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Abstract: Upregulation of vascular endothelial growth factor (VEGF) expression can inhibit
intimal thickening after vascular injury. However, the lack of efficient gene delivery systems leads
to insufficient VEGF expression, which prevents its application in gene therapy. In the present study,
to improve the delivery of the plasmid vector with the VEGF gene (pVEGF165) to the injured
vessel wall, we explored the potentially important difference between endothelial cell-targeted
and nontargeted polymeric carriers. The o B, integrin is overexpressed on activated endothelial
cells but not on normal quiescent vessels. In this study, CDG2-cRGD, synthesized by conjugating
an o 3, integrin-binding cyclic arginylglycylaspartic acid (c(RGD) peptide with the Generation 2
polycation polyamidoamine (PAMAMG?2)-g-cyclodextrin (termed as CDG2), was developed as
a targetable carrier. It was observed that the specific integrin—ligand interactions greatly enhanced
cellular internalization of CDG2-cRGD in human umbilical vein endothelial cells (HUVECs), which
are notoriously difficult to transfect. Consequently, HUVECs were found to show remarkably high
levels of VEGF165 expression induced by the CDG2-cRGD polyplex. Interestingly, VEGF165
overexpression in vivo was more complex than that in vitro, and in vivo assays demonstrated that
the stimulus response to balloon injury in arteries could obviously upregulate VEGF165 expres-
sion in the saline-treated group, although it was not enough to prevent intimal thickening. In gene-
transfected groups, intravascular delivery of pVEGF 165 with the CDG2-cRGD polyplex into rabbits
after vascular injury resulted in a significant inhibition of intimal thickening at 4 weeks, whereas
the low therapeutic efficacy in the nontargeted CDG2-treated group was only comparable to that in
the saline-treated group. It is becoming clear that the conflicting results of VEGF165 gene therapy
in two gene-transfected groups are reflective of the pivotal role of the cRGD-conjugated carriers
in achieving the beneficial therapeutic effects of vascular gene therapy.
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Introduction

Gene therapy holds great promise in treating presently incurable human diseases, such
as cancer,' cardiovascular disease,>® and neurodegenerative disorders.* The number
of approved Phase I/Il gene therapy clinical trials is steadily increasing, but the lack
of safe and efficient gene delivery systems still prevents it from becoming a broadly
acceptable therapy.’ Polycations comprise a leading class of nonviral gene delivery
carriers mostly because of their immense molecular diversity and potential for surface
biofunctionalization,® which is able to tune the physicochemical properties to make
them suitable for overcoming various delivery barriers such as cellular internalization
and endosomal escape.” However, compared with viral carriers, insufficient transfection
efficiencies of the polycation gene delivery systems remain their Achilles’ heel.® The
clinical applicability of polycation-mediated gene delivery is mostly limited by a lack
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of specificity and relatively low transport efficiency across the
cellular barriers.’ Thus, achieving target-specific and highly
efficient in vivo gene delivery is crucial to potently augment
clinical effectiveness.

Compared to cell culture application, in vivo polycation-
mediated gene delivery faces a variety of additional obstacles,
such as anatomical size constraints, interactions with biologi-
cal fluids and extracellular matrix, and binding to a broad
variety of nontarget cell types.!? Various strategies have been
developed to improve the efficiencies of polycation-mediated
gene delivery in vivo. To overcome nonspecific binding
of the negatively charged endogenous serum proteins and
consequently the rapid clearance by the reticuloendothelial
system (RES), the antifouling polymer polyethylene glycol
(PEG) is widely used for surface modifications.!! However,
the PEGylation of the polycation results in compromised
transfection efficiency, also known as the PEG dilemma.!?
PEGylated polyplex is associated with lower cellular uptake
and dissociates during passage through the liver, which is
not desirable for systemic applications.'*!'* To improve the
specificity, ligand conjugation is introduced to provide more
accurate delivery of the therapeutic reagents into diseased
cells.'> However, few ligand-conjugated formulations for
systemic administration have reached clinical trials and, to
date, none have been clinically approved by the US Food and
Drug Administration (FDA).!¢ Bartlett et al'” demonstrated
that transferrin-targeted small interfering RNA (siRNA)
nanoparticles did not increase the biodistribution and tumor
localization but enhanced the cellular internalization of the
siRNA. Kirpotin et al'® also demonstrated that immunolipo-
somes conjugated to anti-human epidermal growth factor
receptor 2 (HER2) monoclonal antibody fragment did not
increase the tumor localization in HER2-overexpressing
breast cancer xenografts but showed up to sixfold greater
intracellular uptake in target cells. These results suggested
that existing ligand-conjugated formulations do not seem to
exactly surmount extracellular barriers in the human body."
Nevertheless, the ligand-conjugated delivery systems provide
benefits in terms of cell internalization on arriving at their
target cells.?” Because systemic delivery remains one of
the biggest challenges in clinical gene therapy, local gene
delivery has been an attractive consideration when the target
sites are locally confined or readily accessible, such as eyes,
lung, and other organs. Local administration can avoid or
delay RES uptake, reduce systemic toxicity, provide organ
specificity, and help the delivery system reach the target
cells.?! Recently, local gene delivery systems have yielded
promising results, some of which are currently undergoing
testing in clinical trials.?

Vascular endothelial growth factor (VEGF) is an impor-
tant angiogenic factor. One of its key functions is stimulating
vasculogenesis and angiogenesis.? Therapeutic application
of VEGF has been shown to be capable of promoting reen-
dothelialization and inhibiting intimal thickening in in vivo
models of vascular injury that resembles balloon angioplasty-
induced injury.** Angioplasty is commonly used to open
narrowed or blocked blood vessels throughout the body
for treating the conditions associated with peripheral artery
disease, coronary artery disease, carotid artery stenosis, and
renal vascular hypertension. The procedure is performed to
open narrowed or blocked arteries by inflating a balloon.?
However, the balloon induces acute mechanical arterial
injury during expansion and then triggers restenosis. Rest-
enosis is a relatively frequent complication after angioplasty.
Upregulation of VEGF expression has great potentials to treat
restenosis. The VEGF gene can stimulate endothelial cell
proliferation at the site of injury, which protects the vascular
wall against excessive proliferation of the vascular smooth
muscle cells and consequently inhibits intimal thickening,
which is the most important cause of restenosis.?*?’

