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Abstract

Cytokine production by Kupffer cells, which is regulated by NFxB, causes severe liver injury in endotoxin syndrome. NF«xB decoy has
been reported to inhibit NFxB-mediated transcription. The purpose of this study is to inhibit LPS-induced cytokine production by
Kupffer cell-targeted delivery of NFxB decoy using fucosylated cationic liposomes (Fuc-liposomes). Cholesten-5-yloxy-N-{4-[(1-imino-2-
L-thiofucosyl-ethyl)-amino] butyl-}formamide (Fuc-C4-Chol) was synthesized to prepare Fuc-liposomes. Tissue accumulation,
intrahepatic distribution and serum cytokine concentrations were investigated after intravenous injection of Fuc-liposomes/NFxB
decoy complexes. Intravenously injected Fuc-liposome complexes rapidly and highly accumulated in the liver while little naked NF«xB
decoy accumulated in the liver. An intrahepatic distribution study showed that Fuc-liposome complexes are mainly taken up by non-
parenchymal cells. The liver accumulation of Fuc-liposome complexes was inhibited by GdCl; pretreatment, which selectively
inhibited Kupffer cell uptake. This result suggested that Kupffer cells contribute to liver accumulation. TNFo«, IFNy, ALT and AST
serum levels in LPS-infected mice were significantly attenuated by treatment with Fuc-liposome complexes compared with naked NFxB
decoy. Fuc-liposome complexes also reduced the amount of activated NFkB in the liver nuclei. Fuc-liposomes would be a useful carrier
for Kupffer cell-selective delivery of NFxkB decoy by intravenous injection.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Fucosylated cationic liposome; Gene delivery; Gene therapy; Targeting; NFxB decoy; Kupffer cell

1. Introduction Therefore, NFkB decoy would be an attractive option for
the treatment of cytokine-related liver diseases without any
Several forms of hepatic failure, including endotoxin marked immunogenic effects {10].
syndrome, are associated with inflammatory cytokines To establish NFxB decoy therapy, it is necessary to
produced by Kupffer cells [1,2]. Since NFxB regulates  develop a Kupffer cell-targeting carrier for NFxB decoy
inflammatory cytokine production [3,4] the inhibition of  because of the low uptake of naked NFxB decoy by cells
NFxB activation in Kupffer cells would offer a new [11]. In general, the receptor-mediated endocytosis system
treatment for liver failures. Recently, Wrighton et al. [S]  is potentially useful for cell-specific delivery, including
and Foxwell et al. [6] reported that the adenoviral gene  carbohydrate receptors expressed on liver cells [12]. As far
transfer of super-repressor IxkB effectively suppressed  as gene delivery is concerned, we have shown that
NFxB, however the inflammatory reaction and high  mannosylated cationic liposomes can deliver pDNA to
immunogenicity of the adenoviral vector itself presented  NPC [13-15] including Kupffer cells and sinusoidal
a serious obstacle. On the other hand, it was demonstrated  endothelial cells through the recognition of mannose
recently that NFxB decoy inhibited the production of  receptors highly expressed on NPC.
cytokines, such as TNFea, IL-14, IFNy and IL-12 [7-9]. Regarding Kupffer cell-selective delivery, we have
demonstrated that fucosylated protein is preferentially
taken up by Kupffer cells [16] through fucose receptor
*Corresponding author. Tel.: +81757534545; fax: +81757534575. recognition, which is uniquely exhibited by Kupffer cells
E-mail address: hashidam@pharm.kyoto-u.ac.jp (M. Hashida). [17]. Taking this into consideration, we have synthesized a
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novel fucosylated lipid, cholesten-5-yloxy-N-{4-[(1-imino-
2-L-thiofucosyl-ethyl)-amino] butyl}formamide (Fuc-C4-
Chol), which poses fucose as a ligand for receptor
recognition, a cholesterol derivative for stable insertion
into liposomes and carrying a positive charge [18]. There-
fore, fucosylated cationic liposomes (Fuc-liposomes) with a
high density of fucose and a positive charge on the surface
of liposomes containing more Fuc-C4-Chol, could achieve
better Kupffer cell-selective delivery of NFxB decoy.
Moreover, considering that the site of action of NFxB
decoy is the cytoplasm, we chose dioleoylphosphatidy-
lethanolamine (DOPE), which helps the gene to escape
from endosomes through a conformational change at
low pH [19].

The purpose of this work was to develop Kupffer
selective targeting of NFxB decoy to Kupffer cells after
intravenous injection. We prepared Fuc-liposome using
Fuc-C4-Chol and investigated the distribution of Fuc-
liposomes/NF«xB decoy complexes after intravenous injec-
tion. The inhibitory effect of cytokine production by Fuc-
liposomes/NFxB complexes was also examined. This is an
initial report of the Kupffer cell-selective delivery of NFxB
decoy and its therapeutic effect using Fuc-liposomes given
by intravenous injection.

2. Material and methods

2.1. Materials

N-(4-aminoethyl) carbamic acid tert-butyl erter was purchased from
Tokyo Kasei Kogyo Co. Ltd. (Tokyo, Japan). DOPE was purchased from
Avanti Polar Lipids Inc. (Alabaster, AL, USA). Cholesteryl chlorofor-
mate, heparin and collagenase and p-(+ )-galactosamine were purchased
from Sigma Chemicals Pvt. Ltd. (St Louis, MO, USA). Oligonucleotides
(NFxB decoy: 5-AGTTGAGGGGACTTITCCCAGGC-3, 5-GCCT
GGGAAAGTCCCCTCAACT-3, random decoy: 5-TTGCCGTACCT
GACTTAGCC-3, 5-GGCTAAGTCAGGTACGGCAA-3) were pur-
chased from Operon Biotechnologies Inc. (Tokyo, Japan). L-(—)-Fucose,
ethylene  glycol-bis  (b-aminoethylether)-N,N, N’ N'-tetraacetic  acid
(EGTA), Clear-Sol I and cholesterol were purchased from Nacalai Tesque
Inc. (Xyoto, Japan). MEGALABEL™ 5-End Labeling Kit was
purchased from Takara Bio Inc. (Shiga, Japan). Soluene-350 was
purchased from Perkin Elmer Inc. (Boston, MA, USA). An NAP-5
column was purchased from Amersham Biosciences Co. (Piscatway, NJ,
USA). Trypan blue was purchased from Invitrogen Co. (Grand Island,
NY, USA). Mouse TNFa BD OptEIA™ ELISA Kit was purchased from
Becton, Dickinson and Company (Mississauga, Canada). Fraction-
PREP™ Nuclear/Cytosol Fraction Kit was purchased from BioVision
Inc. (Mountain View, CA, USA). Chemiluminescent NFxB Activation Assay
Kit was purchased from Oxford Biomedical Research Inc.
(Oxford, MI, USA). p-(+)-mannose and transaminase CII test Wako were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

2.2. Animals

Female ICR mice (5-week old, 22-24¢g) and female C57BL/6 mice
(6-week old, 18-20g) were obtained from Shizuoka Agricultural Co-
operative Association for Laboratory Animals (Shizuoka, Japan). All
animal experiments were carried out in accordance with the Principles of
Laboratory Animal Care as adopted and promulgated by the US National
Institutes of Health and with the Guidelines for Animal Experiments of
Kyoto University.
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2.3. Radiophosphorylation of decoy oligonucleotides

Annealed NFxB decoy was labeled with [y->*P] ATP using MEGA-
LABEL™ 5.End Labeling Kit with some modification as reported
previously [11]. Briefly, oligonucleotides, [y-*2P] ATP and T4 polynucleo-
tide kinase were mixed in phosphorylation buffer. After a2 30-min
incubation at 37°C, the mixture was incubated for 10min at 70°C in
order to inactivate T4 polynucleotide kinase. Then, the mixture was
purified by gel chromatography using a NAP 5 column and eluted with
10mm Tris—Cl and 1mm EDTA (pH 8.0). The fractions containing the
derivatives were selected based on their radioactivity.

2.4. Synthesis of Fuc-C4-Chol

Fuc-C4-Chol was synthesized as reported previously [18,20]. Briefly,
cholestery! chloroformate and N-(4-aminobutylcarbamic acid terz-butyl
ester were reacted in chloroform for 24 h at room temperature. A solution
of trifluoroacetic acid and chloroform was added dropwise and the
mixture was stirred for 4h at 4°C. The solvent was evaporated to obtain
N-(4-aminobutyl)-(cholesten-5-yloxyl)formamide which was then com-
bined with 2-imino-2-methoxyethyl-1-thiofucoside and the mixture was
stirred for 24h at room temperature. After evaporation, the resultant
material was suspended in water, dialyzed against distilled water for 48 h
(12kDa cut-off dialysis tubing), and then lyophilized. Man-C4-Chol and
Gal-C4-Chol were synthesized in the similar manner using mannose or
galactose.

