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Purpose. The purpose of this study was to develop a stabilized non-
viral gene transfer system for the efficient delivery and expression of
monocyte chemoattractant protein 1 (MCP-1) gene in cells of the
vasculoendothelial system.

Methods. Plasmid DNA was condensed with polyethylenimine (PEI),
conjugates of PEI with polyethylene glycol (PEG), and PEI conju-
gates with the membrane-active peptide melittin. Surface charge and
particle size of the resulting gene transfer particles were analyzed by
laser light scattering. Reporter gene studies and toxicity assays were
conducted on smooth muscle cells and endothelial cells of human,
porcine, or rat origin.

Results. Nonviral gene carriers containing PEI and PEG were devel-
oped that could be produced in batches of several milligrams and
conveniently stored as frozen samples. Incorporation of PEG into the
transfection complex significantly reduced cellular toxicity. The cryo-
conserved gene transfer particles mediated high expression of lucif-
erase, enhanced green fluorescent protein (EGFP), or secreted alka-
line phosphatase reporter genes. Highest reporter gene expression
was achieved with PEI polyplexes containing PEG and melittin. The
gene for MCP-1 was efficiently delivered into target cells and resulted
in expression of up to 125 ng/ml secreted bioactive MCP-1 protein per
50,000 cells.

Conclusions. Gene carriers based on PEI and PEG display reduced
toxicity, can be stored in frozen form without loss of biological ac-
tivity, and can efficiently transfect cells of the vasculoendothelial sys-
tem. Such gene carriers hold a potential for use in arterial gene trans-
fer and local secretion of MCP-1 as trigger of therapeutic arteriogen-
esis in arterial occlusion diseases.
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INTRODUCTION

Monocyte chemoattractant protein 1 (MCP-1) plays a
key role in the development of new blood vessels after arte-
rial obstruction (1,2). The chemokine attracts monocytes
from the circulation that aid in the remodeling of pre-existing
arterioles into mature functional collateral arteries. In this
process, termed arteriogenesis, intra-arterial shear stress is
the driving force of vascular remodeling that gives rise to
larger vessel diameter and improved functionality of collat-
eral arteries. This results in a restoration of blood flow and
can protect tissue damage by increasing the blood perfusion
of target tissue. In different animal models, including minipigs
(3) and rabbits (4), the application of MCP-1 protein resulted
in earlier growth of collateral arteries following arterial oc-
clusion. The application of MCP-1 protein was mainly per-
formed via a surgically implanted arterial catheter and con-
tinuous infusion of the protein for several days. Because pro-
longed intra-arterial infusion of MCP-1 in a clinical setting
appears undesirable, a therapeutic nonviral gene transfer us-
ing complexed plasmid DNA would be a viable approach. For
this purpose, arterial application of MCP-1 gene could be
performed within minutes via a catheter in a single and short
therapeutic session ensuring the continuous and local expres-
sion of MCP-1 protein over several days. Thus, MCP-1 gene
therapy would be a potential alternative to an intra-arterial
infusion of MCP-1 protein.

The aim of this study was to develop a nonviral gene
delivery system that (i) efficiently transfects cells of the vas-
culoendothelial system, (ii) is nontoxic, and (iii) can be stored
for extended periods of time. We have chosen polyethylen-
imine (PEI) for packing plasmid DNA into small particles
because PEI is known to be highly efficient for transfection of
mammalian cells both in vitro and in vivo (5,6). This system
has the advantage of being nonimmunogenic and can be pro-
duced in large quantities. PEI polyplexes, however, can ex-
hibit strong toxicity both on cultured cells (7) and after sys-
temic application (8). In agreement with previous observa-
tions (9-11), such toxicity can be strongly reduced by
including polyethylene glycol (PEG) into the complex. A very
welcome “side effect” of incorporation of PEG is the stabili-
zation of polyplexes (10,11), which enables storage in frozen
form. In order to increase further the transfection efficiency
by enhancing intracellular endosomal escape, the membrane
active peptide melittin was incorporated into the polyplexes
(12). Transfection activities were studied in primary endothe-
lial cells and smooth muscle cells as well as the A-10 smooth
muscle cell line. Luciferase, enhanced green fluorescent pro-
tein (EGFP), and secreted alkaline phosphatase were applied
as marker genes and MCP-1 as the therapeutic gene.