The o B, integrin is one of the key cell surface receptors
that are overexpressed on the cell surface of activated endothe-
lial cells but not on normal blood vessels.?® Several reports
have certified that cyclic arginylglycylaspartic acid peptides
(cRGD) have high affinity and selectivity for o 3, integrin.*
Thus, injury-activated endothelial cells can be targeted by the
cRGD, which bind to o 3, integrins. In the present study, we
developed CDG2-cRGD as targetable delivery carriers by
conjugating o f3, integrin-binding cRGD peptides into the
nontargeted polycation polyamidoamine (PAMAM) G2-g-
cyclodextrin (CDG2). Considering the above-mentioned
findings, we anticipated that combined application of cRGD
conjugation and local delivery would enhance the gene delivery
efficiency in vivo. First, the local delivery system provides
specificity for the injured vasculature, thereby helping the
plasmid vector with the VEGF gene (pVEGF165) reach the
vascular endothelial cells. Second, on arriving at the target
cells, cRGD conjugation would promote cellular uptake of the
pVEGF165 polyplex. To explore the transfer efficiency of the
PVEGF 165 gene using targeted CDG2-cRGD and nontargeted
CDG2 carriers, transfection efficiencies were investigated in
different types of cells, including human glioma cells (U87
cells), human umbilical vein endothelial cells (HUVECs),
and human embryonic kidney cells (HEK293T cells), with
different levels of o 3, integrin expression. The o 3, integrin-
binding specificity of CDG2-cRGD was addressed in HUVECs.
Whether delivery of pVEGF165 by CDG2-cRGD could effi-
ciently induce the overexpression of VEGF165 proteins and
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then inhibit intimal thickening were specifically evaluated in
a rabbit model of arterial balloon injury.

Materials and methods

Materials

a-Cyclodextrin (o-CD) was purchased from Shandong
Binzhou Zhiyuan Bio-Technology Co, Ltd (Shandong,
People’s Republic of China). 1,1’-Carbonyldiimidazole
(CDI) and dithiothreitol (DTT) were obtained from Sigma-
Aldrich. cRGD (molecular weight =580 Da) was synthesized
by GL Biochem Company (Shanghai, People’s Republic of
China). 3-(2-Pyridyldithio)propionic acid N-hydroxysuc-
cinimide ester (SPDP) was purchased from Thermo Fisher
Scientific. PAMAM G2 was synthesized in our laborato-
ry.’! Dimethyl sulfoxide (DMSO), methanol, tetrahydro-
furan, and diethyl ether were purchased from Guangzhou
Reagent Inc (Guangzhou, People’s Republic of China). All
solvents were distilled to remove any traces of water before
use. Dulbecco’s Modified Eagle’s Medium (DMEM) and
penicillin—streptomycin (10,000 U/mL) were purchased
from Hyclone. Fetal bovine serum (FBS), Endothelial Cell
Medium, and HUVECs were purchased from ScienCell.
U87 cells and HEK293T cells were purchased from the
Laboratory Animal Center of Sun Yat-sen University.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), Hoechst 33258, and polyethylenimine (PEI)
25 kDa were purchased from Sigma-Aldrich. The plasmids
pVEGF165 and pEGFPC1 were constructed previously in
our laboratory. Integrin o, B, antibody was purchased from
Abcam, USA. Fluorescein isothiocyanate (FITC)-labeled
goat polyclonal secondary antibody to mouse immuno-
globulinG (IgG) and mouse monoclonal antibody against
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
purchased from Proteintech (Guangzhou, People’s Republic
of China). Human anti-VEGF165 polyclonal antibody
was purchased from Sigma-Aldrich. Polyvinyl difluoride
(PVDF) membranes were purchased from Millipore, USA.
2F Fogarty embolectomy catheter was purchased from
Edwards Systems Technology, USA. Pentobarbital sodium,
penicillin sodium, and heparin were obtained from The First
Affiliated Hospital, Sun Yat-sen University (Guangzhou,
People’s Republic of China).

Synthesis of cRGD-conjugated PAMAM
CDG2 (CDG2-cRGD)

PAMAM G2-grafted o.-CD (CDG?2) as the nontargeted poly-
cation carrier was synthesized according to our previously
described method with minor modifications.’> CDG2 was
prepared by a cross-linking reaction using CDI to couple the

primary amines of PAMAM G2 and the hydroxyl groups of
0-CDs. Briefly, o-CD (0.5 g, 0.483 mmol) in 25 mL DMSO
was added dropwise to CDI (6.5 g, 0.040 mol) in 25 mL DMSO
under nitrogen. The reaction mixture was stirred at 25°C for
24 hours and then poured into tetrahydrofuran/diethyl ether
(1:2) mixed solvent to precipitate the product. The resulting
solid was dissolved in 25 mL DMSO and then added dropwise
to PAMAM G2 solution (38 g, 0.012 mol in 20 mL DMSO)
under nitrogen. The reaction mixture was stirred at 25°C for
24 hours and then poured into tetrahydrofuran/diethyl ether
(2:1) mixed solvent to precipitate CDG2. The aqueous solu-
tion of CDG2 was dialyzed with dialysis tubing (molecular
weight cutoff =7,000 Da) for 3 days and then freeze-dried
to obtain the solid CDG2 product.

The CDG2-cRGD conjugation included two steps
(Figure 1A). In the first step, the DMSO solution of bifunc-
tional SPDP (7-28 nmol) was added dropwise into 10 mL
buffer (0.1 M phosphate, | mM EDTA, 0.15 M NaCl, pH
7.2) in which CDG2 (80 mg, 4.59 nmol) was dissolved, with
stirring. After the mixture was allowed to react at 25°C for
3 hours, the reaction solution was dialyzed for 12 hours
against 2 L of the same buffer. The level of SPDP modifica-
tion was determined spectrophotometrically at 343 nm by the
release of pyridine-2-thione after reduction of an aliquot with
excess of a disulfide-reducing agent, DTT, 0.1 M) (Thermo
Fisher Scientific) according to the manufacturer’s protocol.?
Then, various amounts of cRGD (7-29 mg) were dissolved
in the same buffer and added dropwise to the SPDP-modified
CDG?2 with continuous stirring under a nitrogen atmosphere.
After reacting at 25°C for 24 hours, the solution was dialyzed
for 72 hours against 2 L of distilled water. It was then freeze-
dried for 48 hours, and white floccules were obtained. The
products obtained were dissolved in deuterium oxide (D,0)
and characterized by proton nuclear magnetic resonance
("H-NMR) at 400 MHz. The CDG2-cRGD products modi-
fied with various conjugated numbers of cRGD were named
as CDG2-cRGD-2, CDG2-cRGD-5, and CDG2-cRGD-8,
respectively, based on the cRGD couplings. The number of
cRGD peptides conjugated to each CDG2 was determined by
the above-mentioned analysis of SPDP modification.

Preparation of plasmid DNA/CDG2-
cRGD polyplex

The CDG2-cRGD was self-assembled with pEGFPC1 or
pVEGF165 to form plasmid DNA (pDNA)/CDG2-cRGD
polyplex (Figure 1B). Briefly, pDNA (40 pg/mL) was mixed
with equal volume of CDG2-cRGD in deionized water based
on various nitrogen/phosphate (N/P) ratios of CDG2-cRGD
to pDNA ranging from 3:1 to 15:1. The resulting mixture was
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Figure | Schematic diagram of (A) cRGD-conjugated PAMAMG2-g-cyclodextrin (CDG2-cRGD) and (B) self-assembly of pPDNA/CDG2-cRGD polyplex.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; CDI, |,1’-carbonyldiimidazole; cRGD, cyclic arginylglycylaspartic acid peptide; DMSO, dimethyl
sulfoxide; PAMAMG2, Generation 2 polyamidoamine; PBS, phosphate-buffered saline; pDNA, plasmid DNA; pVEGF, plasmid vector with the VEGF gene; SPDP, 3-(2-
pyridyldithio)propionic acid N-hydroxysuccinimide ester; VEGF, vascular endothelial growth factor.

vortexed for 10 seconds and incubated for 30 minutes at room
temperature prior to use. Controls containing pDNA/PEI
25 kDa polyplex at its optimal N/P ratio of 10:1 and pDNA/
CDG2 without cRGD conjugation were also prepared.