2.5. Preparation of liposomes and their complex with NFxB decoy

Fuc-C4-Chol was mixed with DOPE in chloroform at a molar ratio of
3:2 and the mixture was dried, vacuum desiccated and resuspended in
sterile 5% dextrose. After hydration for 30 min at room temperature, the
dispersion was sonicated for 10 min in a bath sonicator and then for 3min
in a tip sonicator to form liposomes. The particle size of the liposomes and
liposomes/NFkB decoy complexes were measured using dynamic light
scattering spectrophotometer (LS-900, Otsuka Electronics, Osaka, Japan).
The zeta potential of liposomes and liposome/NFxB decoy complexes
were measured by Nano ZS (Malvern Instruments Ltd., Malvern, WR,
UK). The preparation of liposomes/NF«xB decoy complexes for in vivo use
was carried out by the method of Kawakami et al. [13]. Equal volumes of
NFxB decoy and stock liposome solution were diluted with 5% dextrose
at room temperature. Then, the NFxB decoy solution was added rapidly
to the liposome solution and the mixture was agitated rapidly by pumping
it up and down twice in the pipet tip. The mixture was then left at room
temperature for 30 min. The theoretical charge ratio of lipid/NFxB decoy
was calculated as a molar ratio of Fuc-C4-Chol (monovalent) to a
nucleotide unit (average molecular weight 330) [21]. Man-liposomes and
Gal-liposomes were prepared in the similar manner.

2.6. In vivo distribution

The in vivo distribution was examined as previously reported {22]. Fuc-
liposomes/NFxB decoy complexes in 300 ) 5% dextrose solution were
intravenously injected into mice. Blood was collected from the vena cava
at 1, 3, 10, 30 and 60 min, and mice were killed at each collection time
point. Liver, kidney, spleen, heart and lung were removed, washed with
saline, blotted dry and weighed. Immediately prior to blood collection,
vrine was also collected directly from the urinary bladder. Ten pl blood
and 200 pl urine, and a small amount of each tissue were digested with
Soluene-350 (0.7ml for blood, urine and tissues) by incubation overnight
at 54°C. Following digestion, 0.2ml isopropanol, 0.2ml! 30% hydro-
xyperoxide, 0.1ml 5m HCl, and 5.0ml Clear-Sol I were added. The
samples were stored overnight, and radioactivity was measured in a
scintillation counter (LSA-500, Beckman, Tokyo, Japan).
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2.7. Intrahepatic distribution

The intrahepatic distribution of Fuc-liposomes/[*?P] NFxB decoy
complexes was determined as in our previous report [18]. Five minutes
after intravenous injection of NFkB decoy or Fuc-liposomes/[*?P] NF«B
decoy complexes, each mouse was anesthetized with diethyl ether and the
liver was perfused with pre-perfusion buffer (Ca®*, Mg®*-free Hanks
buffer, pH 7.4 containing 1000 units/L heparin and 0.19g/L EGTA) for
6 min at Sml/min followed by Hanks buffer containing 5mm CaCl, and
220 units/ml collagenase (Type I) (pH 7.4) for 6min at 5Smli/min. After
discontinuation of the perfusion, the liver was removed and the liver cells
were dispersed in ice-cold Hanks-HEPES buffer. The cell suspension was

" filtered through cotton gauze, followed by centrifugation at 50g for I min
at 4°C. The pellet containing parenchymal cells (PC) was washed four
times with ice-cold Hanks-HEPES buffer. The supernatant containing
NPC was collected and purified by centrifugation at 50g for 1 min at 4°C
(four times). PC and NPC suspensions were centrifuged at 340g for
10 min. PC and NPC were then resuspended separately in ice-cold Hanks-
HEPES buffer (final volume 2ml). The cell number and viability were
determined by the trypan blue exclusion method. The radioactivity of
500 ul of each cell suspension was measured by the same method as for the
in vivo distribution. To investigate the contribution of Kupffer cells on
liver accumulation of Fuc-liposome/NFxB decoy complex, mice were
pretreated with GdCl; (30 mg/kg) 24 h before experiment.

2.8. Animal treatment protocol

For cytokine secretion assessment, blood was collected from ICR mice
1 h for TNFe, 6 h for IFNy after intravenous injection of LPS (0.4 mg/kg).
The blood was allowed to coagulate for 2-3h at 4°C and serum was
isolated as the supernatant fraction following centrifugation at 2000g for
20'min. The serum samples were immediately stored at —80°C. The
amounts of TNFa and IFNy were analyzed using an OptiEIA™ ELISA
Kit according to the manufacturer’s protocol. For severe liver
injury model, C57BL/6 mice were injected intraperitoneally with LPS
(0.05mg/kg) and D-galactosamine (1000 mg/kg) in pyrogen-free saline.
The blood was collected from mice 3h after LPS and D-galactosamine
treatment. The blood was allowed to coagulate for 2-3h at 4 °C and serum
was isolated as the supernatant fraction following centrifugation at 2000g
for 20min. Serum ALT and AST were measured with transaminase C II
test Wako according to the manufacturer’s protocol.

2.9. Enzyme immunoassay (EIA) for nuclear NFxB measurement

Liver was removed, washed with ice-cold saline and blotted dry.
A small amount of liver was homogenized in phosphate-buffered saline.
Pellets of cells were obtained by centrifugation at 500g for 2min, and a
nuclear extract was prepared using a Nuclear/Cytosol Fraction Kit. The
amounts of NFxB in the nuclei were measured with an NF«B Activation
Assay Kit according to the manufacturer’s protocol.

2.10. Statistical analyses

Statistical comparisons were performed by Student’s t-test for two
groups and one-way ANOVA for multiple groups. Post hoc multiple
comparisons were made by using Tukey’s test.

3. Results

3.1. Particle size and zeta potential of Fuc-liposomes and
their complex with NFxB decoy

The mean diameter and zeta potential of Fuc-liposomes
or Fuc-liposomes/NF«xB decoy complexes in 5% dextrose
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were mesured. The mean diameter of the Fuc-liposomes
and Fuc-liposomes/NFxB decoy complexes were 79.5+
1.45nm (n=13) and 64.5+1.84nm (n=3), respectively.
After forming complexes with NF«xB decoy, the charge on
the surface of the Fuc-liposomes/NFxB decoy complexes
was reduced to 37.4+2.84 nm (n = 3) compared with Fuc-
liposomes (62.0+0.91 nm, » = 3) but still slightly cationic.

3.2. Rapid and high liver accumulation of Fuc-liposome/
NFxB decoy complexes

Fig. 1 shows the time-courses of the radioactivity in
blood, spleen, liver and kidney after intravenous injection
of naked [**P] NF«B decoy or Fuc-liposomes/[**P] NF«xB
decoy complex. High and rapid liver accumulation of the
Fuc-liposome/[*?P] NFxB decoy complex was observed.
Following liver accumulation, the Fuc-liposome/[**P]
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Fig. 1. Blood concentration of [*?P] naked NF«B decoy (O) and Fuc-
liposome/[*2P] NFxB decoy complex (@) (A) and tissue accumulation of
[3?P] naked NFxB decoy (liver O, spleen A\, kidney 0) and Fuc-
liposome/[*?P] NFkB decoy complex (liver @, spleen A, kidney M) after
intravenous injection into mice (B). [*?P] NFxB decoy (NF«B decoy 20 pg/
mouse) was complexed with Fuc-liposomes at a charge ratio of 1.0:2.3
(—:+). Radioactivity was determined in blood, liver, lung and spleen after
1, 3, 10, 30 and 60 min.
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NFxB decoy complex highly accumulated in the spleen,
while the naked NFxB decoy did not highly accumulate in
the liver or spleen. The highest accumulation of naked [**P]
NFkB decoy was observed in the kidney. Although naked
[**P] NF«xB decoy rapidly disappeared from the blood
circulation, the Fuc-liposome/[>*P] NFxB decoy complex
maintained a higher blood concentration than the naked
[*?P] NFxB decoy.

3.3. NPC accumitlation of Fuc-liposome/NFxB decoy
complex

After intravenous injection of Fuc-liposome/[>*P] NFxB
decoy complex, the radioactivity in the liver was preferen-
tially recovered from the NPC fraction with the radio-
activity ratio of NPC to PC (NPC/PC ratio on a cell-
number basis) in the liver being approximately 4.49
(Fig. 2). In contrast, naked [**P] NFxB decoy had an
NPC/PC ratio of 0.66 (Fig. 2). The total liver accumulation
of Fuc-liposome/[**P] NFxB decoy complex was higher
than that of the naked [*°P] NFxB decoy.