MATERIALS AND METHODS

Reagents and Conjugates

Linear PEI (L-PEI, 22 kDa) is commercially available
from Euromedex (Souffelweyersheim, France). Melittin-PEI
(Mel-PEI, melittin peptide in all-D conformation) was
coupled via disulfide bonds to branched PEI 25 kDa analo-
gously as described (12). PEG-L-PEI was synthesized by co-
valently coupling polyethylene glycol (PEG, 20 kDa) to L-
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PEI as described recently (10). For DNA polyplex formation,
plasmid pSEAP2-control encoding secreted alkaline phos-
phatase under the SV40 promoter (BD Biosciences Clontech,
Heidelberg, Germany; Cat. No. 6052-1) and plasmids pAH7-
Luc encoding the Photinus pyralis luciferase, pAH7-EGFP
encoding enhanced green fluorescent protein (EGFP), and
pAH7-MCP1 encoding the genomic sequence of human
MCP-1 (Acc.-no. M37719.1), all pAH7 plasmids expressing
the gene under the CMV promoter/enhancer in the same
pcDNA3/pZErO-2 framework (Invitrogen, Breda, The Neth-
erlands), were used.

Measurement of Size and Zeta Potential

A Zetasizer 3000HS (Malvern Instruments, Malvern,
UK) was used for measurements. For size determination,
complexes were diluted to a final concentration of 10 pg/ml
DNA with the appropriate buffer; for zeta-potential measure-
ments, the samples were further diluted with 10 mM NaCl to
2 pg/ml DNA. Ten sub-runs were conducted for each mea-
surement, and results were analyzed using Contin software.
Functionality of the Zetasizer was checked regularly by cali-
brated latex beads with defined sizes (20-800 nm, size devia-
tion +2.5%, Duke Scientific Corporation, Palo Alto, CA,
USA) and the zeta potential transfer standard (Malvern,
charge deviation measured +10%).

Cell Culture

A-10 rat smooth muscle cells (DSMZ, Braunschweig,
Germany) were cultivated in DMEM supplemented with
20% FCS; primary porcine endothelial cells (PEC) and pri-
mary porcine smooth muscle cells (PSMC) were isolated and
propagated as described (13). Primary human umbilical vein
endothelial cells (HUVECs) were purchased from BioWhit-
taker (Verviers, Belgium) and cultivated using the EGM bul-
let kit.

Cell Association Studies by Flow Cytometry

Plasmid DNA was fluorescently labeled with the inter-
calating nucleic acid stain YOYO-1 using a molar ratio of 1
dye molecule per 300 base pairs (14). The labeled plasmid was
thereafter complexed with the indicated PEI conjugates. A-10
cells were seeded at a density of 10° cells in 12-well plates
(Nunc, Roskilde, Denmark) 1 day prior to transfection. Cells
were transfected with YOYO-1 labeled polyplexes in 600 pl
of DMEM/20% FCS. After transfection, the medium was as-
pirated, the cells washed with 2 ml of PBS and trypsinized at
37°C in 1 ml of Trypsin/EDTA solution (Invitrogen, Karl-
sruhe, Germany). The cell suspension was transferred to
FACS tubes and stored on ice until further analysis. Cells
were analyzed by flow cytometry on a FACScalibur flow cy-
tometer (Becton Dickinson, San Jose, CA, USA) equipped
with an air-cooled argon laser emitting light at 488 nm. The
filter used for emission was a 530/30 nm bandpass. To dis-
criminate viable cells from dead cells and cell debris, appro-
priate gates for forward and side scatter were applied. Ten
thousand gated events were collected per sample; experi-
ments were performed in duplicates.