Characterization of pPDNA/CDG2-cRGD
polyplex

Particle size and {-potential measurements
The pDNA/CDG2-cRGD polyplexes at various N/P ratios
were prepared as described in the section “Preparation of

plasmid DNA/CDG2-cRGD polyplex”. Their particle size
and the zeta () potential were measured with a Zetasizer
Nano Series 90 (Malvern Instruments, Malvern, UK).

Gel retardation assay

The pDNA/CDG2-cRGD polyplexes containing 0.6 pg of
pDNA at N/P of 0—1.5 were freshly prepared. Aliquots (10 uL)
of polyplex solutions were mixed with gel-loading buffer
and electrophoresed on 0.9% (w/v) agarose gel containing
0.5 mg/mL of GoldView dye at 110 V for 45 minutes. Naked
pDNA was used as a control.
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Cell culture

HEK293T cells and U87 cells were cultured in DMEM and
supplemented with 10% (v/v) heat-inactivated FBS, 100
units/mL penicillin, and 100 pg/mL streptomycin in a 5%
CO, incubator at 37°C under 95% humidity.

HUVECs (HUVEC-P4 to HUVEC-P7) were grown in
Endothelial Cell Medium and supplemented with 5% heat-
inactivated FBS (catalog number 0025), 1% endothelial cell
growth supplement (ECGS, catalog number 1052), and 1%
penicillin-streptomycin solution in a 5% CO, incubator at
37°C under 95% humidity.

Cytotoxicity of CDG2-cRGD to

HUVECs

Cytotoxicity of CDG2-cRGD toward HUVECs was tested
by the MTT assay. The HUVECs were seeded at 2x10*
cells per well in a 96-well plate with DMEM containing
10% FBS for 24 hours. The culture media were replaced
by fresh medium containing various amounts of polymeric
carriers. After 4 hours of incubation, the medium was
replaced with complete medium, and cells were incubated
for another 48 hours. Then 20 UL of MTT solution (5 mg/
mL in phosphate-buffered saline (PBS)) was added to each
well and incubated for 4 hours. Subsequently, the medium
was changed with 200 UL of DMSO to dissolve the forma-
zan crystals formed by live cells. Absorbance was measured
at 492 nm using an enzyme-linked immunosorbent assay
(ELISA) microplate reader (Bio-Rad). The cell viability was
expressed as the percentage of the absorbance of sample to
that of the untreated cells.

Quantitation of o 3, integrin expression

levels on the cell surface

The HEK293T and U87 cells, as well as HUVECs, were
preincubated in DMEM with 10% FBS for 24 hours. Then,
cells were blocked by incubating with 3% PBS/bovine
serum albumin (BSA) solution for 20 minutes, followed
by washes with cold PBS three times. Blank cells and sec-
ondary antibody cells were incubated with 3% PBS/BSA
solution, while prim + sec cells were treated with integrin
o, B, antibody at a concentration of 1 ug/mL in PBS/BSA
for 2 hours at 4°C in the dark. Then, except for the blank
cells, all wells were incubated with FITC-labeled goat
polyclonal antibody to mouse IgG at a dilution of 1:100 in
PBS/BSA solution for another 1 hour in the dark. Afterward,
all cells were detached by the action of 100 UL trypsin
and resuspended in 300 uL. PBS. Cell suspensions were
analyzed with fluorescence-activated cell sorting (FACS)

flow cytometry. Results are expressed as percentage of
o, B,-positive cells.

Evaluation of transfection efficiency
HEK293T and U87 cells, as well as HUVECs, were seeded
into 24-well plates and preincubated for 24 hours. The
transfection experiments were conducted at approximately
70% confluence. Thus, 100 uL of pEGFPCI1 polyplex
and 0.4 mL of serum-free medium were added. The final
pEGFPCI1 concentration was 2.0 ug per well. After trans-
fection for 4 hours, the medium was replaced with fresh
serum-containing medium, and the cells were incubated for
another 48 hours to enable enhanced green fluorescent protein
(EGFP) expression. The green fluorescence of transfected
cells was observed by fluorescence spectroscopy (Olympus
IX71 fluorescence spectroscope). Subsequently, the cells
were treated with trypsin/EDTA for 2 minutes, collected by
centrifugation, suspended in 0.3 mL of PBS, and stored on
ice until analysis. The percentage of GFP-expressing cells
was used to quantify transfection efficiency by flow cytom-
etry using a FACS-Calibur Instrument (Becton—Dickinson)
equipped with an argon laser at an excitation wavelength of
488 nm. The filter setting for emission was 530/30 nm band-
pass. Data were acquired in the linear mode and visualized,
again, in the linear mode.

In vitro targeting studies

Competitive inhibition assay

The U87 cells and HUVECs showing high levels of o, 3, inte-
grin cell surface expression were preincubated for 24 hours.
For competitive inhibition experiments, 3-200 ug of free
cRGD peptides in PBS was added to the serum-free medium
and incubated for 1 hour. The pDNA/CDG2-cRGD-5 poly-
plexes were then added and incubated for another 4 hours.
After incubation, the medium was replaced with complete
medium and cells were incubated for another 48 hours. Then,
cells were collected by trypsinization and centrifugation.
They were analyzed by flow cytometry. CDG2 was used as
the control.

Confocal laser scanning microscopy observation

pDNA was labeled with rhodamine according to the manu-
facture’s protocol (Mirus). The rhodamine-labeled pDNA/
CDG2-cRGD polyplexes at the N/P ratio of 7.5:1 contain-
ing 0.5 pg of pDNA were freshly prepared before use.
HUVECs seeded onto a glass-bottom plate (®=15 mm)
were transfected with various cRGD-conjugated polyplexes
in serum-free media for 4 hours. Then, the HUVECs were
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washed with PBS and fixed with 4% paraformaldehyde
for 10 minutes. The nucleus was stained using 10 pug/mL
of Hoechst 33258 for 15 minutes. The cellular uptake and
intracellular distribution of rhodamine-labeled pDNA poly-
plexes were observed by confocal laser scanning microscopy
(CLSM) and photographed using a Zeiss LSM-710 confo-
cal laser scanning microscope (Carl Zeiss, Germany). Red
fluorescence from rhodamine was induced by the 546 nm
excitation and detected at 575—-640 nm. Blue fluorescence
from Hoechst 33258 was induced by 365 nm excitation with
ultraviolet laser and detected at 430 nm.

ELISA analysis

Total VEGF protein expression in conditioned medium was
determined using the Quantikine Human VEGF Immunoassay
ELISA kit (R&D Systems), according to the manufacturer’s
protocol. Absorbance readings minus background were con-
verted to pictograms using standard curves from the kit.

