse
mechanisms of action have been developed for target-
ing tumor angiogenesis (Folkman 1971, 2006). Among
these anti-angiogenic agents, vascular endothelial growth
inhibitor (VEGI) has attracted significant research interest
(Duan et al. 2012; Zhang et al. 2009a). VEGI is a mem-
ber of the TNF superfamily (TNFSF15), which has been
identified as an endothelial cell-specific gene and a potent
endogenous inhibitor of endothelial cell proliferation,
angiogenesis and tumor growth (Zhang et al. 2009a). Pre-
vious reports demonstrated that the recombinant human
VEGI-174 remarkably suppresses the tumor cell growth
by targeting angiogenesis in vitro as well as in tumor-
bearing animal models (Zhai et al. 1999a, b). Additional
studies showed that VEGI could inhibit the growth of epi-
thelial cells and various tumor cells, including human epi-
thelial carcinoma, human histiocytic lymphoma U-937,
human breast carcinoma MCF-7, murine colon cancer
cells MC-38, and human myeloid lymphoma ML-1la
(Haridas et al. 1999; Parr et al. 2006; Xiao et al. 2005).
The power of VEGI for tumor cell inhibition was further
demonstrated on the motility and adhesion of bladder
cancer cells and prostate cancer cells (Zhang et al. 2010,
2009b). In a clinical study, Parr et al. found that breast
cancer patients with reduced levels of VEGI had higher
local recurrence, shorter survival time, and poorer progno-
sis than those with high levels of VEGI (Parr et al. 2006).
Therefore, VEGI was considered as one of the most prom-
ising anticancer agents by suppressing neovascularization.
However, the limited source of natural VEGI hampers its
translation into clinical studies, leading to an alternative
approach by generating the analogs of recombinant VEGI
(Duan et al. 2012).
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While the application of recombinant VEGI showed the
promise for cancer therapy, most of new VEGI analogs suf-
fer from low tumor specificity, causing adverse side effects
(Duan et al. 2012). CD13 receptor, also named as amin-
opeptidase N (APN), is a zinc dependent membrane-bound
ectopeptidase, which has been identified as a critical regula-
tor of angiogenesis (Bhagwat et al. 2001) where its expres-
sion on activated blood vessels is induced by angiogenic
signals (Guzman-Rojas et al. 2012). We and others have
showed that the peptide or protein containing the aspara-
gine-glycine-arginine (NGR) sequence can specifically
bind to tumors where the overexpression of CD13 receptor
was identified (Petrovic et al. 2007; Pasqualini et al. 2000;
von Wallbrunn et al. 2008; Westphal et al. 2013; Zhang
et al. 2005). Some elegant studies also showed that anti-
cancer drugs, such as tumor necrosis factor-alpha (TNF-a),
interferon (IFN), and doxorubicin (DOX), after conjugation
with the NGR motif, could be precisely delivered to neoan-
giogenic sites for tumor imaging and therapy (Chen et al.
2013; Meng et al. 2007; Sacchi et al. 2004; Westphal et al.
2013). Taken together, we hypothesize that an approach
which combines VEGI with CD13-targeted NGR sequence
may improve the tumor specificity of VEGI, and offer a
novel biomaterial for targeting tumor vasculature.

The molecular medicine revolution is being enabled by
molecular imaging, which is making cancer treatment more
predictive, personalized, and responsive. In the past decade,
significant advances have been made in the field of cancer
molecular imaging for both preclinical and clinical research
(Weissleder 2006). The beauty of molecular imaging tech-
niques comes from their intrinsic capabilities to noninva-
sively visualize, characterize, and measure the changes of
biological functions associated with disease progression
at the molecular and cellular levels (Chen and Conti 2010;
Chen and Chen 2010, 2011; Xing et al. 2014). Anticancer
agents after appropriate conjugation with imaging moie-
ties (Chen and Chen 2010) can be utilized as theranostics,
combining both therapeutic and diagnostic capabilities in
one dose, which has the potential to overcome undesirable
differences in biodistribution and selectivity that currently
exist between distinct imaging and therapeutic agents
(Kelkar and Reineke 2011). Consequently, the theranostic
agents may open up new opportunities to image and moni-
tor the diseased tissue, delivery kinetics, and drug efficacy
with the long-term expectation to ultimately optimize the
treatment plan.