Viability and Reporter Gene Assays

Cellular viability was measured with the Promega Cell-
Titer-Glo luminescent cell viability assay (Promega, Munich,
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Germany) according to the manufacturer’s recommenda-
tions. Expression of luciferase and EGFP was measured as
recently described (12). The assay for secreted alkaline phos-
phatase (SEAP) was carried out by a modified method ac-
cording to Gee et al. measuring the increase in fluorescence
after enzymatic conversion from methyl-umbelliferon-
phosphate (4-MUP) to methyl-umbelliferon (15). In brief, cell
culture supernatant was centrifuged to remove cell debris and
heated to 65°C for 10 min to reduce endogenous phosphatase
activity. Twenty-five microliters of each sample were placed
into a separate well of a black 96-well plate, 25 pl of sample
buffer (100 mM glycine, pH 10.4, 1 mM MgCl,, 1 mM ZnClL,,
20 mM L-homoarginine) added, gently mixed and incubated
at 37°C for 10 min. After adding 97 pl of 1x reaction buffer
(100 mM glycine, pH 10.4, 1 mM MgCl,, 1 mM ZnCl,),
samples were further incubated at room temperature for 5
min. Three microliters of 4-MUP working solution (diluted
1:10 in reaction buffer from a 10 mM 4-MUP stock solution in
DMSO) were added to each sample and incubated for 60 min
in the dark at room temperature. Fluorescence was measured
with a Spectrafluor Plus multiplate reader (Tecan AG, Hom-
brechtikon, Switzerland) (excitation 360 nm, emission 460
nm). A standard curve was generated with alkaline phospha-
tase (14 U/mg protein, Sigma) using 0.1-100 ng per well.

MCP-1 Assays

Bioactivity of MCP-1 protein present in the cellular su-
pernatants obtained from MCP-1-transfected A-10 cells was
determined by measuring calcium mobilization in CHO cells
stable-transfected with the CCR2b receptor using a fluoro-
metric imaging plate reader (FLIPR) assay. One day before
the experiment, 5000 cells per well were plated on 384-well
plates (Costar, Bodenheim, Germany). Cells were loaded be-
fore measurement with Fluo-4 (0.0002%) for 45 min in cul-
ture medium and washed gently four times with HBSS before
stimulation. Measurements were recorded as relative fluores-
cence units after substraction of a negative control measure-
ment and a BIAS subtraction. To determine the amount of
bioactive MCP-1 in the supernatants, fluorescence values
were referred to a concentration curve performed with re-
combinant human MCP-1 (Peprotech, Rocky Hill, IL, USA)
diluted in A-10—conditioned cell culture medium.

MCP-1 protein concentrations in the supernatants were
determined using the commercially available kit OptEIA Hu-
man MCP-1 Set (BD Biosciences Pharmingen, Heidelberg,
Germany). The assay was performed in 96-well microtiter
plates. Microtiter plates were incubated with 100 pl per well
of the anti-human MCP-1 capture antibody in carbonate
buffer overnight at 4°C and washed three times with a PBS
buffer containing Tween-20. Subsequently, 200 pl/well block-
ing buffer (PBS with 1% bovine serum albumine) were
added, incubated for 1 h at room temperature, and plates
were washed again as described above before adding the
samples. Collected supernatants of the MCP-1 gene trans-
fected cells were diluted, added to the prepared microtiter
plates, and incubated for 2 h at room temperature under mild
rotation. Following another washing step, biotinylated anti-
human MCP-1 antibody (see manufacturer’s protocol), avi-
din-horseradish peroxidase conjugate, and 0.5% BSA-
containing Tween buffer were added. After incubation for 1 h
at room temperature followed by a washing step, substrate
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solution was added, incubated for 15 min in the dark, and the
color reaction was stopped by the addition of HCI. OD was
measured at 450 nm using an ELISA plate reader.

Statistical Analysis

Statistical analysis was performed using the program
WinSTAT for Microsoft Excel. ANOVA (followed by Schef-
fé’s test) was used for comparing the four individual gene
transfer formulations; two-sided ¢ test was applied comparing
differences in size and zeta potential before and after the
freeze/thaw cycle. Differences were considered significant for
p < 0.05.

RESULTS

Biophysical Characterization of Novel
Polyplex Formulations

Two different novel stabilized polyplex formulations
were tested, one termed DNA/PEG/L-PEI polyplexes, con-
taining DNA complexed with a mixture of the co-polymer
PEG-L-PEI (20%) and L-PEI (80%). The other formulation
termed DNA/PEG/Mel-PEI consisted of DNA complexed
with a mixture of 20% of PEG-L-PEI and 80% of Mel-PEI,
which is a conjugate of branched PEI 25-kDa with the mem-
brane active peptide melittin. The ratios of 20%/80% are
based on the PEI content of the individual conjugates.