Western blotting analysis of VEGF 165 protein

At 48 hours posttransfection, HUVECs were lysed in RIPA
buffer for 30 minutes at 4°C and then centrifuged at 15,000x g
for 12 minutes at 4°C. The supernatant was transferred, and
the total protein of cell extracts was measured using the
bicinchoninic acid (BCA) protein assay. All samples (30 pg
protein per lane) were separated by 8% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis at 100 V for
1.5 hours. Subsequently, proteins were transferred electro-
phoretically onto a PVDF membrane for 2 hours at 250 mA
with a Bio-Rad blotter. To minimize nonspecific binding, the
membrane was blocked using 5% nonfat milk powder in PBS
buffer containing 1% Tween 20 for 1 hour at room tempera-
ture. The particular antibody and protein combination was ini-
tiated incubation of proteins with primary antibodies (human
anti-VEGF165 polyclonal antibody and rabbit anti-GAPDH
monoclonal antibody) at 4°C overnight, followed by incuba-
tion with horseradish peroxidase-conjugated goat anti-mouse
IgG as secondary antibodies. Protein bands were ultimately
detected by the enhanced chemiluminescence method.

In vivo inhibition of intimal thickening

after vascular injury

A rabbit model of arterial balloon injury

New Zealand White rabbits (n=6 in each group), weighing
1.5-2.0 kg, were anesthetized with 3% pentobarbital sodium
(1 mL/kg body weight). After exposure of the left common
carotid artery, a 2F Fogarty balloon catheter (Edwards
Systems Technology, USA) was introduced into the carotid

artery to develop the animal model of balloon-induced vas-
cular injury. The balloon was inflated until contact was made
with the vascular endothelium. The arteries were denuded
by gentle advancement and withdrawal of the catheter three
times.** Upon removal of the balloon catheter, a PE-10 cath-
eter (Boston Scientific, USA) was inserted into the denuded
rabbit arteries for local gene administration. Polyplex-medi-
ated gene transfer was performed at 6 ATM for 30 minutes.
CDG2-cRGD polyplex and CDG2 polyplex containing 20
ng pVEGF165 at the N/P =7.5 were used in a total volume of
200 puL of 0.9% NaCl. Animals were killed and samples were
collected at 28 days after the gene transfer. This study was
performed in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of
the National Institutes of Health (http://grants.nih.gov/grants/

olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf).
The protocol was approved by the Committee on the Ethics

of Animal Experiments of Sun Yat-sen University (permit
number: 20090305001).

Histology and morphometry

Representative sections of the carotid artery were fixed in
4% paraformalin and embedded in paraffin. Next, 5-um-thick
cross sections were cut, routinely stained with hematoxylin
and eosin, and then were photographed (Olympus BX51,
Japan). The cross-sectional areas of the intimal and medial
regions of the sections were measured with an image-
analyzing software package (Image-Pro PLUS). The intimal
and medial cross-sectional areas and intimal-to-medial (I/M)
area ratio of each artery were determined.®

Determination of VEGF165 protein expressed in
vascular tissue

Two days after balloon-induced vascular injury, the left
common carotid artery was obtained from the animals
carefully, followed by washing with cold 0.9% NaCl. The
vascular fragments were opened longitudinally and homog-
enized using a homogenizer containing 500 uL. RIPA and
1% phenylmethanesulfonyl fluoride (PMSF) in an ice bath.
The vascular tissue homogenates were then centrifuged at
15,000x g for 30 minutes at 4°C. Total protein concentration
in tissue homogenates was assessed with the BCA protein
assay kit. VEGF165 protein expressed in vascular tissue was
detected by Western blot analysis as described herein.

Statistical analysis
Data were expressed as the mean + the standard error of the
mean. Statistical comparisons were performed using one-way

submit your manuscript

5756

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com
http://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf
http://grants.nih.gov/grants/olaw/guide-for-the-care-and-use-of-laboratory-animals.pdf

Dove

Role of pVEGF165 polyplex in inhibiting intimal thickening

analysis of variance. P-values <0.05 were considered statisti-
cally significant, and those <0.01 or <0.001 were considered
highly statistically significant.

Results
Synthesis and characterization of CDG2-
cRGD

The o B, integrin is a cell surface receptor that shows high-
level expression in activated endothelial cells following
vascular injury. Therefore, one of the most active and selec-
tive targeting ligands for the o B, integrin, cRGD, was used
in this study. We designed CDG2-cRGD as gene carriers for
pVEGF165 delivery for inhibiting intimal thickening after
vascular injury. As described in the “Introduction” section,
cRGD conjugation was expected to promote cellular uptake
ofthe pVEGF165 polyplex. Here, CDG2-cRGD with various
numbers of conjugated cRGD was synthesized by a two-step
cross-linking procedure, as shown in Figure 1A: 1) o-CD
was grafted onto PAMAM G2 through a CDI-mediated
reaction. CDI activated the hydroxyl groups of a-CD to
form active imidazolyl carbamate intermediates and subse-
quently attacked the primary amine groups of PAMAM G2 to
generate CDG2. 2) cRGD peptides were conjugated to CDG2
molecules by SPDP coupling. Bifunctional SPDP was reacted
separately with the amine groups of CDG2 to form amide
bonds via the N-hydroxysuccinimide ester group. The other
end of the functional pyridyl disulfide group reacted with
the sulthydryl residue of cRGD to create a disulfide bond.
The CDG2 conjugates were confirmed by 'H-NMR analysis
(Figure S1). The average number of cRGD couplings in one
CDG2-cRGD molecule was 1.9, 5.4, and 7.2, determined by
the pyridine-2-thione release assay as shown in Table 1.
Primary endothelial cells, such as HUVECs, are noto-
riously susceptible to the toxic effects of transfection
reagents.’ The cytotoxicity of various gene carriers toward
HUVECs was evaluated by the MTT assay (Figure 2A). The
half-maximal inhibitory concentration (IC,)) of PEI 25 kDa
was 36.3 wg/mL, while the cell viability of CDG2-cRGD and
CDG2 was >80% at the same concentration and maintained
at >50% at the high concentration of 400 ug/mL. It was

Table | Experimentally determined extents of cRGD conjugation

suggested that both CDG2-cRGD and CDG2 induced much
less cytotoxicity than PEI 25 kDa to HUVECs. Low toxicity
of polycationic gene carriers is one critical prerequisite for
in vivo applications of vascular gene transfer.

