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Purpose. To evaluate the effect of re-directing the uptake mechanism of polyplexes containing

oligodeoxynucleotide (ODN) decoys to nuclear factor kappa B (NF-kB) from absorptive-mediated to

receptor-mediated endocytosis.

Materials and Methods. Complexes of ODNs and a co-polymer of biotin–polyethylenglycol and

polyethylenimine (BPP) were targeted to brain-derived endothelial cells with a conjugate of antibody

8D3 and streptavidin (8D3SA). Size and stability of ODN/BPP complexes was measured by dynamic

light scattering. Cellular uptake was studied by confocal microscopy. Cell viability and pharmacological

effects were investigated on murine bEnd5 cells stimulated with tumor necrosis factor.

Results. ODN/BPP complexes showed sizes of 116T2.3 nm, which increased by 40 nm when coupled to

8D3SA, and were stable in physiological fluids. Targeted complexes were internalized intact into

endosomal compartments. Treatment conditions, which yielded significant inhibitory effects on mRNA

expression of VCAM-1, ICAM-1, IkBa and iNOS by bEnd5 cells, did not affect viability. At 0.5 mM,

decoy ODN significantly inhibited monocyte adhesion to bEnd5 monolayers when delivered as 8D3SA-

targeted complex, while higher concentrations of untargeted complex were ineffective.

Conclusions. The complex of NF-kB decoys and BPP, which can be targeted to transferrin receptors, is a

promising drug candidate for neuroinflammatory diseases affecting the blood–brain barrier.

KEY WORDS: blood–brain barrier; drug delivery; polyethylenimine; transferrin receptor; transcription
factor decoy.

INTRODUCTION

The potential of transcription factor decoys, short
double stranded oligonucleotides (ODNs), as novel drugs
has received increasing attention (1). Decoys for various
transcription factors, e.g. nuclear factor kappaB (NF-kB),
may thus expand the range of oligonucleotide-based gene
therapeutics, which comprises classes like antisense drugs,
ribozymes, and siRNAs. The prime obstacle to conquer
before clinically useful drugs based on all of these classes of

agents will become reality is delivery and targeting to the site
of action. Recently, we demonstrated efficient transfection of
endothelial cells with decoy ODNs after complexation with
polyethylenimines (2). That report also showed that the
intracellular delivery results in anti-inflammatory pharmaco-
logical effects, as indicated by inhibition of VCAM-1
expression and of monocyte adhesion to the endothelial cells
in vitro. The bEnd5 endothelial cells utilized in these studies
are derived from brain microvessels, which form the anatom-
ical substrate of the blood–brain barrier (BBB). The BBB not
only restricts brain entry of solutes, but it also controls the
trafficking of leukocytes. Because lymphocyte and monocyte
extravasations across the BBB play a pivotal role in neuro-
inflammation, consequently the inhibition of adhesion mole-
cules or their ligands is an attractive therapeutic strategy (3,4).
Vascular cell adhesion molecule-1 (VCAM-1), expressed on
the endothelial cells, and its ligand, a4b1-integrin, expressed
on the leukocyte surface, are major players in this process (4).
The viability of a strategy aimed at inhibition of adhesion
molecules has recently been clinically proven in patients with
MS by the high therapeutic efficacy of an a4-integrin
monoclonal antibody, natalizumab (5).

The ODN/PEI polyplexes used in the previous study
were non-targeted (2). Therefore, cellular uptake occurred
by adsorptive-mediated endocytosis, which is triggered by
electrostatic interactions between the negatively charged
plasma membrane and the positively charged complexes. As
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we found in pharmacokinetic experiments with such cationic
complexes, they are subject to rapid clearance by liver, spleen
and kidney after systemic administration (6). Therefore,
efficient re-direction to the desired organ vascular bed is
required for potential in vivo applications targeting organs
other than those mentioned above, such as brain. On one
hand, the microvasculature supplying brain tissue, due to its
physiological barrier function, poses a special challenge to
the delivery of macromolecular drugs and nanoparticles. On
the other hand, BBB endothelial cells express several
receptor-mediated uptake mechanisms, including the trans-
ferrin receptor system, which can be utilized for targeted
drug delivery (7,8). In the current study ODN/PEI complexes
were targeted to the transferrin receptor, using a conjugate of
the rat anti mouse antibody 8D3 (9) and streptavidin
(designated 8D3SA). 8D3 has been used successfully as
vector for brain delivery of peptides, proteins, peptide
nucleic acids and plasmids (10–13). For ODN complex
formation, we utilized the same PEI of low molecular weight
(PEI 2.7 kDa), which gave the best response with the
nontargeted polyplexes (2), has low cytotoxicity, and also
possesses high transfection efficiency for plasmid DNA (14).
This low molecular weight PEI was PEGylated with poly-
ethylenglycol (3.4 kDa) carrying a terminal biotin moiety.
Complexes between NF-kB decoy ODN and biotinylated
PEG-PEI (designated BPP) could therefore be conveniently
coupled to the 8D3SA vector via streptavidin/biotin linkage.