Polyplexes were generated at a DNA concentration of
100 wg/ml in a salt-free buffer (containing 5% w/v glucose to
ensure isoosmolarity) to favor the formation of small particles
(16). For comparison, a standard formulation of unshielded
DNA/L-PEI complexes with known high gene transfer effi-
ciency was generated in the presence of 75 mM salt and 2.5%
w/v glucose. Table I shows the biophysical parameters of the
polyplexes. The PEG-containing particles were approxi-
mately 150 nm in size bearing a near-neutral surface charge.

Table 1. Biophysical Properties of Polyplexes

Freeze/ Zeta
thaw Size potential
Formulation cycle (nm) Polydispersity (mV)
DNA/PEG/ - 101 = 12%* 0.2 £ 0.14%* 29+03
L-PEI + 256 + 76%*  0.76 + 0.28** 22+0.38
DNA/PEG/ - 138 +43* 0.53 +£0.39 22 +0.2%
Mel-PEI + 535 +£249*%  0.92 +0.02 12.1 +7.7*
DNA/L-PEI - 1300 + 200 0.9 +0.12 30+10

PEG, polyethylene glycol; L-PEI, linear polyethylenimine; Mel-PEI,
melittin-PEL

DNA/PEG/L-PEI complexes of DNA/PEG/Mel-PEI complexes
were generated in HBG (20 mM HEPES, pH 7.1, 5% glucose w/v)
with a final concentration of 100 pg/ml DNA at a N/P ratio of 6. This
N/P ratio corresponds to 1 pg of DNA (3 nmol of phosphate) com-
plexes with 0.78 pg of PEI (18 nmol of nitrogen). Complex size and
zeta potential was measured 30 min after complex formation after
freezing the complexes in liquid nitrogen, storage at —20°C for several
days, and thawing at 37°C in a water bath. For comparison, standard
DNA/L-PEI complexes were generated in 0.5 x HBS (75 mM NacCl,
20 mM HEPES, pH 7.1, 2.5% glucose w/v). Data shown are the mean
values of at least three independent experiments + standard devia-
tion. Statistical significance before and after freeze/thaw cycle at p <
0.01 (**) and p < 0.05 (*), respectively (¢ test).
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In sharp contrast, the standard unshielded DNA/L-PEI com-
plexes are large (>1000 nm) when freshly prepared and carry
a high positive surface charge (see also Ref. 17).

Freezing or freeze-drying would be an important strategy
for preserving gene transfer formulations based on polyca-
tions or cationic lipids (18), but often results in DNA particle
aggregation. For this reason, we evaluated the effect of freez-
ing on the biophysical characteristics of our novel polyplexes.
Freeze-thawing of the unshielded DNA/L-PEI complexes in
the presence or absence of glucose resulted in formation of
huge, visible aggregates (10) not applicable for gene transfer.
In contrast, with the PEGylated polyplexes after one freeze/
thaw cycle, only a moderate but significant increase in particle
size to 300 nm (DNA/PEG/L-PEI) and 500 nm (DNA/PEG/
Mel-PEI) was observed. The polydispersity index as a mea-
sure for the width of the size distribution also increased after
the freeze/thaw step. This indicates a mild, partial aggregation
of polyplexes to a mixture of small particles and some larger
aggregates. Optimization of the cryoformulation medium us-
ing different buffer and sugars (19,20) may further improve
the particle stability. In the current work, the described cryo-
conserved formulation in glucose was applied in all further
testings.

Cellular Association

Cellular association of DNA/PEG/L-PEI and DNA/L-
PEI was studied on A-10 rat smooth muscle cells (Fig. 1).
Already low doses (0.5 wg DNA per 100,000 cells) of aggre-
gated, strongly positively charged DNA/L-PEI complexes re-
sult in >90% YOYO-1 positive cells (Fig. 1A). In contrast,
shielded DNA/PEG/L-PEI particles with a near-neutral sur-
face charge have to be applied at higher doses to reach the
same percentage of cells after 4 h of incubation (Fig. 1B).
Binding kinetics of both formulations using optimized DNA
doses are comparable, with maximum cellular association af-
ter 2 h of incubation at 37°C (Figs. 1C-1D).