Characterization of pPDNA/CDG2-cRGD

polyplex
The pDNA/CDG?2 polyplex without cRGD modification at

the N/P ratio of 7.5 was about 151.4 nm, according to the
dynamic light scattering measurement, and its {-potential
was 17.73 mV (Figure 2B). Upon cRGD modification of
CDG?2, the { potential of pPDNA/CDG2-cRGD polyplex
slightly increased from 17.73 mV to 20.05 mV with the
increase of cRGD-coupling number. CDG2-cRGD polyplex
with coupling numbers of cRGD of 1.9 and 5.4 did not show
any statistically significant changes in the particle size com-
pared with the CDG2 polyplex, while the CDG2-cRGD-8
polyplex with coupling number of cRGD of 7.2 obviously
showed increased particle size. The binding and compaction
of pDNA by CDG2-cRGD were assessed by gel retardation
assay. As presented in Figure 2C, there was the trend that
the N/P ratios for achieving complete pPDNA compaction
decreased with increasing cRGD-coupling number. These
results suggested that cRGD conjugation could assist CDG2
to condense pPDNA, most probably because cRGD contained
amine groups involved in electrostatic interactions with
negatively charged pDNA. Particle size and { potential of
the pPDNA/CDG2-cRGD-5 polyplex at the N/P ratio of 7.5/1
with average number of cRGD of 5.4, which was used in
pVEGF165 delivery studies both in vitro and in vivo, were
167 nm and 18.8 mV, respectively.

In vitro gene transfer with CDG2-cRGD
Quantitation of o 3, integrin surface expression
Three cell lines, HEK293T, U87, and HUVECs, with dif-
ferent levels of o 3, integrin expression, were selected to
investigate o 3,-mediated gene transfer of cRGD-modified
carriers. Before transfection experiments, the levels of o 3,
integrin expression on the cell surface were analyzed by
FACS flow cytometry, as shown in Figure 3. The HUVECs

Samples Average number of SPDP per CDG2* Average number of cRGD per CDG2* Molecular weight (Da)®
CDG2-cRGD-2 2.8 1.9 19,077
CDG2-cRGD-5 4.6 54 22,157
CDG2-cRGD-8 9.5 72 23,741

Notes: *Measured by ultraviolet spectrophotometer at 343 nm; bcalculated based on the molecular weight of CDG2, SPDP, and cRGD.
Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; PAMAMG?2, Generation 2 polyamidoamine; SPDP,

3-(2-Pyridyldithio)propionic acid N-hydroxysuccinimide ester.
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Notes: (A) Viabilities of cells at various concentrations of CDG2 and cRGD in HUVECs. (B) Size and zeta ({) potential of the pDNA/CDG2-cRGD polyplex at the N/P
ratio of 7.5:1. The concentrations of both CDG2-cRGD and CDG2 were 100 pg/mL. (C) The binding and compaction of pDNA by CDG2-cRGD-conjugated with various
amounts of cRGD. The arrows indicate the N/P ratios for achieving complete pDNA compaction.

Abbreviations: CD, cyclodextrin; CDG2, Generation 2 polyamidoamine-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; HUVECs, human umbilical vein
endothelial cells; N/P, nitrogen-to-phosphate ratio; pPDNA, plasmid DNA; PEl, polyethylenimine.

100+
o [ HEK293T
2 go | U7
i I HUVEC
o 60-
g v
Qw40
o
o ©
o
S
g 20+
i

O T T =
Blank Only Prime + sec
sec antibody antibody

Figure 3 The expression level of o B, integrin on cell surface was analyzed by flow
cytometry.

Notes: Three cell lines expressing o3, integrin were stained with o3, antibody.
Staining was visualized using an FITC-labeled goat polyclonal secondary antibody
to mouse IgG monoclonal antibody. Results are expressed as percentage of o 3,
positive cells (***P<<0.001).

Abbreviations: FITC, fluorescein isothiocyanate; HEK293T, human embryonic
kidney cells; HUVECs, human umbilical vein endothelial cells; IgG, immunoglobulinG;
Sec, secondary; U87, human glioma cells.

and U87 cells expressed high levels of o 3, integrin, while
the HEK293T cells exhibited very low surface expression
levels of o B, integrin. HUVECs expressed 16-fold more o 3,
integrin on their surface (95.01%) compared to HEK293T
cells (5.78%).

Transfection efficiency of CDG2-cRGD

The relative transfection efficiencies of CDG2-cRGD con-
jugates for EGFP expression were evaluated using FACS
analysis in several different cell lines with varying levels of
0. B, integrin receptor expression (Figure 4 and Figure S2).
As presented in Figure 4A, in HEK293T cells, with very
low levels of o 3, integrin expression — confirmed by our
experiments, CDG2-cRGD conjugates showed reduced
transfection efficiency, especially at high coupling ratios of
cRGD, as compared to CDG2 without cRGD conjugation at
the same N/P ratios (P<<0.01). However, it was clear that after
conjugation of cRGD onto CDG2, transfection efficiency
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Figure 4 Fraction of EGFP-positive cells after transfection.

Notes: (A) HEK293T cells with a low level of o, B, integrin expression. (B) HUVECs and (C) U87 cells with high levels of a8, integrin expression on the cell surface
(*P<<0.05; **P<<0.01; ***P<<0.001). The concentration of polymer was 3.33 pg/mL, 8.33 pg/mL, and 16.67 ug/mL, corresponding to the N/P ratios of 3/1, 7.5/1, and 15/1,

respectively.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; PAMAMG?2, Generation 2 polyamidoamine; EGFP,
enhanced green fluorescent protein; HEK293T, human embryonic kidney cells; HUVECs, human umbilical vein endothelial cells; N/P, nitrogen-to-phospahate ratio; PEI,

polyethylenimine; U87, human glioma cells.

was significantly promoted in both HUVECs and U87 cells
showing high levels of o, B, integrin expression on the cell
surface (Figure 4B and C). CDG2-cRGD-5, with average
number of cRGD of 5.4, offered the most obvious benefit in
terms of transfection efficiency (P<<0.01). The transfection
efficiency of CDG2-cRGD-5 at the N/P ratio of 7.5 was 2.2-
fold higher than that of CDG2 in HUVECs.

In vitro o 3, targeting of CDG2-cRGD
Competitive binding assay

To address the specificity of the CDG2-cRGD for o 3,
integrin, we performed competition studies on HUVECs and
U87 cells that express high levels of this integrin (Figure 5).
HUVECs and US87 cells were pretreated with an excess of
free cRGD and, subsequently, were transfected by CDG2-
cRGD-5 and CDG?2 polyplexes. The performance of CDG2
was not affected by the presence of free cRGD as expected,

whereas free cRGD significantly reduced the transfection
efficiencies of CDG2-cRGD-5, whether in HUVECS or in
U87 cells (Figure 5A and B). It was found that free inhi-
bition of the binding of the carriers by cRGD resulted in
3.2-fold (100 g of free cRGD) and 2.0-fold (24 ug of free
cRGD) lower transfection efficiencies for CDG2-cRGD-5 in
HUVECs (P<<0.01) and U87 cells (P<<0.001), respectively,
than those in the absence of competitive cRGD, as shown
in Figure 5C and D. These results suggested that the bind-
ing specificity of cRGD to o, B, integrin contributed to the
high transfection efficiencies of CDG2-cRGD, compared
with those of CDG2 without cRGD conjugations, in o [3,-
positive cells.