MATERIALS AND METHODS

Cell Culture

The bEnd5 endothelial cell line (a kind gift from Dr.
Britta Engelhardt, Bern, Switzerland) is derived from mouse
brain and was generated by immortalization with polyoma
middle T oncogene (15). Cells were grown in DMEM
(Mediatech Inc. Cellgro, Herndon, VA, USA) supplemented
with 10% (v/v) FBS (fetal bovine serum) (Bio Whittacker,
Walkersville, MD, USA), 1 mM sodium pyruvate, 4 mM L-
glutamine, 1% (v/v) non-essential amino acids, 1% (v/v)
10,000 IU/ml penicillin 10,000 mg/ml streptomycin (all
Mediatech Inc. Cellgro), 0.0004% b-mercaptoethanol (Sigma,
St. Louis, MO, USA). The human monocytic leukemic cell
line U-937 (ATCC, Manassas, USA) was cultured in
RPMI1640 (Mediatech Inc., Cellgro) using the same media
supplements as the bEnd5 cells. Both cell lines were
maintained at 37-C, 5% CO2 and 95% relative humidity.

8D3 Production and Conjugation with Streptavidin

The 8D3 hybridoma (rat-anti-mouse transferrin recep-
tor, IgG2a) was obtained from Dr. Britta Engelhardt (Bern,
Switzerland) and antibody was produced by ascites genera-
tion in nude mice (QED, San Diego, CA, USA). IgG
purification from ascites fluid was accomplished by affinity
chromatography on Protein-G HiTrap columns (Amersham
Biosciences, Piscataway, NJ, USA).

A conjugate of 8D3 and streptavidin (SA) was synthe-
sized as follows: 5 mg purified 8D3 antibody was thiolated
using 33.3 ml Traut_s reagent (1.38 mg/ml in DMSO) (Pierce

Biotechnology, Rockford, IL, USA) under gentle mixing for
60 min at room temperature. Then 1.875 mg recombinant
streptavidin (Sigma, St. Louis, MO, USA) was activated using
15 ml of 4.58 mg/ml sulfosuccinimidyl 4-[p-maleimidophenyl]-
butyrate (S-SMPB, Pierce Biotechnology) in dimethylforma-
mide. Both reactions were quenched by adding a molar excess
of glycine for 30 min at room temperature. Thiolated 8D3 and
MBP-streptavidin were purified from the reaction mixtures on
PD-10 columns (Amersham Biosciences) eluted with 20 mM
PBS / 1 mM EDTA pH 7.0, and 0.5 ml eluate fractions were
collected. Protein concentration in the fractions was estimated
by the Coomassie Blue reagent method following the man-
ufacturer_s protocol (Pierce Biotechnology). The protein peak
fractions of thiolated 8D3 and MBP-streptavidin were com-
bined (final volume 2–3 ml) and the conjugation reaction was
allowed to proceed on ice for 2 h under gentle stirring. The
reaction was quenched by addition of iodoacetamide (Sigma)
and a trace amount of 0.5 mCi [3H]biotin (Amersham
Biosciences, NJ, USA) was added before chromatographic
purification by FPLC over Superdex 200 HR 10/30. Aliquots
from 1 ml eluate fractions were counted for 3H activity in a
Beckman 6000 scintillation counter (Beckman, Fullerton,
CA, USA) and overlaid with the UV absorption trace.
Fractions corresponding to a 1:1 conjugate of 8D3 and SA
were pooled and concentrated. The protein concentration
was determined by the BCA method (Pierce Biotechnology)
and the 8D3SA conjugate was stored at j20-C.

Preparation of ODN/Polyethylenimine Complex

The low molecular weight PEI (LMW-PEI) used here
was synthesized by acid catalyzed ring opening polymeriza-
tion of aziridine in aqueous solution (16), which results in a
low branched PEI (ratio of primary/secondary/tertiary
amines=1:2:1) with a molecular weight of 2.7 kDa. For
synthesis of biotinylated PEGylated PEI (designated BPP),
LMW-PEI and Poly(ethylene glycol)-a-biotin-w-NHS ester
(molecular weight 3.7 kDa; Shearwater, Huntsville, AL,
USA) were reacted in CHCl3 at equimolar concentration
for 18 h under boiling (17). Completeness of the reaction and
the 1:1 molar composition of the final BPP product were
confirmed by 1H-NMR.

The ODN used in these experiments was a double-
stranded 20mer phosphodiester ODN synthesized from the
complementary single-stranded ODNs (MWG-Biotech,
Highpoint, NC, USA) by heating to 95-C for 5 min, followed
by stepwise decrease to ambient temperature (2). The
sequence of the decoy ODN (NF-kB decoy), with consensus
sequence underlined, is:

5¶-CCT TGA AGG GAT TTC CCT CC-3¶
3¶-GGA ACT TCC CTA AAG GGA GG-5¶

A scrambled dsODN with the following sequence
5¶-TTG CCG TAC CTG ACT TAG CC-3¶
3¶-AAC GGC ATG GAC TGA ATC GG-3¶

or salmon sperm DNA (Brinkmann-Eppendorf, Westbury,
NY, USA) were used as negative controls. Complexes were
prepared by mixing ODN and BPP in 10 mM Na-phosphate/
0.9% NaCl (PBS) and incubating for 10 min at room
temperature. The ratio of ODN and BPP was 6:1 based on
N/P ratio [polymer nitrogen (N) per DNA phosphate (P)].
Pilot experiments had shown that all the ODN was bound in
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complexes formed at N/P ratios above 3:1, but maximal
condensation was seen at N/P=6:1, as detected by dye-
exclusion of ethidium bromide on 1% agarose gel electropho-
resis. Complexes for targeting to transferrin receptors were
obtained by adding 8D3SA in PBS to the ODN/PEI complex
and further incubation for 15 min.