The specific aims of this study are to (1) prepare an
NGR-VEGI fusion protein from prokaryotic expression,
(2) characterize the in vitro function of the NGR-VEGI
protein, (3) conjugate the NGR-VEGI protein with a Cy5.5
fluorophore, and (4) evaluate tumor-targeting efficacy and
pharmacokinetics of the resulting Cy5.5-NGR-VEGI probe
(Fig. 1) in tumor-bearing mice. Using the NIRF imaging



NIRF imaging-guided delivery of tumor

2723

Cy5.5-NGR-VEGI

Fig. 1 Schematic structure of the Cy5.5-NGR—VEGI fusion protein

technique, the in vivo specific delivery of Cy5.5-NGR-
VEGI protein to HT-1080 tumors in mouse xenografts was
visualized and quantified.

Materials and methods
General

All chemicals (reagent grade) were obtained from com-
mercial suppliers and used without further purifica-
tion. The monomeric NGR peptide [CNGRC; disulfide
Cys:Cys = 1-5] was purchased from C S Bio, Inc. (Menlo
Park, CA, USA). The bacterial culture reagents and anti-
biotics were obtained from the Sangon Biotech (Shanghai,
China). Cy5.5 monofunctional NHS ester (Cy5.5-NHS)
and PD-10 column were purchased from GE Healthcare
(Piscataway, NJ, USA).

Production of NGR-VEGI fusion protein

The NGR-VEGI expressed plasmid pET28a-NGR-VEGI
was constructed according to a procedure described pre-
viously (Studier 2005). In brief, the cDNA coding region
for NGR-VEGI (human VEGI fused with the N terminus
of CNGRCVSGCAGRC motif) was obtained by PCR engi-
neering of a plasmid containing the VEGI cDNA sequence,
using the following primers: 5-ACCATATG GTATACA
CGTTGCCG-3’ (5'primer); 5'-GTCTCGAGTTAGAGCAG
AAACGC-3’ (3'primer). The primer sequences were
designed to include the Ndel and Xhol restriction sites for
PCR cloning into a prokaryotic expression vector pET28a
(Novagen, Darmstadt, Germany). The purification of
NGR-VEGI protein was performed according to a stand-
ard method (Biomics Biotechnologies Co., Jiangsu, China)

using a combination of Origami B (DE3) strain, autoinduc-
tion expression system, and affinity chromatography. The
purified NGR-VEGI protein was examined using reducing
SDS—PAGE (12 % separation gel).

Labeling of NGR-VEGI with Cy5.5 fluorophore

NGR-VEGI (0.5 mg, 0.024 pwmol) was dissolved in 150
KL of sodium borate buffer (0.02 M, pH 8.5) and mixed
with Cy5.5-NHS (0.027 mg, 0.024 pmol) in 5 pL of
DMSO. The mixture was stirred at room temperature in
the dark for 2 h, and then purified by PD-10 column. The
desired Cy5.5-NGR-VEGI protein was collected, lyophi-
lized, and stored at —20 °C in the dark until use (0.45 mg,
yield: 86 %).

Cell line and culture condition

Human fibrosarcoma cell line (HT-1080) and human umbil-
ical vein endothelial cell line (HUVEC) were obtained from
the American Type Culture Collection (ATCC, Manassas,
VA, USA). HT-1080 and HUVEC cells were grown in Dul-
becco’s Modified Eagle’s Medium (DMEM) (USC Cell
Culture Core, Los Angeles, CA, USA) supplemented with
10 % fetal bovine serum (FBS), penicillin and streptomycin
(100 U/mL) at 37 °C in humidified atmosphere containing
5 % CO.,.

Flow cytometry

HUVEC was seeded in 60 mm plates at a density of
2.0 x 10° cells per well 24 h prior to the experiment. The
cells were then incubated for 12 h with vector control,
NGR peptide (20 nM), VEGI protein (20 nM), and purified
NGR-VEGI protein (20 nM), respectively. After washing
with phosphate-buffered saline (PBS) three times, the cells
were incubated with 500 wL of binding buffer containing
FITC-Annexin V and propidium iodide (PI) in the dark for
15 min at room temperature, according to the manufac-
turer’s instructions (Beyotime Co., Shanghai, China). The
cells were analyzed by a flow cytometer (FACSCalibur
flow cytometer, Becton—Dickinson, San Jose, CA, USA)
using a double FITC-Annexin V/PI staining approach.