Observations of cellular uptake in HUVECs
To observe o, B, targeting of CDG2-cRGD in HUVECs, the
rhodamine-labeled pDNA polyplex (in red) at the N/P ratio
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cRGD were 8.33 ug/mL.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; PAMAMG2, Generation 2 polyamidoamine; GFP,
green fluorescent protein; HUVECs, human umbilical vein endothelial cells; U87, human glioma cells.

of 7.5/1 was incubated with HUVECsS, and these cells (nuclei
depicted in blue) and pDNA polyplexes (in red) were imaged
by CLSM, as shown in Figure 6. CLSM demonstrated that,
in contrast to the low uptake of pPDNA/CDG2 polyplex by
HUVEGC:s, the cellular uptake of pPDNA/CDG2-cRGD poly-
plex was remarkably high for the same incubation times.
Furthermore, among the ¢cRGD conjugates with various
coupling ratios, CDG2-cRGD-5 was the most efficient carrier
for delivering pDNA into the HUVECs and preferentially
accumulated in the cytoplasm around the nucleus, confirming
the transfection results.

Overexpression of VEGF 165 protein in

HUVEC:s transfected with CDG2-cRGD
ELISA for VEGF 165 expression

Our results indicated that the most significant enhancement of
transfection efficiency in HUVECs was obtained with the for-
mula containing pPDNA/CDG2-cRGD-5 polyplex at the N/P
ratio of 7.5/1. We next used this formula for pVEGF165 gene
delivery. To test whether the pVEGF165/CDG2-cRGD-5

polyplex could induce VEGF165 protein synthesis, we
determined the levels of VEGF165 protein in the media
of HUVECs. After transfection with pVEGF165/CDG2-
cRGD-5 polyplex, the supernatant of the medium with
HUVECs showed 11.0-fold and 15.9-fold increased
VEGF165 levels, in comparison with HUVECs transfected
with CDG2 (P<<0.001) and untreated HUVECs (P<<0.001),
respectively, as shown in Figure 7A.

Western blot analysis for VEGF 165 expression
Western blot analysis was performed to further check whether
CDG2-cRGD-5 could efficiently deliver pVEGF165 and
induce pVEGF 165 protein expression in HUVECs. By using
a human anti-VEGF polyclonal antibody against VEGF,
three bands were detected at 40 kDa, 43 kDa, and 75 kDa.
The predominant band was at 43 kDa. The intensity of the
band in HUVEC:s transfected with CDG2-cRGD-5 was obvi-
ously increased compared with the same in CDG2-treated
and untreated cells (Figure 7B). GAPDH (37 kDa) was also
examined to verify equal protein loading in each lane.
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Figure 6 Confocal microscope images of cellular uptake and accumulations of pPDNA/CDG2-cRGD polyplexes at various cRGD contents in HUVECs.

Notes: Arrows indicate the red rhodamine-labeled pDNA and blue Hoechst 33258-stained nuclei. The concentrations of both CDG2 and CDG2-cRGD were 8.33 pg/mL.
Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; DAPI, 4’,6-diamidino-2-phenylindole; HUVECs, human
umbilical vein endothelial cells; PAMAMG?2, Generation 2 polyamidoamine; pDNA, plasmid DNA.
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Figure 7 VEGFI65 protein overexpression in HUVECs.

Notes: (A) Quantification of VEGFI65 protein expression in HUVEC culture media by ELISA analysis (***P<<0.001). The concentrations of CDG2 and CDG2-cRGD were
8.33 ng/mL. (B) Western blot analysis of VEGF165 expression in HUVECs. GAPDH (37 kDa) was used as an internal control.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; ELISA, enzyme-linked immunosorbent assay; GAPDH,

glyceraldehyde 3-phosphate dehydrogenase; HUVECs, human umbilical vein endothelial cells; PAMAMG?2, Generation 2 polyamidoamine; VEGF, vascular endothelial growth
factor.

International Journal of Nanomedicine 2015:10 submit your manuscript 5761

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Tian et al

Dove

In vivo inhibition of intimal thickening

after vascular injury

CDG2-cRGD-mediated transgene expression in vivo
Having established that pVEGF165/CDG2-cRGD-5 polyplex
could efficiently induce pVEGF 165 protein overexpression
in HUVEC s, the optimized formula was used to transfect
the injured common carotid artery undergoing balloon
angioplasty in a rabbit model. The levels of VEGF165
protein expression in the injured arteries were evaluated
using Western blot analysis. Administration of pVEGF165/
CDG2-cRGD-5 polyplex (200 UL, 0.1 mg/mL, and N/P =7.5)
resulted in a significant increase in VEGF165 protein
expression at the selected time point of 2 days after balloon
angioplasty, as shown in Figure 8A. This time point was
selected on the basis of previously reported data®” in different
animal models suggesting that VEGF expression reached a
maximal level within the first 3 days after administration of
therapeutic reagents. The relative VEGF165 protein level
in the CDG2-cRGD-5 group was markedly higher than that
in the saline-treated group (P<<0.01) and the control group
(P<0.001) (Figure 8B).

On assessing the specific targeting of vascular endothelial
cells by cRGD conjugation, the injured arteries in the CDG2-
cRGD-5 group exhibited significantly increased VEGF165
expression (P<<0.01), compared with the injured arteries of
CDG2-treated animals. It was noted that the saline-treated
group also showed relatively high VEGF165 protein expres-
sion in comparison with that of the control group without
balloon angioplasty (P<<0.001), mostly due to the stimulus
response consequent to balloon injury to arteries, which could
cause upregulation of VEGF expression in vivo.3* However,
the relative VEGF165 protein level in the CDG2-treated

group was not significantly different from that in the saline-
treated group.

Histomorphometry

To assess the effect of CDG2-cRGD-mediated delivery of
the pVEGF165 gene on inhibition of intimal thickening after
vascular injury, the arteries were harvested at 4 weeks after
balloon-induced arterial injury and transfection. Hematoxylin-
eosin staining and subsequent morphometric analysis of all
the treatment groups showed neointima formation in contrast
to the noninjured control group (Figure 9A). Animals treated
with the pVEGF165/CDG2 polyplex exhibited obvious
intimal thickening that was not significantly different com-
pared with the saline-treated group, whereas treatment with
pVEGF165/CDG2-cRGD-5 polyplex resulted in significantly
less intimal thickening in comparison with the saline-treated
group. Furthermore, to determine the extent of neointima
formation, the intima-to-media (I/M) ratios were calculated
(Figure 9B). The I/M ratio of the CDG2-cRGD-5-treated
group was 0.39+0.13. In contrast, the I/M ratio of the CDG2
group was 0.9710.22, comparable to that of the saline-treated
group. These results suggested that CDG2-cRGD-5-mediated
delivery of the pVEGF165 gene could efficiently inhibit inti-
mal thickening, compared with the CDG2- and saline-treated
groups. Moreover, the average intimal areas in the CDG2-
c¢RGD-5, CDG2, and 0.9% NaCl groups were 64,243 um?,
169,728 um?,and 190,436 um?, respectively, calculated using
Image Pro Plus 6.0 software, as shown in Table 2.

Discussion
Restenosis has remained a major clinical problem after
coronary and peripheral artery angioplasty. Upregulation of
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Figure 8 VEGF165 protein expressions in injured arteries at the selected time point of 2 days after balloon angioplasty.

