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Abstract

We have previously shown that the peptide, KRTGQYKILC (bFGF), is recognized by fibroblast growth factor (FGF) receptor (FGFR) via
binding to basic FGF (bFGF), and is capable of being used for drug delivery to tumors highly expressing FGFR and bFGF. However,
although the binding and uptake of the liposomes (bFGFp-liposomes) modified by the peptide increased in the presence of bFGF, the
modification induced non-specific uptake. To overcome this problem, here, we prepared bFGFp-liposomes including mPEG-DSPE.
The 5 and 10% mPEGsge/ and 10% mPEGs400/bFGFp-liposomes reduced most of the interaction with erythrocytes and the uptake by
macrophages, suggesting the sustained blood circulation of bFGFp grafted PEGylated liposomes. Furthermore, 10%
MPEG300/bFGFp-liposomes produced a significant increase in uptake in NIH3T3, A549, and B16BL6 cells with the expression of FGFR
following pre-incubation with bFGF, but no increase in CHO-K1 cells lacking FGFR expression. Taken together, these results lead us
to believe that bFGFp grafted PEGylated liposomes possess the functions of both PEGylated stealth liposomes and the tumor-targeting
liposomes. This strategy could be applied to the development of novel tumor-selective drug delivery systems.

Keywords: Drug delivery system; Liposomes; Targeting; bFGFp-liposomes, Cancer



1. Introduction

Tumor cells, such as melanoma, breast cancer, and prostate cancer, are reported to exhibit overexpression of basic fibroblast growth
factor (bFGF) and FGF receptors (FGFR) (1-3). Furthermore, such tumors have high concentrations of bFGF (4), a multi-functional
protein, which has mitogenic, chemotactic, and angiogenic activities and plays an autocrine role in tumor angiogenesis and progression
(5-9)- '

1t has been reported that residues 117-126 of bFGF might interact with bFGF itself (10). Recently, we have shown that the
peptide KRTGQYKLC (bFGFp) containing cysteine at the carboxyl terminal of residues 119-126 of bFGF is able to bind to bFGF and is
recognized by FGFR via this binding (11). The binding of bFGFp to bFGF was also higher than that to albumin which is the major
serum protein, and the dissociation constant was very low. Based on these findings, we have demonstrated that bFGFp grafted
liposomes (bFGFp-liposomes) are specifically taken up by tumor cells highly expressing FGFR via binding to bFGF, suggesting that it
could be used as a novel drug delivery carrier to target tumors. However, it was also shown that the non-specific binding of
bFGFp-liposomes by bFGFp is high.  Therefore, further optimization is needed to reduce the non-specific binding for the in vivo use
of bFGFp-liposomes for tumor-specific targeting.

It has been reported that polyethyleneglycol (PEG)-grafted liposomes are not highly recognized by the reticulo-endothelial system
(RES) and they remain longer in the blood circulation than conventional liposomes (12-15). Accordingly, in the design of
bFGFp-liposomes, one approach is to conjugate bFGFp to the liposomal PEG terminals. This strategy has been reported to be an
effective targeting approach to reduce non-specific binding (16). However, Savva et al. showed that PEG-grafted liposomes bearing
genetically modified recombinant tumor necrosis- factor-c. on the PEG terminals exhibited rapid plasma elimination and high
accumulation in liver and spleen (17). Furthermore, they suggested that not all biological molecules are suitable as targeting ligands
when exposed to the grafted PEG extremities of liposomes circulating for long periods. Since bFGFp contains many basic amino
residues, the bFGFp-liposomes possess a positive charge on the liposomal surface even if pFGFp is conjugated to the liposomal PEG
terminals. The positive charge may induce rapid uptake by RES and non-specific binding with unexpected cells, such as erythrocytes,
after intravenous administration.

In the present study, to overcome this problem, we prepared bFGFp-liposomes containing mPEG-DSPE (bFGFp grafted PEGylated
liposomes). This mPEG is expected to limit the interactions with RES and other non-target cells. Therefore, we evaluated the
inhibitory effects on the uptake by macrophages, used as model cells of the RES, and the interaction with erythrocytes in virro.
Furthermore, the binding of bFGFp grafted PEGylated liposomes to bFGF can induce the specific uptake by the tumor cells expressmg
FGFRs due to the protrusion of the binding bFGF from the PEG layer.

