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Abstract

Altered gene expression of liver sinusoidal endothelial cells (SECs) is associated with impaired immune response. Here we report
that the decoy technique effectively suppresses TNFa-induced ICAM-1 expression in SEC. An NF-«kB decoy (NF-«B31:
5-TGGGGACTTTCCAGTTTCTGGAAAGTCCCCA-3), which contains a consensus sequence for NF-xB, was complexed to
PLL-g-HA [hyaluronate-grafted poly(L-lysine) copolymer] that permits transfer of exogenous DNA selectively to the SEC. The
PLL-g-HA/NF-kB31 complex was added to the culture media of LSE cells, a human SEC-derived cell line. Then, cells were
stimulated with TNFa (5ng/mL). PLL-g-HA/NF-kB31, but not control oligodeoxynucleotides having a reverse or scrambled
sequence, inhibited the intranuclear localization of NF-xB induced by TNFa, with almost complete inhibition at 2.5 pg/mL as DNA.
NF-kB31 attenuated the increase in [CAM-1 mRNA as well as protein levels in LSE cells. The decoy technique in combination with

PLL-g-HA may provide a novel strategy for manipulation of SEC functions.
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Liver sinusoidal endothelial cells (SECs) are strate-
gically located at the interface between blood and pa-
renchymal cells and play a pivotal role in modulating
immunity and inflammation [1,2], cell death, and dis-
turbance of microcirculation. Altered immunoresponses
of the SEC are closely related to pathogenesis of viral
hepatitis, fulminant hepatic failure, and transplant re-
jection [3]. In addition, we have shown that SECs are
involved in liver fibrogenesis by expressing a functional
leptin receptor Ob-Rb, through which leptin elicits in-
tracellular signaling, leading to enhanced TGFp ex-
pression [4].

Further, it has been proposed that “activation of the
SEC” underlies the vascular aspects of liver patho-
physiology such as systemic inflammatory response
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syndrome (SIRS) and xenotransplant rejection [5,6].
Activated SECs induce inflammation, phenomenon
characterized by rapid gene expression in the SECs of
proinflammatory mediators [7] and overexpression of
adhesion molecules via the nuclear factor-kB (NF-«xB)
pathway [8].

NF-xB is a critical regulator of cytokine-inducible
gene expression [9]. Proinflammatory cytokines, such as
tumor necrosis factor-o (TNFo) and interleukin-1
(IL-1), induce rapid nuclear translocation of NF-kB
through degradation of inhibitor kB (IxB), an inhibitory
cytoplasmic retention protein [9,10]. Genes regulated by
NF-xB include chemokines involved in inflammatory
responses, such as intercellular adhesion molecule-1
(ICAM-1) [9]. Thus, NF-kB is a key mediator of TNFa
responses and an attractive target for therapeutic inter-
vention to inflammation and inflammatory diseases.

We focused on the decoy technique [11-14] to block
intracellular signaling pathways using double-strand
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oligodeoxynucleotide (ODN) directed at a cognate
sequence of transcription factors of interest. We already
reported a non-viral gene delivery system [hyaluronate-
grafted poly(L-lysine) copolymer, PLL-g-HA] that per-
mits targeted transfer of exogenous genes and ODNs
selectively to the liver SEC in vivo [15,16]. Here we re-
port that the decoy technique effectively suppresses
TNFa-induced ICAM-1 expression in SECs.

Materials and methods

Cell culture. Human liver sinusoidal endothelial cells (LSE) were
obtained from Cell Systems (Kirkland, WA). LSE cells were estab-
lished from normal human liver tissue by elutriation following dispase
treatment of tissue. The LSE cells preserve the characteristics of SEC
since they take up acetylated LDL, an endothelial-cell-specific sub-
strate. LSE cells were cultured on type I collagen-coated polystyrene
dishes using CS-C complete medium (Cell Systems) containing 10%
FCS. Cells were incubated at 37 °C in a humidified atmosphere of 95%
air-5% CO,.