Absorption and emission spectra

The absorption spectrum of Cy5.5-NGR-VEGI protein
was recorded on a Cary 14 UV-Vis spectrometer (Bogart,
GA, USA). The spectrum was scanned from 550 to 800 nm
with an increment of 1 nm. The fluorescence emission of
Cy5.5-NGR-VEGI was measured using a Shimadzu RF-
5301PC spectrofluorophotometer (Columbia, MD, USA),
and the spectrum was scanned from 550 to 800 nm with an
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increment of 1 nm. The wavelength of excitation light was
set at 650 nm.

In vitro fluorescence imaging of Cy5.5-NGR-VEGI

HT-1080 cells were grown in chamber slides (VWR Cor-
porate, Radnor, PA, USA) with a density of 5 x 10%well
for 24 h. After washing with serum-free DMEM medium
for 3 min, the cells in each well were fixed with 4 % para-
formaldehyde (PFA) for 10 min, and then washed with
serum-free DMEM medium (3 times, 3 min/wash). The
HT-1080 cells were incubated with 2 uM of Cy5.5-NGR-
VEGI protein in 200 pL of serum-free DMEM medium at
37 °C in the dark for 30 min, followed by the PBS wash (3
times, 5 min/wash). For the blocking group, the HT-1080
cells were co-incubated with 2 pM of Cy5.5-NGR-VEGI
protein and 2 mM of unlabeled NGR peptide. The cham-
ber slides were then mounted with a DAPI (4/,6-diamidino-
2-phenylindole) containing mounting medium, and placed
under a Zeiss LSM 510 confocal laser scanning microscope
(Carl Zeiss Microscopy, LLC, Thornwood, NY, USA).

Animal model

All animal procedures were performed according to a pro-
tocol approved by University of Southern California Insti-
tutional Animal Care and Use Committee. Female athymic
nude mice (about 4-6 weeks old, with a body weight of
20-25 g) were obtained from Harlan Laboratories (Liv-
ermore, CA, USA). The HT-1080 tumor xenografts were
generated by subcutaneous injection of 5 x 10° HT-1080
cells suspended in 50 L of cell culture media and 50 nL
of BD Matrigel (BD Biosciences, San Jose, CA, USA)
into the right shoulder of mice. The cells were allowed to
grow 2 weeks until tumors were 200-300 mm® in volume.
Tumor growth was measured using caliper measurements
in orthogonal dimensions.

In vivo and ex vivo NIRF imaging

In vivo fluorescence imaging was performed using the IVIS
Imaging System 200 Series and analyzed using the IVIS
Living Imaging 4.4 software (PerkinElmer Inc., Alam-
eda, CA, USA). A Cy5.5 filter set was used to acquire
the fluorescence of Cy5.5-NGR-VEGI protein. Identical
illumination settings (lamp voltage, filters, f/stop, field of
views, binning) were used to acquire all images. Fluores-
cence emission images were normalized and reported as
photons per second per centimeter squared per steradian
(p/s/cm?/sr). The mice in the non-blocking group (n = 6)
received 1.5 nmol of Cy5.5-NGR—-VEGI intravenously and
subjected to optical imaging at various time points post-
injection (pi). The mice in the blocking group (n = 6) were
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injected with a mixture of Cy5.5-NGR-VEGI (1.5 nmol)
and NGR-VEGI protein (20 mg/kg). All near-infrared fluo-
rescence images were acquired using 1 s exposure time (f/
stop = 4). Animals were anesthetized by inhalation of 2 %
isoflurane during NIRF imaging. Mice from the non-block-
ing group (n = 3) and the blocking group (n = 3) were
euthanized at 8 h pi. The tumors, tissues, and organs were
dissected and subjected to ex vivo fluorescence imaging.
Fluorescence intensities of tumor and organs were quanti-
fied using regions of interest (ROIs) that encompassed the
entire organ. The mean fluorescence for each sample was
reported.