Particle Characterization

Complex size, either of ODN/BPP or 8D3SA-ODN/
BPP, in PBS solutions was investigated by photon correlation
spectroscopy using a submicron particle sizer Nicomp 380/
ZLS equipped with a 15 mW Laser diode with a wavelength
of 635 nm (Particle Sizing Systems, St. Barbara, CA, USA).
Complex sizes were measured after 10 min, 1 h, 4 h, 8 h, 24
h and 1 week using intensity weighted Gaussian fitting. For
determination of zeta potential, ODN/BPP complexes were
made in 5% Glucose/10 mM HEPES, pH 7.4 and after 10
min were measured in the Nicomp 380/ZLS using the zeta
potential module (E-field 1V/cm, phase shift analysis with
software ZPW 388, version 1.70).

Cytotoxicity

In vitro cytotoxicity of the complex on bEnd5 cells was
measured as described (2) using the EZ4U kit (Alpco
Diagnostics, Windham, NY, USA) and following the man-
ufacturer_s instructions. This assay is a modified version of
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Mitochondrial metabolism generates a
water-soluble formazan derivative not requiring an additional
solubilization step. Briefly, bEnd5 cells were grown to
confluence in 96-well plates and were exposed to the
complexes in culture media over a time period of 8 h,
followed by 4 h of TNFa treatment (corresponding to the
pharmacologic experiments described below). The media was
changed after TNFa stimulation, 20 ml per well of substrate
solution were added, and plates were incubated for another 2
h at 37-C. The absorbance of the reaction product was
measured at 492 nm (with reference wavelength 560 nm) in
an ELISA plate reader. Viability data were normalized by
wells with naı̈ve cells, i.e. treated neither with complex nor
TNFa. The mean absorption value of these wells was set to
100%.

Endothelial Cell Treatment

Cells were grown to confluency on 6-well plates (for real
time PCR) or 24-well plates (for adhesion experiments).
Triplicate wells were treated for 8 h with DNA/BPP
complexes at 0, 0.5, 1.0, or 2.0 mM concentrations of decoy
ODN, or 10 mg/ml salmon sperm DNA, or 2.0 mM scrambled
ODN. The N/P ratio of the complexes was always 6:1, and
they were added either with the delivery vector 8D3SA (at
0.75 mM final concentration) or without it. Media was used in
presence of 10% fetal bovine serum (FBS), or serum-free.
After 8 h, media was exchanged to new media with 50 ng/ml
TNFa (Pepro Tech, Rocky Hill, NJ, USA) to stimulate the
cells for 4 h. The cells stimulated with TNFa only, but not

treated with complex, are referred to as Bmedia control^. In
separate series of experiments, concentrations of ODN or
8D3SA were varied.

Confocal Microscopy

bEnd5 cells were grown on coverslips and incubated in
culture media with fluorescent labeled ODN/BPP complex
(0.5 mM ODN concentration), with or without 8D3SA, for 2
h at 37-C. The PEI in these complexes was labeled with
NHS-rhodamine (Pierce, Rockford, IL, USA). Briefly, BPP
(2 mg in 1 ml H2O, pH adjusted to 7.4 with HCl) was reacted
with NHS-rhodamine (0.1 mg/100 ml DMSO) for 2 h on ice.
Rhodamine-BPP was separated from non-reacted NHS-
rhodamine by gel chromatography on PD-10 columns (GE
Healthcare, Piscataway, NJ). The degree of substitution was
calculated from the known molar quantities of BPP and
NHS-rhodamine in the reaction mixture and the fluorescence
peak areas corresponding to rhodamine-BPP and free
rhodamine in the eluate, respectively. Recovery for both
rhodamine-BPP and rhodamine from these columns was
>90% as determined in separate chromatographic runs.
Twenty-nine percent of BPP molecules carried a rhodamine
conjugate, on average. Rhodamine-BPP was mixed with
custom synthesized 5¶-FITC-ODN (MWG-Biotech, High-
point, NC, USA).Nuclear staining was performed with
DRAQ5 (Biostatus Ltd., Leicestershire, UK) following
manufacturer_s protocol. The cells were fixed with 4%
paraformaldehyde and washed with wash buffer thrice and
once with water. The coverslips were placed on slides with
glycerol as mounting media (Mallinckrodt, St. Louis, MO,
USA) and sealed with Histoseal (Bioworld, OH, USA). The
samples were viewed under a Leica IRE2 microscope
equipped with the TCS-SL spectral confocal scanner (Leica
Microsystems, Heidelberg, Germany). Excitation wave-
lengths were 488 nm (Argon laser), 543 nm (HeNe) and 633
nm (GreNe) for excitation of FITC, Rhodamine and
DRAQ5, respectively.