Decoy ODNs. An NF-kB decoy ODN, which contains a consen-
sus sequence for NF-kB (NF-kB3l: 5-TGGGGACTTTCCAG
TTTCTGGAAAGTCCCCA-3')[17,18], was synthesized. This forms a
double-strand DNA oligomer, with one end hinged by a stretch of T
(Fig. 1A). Preliminary study showed that this “hairpin” structure
confers resistance to exonucleases [19]. ODNs of similar structure
containing a reversed sequence (Reverse ODN) or a scrambled se-
quence (Scrambled ODN) were synthesized for control experiments
(Fig. 1A).

Formulation of PLL-g-HAIODN complex. A gene carrier system
[hyaluronate-grafted poly(L-lysine) copolymer, PLL-g-HA] was pre-
pared by coupling HA to PLL in a 1:1 weight ratio using NaBH;CNjy
as previously reported [15]. NF-kB31 and control ODNs were mixed
with PLL-g-HA in PBS containing 8.1 mmol/L Na,HPOy, 2.68 mmol/L
KCl, and 1.47mmol/L KH,PO,, and 1 mol/L NaCl at a copolymer/
DNA charge ratio ([amino groupleopoymer/[phosphate grouplpna) of
2.0 and allowed to stand overnight at 4°C before use.

Uptake of Texas red-labeled PLL-g-HAINF-kB in LSE cells. The 5
end of the NF-kB31 was labeled with Texas red. LSE cells were cul-
tured in media containing the PLL-g-HA/Texas red-labeled NF-kB31
complex at a DNA concentration of 0, 1.25, 2.5, or 5ug/mL. Subse-
quently, cells were fixed with ice-cold ethanol and rinsed with PBS. The
coverslips were mounted in 80% glycerol in PBS. Cells were observed
under a fluorescence microscope Axioplane (Carl Zeiss Japan, Tokyo,
Japan).

Electrophoretic mobility shift assay (EMSA ). Nuclear extracts were
prepared from LSE cells treated with or without TNFa (20 ng/mL) for
1 h, according to the method of Dignam with slight modifications [20].
Binding reactions were performed for 20 min on ice in a buffer con-
taining 10 pg nuclear extracts, 5 ug poly[d(I-C)], 10 mM Hepes, pH 7.6,
50mM KCI, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 5 mM MgCl,,
and 20,000 cpm *?P-labeled ODN containing consensus sequence of
NF-xB clement (5-AGTTGAGGGGACTTTCCCAGGC-3', Santa
Cruz Biotechnology, Santa Cruz, CA). For competition experiments,
unlabeled ODN containing consensus sequence of NF-xB element
(Santa Cruz), unlabeled NF-xB31 or unlabeled Scrambled ODN, all in
250-fold excess, were added in the binding reactions and co-incubated.
DNA-protein complexes were separated by non-denaturing poly-
acrylamide gel (5% in 0.4x TBE) electrophoresis. Gels were dried and
exposed to X-OMAT films (Kodak, Rochester, NY).

Reverse transcription-PCR. PLL-g-HA/ODN (2.5 pg/mL as DNA)
was added to the culture media of LSE and the cells were cultured for
additional 3h. Subsequently, the cells were further cultured in new

A NF-kB31 : 5’-TGGGGACTTTCCAGT
T

3’-ACCCCTGAAAGGTCT

Reverse ODN : 5’-TGCCTTTCAGGGAGT

T
3’-ACGGAAAGTCCCTCT

Scrambled ODN: 5’-TGAGGCCTATCCAGT

T
3’-ACTCCGGATAGG TCT

NF-xB

Lane 1: probe alone

Lane 2: control [TNFa (-)]

Lane 3: TNFa 20 ng/ml

Lane 4: TNFa 20 ng/ml, X250 competitor (Santa Cruz)
Lane 5: TNFa 20 ng/ml, X250 competitor (Scrambled ODN)
Lane 6: TNFo 20 ng/ml, X250 competitor (NF-xB31)