Statistical analysis

All the data were presented as mean + standard deviation
(SD) of n independent measurements. Statistical analysis
was performed with a Student’s ¢ test. Statistical signifi-
cance was assigned for P values <0.05. To determine tumor
contrast, mean fluorescence intensities of the tumor (T)
area at the right shoulder of the animal and of the normal
tissue (N) at the surrounding tissue were calculated using
the region-of-interest (ROI) function of the IVIS Living
Image 4.4 software. Dividing T by N yielded the contrast
between tumor and normal tissue.

Results

Production and characterization of NGR-VEGI fusion
protein

The NGR-VEGI fusion protein was successfully pre-
pared through a protein expression system using Origami
B (DE3) host strains. The reducing SDS-PAGE results
showed that the NGR-VEGI protein expression can-
not be identified without IPTG induction (Fig. 2, Lane
2), whereas a high yield of NGR-VEGI protein expres-
sion can be induced with 0.5 mM of isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 37 °C for 4 h (Fig. 2, Lane
3). A predominant NGR-VEGI fusion protein with a total
of 186 amino acids was detected as a single band (corre-
sponding to the expected molecular weight =21 kDa). The
subsequent purification can be achieved with a high degree
of purity for the target NGR-VEGI fusion protein (Fig. 2,
Lane 4).

Flow cytometry analysis of cell apoptosis induced
by NGR-VEGI protein

The inhibitory effect on the growth of HUVEC cells by
NGR-VEGI protein was determined using flow cytom-
etry analysis with a double FITC-Annexin V/PI staining
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Fig. 2 SDS-PAGE analysis of NGR-VEGI fusion protein, showing
NGR-VEGI expression is dependent on the IPTG induction. Lane
1: Molecular weight markers. Lane 2: Induction without IPTG. Lane
3: Induction with IPTG, expected MW = 21 kDa. Lane 4: purified
NGR-VEGI fusion protein, expected MW = 21 kDa

approach. Following treatment with vector control, NGR
peptide (20 nM), VEGI protein (20 nM), and NGR-VEGI
protein (20 nM), respectively, in proliferating HUVEC,
the apoptotic HUVEC population was sorted out as indi-
cated by the FITC-Annexin V positive staining. As shown
in Fig. 3, the endothelial apoptosis induced by the NGR—
VEGI protein (24.21 %) was significantly higher than that
induced by the vector control (1.13 %) or NGR peptide
(2.91 %), and larger than that induced by the VEGI protein
only (22.54 %). The data suggested that the NGR-VEGI
fusion protein produced from the IPTG induction expres-
sion system capitalizes the functionality of VEGI protein.

Spectrofluorophotometer of Cy5.5-NGR-VEGI

The absorption and fluorescence emission spectra of
the Cy5.5-NGR-VEGI protein are shown in Fig. 4. The

Vector Control NGR
"10.40% 035%  0.53% 0.47%
zel o EEd s
Pl o 1.13%| « 2.91%
100 101 102 103 104 ‘100 101 102 103 104

Annexin V-FITC
Annexin V —>

Annexin V-FITC

Fig.3 Flow cytometry analysis of apoptosis induced by purified
NGR-VEGI protein (20 nM) in proliferating HUVEC as compared
to vector control, NGR peptide (20 nM), and VEGI protein (20 nM).
Double FITC-Annexin V/PI negative cells indicate the live cell popu-

Em max
at 693 nm

[T

Abs max
at 673 nm
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Fig.4 Absorption and emission fluorescence spectra of Cy5.5-
NGR-VEGI fusion protein

maximum absorption and fluorescence emission wave-
length of the Cy5.5-NGR-VEGI was determined to be 673
and 693 nm, respectively.

Binding specificity of Cy5.5-NGR-VEGI

To determine the CD13 binding specificity and subcel-
lular localization of Cy5.5-NGR-VEGI, the probe was
incubated with CD13-positive HT-1080 tumor cells, and
laser confocal microscopic imaging was carried out after
30 min incubation at 37 °C. Intensive fluorescent signal
was observed from the membrane of HT-1080 cells, and
some fluorescent signals were also found to be in the cyto-
plasm of the cells (Fig. 5, top). In addition, the fluores-
cent signal from the cells could be significantly reduced
by incubation of the HT-1080 cells with large excess of
the unlabeled NGR-VEGI protein (Fig. 5, bottom), indi-
cating that Cy5.5-NGR-VEGI specifically binds to CD13
receptor.