RNA Extraction and Reverse Transcription

RNA was extracted from bEnd5 cells plated on 6-well
plates using the TRIZOL Reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer_s instructions. Two
micrograms of RNA from each sample was then reverse
transcribed to cDNA by SuperscriptII Reverse Transcriptase
(Invitrogen) using random hexamers. cDNA was diluted
fourfold and stored at j20-C until further use.

Quantitative Real Time PCR

The mRNA expression of VCAM-1, truncated VCAM-1,
ICAM-1, iNOS, IkBa was analyzed on an automated sequence
detection system model 5700 (Applied Biosystems, Foster
City, CA, USA) using fluorogenic probes. Quantification was
performed using the following forward and reverse primers:
VCAM-1: 5¶-TGC AAA GGA CAC TGG AAA AGA G-3¶;
5¶-GCC CAC TCA TTT TAA TTA CTG GAT-3¶; VCAM-1
truncated: 5¶-TGT GTG AAG GAG TTA ATC TGA TTG-
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3¶; 5¶-GGC CAT TAG TAA TCT GAG ACT TCA TTC-3¶;
ICAM-1: 5¶-AGT CGT CCG CTT CCG CTA C-3¶; 5¶-CTG
GCA GAG GTC TCA GCT CC-3¶
iNOS: 5¶-CAG CTG GGC TGT ACA AAC CTT-3¶; 5¶-CAT
TGG AAG TGA AGC GTT TCG-3¶
IkBa: 5¶-CCA ACT ACA ATG GCC ACA CG-3¶; 5¶-GTG
CTC CAC GAT GGC CAG-3¶

The probes used were
VCAM-1: 5¶-ACC CAG GTG GAG GTC TAC TCA TTC
CCT GA-3¶; VCAM-1 truncated (18): 5¶-ACA AAG CAG
AAG TGG AAT TAG TTG TTC AAG TGG G-3¶; ICAM-
1: 5¶-TCA CCG TGT ATT CGT TTC CGG AGA GTG-3¶
iNOS: 5¶-CGG GCA GCC TGT GAG ACC TTT GA-3¶
IkBa: 5¶-TCT GCA CCT AGC CTC TAC TCA CGG CT-3¶

with the 5¶-nucleotide labeled with the fluorescent dye 6-
FAM (6-carboxy fluorescein) and the 3¶-nucleotide labeled
with a quencher dye (TAMRA=6-carboxy-tetramethyl rho-
damine) (MWG-Biotech). All other PCR reagents were
obtained from Applied Biosystems. 18s rRNA detection kit
(Applied Biosystems) was used as internal control. Reverse
transcribed RNA from non-treated and TNFa stimulated
cells (media control) served as negative and positive control,
respectively. Control amplifications (no template) were
included in each reaction. The reaction was carried out in
optical 96-well plates (Applied Biosystems) with 2 ml sample
(50 ng cDNA) added to 23 ml reaction mix containing 1�
PCR Gold buffer, 5 mM MgCl2, 200 mM dNTPs each, 300 nM
forward and reverse primers each, 100 nM probe, 0.01 U/
ml Amp Erase UNG, and 0.05 U/ml AmpliTaq Gold. PCR
conditions were as follows: 2 min at 50-C for UNG
incubation, 10 min at 95-C for the activation of AmpliTaq
Gold DNA polymerase, and 40 cycles of 15 s at 95-C and 1
min at 60-C. All experiments were carried out in triplicates.
The Bdelta-delta^ method was used for evaluation, i.e. for
each individual sample, the threshold cycle number of
VCAM-1, ICAM-1, iNOS, IkBa and GAPDH was corrected
by the threshold cycle number of 18S rRNA. Then, the 18S-
corrected signal of the non-treated control sample (NT) was
set to 1 and all other samples were expressed as fold-
stimulation compared to NT.

Monocyte Adhesion Assay

Adhesion assays were performed as described previously
(2). Briefly, confluent bEnd5 cells were treated with the
ODN/BPP complexes in both serum free and serum con-
ditions, incubated for 8 h and activated by TNFa for 4 h.
Then 106 cells/well human monocytic leukemia U-937 cells
(ATCC, Manassas, VA, USA) labeled with 1 mg/ml 2¶,7¶-bis-
(carboxyethyl)-5-(6)-carboxyfluorescein-acetoxymethyl ester
(BCECF-AM) were added to the bEnd5 cells and incubated
for 30 min. Nonadherent cells were washed off and adherent
cells were lysed to measure the fluorescence (F) at 492 nm
(excitation) and 535 nm (emission). The monocyte adhesion
was calculated as:

Adhesion %½ � ¼ 100� Fsample

�
Ftotal

where Ftotal=fluorescence intensity of 106 cells.

Statistical Analysis

Statistical comparisons were carried out using GraphPad
Prism (Mac version 4.0c) by single factor analysis of variance
(ANOVA) of untransformed data or after log transforma-
tion. Dunnett_s multiple comparisons post-test was applied.