Fig. 1. Structure of hairpin DNA oligomers (A) and their binding
ability to NF-kB (B). (A) An NF-kB decoy oligodeoxynucleotide
(ODN) (NF-kB31: 5-TGGGGACTTTCCAGTTTCTGGAAAGT
CCCCA-3'), which contains a consensus sequence for NF-kB, was
synthesized. ODNs of the identical structure having a reversed se-
quence of NF-kB (Reverse ODN) or a scrambled (random) sequence
(Scrambled ODN) were used for control experiments. (B) Nuclear
extracts were prepared as described in Materials and methods. Lane 1,
incubation with probe alone (negative control); lane 2, nuclear extract
from LSE cells that had not been stimulated with TNFo, incubated
with 2P-labeled ODN containing consensus sequence of NF-kB ele-
ment; lane 3, nuclear extract from LSE cells that had been stimulated
with TNFo (20ng/mL), incubated with *?P-labeled ODN (positive
control); lane 4, nuclear extract from LSE cells that had been stimu-
lated with TNFo (20 ng/mL) incubated with 250-fold excess of *2P-
unlabeled ODN containing consensus sequence of NF-kB element;
lane 5, nuclear extract from LSE cells that had been stimulated with
TNFa (20ng/mL) incubated with 250-fold excess of unlabeled
Scrambled ODN; lane 6, nuclear extract from LSE cells that had been
stimulated with TNFo (20 ng/mL) incubated with 250-fold excess of
unlabeled NF-xB31.

media containing TNFa (Sng/mL). After a culture period of 2 h, total
RNA was extracted from LSE cells and expression of ICAM-1 mRNA
was determined by RT-PCR [4]. PCR primers for ICAM-1 mRNA
were as follows: sense 5-CATAGAGACCCCGTTGCCTA-3, anti-
sense 5'-CTGACAAGTTGTGGGGGAGT-3'.

Immunostaining of NF-kB and ICAM-1. LSE cells were cultured in
media containing PLL-g-HA/ODN (2.5 pg/mL as DNA) for 3 h before
the addition of TNFa (5ng/mL). Cells were fixed with ice-cold ethanol
1-4h after addition of TNFa. After blocking with 1% goat serum in
PBS for 30 min, cells were stained with an anti-p65 NF-kB antibody
(Santa Cruz Biotechnology) or an anti-ICAM-1 (CD54) antibody (BD
Biosciences, San Jose, CA) for overnight at 4°C. An anti-rabbit or an
anti-mouse goat IgG conjugated with FITC (Santa Cruz Biotechnol-
ogy) was used as a secondary antibody. Subsequently, the relative
fluorescence of cytoplasm and a nucleus was quantified on Photoshop
(Adobe, San Jose, CA) program and the ratio was calculated.
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Results
Binding ability of the NF-kB31 decoy to NF-xB

First, we confirmed that the NF-kB31 can bind NF-
«B. This was performed by EMSA in which NF-kB31
was tested for its ability to compete with a 3?P-labeled
ODN containing an NF-kB consensus sequence. As
shown in Fig. 1B, lane 3, TNFa (20 pg/mL) increased
NF-xB DNA binding ability in LSE cells. Two hundred
and fifty-fold excess of unlabeled NF-«B31 (lane 6), as
well as consensus ODNs (lane 4), completely abolished
the NF-kB binding ability. On the contrary, Scrambled
ODN (lane 5) failed to inhibit the binding. These indi-
cate that the NF-kB31 can bind to a consensus sequence
for NF-«xB.

Effect of PLL-g-HA on uptake of NF-kB31 by LSE cells

After NF-xB31 labeled with Texas red was added to
the culture media, cells were observed chronologically
under a fluorescence microscopy. Intracellular fluores-
cence derived from Texas red was barely detectable for
the incubation period up to 24h (Fig. 2). In marked
contrast, numerous bright spots in the cell, particularly
in cytoplasm around cell nuclei, were clearly seen at 3h
when NF-kB31 was included in the culture media in a
PLL-g-HA-complexed form, and the fluorescence in-
tensity increased in a dose- (Fig. 2) and time-dependent
manner (data not shown).

Effect of NF-kB31 on TNFo-induced translocation of NF-
KB into cell nuclei

We then examined if translocation of NF-kB protein
into the nuclei of LSE cells induced by TNFa could be
affected by the PLL-g-HA/ODN complexes. Stimulation
of LSE cells with 5ng/mL TNFa resulted in a dramatic
accumulation of NF-kB protein in the cell nuclei as
compared to the control cells in which no TNFo was
added (Fig. 3A). The ratio of fluorescence intensity in
cell nuclei versus cytosol increased from 0.85 + 0.04 to
2.04 +0.13 (Fig. 3B, p < 0.001). In marked contrast,
LSE cells that had been cultured for 3h in media con-
taining PLL-g-HA/NF-xB31 (2.5 pg/mL as DNA) prior
to TNFa addition, the nuclear localization of NF-xB
was abrogated almost completely (Figs. 3A and B,
*p < 0.01). On the contrary, control ODNs having re-
verse or scrambled sequences did not inhibit the TNFa-
induced nuclear translocation of NF-kB protein (Figs.
3A and B, # ns).