3.4. Inhibition of Fuc-liposome/NFxB decoy complex liver
accumulation by GdCl; pretreatment

GdCl; pretreatment inhibits the uptake of Kupffer cells
after intravenous injection [23,24]. The hepatic uptake of
Fuc-liposome/[**P] NFxB complex was effectively inhib-
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Fig. 2. Intrahepatic distribution of [**P] naked NF«B decoy (A) and Fuc-
1iposome/[32P] NF«B decoy complex (B) (NFkB decoy 20 ug/mouse) after
intravenous injection into mice. [>?P] NF«xB was complexed with Fuc-
liposomes at a charge ratio of 1.0:2.3 (—:+). Radioactivity was
determined in NPC (Bl) and PC (). Each value represents the
mean+S.D. (n=4).
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Fig. 3. Tissue accumulation of Fuc-liposome/[*?P] NFxB decoy complex
(NFxB decoy 20 ug/mouse) after intravenous injection into mice, with or
without GdCl; pretreatment. [*?P] NFxB decoy was complexed with Fuc-
liposomes at a charge ratio of 1.0:2.3 (-:+). Radioactivity was .
determined in blood, liver, lung and spleen after 5min. Each value
represents the mean+S.D. (n = 3). Significant difference **P<0.01.

ited by GdCl; pretreatment (Fig. 3). On the other hand, the
uptake by spleen and [ung was slightly increased by GdCl
pretreatment.

3.5. Suppression of inflammatory cytokine production by
Fuc-liposome /| NFxB decoy complexes

To confirm that NFxB complexed with Fuc-liposomes
effectively suppressed the production of inflammatory
cytokines by Kupffer cells in vivo, the serum concentration
of TNFu was measured using ELISA (Fig. 4). Control mice
were treated with 5% dextrose after injection of LPS. The
serum level of TNFa increased dramatically after LPS
treatment as expected, and in vivo Kupffer cell-targeted
delivery of NFxB decoy by Fuc-liposomes blocked the
increase in the production of TNF« (Fig. 4). On the other
hand, intravenously injected naked NFxB decoy and Fuc-
liposome/random decoy complexes did not affect the serum
level of TNF« (Fig. 4). The same amount of NFxB decoy
complexed with Man-liposomes slightly reduced the serum
level of TNFu« (Fig. 4). After LPS treatment, the serum
level of IFNy (2.5740.82ng/ml, n=4), which is also
regulated by NFxB, was also significantly reduced by Fuc-
liposome complexes (0.246 +0.122 ng/ml, n = 4) but not by
naked NFxB decoy (2.57+1.30ng/ml, n = 4).

3.6. Suppression of liver enzyme production by
Fuc-liposome/NFxB decoy complexes

To confirm that NFxB complexed with Fuc-liposomes
effectively suppressed liver injury, the serum concentrations
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Fig. 4. Inhibitory effect of Fuc-liposome/NFxB decoy complex on the production of TNFea at different doses (A) and comparison with naked NF«xB
decoy and Fuc-liposome/NF«xB decoy complexes (NFxB decoy or random decoy 20 pug/mouse) (B). Serum concentration of TNFa was determined by
ELISA. One minute after intravenous administration of LPS, Fuc-liposome/NFxB decoy complexes were intravenously injected into mice. Blood was
collected from the vena cava at 1 h. Each value represents the mean+S.D. (r = 3—4). Significant difference ***P <0.001; **P <0.01 v.s. dose of 0 pg of
NFxB decoy/mouse in (A), **P<0.01 v.s. LPS; P <0.01 v.s. LPS+naked NFxB decoy; TP<0.05 v.5. Man-liposome/NF«B decoy complexes in (B).

of ALT and AST were assessed (Fig. 5). Control mice
were treated with 5% dextrose after injection of LPS and
p-galactosamine. The serum levels of ALT and AST
increased dramatically after LPS with p-galactosamine
treatment as expected, and in vivo Kupffer cell targeted
delivery of NFxB decoy by Fuc-liposomes blocked the
increase in the production of ALT and AST (Fig. 5). On the
other hand, intravenously injected naked NF«xB decoy had
no effect on the serum levels of ALT and AST (Fig. 5). Fuc-
liposome/random decoy complex also did not reduce the
serum level of ALT and AST (data not shown).

3.7. Prevention of NFkB activation by Fuc-liposome/NFxB
decoy complexes

In response to inflammatory stimuli, IxkB protein
degraded and allowed NFxB to translocate into the
nucleus to initiate gene expression of inflammatory
cytokines. The amount of activated NFxB in the nuclei
was measured by EIA to confirm the inhibitory effect of
Fuc-liposome complexes on the activation of NFxB. After
LPS treatment, the amount of activated NFxB was
dramatically increased. However, after injection of Fuc-

24

liposome complexes, the amount of activated NFxB in
nuclei did not increase following LPS treatment (Fig. 6).

4. Discussion

Recently, new techniques to inhibit target gene expres-
sion using oligonucleotides, such as decoy oligonucleotides,
antisense DNA, ribozyme and siRNA, have been devel-
oped, and these are expected to be attractive treatments
without side effects on genome DNA compared with
pDNA. However, oligonucleotides are easily degraded in
blood and rapidly metabolized and, therefore, potential
carriers have to be developed capable of carrying enough
oligonucleotide to produce a therapeutic effect. As far as
liver failure is concerned, Kupffer cells, hepatic resident
macrophages, play an important role in producing several
kinds of systemic cytokines [25,26]. Furthermore, because
intravenous injection is a non-invasive method that does
not require special techniques, intravenous injectable
carrier is desirable in clinical situations. Therefore, the
purpose of this study is to develop a Kupffer cell-selective
delivery system for NFxB decoy by intravenous injection
and to suppress cytokine production.
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Fig. 5. Inhibitory effect of Fuc-liposome/NFxB decoy complex on liver enzyme injury. One min after intravenous administration of LPS with
p-Galactoasmine, Fuc-liposome/NFxB decoy complex or naked NFxB decoy (NFkB decoy 20 pg/mouse) was intravenously injected into mice. Blood was
collected from the vena cava at 3h. Each value represents the mean+S.D. (n =4). Significant difference **P<0.01 v.s.+5% dextrose; *P<0.05;
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Fig. 6. Inhibitory effect of Fuc-liposome/NFxB decoy complex on NFxB
activation in the nuclei. One min after intravenous administration of LPS,
Fuc-liposome/NFxB decoy complex (20pg/mouse) was intravenously
injected into mice (@). Control mice were treated with 5% dextrose after
injection of LPS (©O). Liver was excised from mice at 1, 3 and 6h. Each
value represents the mean-+S.D. (n=3—4). Significant difference
*¥*P<0.01; *P<0.05.

In order to investigate Kupffer cell-selective delivery of
NFxB decoy using Fuc-liposomes, the tissue accumulation
and intrahepatic distribution of Fuc-liposome/[**P] NFxB
decoy complexes was examined after intravenous injection
(Fig. 1). Rapid and high liver accumulation of Fuc-
liposome/[*?P] NFxB decoy complexes was observed.
Moreover, Fuc-liposome/NFxB decoy complexes were
preferentially taken up by NPC (Fig. 2). To confirm the
contribution of Kupffer cells to NPC accumulation, the
hepatic uptake of Fuc-liposome/NFxB decoy complex was
compared with and without GdCl; pretreatment, because
GdCl; pretreatment, which inhibits the uptake ability of
Kupffer cells without any inflammation by other liver cells,
was widely used to analyze Kupffer cell function including
uptake and cytokines production etc. [23,24]. The liver
accumulation was lower with GdCl; pretreatment than
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without it (Fig. 3), which strongly supported Fuc-
liposome/NFxkB decoy complexes being efficiently taken
up by Kupffer cells. This uptake characteristic agrees with
the results of the uptake of Fuc-BSA [17]. It has been
reported that after single injection of GdCly Kupffer cells
but not spleen macrophage strongly inhibited receptor
mediated binding [23]. This may explain the fact that the
spleen uptake of NFxB decoy/Fuc-liposome complexes
was increased under GdCl; treatment (Fig. 3).

After intravenous injection, the distribution of a macro-
molecule is basically decided by its physicochemical
properties, including size and charge. The kidney and liver
play an important role in the disposition of macromole-
cules circulating in the blood [27]. Macromolecules with a
molecular weight of less than 50,000 (approximately 6 nm
in diameter) are susceptible to glomerular filtration and are
excreted into the urine [28]. As far as the distribution of
NFxB decoy is concerned, although [**P] NF«xB decoy
rapidly disappeared from the blood, the Fuc-liposome/
NFxB decoy complexes circulated for a little longer
(Fig. 1). Considering that the molecular weight of NFxB
decoy is about 13,000, this result indicates that Fuc-
liposome/NFxB decoy complexes escape rapid glomerular
filtration and increase the stability of NF«xB decoy in the
blood.