VEGI NGR-VEGI

0.32% . 1.18%

104

104

0.47% . 0.51%

108
108

PI
102
PI
10

101
101

24.21%
101 102 108 104
Annexin V-FITC

22.54% -,

105 104 T100

100

0°

10!
Annexin V-FITC

102

lation, whereas FITC-Annexin V positive cells indicate the apoptotic
population and FITC-Annexin V/PI double-positive cells indicate the
necrotic population
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Cy5.5-NGR-VEGI

DAPI Merge

HT-1080 cells
(CD13+)
Non-blocking
i — —

HT-1080 cells
(CD13+)
Blocking
— — —

Fig.5 Confocal microscopy results of Cy5.5-NGR-VEGI with
HT-1080 cells (CDI13 positive) (Magnification: 100x; scale bar
20 pum). The blocking study can be achieved by adding unlabeled
NGR-VEGI protein. Top: Incubation of Cy5.5-NGR-VEGI (2 uM)

Tumor-specific delivery of Cy5.5-NGR—VEGI monitored
by in vivo fluorescence imaging

To ascertain the tumor-specific delivery of Cy5.5-NGR-
VEGI, NIR fluorescence images of nude mice bear-
ing subcutaneous HT-1080 tumor were acquired after
intravenous injection of 1.5 nmol of Cy5.5-NGR-VEGI
(Fig. 6a). Good contrast to background tissue of Cy5.5-
NGR-VEGI in HT-1080 tumors can be visualized after
4 h pi, and highest tumor-to-background contrast was
observed at 8 h pi. Fluorescence intensities in HT-1080
tumor and muscle were plotted as a function of time
(Fig. 6b). The HT-1080 tumor uptake reached a maximum
at 6 h pi and slowly washed out over time. In contrast,
the normal tissue had faster probe binding and washout.
The overall uptake of Cy5.5-NGR-VEGI in muscle was
significantly lower as compared to HT-1080 tumor during
24 h study period.

The CD13 specificity of Cy5.5-NGR-VEGI was veri-
fied by a blocking experiment. For the blocking group,
each HT-1080 tumor-bearing mouse was intravenously
co-injected with 1.5 nmol of Cy5.5-NGR-VEGI and unla-
beled NGR-VEGI (20 mg/kg), whereas mice in the non-
blocking group were injected with 1.5 nmol of Cy5.5-
NGR-VEGI only. The results showed that the unlabeled
NGR-VEGI protein significantly reduced HT-1080 tumor
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with HT-1080 cells; Bottom: Incubation of Cy5.5-NGR-VEGI
(2 uM) with HT-1080 cells blocked by unlabeled NGR-VEGI protein
(2 mM)

uptake and tumor contrast at all imaging time points. The
optical images of HT-1080 tumor-bearing mice at 8 h pi
from the non-blocking and blocking group are presented in
Fig. 7a. Tumor contrast as quantified by the ROI analysis of
images indicated that the tumor-to-muscle value at 8 h pi
was reduced from 14.98 £ 2.48 to 3.51 £ 0.85 (P < 0.05)
(Fig. 7b).

Tumor-specific delivery of Cy5.5-NGR-VEGI confirmed
by ex vivo fluorescence imaging

The results from ex vivo imaging were consistent with
in vivo findings. Ex vivo evaluation of excised organs
showed that Cy5.5-NGR-VEGI was predominantly taken
up by the HT-1080 tumor at 8 h pi in the non-blocking
group (Fig. 8a), as observed in the results of in vivo
imaging. Aside from the HT-1080 tumor, liver uptake of
Cy5.5-NGR-VEGI remained higher than the amounts
measured in other major organs. Co-injection of Cy5.5-
NGR-VEGI with unlabeled NGR-VEGI protein reduced
the overall probe uptake, and the HT-1080 tumor uptake
of Cy5.5-NGR-VEGI was not noticeable in the block-
ing group as compared to that in non-blocking group
(P < 0.05) (Fig. 8b), suggesting the target specificity of
Cy5.5-NGR-VEGI. Based on quantitative analysis of
ex vivo imaging, the contrast ratios of tumor to normal
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Fig. 6 a Time-course fluores-
cence imaging of subcutaneous
HT-1080 tumor-bearing nude
mice (n = 6) after intravenous
injection of 1.5 nmol of Cy5.5-
NGR-VEGI. The tumor can be
clearly visualized as indicated
by arrows. b Quantification
and kinetics of in vivo targeting
character of Cy5.5-NGR-VEGI
in HT-1080 tumor vs. muscle.
The Cy5.5-NGR-VEGI uptake
in HT-1080 tumor at various :
time points was significantly oh 1h
higher than that in muscle.
Error bar was calculated as the
standard deviation (n = 6)