Effect of PLL-g-HAI/NF-xB31 on TNFu-induced upreg-
ulation of ICAM-1 mRNA and protein

TNFa stimulates the expression of ICAM-1 via a
pathway dependent on the transcription factor NF-kB.
Hence, we determined the effect of NF-xB31 on the
amounts of ICAM-1 mRNA in LSE cells after stimu-
lation with TNFa. The ICAM-1 mRNA was increased
in LSE cells profoundly when stimulated for 2h with

Concentration
(as DNA)

PLL-g-HA /
NF-xB31

NF-xB31

1.25 pg/ml

Fig. 2. Introduction of NF-kB31 complexed to PLL-g-HA into LSE cells. LSE cells were cultured in CS-C complete medium containing 10% FCS.
The Texas red-labeled NF-kB31 was included at a DNA concentration of 0, 1.25, 2.5, Spg/mL in the culture medium for 24 h. The cells were
observed under a fluorescent microscopy for accumulation of Texas red-derived fluorescence.
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Non treatment TNFo

F—-KB31 Reverse ODN Scrambled ODN
+ +
TNFa TNFo. TNFo
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# #
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NF-xB31 only

Ratio of fluorescence intensity of
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Fig. 3. Effect of NF-kB31 on TNFa-induced translocation of NF-xB in LSE cell nuclei. Conditions as in Fig. 2. LSE cells were pre-treated for 3 h
with PLL-g-HA/ODN (2.5 pg/mL as DNA). Subsequently, the cells were cultured for 1h in a new medium containing TNFa (5 ng/mL). Cells were
fixed and stained for NF-kB with an antibody specific for NF-kB (p65). Representative immunostaining of NF-kB (p65) (A) and densitometric
analysis (B) showing the effects of NF-kB31, Reverse ODN or Scrambled ODN on p65 nuclear level in LSE cells. The results in panel B are expressed
as means + SEM from four separate experiments. *p < 0.01 versus TNFa stimulated group, # ns versus TNFa stimulated group.

TNFa. Pretreatment with PLL-g-HA/NF-kB31 (2.5 pug/
mL as DNA) starting 3 h before TNFao addition resulted
in a marked decrease in ICAM-1 mRNA as compared
to that stimulated only with TNFa (Fig. 4A). But in-
clusion of Reverse or Scrambled ODNs in a PLL-g-HA
complexed form failed to alter the level of ICAM-1
mRNA (Fig. 4A).

After 4h of culture with TNFo, immunostaining
demonstrated a pronounced upregulation of ICAM-1
on the LSE cell membrane (Fig. 4B). As expected,
ICAM-1 expression on the LSE cells was markedly di-
minished by PLL-g-HA/NF-xB31. This effect of NF-
kB31 was sequence-specific since other control ODNs
having reverse or scrambled sequences did not inhibit
the TNFa-induced increase in ICAM-1 protein levels on
the cell surface (Fig. 4B).

Discussion

The decoy strategy has been developed and consid-
ered a useful tool as a new class of anti-gene strategy
[11-14]. In this study, we utilized decoy ODNs having a
hairpin structure, which was reportedly more resistant
to DNase due to a closed end composed of a stretch of T
[19]. This ODN can function as a decoy for NF-«xB as

shown by EMSA that demonstrated that NF-kB31 has
an ability to bind to a consensus sequence for NF-kB
(Fig. 1B).

We employed the PLL-g-HA vector, a non-viral gene
delivery system to the SEC that is composed of a PLL
backbone and chains of HA oligomers [15,16]. The
polycation PLL and negatively charged DNA form a
stable and condensed nanoassociate surrounded by
highly hydrated HA glycocalyx. The PLL-g-HA/DNA
complex is specifically taken up by SECs through an HA
receptor mediated pathway since SECs possess receptors
that recognize and internalize HA [21,22].