It is well known that NFxB decoy can be bound by
activated NFxB and inhibits the transfer activated NFxB
to the nuclei, consequently inhibiting the transcription of -
NFxB [29]. To determine the inhibitory mechanism of
cytokine production by Fuc-liposome/NFxB decoy com-
plexes, the amount of NFxB in the nuclei was measured by
EIA. After injection of Fuc-liposome/NF«xB decoy com-
plexes, the amount of NFxB in the nuclei was lower than
that after only LPS treatment (Fig. 4). This result shows
that NFxB decoy delivered by Fuc-liposomes can inhibit
the transfer of activated NFkB to nuclei. Moreover, Fuc-
liposome/NFxB decoy complexes can inhibit the pro-
duction of TNFa and IFNy (Fig. 4), the expression of
which is regulated by NFkB. This result also shows that
Fuc-liposome/NFxB decoy complexes can suppress the
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activation of NFxB. As far as liver injury is concerned,
serum ALT and AST levels were measured, because
cytokine release from Kupffer cells has a cytotoxic effect
on hepatocytes. ALT and AST levels were suppressed by
Fuc-liposome/NFxB decoy complexes but not naked
NFxB decoy (Fig. 5). This result also shows the Fuc-
liposome/NFkB decoy complexes can suppress the activa-
tion of NFxB.

In a previous study, we demonstrated that intravenously
injected bare cationic liposome/NFxB decoy complexes
[22] and Man-liposome/NFxB decoy complexes [30]
suppressed LPS-induced TNFu production in mice. Unlike
Fuc-liposome complexes, after intravenous injection catio-
nic liposome complexes rapidly and highly accumulated in
the lung and then slowly accumulated in the liver (about
60% of dose/g tissue) [22]; therefore, liver accumulation of
cationic liposome complexes was lower than that of Fuc-
liposome complexes (Fig. 1). This could explain the fact
that the production of TNFa could be attenuated by 20 ug
NFxB decoy complexed with Fuc-liposomes but not by
cationic liposomes (Fig. 4). As far as the characteristics of
receptor recognition are concerned, both mannose recep-
tor, which is expressed on sinusoidal endothelial cells and
Kupffer cells, and fucose receptor, which is expressed on
Kupffer cells, could recognize mannose and fucose.
However, in our previous reports, intravenously injected
mannosylated bovine serum albumin (BSA) was taken up
by sinusoidal endothelial cells compared with Kupffer cells
and fucosylated BSA was more selectively taken up
Kupffer cells compared with sinusoidal endothelial cells
[16,31]. This could explain the fact that 20 ug NFxB decoy
complexed with Fuc-liposome more strongly reduced the
serum_ level of TNFo than the same amount of NFxB
decoy complexed with Man-liposomes (Fig. 4).

As far as the liver-specific delivery of NFxB decoy is
concerned, Yoshida et al. [32] recently demonstrated that
NFxB decoy was effectively transferred to Kupffer cells by
fusigenic liposomes with hemagglutinating virus of Japan
(HV] liposomes) from the portal vein. Using this method,
Ogushi et al. [33] demonstrated that NFxB decoy
incorporated in HVJ liposomes effectively suppressed
endotoxin-induced fatal liver injury in mice. However,
intraportal injection is difficult in clinical situations
because it needs a skillful surgical technique and increases
the burden on the patient. Although intravenous injection
is the simplest method, HVJ liposomes cannot accumulate
in the liver following intravenous injection, because HVJ
liposomes fuse to cells in a non-specific manner [32]. As a
consequence, oligonucleotide is non-specifically delivered
by HVJ liposomes to the lung, spleen and kidneys after
intravenous injection [32]. In fact, Ogushi et al. [33]
achieved a therapeutic effect only by intraportal injection
of HVJ liposomes not by intravenous injection. Moreover,
because Kupffer cells account for only 15% of the total
liver cells [33], non-specific fusion of HVJ liposomes would
cause an increase in the dose of NFxB decoy. Furthermore,
preparing HVJ liposomes is complicated with irradiation
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being needed to remove viral toxicity and centrifugation to
remove free HVJ [34].

5, Conclusion

" In this study, novel Fuc-liposomes can be used as
Kupffer cell-selective oligonucleotide carriers through
recognition by the fucose receptors on Kupffer cells.
Intravenously injected Fuc-liposome/NFxB decoy com-
plexes effectively suppress LPS-induced TNFo and IFNy
production by suppression of NFxB transcription. Liver
injury following to the cytokines production was also
prevented Fuc-liposome/NFxB decoy complexes. Fuc-
liposome/NFxB decoy complexes will prove to be a useful
therapeutic tool for treating cytokine-related fatal inflam-
matory liver disease following administration by intrave-
nous injection,
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Abstract

Although small interfering RNA (siRNA) is a potentially useful therapeutic approach to silence the targeted gene of a particular
disease, its use is limited by its stability in vivo. For the liver parenchymal cell (PC)-selective delivery of siRNA, siRNA was complexed
with galactosylated cationic liposomes. Galactosylated liposomes/siRNA complex exhibited a higher stability than naked siRNA in
plasma. After intravenous administration of a galactosylated liposomes/siRNA complex, the siRNA did not undergo nuclease digestion
and urinary excretion and was delivered efficiently to the liver and was detected in PC rather than liver non-parenchymal cells (INPC).
Endogenous gene (Ubcl3 gene) expression in the liver was inhibited by 80% when Ubcl3-siRNA complexed with galactosylated
liposomes was administered to mice at a dose of 0.29 nmol/g. In contrast, the bare cationic liposomes did not induce any silencing effect
on Ubcl3 gene expression. These results indicated that galactosylated liposomes/siRNA complex could induce gene silencing of
endogenous hepatic gene expression. The interferon responses by galactosylated liposomes/siRNA complex were controlled by
optimization of the sequence of siRNA. Also no liver toxicity due to galactosylated liposomes/siRNA complex was observed under any
of the conditions tested. In conclusion, we demonstrated the hepatocyte-selective gene silencing by galactosylated liposomes following
intravenous administration.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Gene therapy; Liver; Liposome; Gene transfer

1. Introduction and limited blood stability of siRNA and the current
delivery methods to the target cells in vivo. When siRNA is
RNA interference (RNAI) is induced by 21-25 nucleo-  administered in blood, it is readily digested by nuclease and
tide, double-stranded small interfering RNA (siRNA), eliminated from the renal glomeruli before reaching the
which is incorporated into the RNAi-induced silencing  diseased tissues. In order to achieve the therapeutic effect
complex (RISC) and is a guide for cleavage of the  of siRNA at the target site, therefore, it is important to
complementary target mRNA in the cytoplasm [1]. For  enhance the stability of sSiRNA in the blood circulation and
therapeutic application, siRNA technology promises great-  to allow targeted delivery to the diseased area.
er advantages over drugs currently on the market by As far as in vivo selective gene delivery to hepatocytes is
offering new types of drugs that are easy to design and have  concerned, galactose has been shown to be a promising
a very high target selectivity, inhibiting a specific gene  targeting ligand to hepatocytes (liver PCs) because the cells
expression in the cytoplasm, and an expected low toxicity = possess a large number of asialoglycoprotein receptors that
due to metabolism to natural nucleotide components by  recognize the galactose units on the oligosaccharide chains
‘the endogenous cell systems [1-5]. However, siRNA  of glycoproteins or on the chemically synthesized galacto-
therapeutics is hindered by the poor intracellular uptake  sylated carriers [6]. In a series of investigations, we have
studied liposomal systems to deliver plasmid DNA to

*Corresponding author. Tel.: +81757534525; fax: +81757534575. hepatocytes in vivo and developed novel galactosylated
E-mail address: hashidam@pharm.kyoto-u.ac.jp (M. Hashida). cationic liposomes, including cationic charge linkers for
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anionic compound binding and galactose moieties as a
targetable ligand for PC. The galactosylated cationic
liposomes are composed of galactosylated cholesterol
derivatives, cholesten-5-yloxy-N-(4-((1-imino-2-p-thioga-~
lactosylethyl)amino)alkyl)formamide (Gal-C4-Chol) and
a neutral lipid. Based on the optimization of the
physicochemical properties of the galactosylated lipo-
somes/plasmid DNA complexes [7-10], we have succeeded
in developing a hepatocyte-selective gene targeting system.
Ma et al. [11] have reported that cationic liposomes
enhance siRNA-mediated interferon (IFN) responses by
the activation of STAT1 in mice. In contrast, naked siRNA
did not induce the IFN responses. Recently, Zhang and
Wang have reported that the siRNA of hepatitis C is a
novel strategy for the treatment of this disease in vitro
[12,13]. Since IFN can be used for the treatment of virus
hepatitis, these observations prompted us to investigate
whether a galactosylated liposomes/siRNA complex could
achieve both gene silencing in hepatocytes and IFN
induction after intravenous administration.

In the present study, siRNA delivery to the liver by
intravenous administration of galactosylated lposomes
was examined. Results are compared with naked siRNA
(conventional injection or hydrodynamic injection) and
cationic liposomes/siRNA complex.