Toxicity

We studied the effect of different DNA formulations on
cellular viability by measuring cellular ATP content (21).
DNA/L-PEI complexes were highly toxic even at low doses
both on A-10 rat SMCs (Fig. 2A) and PEC’s (Fig. 2B). In-
corporation of PEG into the polyplex strongly reduced tox-
icity at all concentrations tested (p < 0.01, ANOVA, Scheffé).
With PEG-shielded DNA/PEG/L-PEI complexes, toxicity
was almost absent at doses up to 0.4 pwg DNA per well, and at
the maximum dose tested (1.5 pug DNA) 70% (A-10) and
>40% (PEC) of the cells were still viable. By contrast, the
viability of cells transfected with DNA/L-PEI at this dose was
<10%. Similar results as with DNA/PEG/L-PEI treated A-10
cells were obtained with the lipoplex formulation DNA/DC30
(22). Viability of DNA/PEG/Mel-PEI treated cells was
slightly lower than DNA/PEG/L-PEI treated cells, but poly-
plexes were still significantly less toxic compared to DNA/L-
PEIL In PEC cells, DNA/PEG/L-PEI and DNA/PEG/Mel-
PEI complexes were also significantly less toxic as compared
to DNA/L-PEI at all doses tested.

Reporter Gene Expression

Despite the decreased cell binding of PEG shielded poly-
plexes (see Fig. 1), their transfection potential was, depending
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Fig. 1. Cellular association of polyplexes with A-10 vascular smooth muscle cells: 10° A-10 cells were
plated in 12-well plates 1 day prior to transfection. Plasmid DNA (pAH7-Luc) was labeled with the
fluorescent DNA intercalator YOYO-1 prior to complexation as described in “Materials and Methods.”
Complex formation was carried out as described in Table I. DNA/L-PEI complexes were used fresh 30
min after mixing in 0.5x HBS; DNA/PEG/L-PEI complexes were generated in HBG and used after one
freeze/thaw cycle in liquid nitrogen. Cells were incubated with the indicated amount of complexed DNA
in 600 pl of medium at 37°C (5% CO,, humidified atmosphere) and thereafter harvested and analyzed
by flow cytometry on a FACScalibur (Becton Dickinson) as described in “Materials and Methods.” (A)
and (B) Histograms of fluorescence intensities of cells incubated for 4 h at 37°C with different quantities
of either (A) DNA/L-PEI complexes or (B) DNA/PEG/L-PEI complexes are shown. Narrow line:
untreated cells; full lines: amount of DNA as indicated (0.5 mg, 1 mg, 2 mg, and 4 mg). (C) and (D) Cells
were incubated at 37°C for different time periods with either (C) 1 pg DNA/L-PEI complexes or (D)
4 ng DNA/PEG/L-PEI complexes. Narrow line: untreated cells; full lines: incubation time as indicated

(0.5h, 2 h, and 4 h).

on the cells used, equal or even increased compared to ag-
gregated DNA/L-PEI complexes (Fig. 3). Highest gene ex-
pression was achieved in A-10 cells with DNA/PEG/Mel-PEI
complexes, resulting in a 5-fold increase as compared to un-
shielded DNA/L-PEI complexes. DNA/PEG/L-PEI com-
plexes were equal in their transfection efficiency to DNA/L-
PEI polyplexes in A-10 cells, whereas in PSMCs or endothe-
lial cells, increased doses of PEGylated polyplexes were
needed to achieve a similar luciferase activity.

To determine the percentage of transfected cells, EGFP
was used as a reporter gene (Table II). Again, DNA/PEG/
Mel-PEI complexes were most efficient, transfecting almost
50% of cells with EGFP, compared to DNA/L-PEI and
DNA/PEG/PEI resulting in 22% and 17% EGFP positive
cells, respectively. Using optimized DNA doses for the indi-
vidual formulations, the activity of secreted alkaline phospha-
tase (SEAP) was measured in the supernatants of SEAP plas-