Notes: (A) Western blot analysis of VEGFI65 protein (43 kDa) levels. GAPDH (37 kDa) was used as an internal control. (B) Semiquantitative densitometric analysis of
relative VEGF 65 protein level (**P<<0.01; ***P<<0.001). The concentrations of both CDG2 and CDG2-cRGD were 500 pg/mL.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

PAMAMG?2, Generation 2 polyamidoamine; VEGF, vascular endothelial growth factor.
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Figure 9 Effects of pVEGF165 gene delivery on inhibition of intimal thickening after vascular injury.

Notes: (A) Representative hematoxylin—eosin sections of noninjured and injured carotid arteries at 4 weeks after surgery and treatment with pVEGF165/CDG2-cRGD-5
polyplex, pVEGF165/CDG2 polyplex, or saline (n=6 in each group). The arrows indicate the neointima formation. The distance between arrows represents the neointimal
thickness. Original magnifications: x200. (B) Average intima/media (I/M) ratios for the above three injured groups (*P<0.05).

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; PAMAMG?2, Generation 2 polyamidoamine; pVEGF,

plasmid vector with the VEGF gene; VEGF, vascular endothelial growth factor.

VEGF expression can inhibit intimal thickening and then
prevent restenosis after vascular injury induced by balloon
angioplasty. In the present study, CDG2-cRGD and CDG2
were developed as vascular endothelial cell-targeted and non-
targeted carriers, respectively, for intravascular delivery of
the pVEGF'165 gene. cRGD targeting of injured vasculature
by binding to o, B, integrins on vascular endothelial cells has
been previously certified.?®** Moreover, local intravascular
gene delivery is a feasible approach for injured vasculature
via a catheter or a drug-eluting stent placed in the newly
widened part of the artery during an angioplasty procedure.
Therefore, we anticipated that the combined application of
cRGD conjugation and intravascular gene delivery would
efficiently deliver the therapeutic gene pVEGF165 in vivo
by synergistically facilitating high specificity for the injured
vasculature and targeted cellular uptake. Interestingly, the
results of this study demonstrated that the stimulus response
of balloon injury to arteries could obviously upregulate
the VEGF165 expression in vivo observed in the saline-
treated group, although it was not enough to prevent intimal

Table 2 The calculated intima area (I), media area (M), and I/M
area ratios of the four groups

Group Intima area (um?)  Media area (um? /M
CDG2-cRGD-5  64,243* 162,247 0.39%
CDG2 169,728 174,836 0.97
0.9% NaCl 190,436 202,515 0.94
Control / 152,045 /

Note: *P<<0.05, comparing with the CDG2 group and the 0.9% NaCl group.
Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD,
cyclic arginylglycylaspartic acid peptide; PAMAMG2, Generation 2 polyamidoamine.

thickening and neointimal formation. In the gene-transfected
groups, CDG2-cRGD-mediated gene delivery achieved the
overexpression of VEGF165 protein, which was sufficient to
allow efficient inhibition of intimal thickening after balloon
angioplasty in rabbits, whereas the low therapeutic efficacy
of the CDG2-treated group was only comparable to that of
the saline-treated group.

Compared with CDG2, CDG2-cRGD exhibited signifi-
cantly high gene transfection efficiencies in HUVECs and
U87 cells showing high levels of o B, integrin expression
on the cell surface, but not in HEK293T cells with a very
low level of o B, integrin expression (Figures 3 and 4). Most
notably, the cRGD ligand density was an important factor
that could greatly influence transfection activity in o f3,
integrin-positive cells, namely, HUVECs and U87 cells.
A relatively low cRGD density in CDG2-cRGD-2 (1.9 moi-
eties per molecule) resulted in remarkably lower transfection
efficiencies than CDG2-cRGD-5 (5.4 moieties per molecule)
atall N/P ratios (Figure 4B and C). However, the high cRGD
density in CDG2-cRGD-8 did not have a positive effect on
transfection efficiency. It was previously reported by Montet
et al*® and Waite and Roth* that the “extra” RGD could not
participate in o B, integrin binding and could even create
steric hindrance when the density of RGD exceeded the
density of RGD/integrin-binding sites displayed by the cell
membrane. Therefore, the reduction in transfection activities
in the presence of very high density of cRGD-modified CDG2
could be explained by decreased affinity to o 3, integrin-
positive cells. The most significant enhancement of transfec-
tion efficiency in HUVECs was obtained using the formula
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containing pDNA/CDG2-cRGD-5 polyplex (N/P =7.5),
which was used further for pVEGF165 gene delivery.

It is well known that endothelial cells, in particular, pri-
mary endothelial cells, are not only notoriously difficult to
transfect but also particularly susceptible to the toxic effects
of transfection reagents.’® The proliferation assay indicated
that both CDG2-cRGD and CDG2 induced much less
cytotoxicity to HUVECs than did PEI 25 kDa (Figure 2A).
In addition, we observed that increasing the amount of
CDG2-cRGD in the formulation (N/P ratios from 7.5 to 15.0)
did not further improve the transfection efficiency of CDG2-
cRGD-5 (Figure 4B). It implied that RGD interaction with
o, B, integrins, facilitating the internalization of the pDNA
polyplex into HUVECs, could be avoided using high con-
centrations of polycation gene carriers. The concentration-
dependent charge interactions of the polycations, such as PEI
25 kDa, with the cell membrane have been found to promote
transfection efficiency but induce significant cytotoxicity.*!
Therefore, CDG2-cRGD-5 — having both high transfection
efficiency as well as low cytotoxicity — has unambiguously
proven the feasibility of pVEGF 165 gene transfer to vascular
endothelial cells in vivo.

The specificity of cRGD conjugation in terms of binding
the o, B, integrin receptor has identified its critical contribu-
tion to the high transfection efficiency of the CDG2-cRGD.
A competitive binding assay indicated that in the presence
of competitive free cRGD, the transfection efficiencies of
CDG2-cRGD-5 were dramatically reduced in both o, 3,-
positive cells, namely, HUVECs and U87 cells (Figure 5),
demonstrating that the proposed carrier binds to cells through
o, B, integrins. However, a complete abolishment of trans-
fection was not observed, suggesting that the carrier binds
also through other nonspecific interactions with the cells.*
CLSM observations further confirmed that attachment of
the cRGD ligand greatly enhanced cellular internalization
of the pDNA polyplex, compared with CDG2, in HUVECs
that overexpress o f3, integrin (Figure 6), apparently through
receptor-mediated endocytosis. Moreover, among the vari-
ous cRGD-coupling carriers, CDG2-cRGD-5 was the most
efficient carrier for delivering pDNA into HUVECs, which
is in good agreement with the transfection activity of the
optimal formulation.

The efficient delivery of pVEGF165 by CDG2-cRGD-5
was validated in HUVECs in terms of the expression lev-
els of VEGF165 protein. Both ELISA and Western blot
analysis demonstrated that after transfection, CDG2-cRGD-5
induced significantly increasing levels of VEGF165 protein
expression (Figure 7), which would accelerate endothelial

repairing and inhibit neointima formation after arterial injury.
In contrast, CDG2 did not show a statistically significant
enhancement in VEGF165 expression compared to control.
The results indicated that cRGD modification is necessary
for carriers to achieve efficient overexpression of VEGF165
protein and that electrostatic interactions are insufficient.
The results of our in vitro studies illustrated the tremendous
potential of CDG2-cRGD in delivering p VEGF'165 for target-
ing the injured vasculature because the expression of o f3,
integrin is upregulated generally after vascular injury.