2. Materials and methods

2.1. Materials

Dioleoylphosphatidylethanolamine (DOPE), 3p[N-(N',N'-dimethyla-
minoethane)carbomyl]cholesterol (DC-Chol), vL-e-phosphatidylcholine,
hydrogenated from chicken egg (Egg PC) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) were purchased from Avanti Polar-Lipids Inc.
(Alabaster, AL). The preparation of Gal-C4-Chol has been described
previously [14]. siRNAs (21 mer) with 3'-dTdT overhangs were chemically
synthesized by Nippon EGT Co. Ltd. (Toyama, Japan). The siRNA
sequences are shown in Table 1. The Ubcl3 siRNA modified with Alexa
Fluor 546 or fluorescein at the 3’ termini of the sense strand was
synthesized by QIAGEN K.K. (Tokyo, Japan).

2.2. Preparation of liposomes

A mixture of Gal-C4-Chol and DOPE with a molar ratio of 3:2 was
dissolved in chloroform, vacuum-desiccated, and resuspended in sterile
5% dextrose solution. The suspension was sonicated and the resulting
liposomes were extruded 10 times through double-stacked 100nm
polycarbonate membrane filters. Cationic liposomes and siRNA was
complexed at a charge ratio (—:+) of 1.0:2.3 for cell-selective delivery [71.
The particle size and zeta potential of the liposomes were measured using a

Table 1
Sequence of siRNAs

1435

Nano ZS apparatus (Malvern Instruments Ltd., Malvern, WR, UK). All
other liposomes, Gal-C4-Chol, cholesterol, and DOPE (molar
ratio = 1:1:1), Gal-C4-Chol and Egg PC (molar ratio = 3:2) and Gal-
C4-Chol and DOPC (molar ratio = 3:2) were prepared by a similar
procedure.

2.3. Stability of galactosylated liposomes/siRNA complex in
mouse plasma

For siRNA stability in blood plasma, a solution (30 ul) of 150 pmol
siRNA (Alexa Fluor 546-labeled siRINA: no labeled siRNA =1:4)
complexed with the galactosylated liposomes (Gal-C4-Chol/DOPE lipo-
somes) was mixed with 270 pl fresh mouse plasma to give a final plasma
concentration of 90%. After incubation at 37 °C for specific time periods,
aliquots (20 pul) were collected and mixed with 10ul 9% sodium dodecyl
sulfate solution. The siRNAs were extracted from the reaction mixtures
with phenol/chloroform/fisoamyl alcohol (25:24:1). The siRNAs were
electrophoresed on 4-20% polyacrylamide gel (Tefco Inc., Tokyo, Japan)
and visualized with a fluorescence image analyzer, FMBIO II (Hitachi
Software Engineering Co. Ltd., Tokyo, Japan).

2.4. Stability of galactosylated liposomes/siRNA complex in vivo

The animal experiments in the present study were approved by the
Animal Research Committee of the GeneCare Research Institute Co. Ltd.
Male ICR mice (age 5 weeks) were purchased from CLEA Japan Inc.
(Tokyo, Japan). For the in vivo stability study of siRNA, Alexa Fluor
546-labeled siRNA and unlabeled siRNA were mixed in a 1:4 ratio. The
galactosylated liposomes (Gal-C4-Chol/DOPE liposomes)/siRNA com-
plex solution was administered intravenously (0.1 nmol siRNA/10pl/g)
and blood samples were collected from each mouse. Then 20 ul of each
blood sample was added to 10 pul 9% sodium dodecy! sulfate solution. The
siRNAs in the blood samples were extracted and electrophoresed by the
procedures described above.

2.5. Biodistribution of galactosylated liposomes/siRNA complex in
mice

The galactosylated liposomes (Gal-C4-Chol/DOPE liposomes) and
fluorescein-labeled siRNA complex solution was injected intravenously
into mice (0.1 nmol siRNA/10nl/g). At 5 and 60min following adminis-
tration, the organs were harvested and rinsed with saline. The fluorescein-
labeled siRNA in the organs was visualized in a fluorescence image
analyzer, FMBIO II.

2.6. Detection of siRNA in liver cells

The liposomes and fluorescein-labeled siRNA complex solution was
injected intravenously into mice (0.1 nmol siRNA/10 pl/g). At 48h post-
injection of the liposomes/siRNA complex, the liver was removed rinsed
with saline, frozen in liquid nitrogen and mounted for cryostat sectioning.
Slides were viewed under a fluorescence microscope.

siRNA Sequence of sense strand

Ubcl3-siRNA 5-GUACGUUUCAUGACCAAAA-ATAT-¥
Non-specific control siRNA (NS-siRNA) ¥-UUCUCCGAACGUGUCACGU-dTdT-3
siRNA1 5-GUUCAGACCACUUCAGCUU-dTAT-3'
siRNA2 5¥-GCUUGAAACUAUUAACGUA-dTAT-3’
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2.7. Gene silencing effect in various organs

Liposomes and Ubcl3 siRNA complex solution were injected
intraportally or intravenously into mice at a normal pressure (0.18 nmol
siRNA/18 pi/g). As for the hydrodynaimic injection, Ubcl3 siRNA were
injected intravenously at a volume of 1.6ml siRNA solution [15-17]. At
48 h following administration, the organs were removed and rinsed with
saline. The total RNAs were extracted from the organs using an RNeasy
Mini Kit (Qiagen) according to the manufacturer’s protocol. RT-PCR
analyses were carried out using an ABI Prism 7000 Sequence Detection
System and Tagman probes and primers (Applied Biosystems, Foster
City, CA). The glyceraldehyde-3-phosphate dehydrogenase gene
(GAPDH) was used as the standard.

2.8. Measurement of IFN, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) in mouse blood

Groups of three mice were intravenously injected with galactosylated
liposomes (Gal-C4-Chol/DOPE liposomes)/siRNA (0.18 nmol siRNA/g)
complex. At 5h following the administration, blood samples were
collected and the IFN-¢ and IFN-y levels measured by ELISA. Mouse
IFN-o. and IFN-y ELISA kits were purchased from PBL Biomedical
Laboratories (Piscataway, NJ) and GE Healthcare Bio-Sciences Co.
(Piscataway, NJ), respectively. The measurements were performed
according to the manufacturer’s instructions.

For detection of AST and ALT, mouse blood samples were collected at
5 and 20h following administration. The aminotransferase activities were
measured using a Transaminase CII-Test Wako kit (Wako Pure Chemical
Industries Ltd., Tokyo, Japan) according to manufacturer’s instructions.

3. Results

3.1. Physicochemical properties of galactosylated
liposomes/siRNA complex

The particle sizes of the galactosylated liposomes were
50.14+3.6nm and the zeta potentials were 47.94+0.7mV
(Table 2). Also, the particle sizes of the galactosylated
liposomes complexed with siRNA were 75.3+5.8nm and
the zeta potentials were 35.8 + 1.8 mV. The particle sizes of
the galactosylated liposomes/siRNA complex were larger
and the zeta potentials were lower than those of the
galactosylated liposomes, suggesting that the galactosy-
lated liposomes and siRNA form complexes by their
electrostatic interaction.

3.2. Stability of siRNA in mouse plasma

Naked siRNA underwent almost 90% digestion by
nuclease within 3h at 37°C (Fig. 1). Under the same
conditions, the siRNA complexed with galactosylated
liposomes remained intact at 30 h. This showed that the

Table 2
Particle size and zeta potential of galactosylated liposomes and its complex
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galactosylated liposomes conferred a highly protective
effect against nuclease as far as siRNA was concerned.
Also, this result indicated that the ionic interaction between
galactosylated liposomes and siRNA is unaffected by
various ionic component, ie. lipids, proteins, and poly-
saccharides in plasma.

3.3. Delivery of galactosylated liposomes/siRNA complex
to liver

Fig. 2 shows the amount of intact siRNA in the blood
circulation after intravenous administration. Naked siR-
NA was eliminated from the blood within Smin and
excreted in urine. In contrast, the galactosylated liposomes
prolonged the circulation of siRNA in the mouse blood-
stream compared with naked siRNA. The siRNA was
detected in the bloodstream but not in the urine 60min
following injection. This result suggests that the galacto-
sylated liposomes/siRNA complex is not digested by
nuclease and eliminated via the renal glomeruli. Further-
more, the complex might be slowly distributed in some
organs instead of remaining in the circulating blood.

Next, we investigated the biodistribution of siRNA in
the heart, lung, liver, spleen and kidney at 5 and 60min
after administration of the galactosylated liposomes/
siRNA complex to mice. The siRNA was detected in the
liver, lung and kidney compared with untreated mice at
Smin (Fig. 3). Despite elimination of siRNA from the
bloodstream at 60 min, the siRNA remained in the liver
and lung. These results show that the siRNA disappearing
from the bloodstream is delivered to the liver by galacto-
sylated liposomes formulations.