mid transfected A-10 cells (Fig. 4). For all formulations
tested, maximum gene expression rate was obtained 3-5 days
after transfection. Such a time course for a secreted protein is
different from the expression kinetics for intracellular lucif-
erase, where the maximum gene expression rate was observed
after 24 h (M.O., unpublished data). Both PEG-shielded for-
mulations resulted in an up to 4-fold increase in expression
rate as compared to DNA/L-PEI, and the total amount of
SEAP activity produced within 9 days was 4- to 5-fold higher
(190 ng for DNA/L-PEI, 800 ng for DNA/PEG/L-PEI, and
960 ng for DNA/PEG/Mel-PEI per 10,000 cells seeded).
Finally, the ability of smooth muscle cells to express func-
tional secreted MCP-1 protein was tested after transfection of a
MCP-1 encoding plasmid under the control of a CMV promoter
(Fig. 5). Significant levels of MCP-1 were detected for all trans-
fection formulations used. Up to 125 ng/ml active MCP-1 was
found 72 h after transfection per ml supernatant (Fig. 5A),
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Fig. 2. Viability test for smooth muscle cells and endothelial cells.
The day before transfection, (A) A-10 cells or (B) primary porcine
endothelial cells (PEC) were seeded in 96-well plates (white, with
clear bottom) at 10° cells per well. Cells were transfected in 100 wl
mediums with the indicated amount of complexed firefly luciferase
encoding plasmid. PEG containing polyplexes were generated in
HBG at a final DNA concentration of 100 pg/ml and subjected to one
freeze/thaw cycle prior to transfection. DNA/L-PEI complexes were
generated in 0.5x HBS at a final DNA concentration of 20 pwg/ml.
DNA/DC30 lipoplexes were reconstituted from a lyophilisate (final
DNA concentration, 25 pg/ml) and used thereafter for transfection.
After an incubation period of 4 h, fresh medium was added to yield
a final volume of 200 pl, and 24 h after transfection the cellular ATP
content was measured as described in “Materials and Methods.”
Non-transfected cells were used as a 100% viability control. Black
bars: DNA/L-PEI; white bars: DNA/PEG/L-PEI; gray bars: DNA/
PEG/Mel-PEI; hatched bars: DNA/DC30. Cells were incubated with
increasing amounts of formulated DNA ranging from 0.2, 0.4, 1.0 to
1.5 pg/ml. Mean values from triplicates + standard deviation are
shown. Statistical significance vs. DNA/L-PEI at p < 0.01 (**) or p <
0.05 (*); statistical significance DNA/PEG/Mel-PEI vs. DNA/PEG/
L-PEI at p < 0.05 (#) or p < 0.01 (##).

whereas the MCP-1 protein content in cellular supernatants was
up to 400 ng per ml (Fig. 5B). This discrepancy could be ex-
plained by a partial loss of MCP-1 bioactivity during 72 h of
continuous incubation at 37°C in the presence of serum.

DISCUSSION

A gene transfer formulation based on polyethylenimine
(PEI) was developed for efficient transfection of vascular
smooth muscle cells (SMCs) and endothelial cells (ECs). The
incorporation of PEG as a co-polymer with PEI physically
stabilized the polyplex formulation, enabled storage in frozen
form without loss of bioactivity, and strongly reduced the
cellular toxicity of PEI polyplexes.
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Fig. 3. Luciferase reporter gene expression on smooth muscle cells
and endothelial cells. (A) A-10 cells, (B) PSMC, (C) PEC, and (D)
HUVEC cells were seeded in 96-well plates at densities of 10° cells
per well and transfected as described in Fig. 2. Cells were incubated
with increasing amounts of formulated pAH7-Luc DNA ranging
from 0.2, 0.4, and 1.0 to 1.5 wg/ml using stock solutions of complexes.
Black bars: DNA/L-PEI; white bars: DNA/PEG/L-PEI; gray bars:
DNA/PEG/Mel-PEI, hatched bars: DNA/DC30. After an incubation
period of 4 h, fresh medium was added to a final volume of 200 wl. At
24 h after transfection, luciferase activity was measured as described
(12). Mean values from triplicates + standard deviation are shown.
Statistical significance vs. DNA/L-PEI at p < 0.01 (**) or p < 0.05 (*);
statistical significance DNA/PEG/Mel-PEI vs. DNA/PEG/L-PEI at
p < 0.05 (#) or p < 0.01 (##).
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Table II. Enhanced Green Fluorescent Protein Reporter Gene
Expression on Smooth Muscle Cells

Formulation % EGFP positive cells
Control 0.11 £ 0.01
DNA/PEG/

L-PEI 172+ 6.5
DNA/PEG/

Mel-PEI 47.4 + 3.8*%
DNA/L-PEI 22.1+0.4

PEG, polyethylene glycol; L-PEI, linear polyethylenimine; Mel-PEI,
melittin-PEIL

A-10 cells (60,000 cells plated 1 day before transfection, 24-well plate)
were transfected with 3.6 pg EGFP encoding plasmid per well in 600
wl medium. After 4 h, 1 ml fresh medium was added. Cells were
harvested after total 24 h and assayed for EGFP expression as de-
scribed (16). Mean values from duplicates + standard deviation are
shown.