8h 12h

5.00E+09 1

4.00E+09 1

3.00E+09 -

2.00E+09 -

Fluoresence Intensity
[p/sicm?/sr]

1.00E+09 A

0.00E+00 T

4.0

3.9

3.8

x109
3.7

3.6

3.5
p/sicm?/sr

20 h 24 h

—&— Tumor
—® -Muscle

0

organs for non-blocking and blocking groups were calcu-
lated (Fig. 8c). The tumor-to-muscle ratio of Cy5.5-NGR—
VEGI at 8 h pi in the non-blocking and blocking group
was determined to be 18.93 &+ 2.88 and 4.92 £ 0.75,
respectively. In addition, the tumor-to-liver and tumor-
to-kidney ratio of Cy5.5-NGR-VEGI at 8 h pi in the
non-blocking group was calculated to be 0.86 £+ 0.12
and 2.58 + 0.34, respectively, whereas the correspond-
ing values in the blocking group were 0.29 £ 0.35 and
0.86 % 0.55, respectively.

Time after injection (hr)

Discussion

Near-infrared fluorescence optical imaging offers a noninva-
sive method for studying diseases at molecular level in liv-
ing subjects (Kobayashi et al. 2010; Tung 2004; Weissleder
and Mahmood 2001). As an excellent complement to nuclear
imaging techniques, optical imaging, which uses neither ion-
izing radiation nor radioactive materials, is relatively inexpen-
sive, highly sensitive, robust, and straightforward (Chen et al.
2004a). Recent advances in the field of molecular imaging
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Fig. 7 a Representative fluorescence imaging (at 8 h pi) of mice
bearing HT-1080 tumor on the right shoulder, demonstrating blocking
of Cy5.5-NGR-VEGI (1.5 nmol) uptake by co-injection with NGR—
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VEGI (20 mg/kg). The tumors are indicated by arrows. b Fluores-
cence intensity ratio of tumor-to-muscle based on the ROI analysis.
Error bar was calculated as the standard deviation (n = 6)
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Fig.8 a Ex vivo imaging of tumor and normal tissues of Cy5.5-
NGR-VEGI after euthanizing the mice at 8 h pi; / Blood, 2 Heart,
3 Lung, 4 Pancreas, 5 Liver, 6 Tumor, 7 Kidneys, 8 Intestine, 9
Stomach, /0 Spleen, and // Muscle. b ROI analysis of ex vivo flu-
orescence intensity of major tissues with (blocking) and without
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(non-blocking) co-injection of NGR-VEGI protein (20 mg/kg). ¢
Fluorescence intensity ratio of tumor-to-normal tissue based on the
ROI analysis. Error bar was calculated as the standard deviation
(n=3)
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have demonstrated that NIRF optical imaging can provide a
unique opportunity to quantitatively evaluate the important
biological targets, including cell surface receptors (Achilefu
et al. 2000, 2002; Chen et al. 2004a; Cheng et al. 2005; Ke
et al. 2003), intracellular enzymes (Mahmood and Weissleder
2003; Tung et al. 2004; Weissleder et al. 1999), and antigens
(Moore et al. 2004). It is expected that NIRF optical imag-
ing will make a significant impact in better understanding of
the biology, early detection of disease, monitoring therapy
response, and guiding drug discovery and development (Chen
et al. 2012; Li et al. 2014; Zhang et al. 2013). For instance,
bevacizumab, a humanized monoclonal antibody targeting
VEGE, was conjugated to AlexaFluor 750 to provide the bev-
acizumab-AlexaFluor 750 probe (Paudyal et al. 2014). The
optical imaging showed that bevacizumab-AlexaFluor 750
probe has great potential for noninvasive imaging of VEGF
expression in HT29 colorectal cancer xenografts.