3.4. Cellular localization of siRNA in liver

Fig. 4 shows images of frozen sections of livers under
fluorescence microscopy. In the galactosylated liposomes
(Gal-C4-Chol/DOPE)/siRNA  complex-injected  mice,
fluorescein-labeled siRNA was detected abundantly in liver
cells and the fluorescence intensity was higher than that in
the mice injected with cationic liposomes (DC-Chol/
DOPE)/siRNA complex. In construct, there was hardly
any siRNA in liver cells when cationic liposomes/siRNA
complex was used. Considering that hepatocytes account
for almost 80% of the total liver volume by PC, these
results indicate that galactosylated liposomes/siRNA com-
plex is incorporated efficiently into PC by the galactose
ligand of galactosylated liposomes.

Formulations

Particle size (nm) { potential (mV)

Galactosylated liposomes (Gal-C4-Chol/DOPE)
Galactosylated liposomes/siRNA complex

50.143.6
75.3+£58

47.940.7
353418
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Galactosylated
liposomes

Naked siRNA
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Fig. 1. Stability of galactosylated liposomes/siRNA complex in mouse plasma. Alexa fluor 546-labeled siRNA and unlabeled siRNA mixture
(1:4mol/mol) was complexed with galactosylated liposomes (Gal-C4-Chol/DOPE) and incubated in 90% plasma at 37°C for 1, 3, 6, 8, 24, and 30h. The
remaining siRNAs were separated by gel electrophoresis and fluorescence labeled siRNAs were detected by image analysis. Naked siRNA was used as a

negative control.

Naked
siRNA

Galactosylated
liposomes

Omin g2

1min |
5 min

10 min

20 min

30 min

45 min

60 min

Urine

Fig. 2. Stability of siRNA complexed with galactosylated liposomes in
blood circulation after intravenous administration in mice. siRNA (Alexa
fluor 546-siRNA and unlabeled siRNA = 1:4) complexed with galactosy-
lated liposomes (Gal-C4-Chol/DOPE) was administered to mice intrave-
nously. A total of 40 pl of blood and urine was collected at each time point
(urine: 60min) and the remaining siRNAs were determined by gel
electrophoresis and image analysis. Naked siRNA was used as a negative
control.

3.5. Silencing of endogenous gene expression in liver

Since siRNA was delivered to liver by galactosylated
liposomes after systemic injection into mice, we examined
the ability of the siRNA to silence endogenous gene
expression in liver. We used the siRNA corresponding
Ubcl3 gene, which is known to be expressed in various
organs constitutively and ubiquitously, and confirmed that
the Ubcl3 gene is expressed in the mouse lung, liver,
kidney, spleen and heart using RT-PCR (data not shown).
The Ubcl3-siRNA had the ability to suppress 80% of
Ubcl3 gene expression in HepG2 cells, human hepatic
carcinoma, at 1 nm under the culture conditions used (data
not shown).

To investigate if Ubcl3-siRNA suppresses the expres-
sion of Ubcl3 mRNA in liver, we administered Ubcl3-
siRNA into the portal vein of mice using galactosylated
liposomes (Gal-C4-Chol/DOPE liposomes) or cationic
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Galactosylated liposomes No-treatment

5 min 60 min

Heart

Lung

Liver 1

Spleen

Kidney

Fig. 3. Biodistribution characteristics of siRNA in tissues after intrave-
nous administration of galactosylated liposomes/fluorescein-labeled
siRNA complex in mice. Fluorescein-labeled siRNA complexed with
Gal-C4-Chol/DOPE liposomes was administered to mice intravenously.
At 5 and 60min following administration, mice were sacrificed and lung,
liver, kidney, spleen and heart were collected. The remaining siRNAs in
organs were detected by image analysis. The control is organs from an
untreated mouse. '

liposomes (DC-Chol/DOPE liposomes). Although, the
silencing effect of the Ubcl3 gene expression in liver was
observed with each complex after intraportal administra-
tion (Fig. 5A), the galactosylated liposomes/siRNA com-
plex exhibited greater suppression of the expression of
Ubcl3 gene. The in vivo RNAI activity of the Ubcl3—
siRNA was validated by this result.

The gene suppression effects were also compared with
those following hydrodynamic injection [15-17] of
Ubcl3-siRNA. After intravenous administration, the
galactosylated liposomes/Ubcl3—siRNA complex effec-
tively suppressed the expression of Ubcl3 gene in liver
and lung as compared with hydrodynamic injection at 48 h
after the injections (Fig. 5B). Notably, the Ubcl3 gene
expression in liver was suppressed by more than 60% with
galactosylated liposomes while in the case of the cationic
liposomes complex, no RNAIi effects were observed in
any organs. These results indicated that galactosylated
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Fig. 4. Cellular localization of siRNA in liver after intravenous
administration of galactosylated liposomes/fluorescein-labeled siRINA
complex in mice. Fluorescein-labeled siRNA was complexed with cationic
liposomes (A) or galactosylated liposomes (B). At 48 h after administra-
tion, the livers were removed and mounted for cryostat sectioning. Slides
were viewed under a fluorescence microscope.

liposomes have a greater potential as a hepatic targeting
delivery carrier for siRNA even following intravenous
administration.

3.6. Effect of siRNA dose and lipid composition of
galactosylated liposomes on gene silencing in liver

We showed that galactosylated liposomes/Ubcl3—
siRNA complex induces silencing of Ubcl3 gene expres-
sion in a dose-dependent manner. When 0.1 nmol/g siRNA
was administered to mice, no silencing effect was observed
(Fig. 6A). However, suppression of Ubcl3 gene expression
in liver occurred at over 0.18nmol/g and suppression
was observed in other organs at 0.29 and 0.36 nmol/g.
The most liver-selective silencing effects were obtained
at 0.18 nmol/g. Also, the silencing effect in liver by injec-
tion of 0.36nmol/g siRNA was not greater than that
using 0.29 nmol/g. These results showed that the range of
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Fig. 5. Suppression of gene expression by galactosylated liposomes/
siRNA complex in various organs in mice. Ubcl3—siRNA complexed with
cationic liposomes (white bar) or galactosylated liposomes (black bar) was
injected intraportally (A) or intravenously (B) into mice. Also, Ubcl3—
siRNA was administered by the hydrodynamic injection method (hatched
bar). At 48h after administration, lung, liver, kidney, spleen and heart
were collected. The total RNAs were extracted from the organs and
subjected to RT-PCR analysis. Ubcl3 mRNA levels in mice given
injections of NS-siRNA complexed with respective liposomes, were taken
as 100%. Groups of three mice were used and their average expressions of
Ubcl3 gene are illustrated.

siRNA dose-dependence is from 0.18 to 0.36 nmol/g when
galactosylated liposomes are used.

To evaluate the lipid composition of galactosylated
liposomes, we prepared galactosylated liposomes with Gal-
C4-Chol and some neutral lipids, cholesterol, Egg PC and
DOPC instead of DOPE. Except for Gal-C4-Chol/Egg PC,
these liposomes complexed with siRNA at a charge ratio
(—:+) of 1.0:2.3, and Gal-C4-Chol/Egg PC liposomes were
prepared at a charge ratio (—:+) of 1.0:1.5. All galacto-
sylated liposomes successfully induced gene silencing of
Ubcl3 in liver by more than 50% when 0.18 nmol/g siRNA
was systemically administered to mice (Fig. 6B). Among
the galactosylated liposomes tested, Gal-C4-Chol/DOPE
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Fig. 6. Effect of siRNA dose (A) and lipid composition of galactosylated
liposomes (B) on gene silencing in mice. Galactosylated liposomes (Gal-
C4-Chol/DOPE)/Ubcl3-siRNA complex was intravenous injected into
mice (N = 3) at an siRNA dose of 0.10 (white bar), 0.18 (hatched bar),
0.29 (gray bar), or 0.36 (black bar) nmol/g. Ubcl3-siRNA complexed with
Gal-C4-Chol/DOPE liposomes (white bar), Gal-C4-Chol/cholesterol/
DOPE liposomes (hatched bar), Gal-C4-Chol/EggPC liposomes (gray
bar) or Gal-C4-Chol/DOPC liposomes (black bar) was intravenous
injected into mice (N = 3) (B). At 48 h after intravenous administration,
organs were collected and subjected to RT-PCR analysis. Ubcl3 mRNA
levels of mice injected with NS-siRNA complexed with respective
liposomes were taken as 100%.

liposomes were the most effective and liver-selective. The
silencing effect produced by Gal-C4-Chol/cholesterol/
DOPE liposomes in liver was less than that produced by
Gal-C4-Chol/DOPE liposomes. These results provide the
evidence that Gal-C4-Chol is the most effective means of
producing gene silencing with galactosylated liposomes in
the liver.