* Statistical significance DNA/PEG/Mel-PEI vs. DNA/PEG/L-PEI

and DNA/L-PEI p < 0.05 (ANOVA, plus Scheffé’s test).

Co-polymers of cationic polymers with hydrophilic poly-
mers such as PEG have been evaluated as transfection re-
agents by several research groups (e.g., see Refs. 9-11, 23-26),
demonstrating their beneficial characteristics such as high
physical stability and low toxicity both in cell culture and in
vivo. The incorporation of PEG into polyplexes is not without
pitfalls; their use can result in reduced transfection efficiency
as compared to non-PEGylated polyplexes (9,23). At least
three major reasons have to be considered as explanation for
this finding.

First, a high content of PEG in the transfection complex
may hinder proper condensation of DNA and particle forma-
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tion (24,27). One way to avoid this problem is “post-
PEGylation,” as the subsequent introduction of PEG or other
hydrophilic polymers into already formed DNA complexes
does not interfere with DNA condensation (28). Alterna-
tively, as applied in our current work, only a fraction of total
PEI (20% in the current study) in the polyplex is used in
PEG-modified form. Our recent studies demonstrated that
careful titration of PEG content provides shielding and sta-
bilization and maintains high transfection efficiency (10).

Second, incorporation of PEG into the complexes may
significantly reduce cellular association (29). This was also
observed in the current investigation, but as shown here can
be compensated by increasing the polyplex concentration as
shown in Fig. 1.

Third, incorporation of PEG might reduce endosomal
escape of DNA complexes (16,30,31). This step can be very
limiting with small polyplexes (16), whereas larger PEGylated
particles show better transfection characteristics (10,30). To
evaluate the aspect of endosomal escape, we incorporated a
synthetic melittin peptide into the PEG-shielded polyplexes.
This was based on the rationale that melittin can enhance the
intracellular release of internalized polyplexes from endo-
somes into the cytoplasm, as previously reported for non-
shielded polyplexes (12). Indeed, a significant increase of re-
porter gene expression was observed using DNA/PEG/Mel-
PEl in three of the four cell types evaluated (Figs. 3A, 3C, and
3D), and this effect was most prominent at low DNA doses.

A key element for gene therapy applications is the lack
of toxicity. PEGylation can contribute here in dual fashion: it
reduces toxicity both on the host organism level and on the
cellular level. The low cellular toxicity obtained with PEG-
shielded polyplexes as observed in this study (Fig. 2) is in
good agreement with recently published data, where similar
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Fig. 4. Secreted alkaline phosphatase (SEAP) reporter gene expression on smooth muscle
cells A-10 cells were transfected in 96-well plates analogously as described in Fig. 3 using
SEAP as reporter gene. Cells were transfected with the indicated formulation at the optimal
DNA dose (determined in a separate experiment measuring SEAP activity 48 h after trans-
fection), medium was replaced every 24 h, and SEAP activity was assayed in the supernatants.
Squares: DNA/L-PEI in 0.5x HBS, 25 ng DNA/well; diamonds: DNA/PEG/L-PEI in HBG,
400 ng DNA/well; triangles: DNA/PEG/Mel-PEI in HBG, 100 ng DNA/well. Mean values
from triplicates + standard deviation are shown. Statistical significance DNA/PEG/L-PEI vs.
DNA/L-PEI at p < 0.01 (**) or p < 0.05 (*); statistical significance DNA/PEG/Mel-PEI vs.