RESULTS

Particle Characterization

Complex sizes of ODN/BPP (N/P ratio 6:1) with and
without coupling of the targeting vector (8D3SA) are shown
in Fig. 1. The average complex size of freshly prepared ODN/
BPP was 116T2.4 nm (meanTSE, n=3) as determined by
quasielastic light scattering. Size increased slightly to 138 nm
over the first 8 h, with no further change detectable up to 7 d.
Measurements in presence of 10% serum yielded sizes
between 30 and 60 nm larger compared to complexes in
PBS without serum. The difference was only seen at time
points up to 8 h, at later time points the sizes were similar in
samples with or without serum. Coupling of the targeting
vector 8D3SA to ODN/BPP complexes resulted in a size
increase of 30 to 40 nm. The zeta potential of ODN/BPP
complexes (N/P ratio 6:1) in 5% glucose/ 10 mM HEPES at
pH 7.4 was determined as 13.7T5.0 mV (meanTSE, n=4).

Effect of NF-kB Decoy ODN Treatment on Endothelial
Cells

All in vitro experiments aimed at demonstration of
potential cytotoxicity, cellular uptake, and pharmacologic
effects of ODN/BPP complexes on pro-inflammatory
responses were performed on bEnd5 cells, a mouse brain-
derived endothelial cell line (19).

Cytotoxicity

The in vitro cytotoxicity of BPP was tested at different
concentrations of NF-kB decoy ODN, scrambled ODN and
salmon sperm DNA, all at 6:1 N/P ratio. The potential

Fig. 1. Size and stability as measured by photon correlation

spectroscopy. Measurements were performed in triplicate and

expressed as meanTSD.
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cytotoxic effect of ODN/BPP complexes with the vector
8D3SA was also assessed. As shown in Fig. 2, the viability of
the bEnd5 cells as determined with the MTT assay was
unaltered under all treatment conditions compared to non-
treated cells and to cells, which had only been stimulated
with 50 ng/ml TNFa for 4 h (one way ANOVA, p>0.05).

Cellular Uptake of ODN/BPP Complexes

Figure 3 depicts bEnd5 cells incubated for 2 h with the
fluorescent labeled ODN/BPP complexes with or without
the targeting vector 8D3SA. At that time point, targeting to
the transferrin receptor resulted in the detection of multiple
complexes at unambiguously intracellular location (panels
A–C). In contrast, ODN/BPP complexes without the 8D3SA
vector formed larger aggregates on the cell surface, with little
evidence of internalization (panels E–G). In both cases the
confocal scans provided evidence of co-localization of FITC-
labeled ODN and rhodamine-labeled PEI, indicating the
integrity of the ODN/PEI complexes.

Effect of ODN/BPP on Gene Expression of Adhesion
Molecules

To determine specific pharmacological effects of the
decoy ODN, we quantitatively measured mRNA expression
of adhesion molecules VCAM-1 (both full length and
truncated), ICAM-1, inducible nitric oxide synthase (iNOS),
and the inhibitor component of NF-kB complexes, IkBa, by
RT-PCR. As shown in Fig. 4A, stimulation of bEnd5 cells
with TNFa leads to an upregulation of full length VCAM-1

mRNA by a factor of 169 compared to naı̈ve cells. The
truncated mRNA for the GPI-anchored VCAM-1 splice
variant was 47-fold increased (Fig. 4B). Treatment of bEnd5
cells with ODN/BPP complexes containing NF-kB decoys
significantly inhibited upregulation of VCAM-1 mRNA by
TNFa: With targeted cellular uptake using the 8D3SA
vector, NF-kB decoy at a 0.5 mM concentration resulted in
significantly lower mRNA levels. Compared to media con-
trols, mRNA expression was lower by factors of 16.2 (full
length VCAM-1, Fig. 4A) and 6.4 (truncated VCAM-1, Fig.
4B). Moreover, the presence of serum did not appreciably
change the potent pharmacologic effect of 8D3SA targeted
ODN/BPP complexes (Fig. 4C). In contrast, complexes
without 8D3SA could not significantly affect VCAM-1
mRNA levels even at 2 mM concentration of decoy ODN, if
serum was present (Fig. 4C). Without serum, there was a
modest effect at higher NF-kB decoy concentrations of 1 and
2 mM (Fig. 4A, B).

To exclude non-specific effects of DNA/BPP complexes
on VCAM-1 gene expression, we also quantified VCAM-1
mRNA in cells treated with complexes of BPP and salmon
sperm DNA, with or without targeting by 8D3SA. No effect
on mRNA expression levels after stimulation with TNFa was
observed with this non-specific DNA. As would be expected
from a NF-kB decoy, the inhibitory action of ODN/BPP
complexes could also be demonstrated for other gene prod-
ucts, which the transcription factor regulates. Figure 5 shows
the effects on mRNA expression in bEnd5 cells for ICAM-1,
iNOS and the inhibitor IkBa. TNFa treatment stimulated the
mRNA level 5.3-fold (IkBa), 23-fold (ICAM-1) and 137-fold
(iNOS). In all three cases ODN/BPP complexes with NF-kB
decoy inhibited the mRNA upregulation. The effect was
strongest for complexes coupled to 8D3SA. The vector alone,
or complex containing non-specific DNA (salmon sperm
DNA) with or without vector, was ineffective.