It has been documented that VEGI represents a potent
endogenous inhibitor of angiogenesis. In endothelial cells,
VEGI is usually functional to mediate two biological activ-
ities, i.e., (a) early G1 arrest in GO/G1 cells responding to
growth stimuli, and (b) programmed death in proliferating
cells (Yu et al. 2001). The ability of inducing apoptosis of
endothelial cells by VEGI has been described as a puta-
tive mechanism through the activation of c-Jun N-terminal
kinase (Haridas et al. 1999). Distinguishable splicing iso-
forms of VEGI have been discovered, namely, VEGI-174,
VEGI-251, and VEGI-192, which differ in their N-terminal
regions while sharing an identical C-terminal 151-residue
segment (Hou et al. 2005; Zhai et al. 1999a). Chen et al.
produced thVEGI-192 with high yield, and demonstrated
that the anti-angiogenic activity of rhVEGI-192 likely
results from its capability of forming a polymeric struc-
ture (Chen et al. 2010). In addition, ectopic expression of
VEGI-251 in tumor cells causes apoptosis of endothelial
cells in tumor vasculature, reduction of microvessel den-
sity, and inhibition of tumor growth (Chew et al. 2002;
Migone et al. 2002; Bamias et al. 2003). Overall, VEGI is
one of the most promising anticancer agents through sup-
pressing neovascularization. However, the limited source of
natural VEGI prevents its translation into clinical studies.
There is an increasing demand of developing the analogs of
recombinant VEGI to fulfill this urgent medical need.

Theranostic biomaterials embrace the hope to propel the
biomedical field toward personalized medicine by deliver-
ing diagnostic imaging agents and therapeutic drugs in one
package. In our previous study, we developed several NGR-
containing imaging probes which exhibit excellent binding
affinity to CD13 receptor, a critical regulator of angio-
genesis (Chen et al. 2013). The motivation of developing
a theranostic biomaterial reserving biological features of
both NGR peptide and VEGI protein leads us to the design
of a fluorophore-containing NGR—VEGI fusion protein. In

this study, we prepared a novel NGR-VEGI fusion pro-
tein from prokaryotic expression. Our data showed that
the expression of NGR—VEGI protein must be induced by
IPTG (Fig. 2). A predominant NGR-VEGI fusion protein
can be detected as a single band with the expected molecu-
lar weight (21 kDa) using reducing SDS-PAGE. The bio-
logical function of newly prepared NGR-VEGI protein was
determined based on the inhibition of HUVEC cell growth
using flow cytometry analysis. As shown in Fig. 3, the treat-
ment with NGR-VEGI protein resulted in the significant
apoptosis of HUVEC, which was higher than that induced
by the vector control, NGR peptide, and VEGI protein only.
This result suggested that the newly developed NGR-VEGI
fusion protein maintains the functionality of VEGI protein.
We further demonstrated the in vivo therapeutic effect of
NGR-VEGI fusion protein (unpublished data). To the best
of our knowledge, our work is the first report on expression
and purification of a biologically active NGR—VEGI fusion
protein. After successfully obtaining the NGR-VEGI
fusion protein, we conjugated the protein with a fluorescent
CyS5.5 dye, a widely used and commercially available NIR
probe. The newly constructed Cy5.5-NGR-VEGI protein
exhibited good NIR property with the maximum absorption
and emission wavelength at 673 nm and 693 nm, respec-
tively (Fig. 4). Cy5.5-NGR-VEGI was then subjected to
in vitro characterizations. The confocal microscopy results
clearly demonstrated the target specificity of Cy5.5-NGR-
VEGI. Interestingly, except for the cell surface binding, the
intracellular localization of Cy5.5-NGR-VEGI in HT-1080
cells was also examined (Fig. 5). One possible explanation
is that the fluorescence dye motif increases lipophilicity of
the probe and thus facilitates ligand internalization. Never-
theless, the mechanism of cellular internalization of Cy5.5-
NGR-VEGI requires further investigation.