It is notable that the results of induced overexpression
levels of VEGF165 protein in vivo were correlated with the
results of in vitro experiments (Figures 7 and §), most prob-
ably because the local intravascular administration route
bypassed extracellular barriers. Hutter et al* reported, after
systemic injection of recombinant adenovirus human VEGF,
that the transgenes were overexpressed in the liver and not
at the site of endothelial denudation and arterial injury. In
our studies, the pVEGF165/CDG2-cRGD-5 polyplex was
administered with a catheter by the local intravascular route in
rabbits after vascular injury, which allowed pVEGF 165 to be
delivered directly to the site of angioplasty without exposing
the entire circulation to the medication. The in vivo results
demonstrated that the expression level of VEGF165 protein
in the CDG2-cRGD-5 group was significantly elevated com-
pared with that in the CDG2 group (P<<0.01) (Figure 8). This
is consistent with previous studies!” that on arrival at the
target site, the ligand-conjugated delivery systems provide
benefits in terms of cellular internalization.

Most importantly, we observed that VEGF165 was
overexpressed in both gene-transfected groups and saline-
treated group undergoing balloon angioplasty, compared
with the noninjured control group, while the therapeutic
effect of VEGF165 on the inhibition of intimal thickening
was significantly different among the three injured groups.
The level of endogenous VEGF165 in the vascular wall
was low under normal physiological conditions (Figure 8).
After arterial injury, the endogenous VEGF165 levels
were obviously upregulated in the saline-treated group.
Upregulation of VEGF, which plays a significant role in
spontaneous reendothelialization, is thought to have an
autocrine effect in the arterial response-to-injury process.?*
However, upregulation of endogenous VEGF165 expression
in the saline-treated group did not efficiently inhibit intimal
thickening. In the gene-transfected groups, rabbits that
received pVEGF165/CDG2 gene transfer revealed compa-
rable severity of intimal thickening in injured arteries when
compared with the saline-treated group, whereas treatment
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with pVEGF165/CDG2-cRGD-5 polyplex was associated
with significantly less intimal thickness (P<<0.05) (Figure 9).
It is becoming increasingly clear that the conflicting results
of VEGF165 gene therapy in two gene-transfected groups
are reflective of the pivotal role of the cRGD-conjugated
carriers as targetable gene delivery systems in achieving the
beneficial therapeutic effects.

Conclusion

This study highlights the potentially important difference in
delivery of pVEGF165 between vascular endothelial cell-
targeted and nontargeted polymeric gene delivery carriers
for inhibition of intimal thickening after arterial injury.
Here, CDG2-cRGD-5 was developed and optimized as the
targetable carrier by conjugating an o, B, integrin-binding
cRGD peptide (average number of 5.4 cRGD moieties per
molecule) into the nontargeted polycation CDG2. CDG2-
cRGD-5 achieved much higher transfection efficiency than
CDG?2 in o B,-positive cells, namely, HUVECs and U87
cells. The specificity of cRGD in binding to the o B, integrin
receptor expressed on the cell surface and the subsequent
enhanced intracellular uptake identified its critical contribu-
tion to the high transfection efficiency of CDG2-cRGD-5.
The increased expression levels of VEGF165 induced by the
CDG2-cRGD-5 polyplex were remarkably higher than those
induced by the CDG2 polyplex both in vitro and in vivo.
Furthermore, local intravascular delivery of pVEGF 165 using
the CDG2-cRGD-5 polyplex in rabbits after vascular injury
resulted in significantly less intimal thickening in compari-
son with the CDG2-transfected and saline-treated groups.
Therefore, CDG2-cRGD-conjugated carriers have great
potential as targetable gene delivery systems for improving
effectiveness in vascular gene therapy.
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Supplementary materials
Characterization of cRGD-conjugated
PAMAMG?2-g-cyclodextrin (CDG2-
cRGD)

CDG2-cRGD was synthesized by a two-step cross-linking
procedure. Supplementary Figure S1 was the "H-NMR spectra
of a-CD, PAMAM G2, cRGD, CDG2, and CDG2-cRGD.
Figure S1A showed the proton signals of o-CD (5.14 ppm
(s, C(a)H of 0-CD), 4.07-3.89 ppm (m, C(c) H, C(f) H and
C(e) of a-CD), 3.69-3.58 ppm (m, C(b), and C(d)H of o-CD)).
These proton signals of o-CD became almost negligible in
CDG@G?2 because of the restriction of the molecular motion by
grafting PAMAM G2 to a-CD core, while proton signals of
PAMAM G2 were distinctly observed (3.43-3.25 ppm (bm, C(i)
H),2.86-2.68 (m, C(j)H and C(g)H), 2.50-2.2.25 ppm (m, C(h)
H)) (Figure S1B and D). For CDG2-cRGD, new proton signals

at 6.48-7.32 ppm (7H(k), br s, ArH Phe, 2xNH) were detected
due to the conjugation of cRGD (Figure S1C and E).

EGFP expression in transfected cells
HEK293T, U87 and HUVEC cells were seeded into 24-well
plates and preincubated for 24 hours. The transfection experi-
ments were conducted at approximately 70% confluence.
100 uL of pEGFPCI polyplex and 0.4 mL of serum-free
medium were added. The final pEGFPC1 concentration
was 2.0 pg/well. After transfection for 4 hours, the medium
was replaced with fresh serum-containing medium and the
cells were incubated for another 48 hours to enhance green
fluorescent protein expression. The green fluorescence of
transfected cells was observed by fluorescence spectroscopy
(Olympus IX71 fluorescence spectroscope).
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Figure S| (Continued)
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Figure S| 'H-NMR spectra of (A) 0-CD, (B) PAMAMG2, (C) cRGD, (D) CDG2, and (E) CDG2-cRGD.
Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; D,O, deuterium oxide; 'H-NMR, proton nuclear
magnetic resonance; PAMAMG2, Generation 2 polyamidoamine.

HEK293T

HUVEC ~

us7

CDG2 CDG2-cRGD-2 CDG2-cRGD-5 CDG2-cRGD-8
Figure S2 The relative transfection efficiencies of CDG2-cRGD conjugates.

Notes: EGFP expression after transfection with the conjugates was evaluated with FACS analysis in several different cell lines with varying levels of o 3, integrin receptor
expression, which was observed by fluorescence spectroscopy. 200x magnification.

Abbreviations: CD, cyclodextrin; CDG2, PAMAMG2-g-cyclodextrin; cRGD, cyclic arginylglycylaspartic acid peptide; EGFP, enhanced green fluorescent protein; FACS,
fluorescence-activated cell sorting; HEK 293T, human embryonic kidney cells; HUVEC, human umbilical vein endothelial cell; PAMAMG2, Generation 2 polyamidoamine; U87,

human glioma cells.
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