As an additional control for the specificity of pharma-
cological effects, we quantified the mRNA levels of the
constitutively expressed GAPDH gene product, which is not
under regulatory influence by NF-kB. As shown in Fig. 6,
there was no significant change under any of the treatment
conditions applied to the bEnd5 cells.

In order to expand the quantitative evaluation of phar-
macological effect, we then assessed separately the concen-
tration response for the targeting vector 8D3SA and the
decoy ODN. First, a constant concentration of ODN/BPP
equivalent to 0.5 mM ODN was used. As can be inferred
from Fig. 7A, 8D3SA concentrations as low as 0.083 mM
were sufficient to mediate cellular uptake of the complexes
and significantly inhibit VCAM-1 mRNA upregulation
compared to controls. On the other hand, when ODN/BPP
concentrations were varied while 8D3SA was held constant
at 0.083 mM, NF-kB decoy ODN at concentrations as low as
0.05 mM still significantly inhibited VCAM-1 upregulation by
TNFa (Fig. 7B).

We measured the adhesion of monocytes to a bEnd5
monolayer to answer the question whether inhibition of NF-
kB mediated gene expression at the mRNA level translates
into effects on endothelial cell function. As shown in Fig. 8,
treatment of bEnd5 cells with ODN/BPP significantly
decreased adhesion of fluorescently labeled U-937 cells to
the endothelial cells. The complexes targeted to the transfer-

Fig. 2. Viability of bEnd5 cells measured by EZ4U assay under

different treatment conditions and normalized to non-treated cells

(NT) set to 100%. Samples were as follows: media control = TNFa
only, ODN/BPP = complex of specific NF-kB decoy and BPP, SCR/

BPP = complex of scrambled ODN and BPP, ODN/BPP-8D3 =

specific complex with vector 8D3SA, 8D3 = 8D3SA vector only, SS/

BPP = complex of salmon sperm DNA and BPP, SS/BPP-8D3 =

salmon sperm DNA complex with vector 8D3SA, SCR/BPP-8D3 =

scrambled ODN complex with vector 8D3SA. Molar concentrations

refer to ODN; salmon sperm DNA was used at a weight concentra-

tion of 10 mg/ml DNA; 8D3SA concentrations were 0.083 mM. Values

are shown as meanTSD, n=6.
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rin receptor were only effective when they contained specific
NF-kB decoy ODN (0.5 mM). No effect occurred, even at
higher concentration, after treatment with complexes con-
taining a scrambled version of the ODN or salmon sperm
DNA. Moreover, this functional assay gave a virtually
identical result when performed in the absence (Fig. 8A) or
presence (Fig. 8B) of serum.

DISCUSSION

The present studies demonstrate potent pharmacological
effects of NF-kB decoys on brain-derived endothelial cells
following receptor-mediated delivery of ODN/BPP poly-
plexes. These targeted polyplexes consisted of biotinylated
PEG-PEI and a 20mer double-stranded phosphodiester
ODN. Quantitative measurements of NF-kB dependent gene
transcripts by RT-PCR confirmed the specificity of the effect
at the molecular level.

With the ultimate goal being drug activity following
systemic administration, any nanoparticle- or polyplex-based
delivery system has to meet several prerequisites. The first
criterion is adequate stability in physiological fluids. The
complexes of BPP and ODN used here were stable for at least
1 week at physiological salt concentration and pH, as well as in
the presence of serum proteins (Fig. 1). The physicochemical
stability is due to the PEG moiety of the co-polymer. DNA/
PEI complexes formed with non-PEGylated 2.7 kDa PEI had
previously shown rapid aggregation at physiological salt
concentrations to sizes >500 nm within 10 min (20). Such a

Fig. 3. Confocal microscopy of bEnd5 cells after 2 h incubation with

double-labeled ODN/BPP complexes with 8D3SA (A–E) or without

8D3SA (F–J). Subpanels A and F show DIC of the cells in subpanels

(B–E) and (G–J), respectively. FITC-labeled ODN was visualized by

excitation at 488 nm and emission bandwidth 500–535 nm

(B, G); rhodamine-labeled BPP was visualized by excitation at 546

nm and emission bandwidth 560–600 (C, H); nuclear staining with

DRAQ5 was visualized by excitation at 633 nm and emission

bandwidth 650–700 nm (D, E, I, J). Subpanels D and I show the

merged channels of subpanels A, B and E, F plus the nuclear stain.

B–D and G–I represent single optical sections, while E and J

represent Z-stacks of the corresponding cells. The arrowheads in

subpanel E indicate internalized complexes in perinuclear localiza-

tion. Double arrowheads in subpanel J indicate complexes associated

with the cell membrane. Scale bars=5 mm.

R

Fig. 4. mRNA expression of bEnd5 cells for VCAM-1 full-length

isoform (A, C) and truncated isoform (B) as measured by RT-PCR.