To examine its tumor targeting efficacy, Cy5.5-NGR-
VEGI was evaluated in the subcutaneous HT-1080 fibro-
sarcoma mouse xenografts. In vivo optical imaging stud-
ies showed that the Cy5.5-NGR-VEGI exhibited excellent
tumor-to-background contrast at 8 h pi in the non-blocking
group (Fig. 6). Cy5.5-NGR-VEGI also displayed decent
tumor retention. The washout of Cy5.5-NGR-VEGI in
tumor was much slower than normal tissues, leading to
excellent tumor-to-normal tissue contrast between 8 and
20 h pi. A blocking experiment was achieved by co-injec-
tion of Cy5.5-NGR-VEGI with unlabeled NGR-VEGI
protein (20 mg/kg). Significant reduced tumor uptake
(P < 0.05) of Cy5.5-NGR-VEGI was observed for the
blocking group vs. the non-blocking group at 8 h pi (Fig. 7),
indicating Cy5.5-NGR-VEGI is a CD13-specific probe.
Ex vivo NIRF imaging confirmed in vivo findings, show-
ing that Cy5.5-NGR-VEGI was predominantly taken up
by the HT-1080 tumor at 8 h pi in the non-blocking group
(Fig. 8). The HT-1080 tumor uptake of Cy5.5-NGR-VEGI
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in the blocking group was significantly lower than that in
non-blocking group (P < 0.05), further suggesting the tar-
get specificity of Cy5.5-NGR-VEGI. Based on quantitative
analysis of ex vivo imaging, the excellent tumor-to-muscle
contrast ratio of Cy5.5-NGR-VEGI was calculated to be
18.93 £ 2.88 at 8 h pi.

Aside from the high HT-1080 tumor uptake, liver uptake
of Cy5.5-NGR-VEGI was observed in ex vivo NIRF
images, suggesting that the excretion route of Cy5.5-NGR-
VEGI may be partially through the hepatic pathway. To
further optimize the pharmacokinetics of NGR-VEGI pro-
tein, the liver uptake issue could conceivably be improved
by appropriately incorporating hydrophilic elements into
NGR-VEGI protein (Chen and Chen 2010). For example,
Mario et al. performed chemical modifications of the most
active VEGF-derived cyclopeptide (cyclo-VEGI). Hydro-
philic linkers were synthesized and coupled to cyclo-VEGI.
The results turned out that the chemical modifications
enhanced the biological activity of cyclo-VEGI as meas-
ured in competition assays. In addition, ligand multimeriza-
tion has been proved to be an effective approach by increas-
ing the binding affinity of the ligand to its biological target
and consequently reducing the non-specific binding of the
ligand. For instance, others have reported that multimeric
RGD peptide with repeating cyclic RGD units significantly
enhanced the binding affinity of RGD ligand to integrin
a, B receptor due to multivalency effect (Chen et al. 2004b;
Dijkgraaf et al. 2011; Jacobson et al. 2011). Recently, we
also demonstrated that the binding affinity of dimeric NGR
peptide to CD13 receptor is higher than that of monomeric
NGR peptide (Chen et al. 2013; Westphal et al. 2013). The
approach of employing multivalency effect enhances the
“local ligand concentration” in the vicinity of the receptor,
leading to a faster rate of receptor binding or a slower rate
of dissociation of ligand from the target. In the future work,
we may incorporate multimeric NGR units into the NGR—
VEGI fusion protein to further enhance the target specific-
ity of protein. Furthermore, our research plan also includes
the development of NGR—VEGI containing nanoparticles
(Xing et al. 2014). Based on the results demonstrated in
this study, we envision that NGR—VEGI containing nano-
particles with large surface-to-volume ratio may offer new
opportunities on developing novel NGR-VEGI based bio-
materials for targeting tumor vasculature.

Conclusions

We successfully prepared a novel NGR—VEGI fusion pro-
tein, which offers improved functions for targeting tumor
vasculature as compared to NGR peptide or VEGI protein.
Our study further demonstrated that the specific deliv-
ery of NGR-VEGI protein in HT-1080 tumors can be
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longitudinally visualized and accurately quantified using
NIRF imaging technique with a Cy5.5-labeled NGR-VEGI
protein. As a novel theranostic protein, Cy5.5-NGR-VEGI
has the potential to improve cancer treatment by targeting
tumor vasculature.
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