3.7. Immune responses in liver by galactosylated liposomes/
SIRNA complex

Recent investigations have shown that cationic lipo-
somes/siRNA complex induces IFN responses in mice
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[11,18-20]. To determine the IFN response by galactosy-
lated liposomes/siRNA complex, we measured the induc-
tion level of IFN-« and IFN-y as type I and type II IFN
responses by ELISA. Galactosylated liposomes (Gal-C4-
Chol/DOPE liposomes) were complexed with three kinds
of siRNAs (INS-siRNA, siRNA1 and siRNA2, shown in
Table 1) and injected intravenously into mice. As shown in
Fig. 7, the galactosylated liposomes/siRNA complexes and
galactosylated liposomes alone, except for siRNA1, failed
to induce IFN-¢ and IFN-y at 5h after administration. In
contrast, galactosylated liposomes/siRNA1 complex in-
duced a higher level of IFN-o and, especially IFN-y,
compared with galactosylated liposomes/NS-siRNA com-
plex and siRNA2 complex. It has been reported that the
immune responses by siRNA are dependent on the
sequence of the siRNA [21-23]. These results suggested
that IFN responses are not caused by galactosylated
liposomes and depend on the siRNA sequence.

The galactosylated liposomes/siRNA complex did not
increase ALT and AST levels in mouse serum compared
with the levels in untreated mice (Fig. 8). These results
indicate that administration of galactosylated liposomes/
siRNA complexes do not induce hepatitis in mice
even when galactosylated liposomes/siRNAT complex is
injected.

4. Discussion

In this study, we showed that siRNA could be delivered
to PC by carrying out experiments involving biodistribu-
tion and cellular localization in the liver with galactosy-
lated liposomes (Figs. 3 and 4). Furthermore, we confirmed
that endogenous hepatic gene (Ubcl3 gene) mRNA is
markedly reduced in liver by more than 60% with the
galactosylated liposomes/siRINA (Ubcl13-siRNA) complex
(Figs. 5 and 6). Considering that PC account for about
80% of the total number of liver cells, it is suggested that
Ubcl3 mRNA in PC is degraded by galactosylated
liposomes/siRNA complex. All of these data provide
evidence that the inhibition of endogenous gene expression
could be accompanied by an efficient uptake of siRNA by
PC in liver.

To date, there has been little published information
about formulations for the in vivo targeted delivery of
siRNA and/or oligonucleotides. In order to optimize the in
vivo delivery of siRNA by galactosylated liposomes, the
characteristics of galactosylated liposomes as an siRNA
delivery system were evaluated based on (i) the route of
administration (intraportal vs. intravenous), (ii) the dose of
siRNA, and (iii) the composition of neutral helper lipid.
Interestingly, an RNAI effect in liver by galactosylated
liposomes/siRNA complexes was observed irrespective of
the route of administration (Fig. 5) and the type of neutral
lipid (DOPE, Egg PC, and DOPC) in the galactosylated
liposomes (Fig. 6). These differences between siRNA and
plasmid DNA are unclear, and this event may be caused by
a different mechanism in the cell between the RNAI effect
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Fig. 7. Serum IFN-o (A) and IFN-y (B) concentrations after intravenous
administration of galactosylated liposomes/siRNA complex in mice.
Groups of three mice were intravenously injected with galactosylated
liposomes (Gal-C4-Chol/DOPE) complexed with NS-siRNA, siRNAI
and siRNA2 (5nmol siRNA/mouse), respectively. At 5h following
administration, blood samples were collected and INF-¢ levels measured
by ELISA. N.T. represents non-treated mice.

by siRNA and the gene expression by plasmid DNA. This
might be due to the difference in the mean diameters of the
galactosylated liposomes/siRNA complex (about 75nm)
and the galactosylated lipoplex (about 100-150nm),
because we previously demonstrated that the mean
diameters of galactosylated lipoplex markedly affected
the transfection efficacy in PC in vivo [10].

There are three problems involved in the delivery of
plasmid DNA into the cell nucleus from outside the cell
and obtaining gene expression in the nucleus: the first
involves approaching the cell membrane, the second
involves escaping from the endosomes and the third is
the passage through the membrane of the nucleus. In the
case of siRNA delivery, since RNAi systems operate in
cytoplasm, only two steps are needed. Moreover, siRNA
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Fig. 8. Serum ALT (A) and AST (B) levels after intravenous administra-
tion of galactosylated liposomes/siRNA complex. Groups of three mice
were intravenously injected with galactosylated liposomes (Gal-C4-Chol/
DOPE) complexed with NS-siRNA, siRNA! and siRNA2 (5nmol
siRNA/mouse), respectively. Blood samples were collected at 5 (black
bar) and 20h (white bar) following administration and AST and ALT
levels were measured. One IU of enzyme activity represents I umol
substrate per 1 min at 25°C.

has a low molecular weight and a low effective concentra-
tion in cells, compared with plasmid DNA. The character-
istics of siRNA involve enhanced potential as a delivery
system of galactosylated liposomes which might make it
easier to design an siRNA delivery system.

It is known that IFN responses are induced by single-
and double-stranded RNA associated with viral infection
in mammalian cells and when siRNA is transfected into
cells it is also able to stimulate type I IFN-o [24].
Furthermore, siRNA complexed with cationic liposomes
containing cationic lipids (DOTAP; 1,2-dioleyl-3-trimetyl-
ammoniumpropane) activates siRNA-mediated type I and
II IFN responses in mice [11]. To develop an siRNA
hepatocyte-selective delivery system without side-effects, it
is important to avoid the immune responses. Therefore, we

¢
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evaluated the levels of IFN-« and IFN-y, as types I and II
IFN responses, in mouse serum to investigate the toxicity
of the galactosylated liposomes/siRNA complex. As shown
in Fig. 7, the galactosylated liposomes/siRNA complex
induced IFN-o and IFN-y depending on the sequence of
siRNA when given intravenously to mice. This is consistent
with recent reports about siRNA/cationic liposomes
complex [18-20]. These observations lead us to believe
that IFN-y induction by galactosylated liposomes/siRINA
complex can be control by optimization of the siRNA
sequence, Combination therapy using IFN-y and IFN-«
and gene silencing by siRNA would be more effective for
the treatment of some viral diseases i.e., hepatitis C.
Therefore, further studies are needed to analyze the
relationship between IFNs induction and the sequence of
siRNA for designing rational treatments involving the
injection of galactosylated liposomes/siRNA complex.

As shown in Fig. 8, none of the galactosylated
liposomes/siRNA complexes cause significant hepatitis in
mice even although the galactosylated liposomes/siRNAI
complex induced IFN-y. It has been reported that
intravenous injection of cationic liposomes/plasmid DNA
complex induces hepatic toxicity [25-27]. However, the
hepatic toxicity due to cationic liposomes/plasmid DNA
complex is induced by proinflammatory cytokines secreted
from macrophages following recognition of the CpG motif
in plasmid DNA [21]. In contrast, in the case of siRNA
systems, IFN responses can be controlled by optimization
of the siRNA sequence (Fig. 7). Therefore, these observa-
tions suggest that siRINA may be safer than plasmid DNA
when delivered by (galactosylated) cationic liposomes.

Recently, Morrissey et al. [22] reported the sustained
circulation in the blood of a formulation of chemically
modified siRNA employing polyethylene glycol (PEG)-
modified liposomes. They demonstrated that lipid-encap-
sulated siRNA against HBV (hepatitis B virus) was
efficiently delivered to mouse liver and reduced the HBV
DNA titer in vivo. Also, it has been reported that siRINA
can silence the disease target apolipoprotein B (ApoB) in
the liver when administered systemically to non-human
primates (cynomolgus monkeys) with PEG-modified lipo-
somes [23]. Other reports have also described that siRINA
complexed with liposomes induces RNAi effects in liver
[28,29]. However, hepatocyte-selective targeting delivery
systems for siRNA have not been reported yet. We suggest
that the use of galactosylated liposomes for siRNA delivery
is more effective in lowering the dose and increasing
the effect of siRNA against HBV and apoB. Therefore,
galactosylated liposomes have great potential as a ther-
apeutic application of siRNA for the treatment of liver
diseases without significant side-effects following intrave-
nous administration.