DNAV/L-PEI at p < 0.05 (#) or p < 0.01 (##).
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Fig. 5. Expression of MCP-1 protein in transfected A-10 smooth muscle cells. A-10 cells
(50,000 cells plated 1 day before transfection, 12-well plate) were transfected with the indi-
cated amount of MCP-1 encoding plasmid pAH7-MCP1 per well in 1 ml medium. After 72 h,
supernatants were removed, frozen in liquid nitrogen, and stored for further analysis. Com-
plexes were generated as described in Fig. 3. (A) Bioactivity of expressed MCP-1 protein; (B)
MCP-1 protein content. (a) DNA/L-PEI in 0.5x HBS; (b) DNA/PEG/L-PEI in HBG; (c)
DNA/PEG/Mel-PEI in HBG; (d) DNA/DC30. Mean values from triplicates + standard de-
viation are shown. n.d.: not done. Statistical analysis (ANOV A, Scheffé’s test) was carried out
comparing the optimal DNA doses of the individual formulations used for transfection.
Statistical significance vs. DNA/DC30 at p < 0.01 (**) or p < 0.05 (*).

effects were found with PEG-PEI conjugates (9,25). The cy-
totoxicity of standard PEI polyplexes presumably has its
cause in a strong, unspecific interaction of the highly positive
charged surface of the PEI polyplexes with cellular mem-
branes; this can be blocked effectively by PEG. The function
of PEG in reducing unspecific interactions is also valuable for
in vivo applications. PEG blocks the interaction with blood
components and nontarget cells, and in this manner strongly
reduces in vivo toxicity of PEI polyplexes (11,30). A very
similar PEG/PEI formulation as described in the current pa-
per was successfully applied systemically in mice for targeted
expression in distant, subcutaneous tumors without any sign
of systemic toxicity (10).

Despite shielding of particles from unspecific interac-
tions, the transfection potential of PEG containing polyplexes
(both DNA/PEG/L-PEI and DNA/PEG/Mel-PEI) in the
SMC cell line A-10 was similar or even increased at all DNA

concentrations as compared to standard DNA/L-PEI poly-
plexes (Fig. 3A). Up to approximately 50% of transfected
cells expressed a EGFP marker gene (Table II) and up to 200
ng SEAP/10,000 cells/24 h were produced by DNA/PEG/Mel-
PEI polyplexes (Fig. 4). In primary SMC or endothelial cells,
at low DNA dosage a lower expression was observed with the
PEGylated polyplexes, but increasing DNA doses also recov-
ered reporter gene expression (Fig. 3).

Stability of DNA formulation is another important phar-
maceutical aspect. All transfection results with PEGylated
polyplexes presented in this study were obtained by using
cryoconserved polyplex formulations. After the freeze/thaw
step, a moderate increase in particle size was observed (Table
I). Optimization of the cryoformulation medium may further
improve the particle stability (20). The slight changes in par-
ticle size in the current glucose formulation is not considered
to be critical, as the biological gene transfer activity of PEG-
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shielded polyplexes was not negatively affected. This is in line
with our earlier observation that moderate aggregation of
PEGylated polyplexes retains or even enhances the transfec-
tion activity (10).

In summary, polyethylenimine-based polyplexes were
developed that display reduced toxicity, can be cryocon-
served, and efficiently transfect cells of the vasculoendothelial
system. Transfection with a therapeutic plasmid encoding
MCP-1 resulted in expression and secretion of bioactive
MCP-1, with the most biocompatible formulation DNA/PEG/
L-PEI expressing the highest amount of bioactive MCP-1. In
this regard, the current study suggests the possible use of a
PEGylated polyplex formulation for the local vascular gene
expression of MCP-1 as a gene therapeutic approach for ar-
terial occlusion disease. The time frame of gene expression
observed by the formulation (several days after a single trans-
fection) should be sufficient for a therapeutic effect of MCP-1
locally secreted in vivo. Voskuil et al. compared continuous
local infusion of MCP-1 protein after ligation of the femoral
artery in minipigs either for 3 days or 2 weeks (3). For both
application schemes, a similar outcome was observed suggest-
ing that the therapeutic effect of MCP-1 is most pronounced
within the first days after arterial occlusion. Due to the non-
viral and nontoxic character, the gene transfer system pre-
sented in our study offers a high degree of biological safety.
Even in the case of inadvertent systemic leakage of the poly-
plexes after local catheter-mediated application, no signifi-
cant transgene expression in nontarget tissues would be ex-
pected, as PEG-shielded DNA/L-PEI polyplexes applied sys-
temically revealed a very low toxicity and low transfection
potential for healthy organs (10,11). Additional safety may be
obtained by using a tissue-specific promoter for smooth
muscle cells (32).
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