2. Materials and Methods

2.1. Materials

Recombinant human bFGF was obtained from PeproTech EC. (London, UK). Recombinant human FGFR1¢ (Illc)/Fc chimera
(FGFR1) was purchased from Techne Co. (Minneapolis, MN, USA). Distearoyl phosphatidylcholine (DSPC) was purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). Cholesterol (Chol) and Clear-Sol I were obtained from Nacalai Tesque Inc. (Kyoto, Japan).
[’H] CHE was purchased from NEN Life Science Products Inc. (Boston, MA, USA). The peptide KRTGQYKLC (bFGFp) was
custom-made by Toray Research Center Inc. (Tokyo, Japan). mPEGs-DSPE was purchased from Avanti Polar Lipids Inc. (Alabama,
AL, USA). mPEGa0-DSPE and Maleimide-PEGyggp-DSPE was purchased from NOF Co. Inc. (Tokyo, Japan). All other chemicals
were reagent grade products obtained commercially.

2.2. Cell lines

NIH3T3 mouse fibroblasts, A549 human lung cancer cells, and B16BL6 mouse melanoma cells were routinely grown in DMEM
medium supplement with 10% FBS, 100 IU/mL penicillin, 100 pg/mL streptomycin, and 2 mM L-glutamine (all from Invitrogen Co.,
Carlsbad, CA, USA) in 5% CO,, humidified air at 37 °C. Chinese hamster ovary (CHO)-K1 cells were cultured in Ham’s F12 medium
supplemented with 10% FBS.

2.3. Synthesis of bFGFp-PEG-DSPE

Synthesis of bFGFp-PEG-DSPE was carried out by the method described previously (11).  Briefly, 28 mg bFGFp (26 umol) was
dissolved in 2 mL 0.1 M HEPES buffer (pH 7.0) then 50 mg maleimide-PEG.gy-DSPE (17 pmol) and 0.2 mL methanol were added to
the bFGFp solution at 4 °C while stirring. The reaction was continued at 4 °C for 2 days. To remove the unreacted bFGFp, the
solution was dialyzed against distilled water using a suitable dialysis membrane (3.5 kDa cut-off), and lyophilized. TLC analysis and
ninhydrin assay showed the disappearance of free maleimide-PEGagp-DSPE and the appearance of bFGFp-PEGy-DSPE, indicating
that the reaction had gone to completion. The purity of the synthesized bFGFp-PEG-DSPE was calculated by fluorescamine assay (18)
and found to be over 90% on the basis of the bFGFp amino acids. Furthermore, 10 mM L-cysteine solution and the product were
mixed at room temperature for 1 h to consume any free maleimide-PEGyp0-DSPE, followed by dialysis and lyophilization.

2.4. Preparation of liposomes



Liposomes were prepared by our previously reported method (19-21). Each lipid mixture (DSPC, Chol, mPEGsg-DSPE, and
mPEGs00-DSPE) was dissolved in chloroform and evaporated to dryness. bFGFp-PEG-DSPE was solved in a mixed organic solvent
(chloroform:methanol = 1:1) beforehand. [*H] CHE or PE-fluorescein (1 mol %) was added to the liposomes for the uptake study and
confocal microscopy, respectively. The dried lipid films were hydrated in PBS, sonicated at 65 °C for 3 min, and then extruded through
0.2 pum pore size polycarbonate filters. Mean particle diameters were determined by laser light scattering using a Zetasizer Nano ZS
instrument (Malvern Instruments, Malvern, UK).  All liposomes were similar in size (an average diameter of approximately 100 nm) as
shown in Table 1.