As expected, the PLL-g-HA/NF-kB31 facilitated its
entry into LSE cells (Fig. 2). The bright spotty ap-
pearance indicates that the complex was predominantly
localized in endosome and/or lysosome compartments.
The process is HA-receptor mediated as the presence of
250x molar excess of HA inhibited the incorporation of
complex almost completely (data not shown). A con-
siderable part of the ODNs undergoes digestion
through this pathway; however, the intralysozomal
confinement and digestion are far from perfect and
some fractions escape into cytosolic compartment [23].
Our data show that there is an increase in fluorescence
intensity in the cytosol as well as in nuclei of LSE cells

(Fig. 2).
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Non treatment TNFu

ICAM-1

Non treatment TNFu

Non treatment

Reverse ODN

NF-kB31 Reverse ODN Scrambled ODN
+ + +

TNFu TNFu TNFu

NF-kB31 Reverse ODN Scrambled ODN
+ + +
TNFao TNFa TNFo

NF-kB31 only

NF-kB31 Scrambled ODN
+ +
TNFo TNFao TNFa

Fig. 4. Effect of PLL-g-HA/NF-«B 31 on TNFa-induced upregulation of ICAM-1 mRNA and protein. Conditions as in Fig. 2. LSE cells were pre-
treated for 3h with PLL-g-HA/ODN (2.5 pg/mL as DNA). (A) The cells were cultured for 2h in a new medium containing TNFa (5 ng/mL). Total
RNA was extracted from the cells and RT-PCR was performed to determine the expression of ICAM-1 mRNA. (B) After treatment for 4 h with
TNFo (Sng/mL), LSE cells were fixed with ice-cold ethanol and incubated with a primary anti-ICAM-1 antibody. Cells were then incubated with the
secondary antibody, anti-mouse goat IgG conjugated to FITC for 1h at room temperature as described in Materials and methods.

It has been well documented that TNFa induces
ICAM-1 expression in SECs through a pathway de-
pendent on NF-kB. In principle, the presence of ODN5s
having consensus sequences for NF-xB should impede
binding of NF-xB protein to its authentic cognate se-
quences in the genome thereby abrogating NF-kB-de-
pendent gene expression. To support this notion, our

data indicated that NF-xB31 effectively blocks translo-
cation of NF-«xB into cell nuclei (Fig. 3). This was not
due to non-specific effects of ODNs since other two
control ODNs (Reverse and Scrambled) of identical
structure but lacking consensus sequences for NF-xB
failed to block translocation of NF-xB. Furthermore,
NF-xB31, but not Scrambled or Reverse ODN, blunted
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TNFa-induced increases in ICAM-1 mRNA as well as
its protein levels expressed on LSE cell membrane (Figs.
4A and B).

NF-kB is a crucial target for modulation of expres-
sion genes that are involved in various aspects of liver
pathophysiology. To date, several techniques have been
introduced in an attempt to block activation of NF-«B.
Among them, a dominant negative form of IxB [24,25],
expressed via gene transfer with viral or non-viral vec-
tors [26,27], is widely used. The dominant negative IxB
has a high binding affinity for NF-xB and barely dis-
sociates from NF-kB even when phosphorylated [28,29].
This technique, however, has some limitations, (1) there
is a considerable time needed for the dominant negative
IkB gene to be expressed and (2) once the gene is ex-
pressed, it is hard to “switch off” the suppressive effect
on NF-xB. The decoy system is expected to circumvent
the drawbacks since it may exert its effect immediately
after being introduced into cells and has a relatively
short duration time of efficacy due to enzymatic degra-
dation of ODNSs. In the case sustained suppression of
NF-kB action is needed, repetitive administration of
decoys is possible.

As a conclusion, blocking of NF-kB activation by the
NF-kB31 decoy led to inhibition of the TNFa-induced
ICAM-1 expression. The decoy technique in combina-
tion with PLL-g-HA may provide a novel strategy for
treatment of endotoxin-induced liver damage and pre-
vention of transplanted graft damage in which the NF-
kB-dependent ICAM-1 overexpression plays a pivotal
role through the manipulation of SEC functions in vivo.
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