5. Conclusion

Our results showed that siRNA could be delivered to PC
in experiments involving biodistribution and cellular
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localization in liver with galactosylated liposomes but not
with cationic liposomes when administrated via the tail
vein of mice. Furthermore, we confirmed that endogenous
hepatic gene (Ubcl3 gene) mRNA is markedly reduced in
the liver, by more than 60%, when the galactosylated
liposomes/siRINA (Ubcl13-siRNA) complex is used. By the
optimization of RNA sequences of the galactosylated
liposomes/siRNA complexes, type I IFN responses, which
are induced by single- and double-stranded RNA asso-
ciated with viral infection in mammalian cells, can be
induced and/or controlled. In addition, the galactosylated
liposomes/siRNA complex did not cause any significant
hepatitis via cytokine production in mice. These observa-~
tions suggest that galactosylated liposomes are an efficient
carrier of siRNA for hepatocyte-selective gene silencing
following intravenous administration.
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Abstract

In this study, we synthesized a sixth generation lysine dendrimer (KG6) and two PEGylated derivatives thereof and evaluated their
biodistribution characteristics in both normal and tumor-bearing mice. The intact KG6 showed a rapid clearance from the blood stream and non-
specific accumulation in the liver and kidney. In contrast, the PEGylated derivatives showed a better retention in blood and low accumulativeness
in organs dependent of the rate of PEGylation. In addition, PEGylated KG6 with a high modification rate was accumulated effectively in tumor
tissue via the enhanced permeability and retention (EPR) effect. Moreover, we clarified that multiple administrations did not affect the
biodistribution characteristics of a second dose of PEGylated KG6. PEGylated lysine dendrimer would be a useful material for a clinically

applicable tumor-targeting carrier.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Drug carrier; EPR effect; Lysine dendrimers; PEGylation; Tumor targeting

1. Introduction

Augmenting the drug concentration in tumor tissue with
high selectivity is the most worthwhile subject of current cancer
chemotherapy using macromolecular drug formulations. Al-
though almost all anti-cancer drugs are pharmacologically active,
the clinical application of these drugs is limited due to low
solubility, unfavorable biodistribution characteristics, and serious
side effects. Therefore, improving their disadvantageous biodis-
tribution is important not only to reduce toxicity but also to boost
the therapeutic effect of anti-cancer drugs. It has been reported
that, the modification of a biocompatible polymer, polyethylene
glycol (PEG), can extend retention time in blood by decreasing
non-specific interactions with endogenous components and

* Corresponding author. Fax: +81 75 753 4575.
E-mail address: hashidam@pharm.kyoto-u.ac.jp (M. Hashida).

0168-3659/% - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2006.09.012

37

macrophages. For instance, Doxil® is a representative commer-
cialized PEGylated liposomal formulation of doxorubicin [1]. In
this formulation, a PEGylated liposome, i.e. STEALTH® lipo-
some, enhances therapeutic effect and decreases serious side
effects such as cardiotoxicity of doxorubicin by improving its
biodistribution [2]. Furthermore, it has been reported that macro-
molecules having long blood retention and ~ 200 nm in size, such
as PEGylated liposomal or polymeric formulations, effectively
accumulate into the solid tumor tissue via the enhanced per-
meability and retention (EPR) effect. However, small and narrow
sized drug carriers would be certain to be delivered to even small
sized tumors by the EPR effect.

One candidate for a small and narrow sized drug carrier is a
dendrimer, but little information is available on the tumor-
selective disposition of (PEGylated) dendrimers after intrave-
nous administration. Recently, dendritic polymers like poly-
amidoamine (PAMAM) dendrimer, which is a typical
dendrimer, have attracted great attention in terms of biomedical
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applications [3,4]. Although the PAMAM dendrimer has already
been tested as a carmrier for drugs and genes and as a contrast
agent for bioimaging [5~10], it has been reported to be cytotoxic
[11]. In order to construct a highly safe carrier molecule, we
designed a lysine dendrimer taking into consideration the safety
of the constituent unit, and employed L-lysines as branch units.
We have developed a sixth generation of lysine dendrimer
(KG6), which produces highly branched dendritic polymers
[12]. Indeed, lysine dendrimers showed no significant cytotoxi-
city in cultured cells compared with PAMAM dendrimer {12].
Since lysine dendrimers have many reactive primary amino
groups derived from the «- and g-amino groups of the L-lysine
residue on their surface [13], they can be modified by several
functional groups. More recently, we have evaluated the dispo-
sition characteristics of lysine dendrimers and PEGylated KG6
and demonstrated that most of lysine dendrimers were accumu-
lated in the liver, but PEGylated KG6 was sustained in the blood
after intravenous administration in mice [14]. These observa-
tions prompted us to investigate whether PEGylated KG6 could
be delivered to tumors selectively in tumor-bearing mice.

In this study, the physicochemical properties of PEGylated
KG6 derivatives were evaluated. After the radiolabeling with
['"In] of PEGylated KG6 derivatives, the disposition char-
acteristics were analyzed in tumor-bearing mice after intrave-
nous administration. The effect of administration number of
PEGylated KG6 derivatives was also evaluated for clinical use.

2. Materials and methods
2.1. Chemicals

Di-z-butyl dicarbonate (Boc,O) was purchased from Peptide
Institute, Inc. (Osaka, Japan). The organic solvents used for
synthesis, lysine monohydrochloride, and hexamethylenedia-
mine were obtained from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Trifluoroacetic acid, dicyclohexyl amine
(DCHA), and triethylamine were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). The coupling reagents, 2-(JH-
benzotriazole~1-y1)-1,1,3,3-tetramethyluronium hexafluoropho-
sphate (HBTU) and 1-hydroxybenzotriazol (HOBt) were
acquired from Novabiochem, Merk Ltd. (Tokyo, Japan). The
DTPA anhydride was purchased from Dojindo (Kumamoto,
Japan). The "''InCl; was kindly provided by Nihon Medi-
Physics Co. Ltd. (Hyogo, Japan).

2.2. Synthesis of lysine dendrimers and conjugation with DTPA

Lysine monohydrochloride was dissolved in distilled water,
and a 2.2 M equivalent of Boc,O in dioxane was added. The pH of
the reaction mixture was adjusted to 8.0 or higher with 1 M
NaOH. Afier overnight stirring at room temperature, dioxane was
evaporated and ‘the product was extracted to ethylacetate. The
organic phase was washed three times with 10% citric acid and
saturated NaCl, respectively, and then evaporated. N-Boc
protected lysine was crystallized by petroleum ether with an
equivalent molar ratio of DCHA. Lysine dendrimers were
synthesized according to a method reported previously [12]. In
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brief, for the first generation synthesis, the 2.2 M excess of N-Boc
protected lysines were coupled with hexamethylenediamine in
DMF by the HBTU-HOBt method [15], and then, de-protection
was achieved with TFA treatment. For the 2nd and higher

‘generations, the coupling reaction between the amino group-free

previous generation of dendrimers and N-Boc protected lysines
was performed in DMF by the HBTU-HOBt method, and
subsequently Boc-groups were removed by TFA. We synthesized
lysine dendrimers up to the sixth generation by repeating these
coupling and de-protection procedures. Then KG6 was conju-
gated with DTPA in order to radiolabel it with *'In [16]. In brief,

KG6 was dissolved in 20 mM borate buffer (pH 9.8) and DTPA

anhydride in dimethyl sulfoxide was added at the molar ratio of
1:1. After 1 h of mixing at room temperature, the reaction mixture
was purified by ultrafiltration using VIVASPIN-20 (MWCO
5,000). The purified DTPA-labeled KG6 was then lyophilized.

2.3. PEGylation of KG6

In order to prevent steric hindrance by PEG chains on the
surface of the dendrimer, the DTPA-labeled KG6 was used for
PEGylation. The DTPA-labeled KG6 was dissolved in borate
buffer (pH 9.8) and reacted with PEG-NHS (Mw: 5,000) at
4 °C. After an overnight incubation, the reaction mixture was
ultrafiltrated using VIVASPIN (MWCO 100,000). The purified
PEGylated KG6 was then lyophilized. The modification rate of
surface primary amino groups by PEG-NHS was evaluated by
the barium—iodine method [17].

2.4. Evaluation of physicochemical properties of KG6 and its
PEGylated derivatives

KG6 and its PEGylated derivatives were dissolved in PBS
(pH 7.3) at a concentration of up to 5 mg/ml, and then their
particle size and zeta-potential were measured with a Zetasizer
Nano ZS (Malvern Instruments Ltd., United Kingdom).

2.5. Radiolabeling of dendrimers

For the biodistribution experiments, each dendrimer was
radiolabeled with 'In via DTPA, according to the method of
Hnatowich et al. [16]. This radiolabeling method is suitable for
examining the biodistribution of macromolecules from plasma
to various tissues, because radioactive metabolites, if produced
after cellular uptake, are retained within cells where the uptake
takes place [18,19]. A DTPA-labeled dendrimer solution dis-
solved in a 100 mM sodium citrate buffer (pH 5.5) at a con-
centration of 2 mg/ml was prepared. Twenty microliters of
1115l solution was mixed with equivalent volume of 100 mM
sodium citrate buffer, and the mixture was stood for a few
minutes. Forty microliters of DTPA-labeled dendrimer solution
was then added and mixed well. After standing for 30 min at
room temperature, the mixture was purified by gel filtration
chromatography using a PD-10 column and eluted with sodium
citrate buffer (pH 5.5). The appropriate fractions were selected
based on their radioactivity and concentrated by ultrafiltration
using VIVASPIN-20.



	200609012B0021
	200609012B0022
	200609012B0023
	200609012B0024
	200609012B0025
	200609012B0026
	200609012B0027
	200609012B0028
	200609012B0029
	200609012B0030
	200609012B0031
	200609012B0032
	200609012B0033
	200609012B0034
	200609012B0035
	200609012B0036
	200609012B0037
	200609012B0038
	200609012B0039
	200609012B0040