Values are shown as meanTSE, n=3. Treatment conditions were as

follows: NT = non-treated, media control = TNFa only (4 h), ODN/

BPP = complex of specific NF-kB decoy and BPP, ODN/BPP-8D3 =

specific complex with vector 8D3SA, 8D3 = 8D3SA vector only, SS/

BPP = complex of salmon sperm DNA and BPP, SS/BPP-8D3 =

salmon sperm DNA complex with vector 8D3SA. Molar concen-

trations refer to ODN; salmon sperm DNA was used at a weight

concentration of 10 mg/ml DNA; 8D3SA concentrations were 0.75

mM. Treatment with complexes was performed in serum free media

(A, B) or in the presence of 10% FCS (C). VCAM-1 signal was

normalized to 18S RNA and expressed as fold stimulation relative to

NT=1. Notice the log-scale for the effect. **p<0.01 vs. media control

(ANOVA with Dunnett_s multiple comparison test).

b
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propensity to form large aggregates at physiological salt
concentrations is known for other forms of PEI, like the high
molecular weight 800 kDa PEI (21) and the linear 22 kDa
PEI (22,23), which is more closely related to the low
molecular weight, low-branched type of PEI used here (14).

Another criterion to consider for nano-particulate deliv-
ery systems is the mechanism of cellular uptake. Confocal
fluorescence microscopy studies revealed that polyplexes
made of PEI and DNA or RNA enter cells by the
endocytotic route (24,25). In the case of non-PEGylated
PEI this uptake process is triggered by electrostatic inter-
actions of DNA/polycation complexes and the negatively
charged cell membrane. PEGylation attenuates nonspecific
uptake and enables the redirection of such complexes to
specific, receptor-mediated targets (26,27). Here we analyzed
differences in the cellular uptake between non-targeted
complexes (ODN/BPP without 8D3SA) and the targeted
complexes (with 8D3SA). Double fluorescent labeling
of complexes allowed to unambiguously detect intact ODN/
BPP complexes by co-localization of rhodamine-labeled BPP
and FITC-labeled ODN. The specific binding by 8D3 to
transferrin receptors caused internalization of complexes over
a 2 h incubation period and resulted in the labeling of multiple
intracellular vesicles with a size and morphology compatible to
endosomes or lysosomes (Fig. 3A–D). PEI is known to disrupt
endosomes and release polymer and ODN into the cytosol and
nucleus (24,25,28). In the present study a low concentration of
complex was used to load the cells, which matched the
conditions in the pharmacological experiments (equivalent to
2 mM ODN). Therefore, the resulting cytosolic or nuclear
concentrations following release from endosomes were likely
too low for optical observation.

In contrast to the targeted polyplexes, ODN/BPP without
8D3SA mostly decorated the cell membrane (Fig. 3E–H). The
cell surface adhesion of non-targeted polyplexes results from
residual adsorptive mechanisms, i.e. electrostatic interaction
between negatively charged cell membrane and a positive
surface charge of the ODN/BPP complexes. In agreement
with this explanation, a weakly positive z-potential value of
13.7T5 mV was measured for polyplexes at the N/P ratio of
6:1 and pH 7.4.

At a functional level, the current results expand our
previous data, which demonstrated the suitability of PEI to
transfect endothelial cells with transcription factor decoys,
downregulate NF-kB dependent gene expression in endothe-
lial cells, and inhibit monocyte adhesion (2). Notably, ODN/
BPP polyplexes targeted to transferrin receptors by the 8D3
antibody significantly increased the pharmacological potency
of the NF-kB decoy, in either the absence or presence of
serum proteins.

While PEGylated, ligand-coupled PEIs targeting cell
surface receptors have been broadly explored as vectors for
nonviral delivery of genes (27,29–31), antisense oligonucleo-
tides (32,33) and siRNA (34,35), the cellular delivery of
transcription factor decoys with such a construct has not been
reported to our knowledge. Among the multiple forms of
PEGylated PEIs described in recent years, the PEI-deriva-
tive used here is most closely related to a PEGylated PEI
synthesized by Kabanov_s group (32,33). These investigators
delivered a 20-mer antisense PS-ODN using a copolymer,
which consisted of two strands of 8 kDa PEG (either with or
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without terminal biotin) grafted to commercial 2 kDa PEI
(33). Their copolymer/ODN complexes were then coupled to
the targeting ligand, biotinylated transferrin, in a 2-step
approach via an avidin bridge, resulting in particle sizes of
about 100 nm. Concordant with that paper, the data obtained
here with complexes of 20mer double-stranded ODN and a
1:1 copolymer of 2.7 kDa PEI and 3.7 kDa biotin-PEG are
further proof that low molecular weight PEIs tolerate high
degrees of PEGylation. Such PEG-PEIs do not loose the
ability to tightly bind oligonucleotides in complexes, which
are both stable towards physiological fluids including serum,
and efficient as cellular transfection vehicles.

At a concentration of up to 2 mM of decoy ODN in
presence of serum, the non-targeted complexes were ineffec-

tive in attenuating the TNFa-stimulated increase in VCAM-1
gene expression, while as little as 0.05 mM decoy ODN
potently inhibited the increase in mRNA levels (Figs. 4C and
7B). In this context, it is noteworthy that the ODN used in
the present study was an unmodified phosphodiester ODN.
Regardless of the delivery systems used, most work with
transcription factor decoys employed metabolically stabilized
ODNs, e.g. phosphorothioate derivatives (PS-ODN) (36–38).
PS-ODNs in particular have been shown to be prone to
sequence independent cellular effects (39). Taking advantage
of the protective action of PEI against enzymatic degrada-
tion, unmodified ODN could be applied here. To rule out
nonspecific effects on gene transcription by ODN/BPP

Fig. 5. mRNA expression of bEnd5 cells for ICAM-1 (A) IkBa
(B) and iNOS (C) as measured by RT-PCR. Values are shown as

meanTSE, n=3. Treatment conditions were as follows: NT = non-

treated, media control = TNFa only (4 h), ODN/BPP = complex of

specific NF-kB decoy and BPP, ODN/BPP-8D3 = specific complex

with vector 8D3SA, 8D3 = 8D3SA vector only, SS/BPP = complex of

salmon sperm DNA and BPP, SS/BPP-8D3 = salmon sperm DNA

complex with vector 8D3SA. Molar concentrations refer to ODN;

salmon sperm DNA was used at a concentration of 10 ug/ml DNA;

8D3SA concentrations were 0.75 mM. ICAM-1, IkBa and iNOS

signals were normalized to 18S RNA and expressed as fold

stimulation relative to NT=1. Notice the log-scale for the effect.

*p<0.05, **p<0.01 vs. media control (ANOVA with Dunnett_s
multiple comparison test).

Fig. 6. mRNA expression of bEnd5 cells for the housekeeping gene

GAPDH as measured by RT-PCR. Expression levels were standard-

ized with 18s RNA. The GAPDH signal in cells without any

treatment was set to 1. Values are shown as meanTSE, n=3. Notice

the different range of log-scale compared to Fig. 5. Treatment

conditions were as follows: NT = non-treated, media control = TNFa
only (4 h), ODN/BPP = complex of specific NF-kB decoy and BPP,

ODN/BPP-8D3 = specific complex with vector 8D3SA, 8D3 =

8D3SA vector only, SS/BPP = complex of salmon sperm DNA and

BPP, SS/BPP-8D3 = salmon sperm DNA complex with vector

8D3SA. Molar concentrations refer to ODN. Salmon sperm DNA

was used at a weight concentration of DNA equivalent to 2 mM

ODN. 8D3SA concentrations were 0.75 mM. p>0.05 (ANOVA).

Fig. 7. A Efficacy of different concentrations of the 8D3SA vector

attached to ODN/BPP complexes (all 0.5 mM) to inhibit the

expression of VCAM-1 mRNA under stimulation by TNFa.

B Efficacy of different concentrations of ODN/BPP complexes

(concentrations refer to ODN) targeted by the vector 8D3SA (all

0.083 mM) to inhibit the expression of VCAM-1 mRNA under

stimulation by TNFa. Values are shown as meanTSE, n=3. VCAM-1

signal was normalized to 18S RNA and expressed as fold stimulation

relative to NT=1. Notice the log-scale for the effect in (A) and (B).

**p<0.01 vs. media control (ANOVA with Dunnett_s multiple

comparison test).

R
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polyplexes, the mRNA expression of a house keeping gene,
GAPDH, was also quantified and standardized to cellular
18S RNA. No significant changes were found under any of
the treatment conditions.

Finally, the downstream functional effect of inhibiting
NF-kB dependent transcription of adhesion molecules

resulted in profoundly decreased monocyte adhesion to
TNFa stimulated bEnd5 endothelial cells. This corresponds
to results seen after treatment of endothelial cells with non-
derivatized PEI (2) and is likely due to the simultaneous
inhibition of several adhesion molecules, in particular VCAM-
1 and ICAM-1. In the previous report only the presence of
both VCAM-1 and ICAM-1 blocking antibodies achieved a
comparable level of inhibition of monocyte adhesion.

CONCLUSIONS

The present approach represents a promising option to
fight inflammatory responses at the BBB. The pharmacolog-
ical effects obtained with non-targeted polyplexes for cellular
delivery of NF-kB decoys were retained in the current
biotinylated and PEGylated derivative of low molecular
weight PEI, which allows facile coupling to targeting anti-
bodies via (strept)avidin linkage. While NF-kB decoys
consisting of native phosphodiester ODNs showed potent
effects at the mRNA level and at the functional level (cell
adhesion) when delivered by 8D3-targeted polyplexes, activ-
ity of polyplexes without the transferrin receptor antibody
was markedly reduced or absent. Moreover, polyplexes
carrying control DNA had no measurable effects. Compared
to ubiquitous blockade of integrins on all lymphocytes, as
realized in the case of a4-integrin antibodies, the selective
inhibition of adhesion molecules in a disease-relevant vascu-
lar bed, e.g. in brain microvasculature, may cause less
immunosuppression and should be less prone to adverse
effects (40). To substantiate this hypothesis, in vivo studies in
models of neuroinflammation are currently pursued. In vivo
efficacy will depend (i) on stability of the complexes in blood,
and (ii) on their pharmacokinetics and organ distribution due
to transferrin receptor-targeting. With respect to stability, the
results obtained here indicate good physical integrity in the
presence of serum proteins. In addition, the protection
against DNAse degradation of native double stranded
phosphodiester ODN, as used here, by PEI complexation
has previously been shown (6). Therefore, the utilization of
stabilized ODN, like phosphorothioate derivatives, should
not be required in the in vivo setting.
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