2.5. Quartz crystal microbalance (QCM) biosensor system

Binding analysis between bFGF and bFGFp-liposomes was performed with a 27 MHz QCM instrument (AffinixQ, Initium Inc,
Tokyo, Japan). bFGF was immobilized on a ceramic sensor chip using an amine coupling reaction. A drop of 5 mM DTDP was
applied to a sensor chip to immobilize the DTDP directly on the gold electrode surface of the chip by an Au-thiol interaction. After 24
h, the sensor chip was then activated by adding a coupling solution including 50 mg/mL EDC and 50 mg/mL NHS. Immobilization of
bFGF onto the QCM was achieved by coating the surface with 50 ug/mL bFGF solutions for 2 h at room temperature, followed by
rinsing with water. To block the activated surface and nonspecific binding sites, the surface was exposed to 50 mM Tris buffer (pH
8.0) and the purchased blocking solution (Initium Inc., Tokyo, Japan) for 30 min and then washed with water. After immersing the
prepared sensor chip in 8 mL 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl, with gentle stirring at 37 °C, each sample was
added to the buffer and the interaction was investigated by monitoring the alterations in frequency (AF) resulting from changes in mass
at the electrode surface. .

Binding analysis between erythrocytes and each mPEG/bFGFp-liposome preparation was performed with a 27 MHz QCM
instrument. Fresh blood from male ICR mice was collected in a heparinized syringe. The mice were obtained from Shizuoka
Agricultural Co-operative Association for Laboratory Animals (Shizuoka, Japan). Erythrocytes were washed three times on ice in order
to remove serum proteins and resuspended in 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl. Erythrocytes were
immobilized on a ceramic sensor chip by an amine coupling reaction. Briefly, 10% erythrocyte suspension (erythrocyte
volume/erythrocyte suspension volume %) was added to the activated surface of the sensor chip by the method described above. After
1 h at 4 °C, the surface was rinsed with PBS. To block the activated surface and nonspecific binding sites, the surface was exposed to
50 mM Tris buffer (pH 8.0) containing 150 mM NaCl and the purchased blocking solution (initium Inc., Tokyo, Japan) for 30 min at
4 °C and then washed with PBS.  After immersing the prepared sensor chip in 8 mL 10 mM HEPES buffer (pH 7.4) containing 150 mM
NaCl, with gentle stirring at 37 °C, each liposome preparation was added to the buffer in the following. order: 10 and 5%
mPEGs/bFGFp-liposomes, 10% mPEGsg0-bFGFp-liposomes, and bFGFp-liposomes. The interaction was investigated by
monitoring alterations in frequency (AF) resulting from changes in mass at the electrode surface.

2.6. Surface plasmon resonance (SPR) spectroscopy assay

SPR measurement was performed using a BIAcore X instrument (BIAcore, Uppsala, Sweden) by our previously reported method
(11, 22). FGFR1 was immobilized on the surface of a CMS sensor chip using the standard amine coupling procedure of the
manufacturer. Briefly, the surface of the chip consisting of flow cells 1 and 2 was activated by exposing them to a mixture of 0.05 M
N-hydroxysuccinimide (NHS) and 0.2 M N-ethyl-N’-dimethylaminopropy! carbodiimide (EDC) for 7 min. Flow cell 1 was
immobilized with FGFR1 in acetate buffer (pH 4.0). The amount of the immobilization was approximately 5000 resonance units (RU).
Flow cell 2 was immobilized with the same amount as flow cell 1 by BSA to be used as a blank sensorgram for subtraction of the bulk
refractive index background. Finally, the unreacted sites of both immobilized flow cells were blocked with 0.1 M ethanolamine (pH
8.5). All reagents were injected at a flow rate of 5 pl/min.

In the binding measurements, each sample was adjusted to an appropriate concentration by using a buffer (10 mM HEPES, 150
mM NaCl, pH 7.4). Each sample solution was allowed to flow at 20 uL/min for 3 min at 25 °C and dissociated for 3 min. The
regeneration of the sensor chip was carried out by injection of 50 mM HCI.

2.7. Cellular uptake study in macrophages

A cellular uptake stady in macrophages was performed using our previously reported method (23). Briefly, five-week-old male
ICR mice were obtained from Shizuoka Agricultural Co-operative Association for Laboratory Animals (Shizuoka, Japan). Resident
macrophages were collected from the peritoneal cavity of unstimulated mice with serum free RPMI 1640 medium.  Washed cells were
suspended in RPMI 1640 medium supplemented with serum and plated on 12-well culture plates at a density of 1 X 10° cells / well.
After incubation for 2 h at 37 °C in 5% CO, - 95% air, adherent macrophages were washed three times with RPMI 1640 medium to
remove non-adherent cells and then cultured under the same conditions. After 48 h incubation, the cells were washed 3-times and
incubated with HBSS containing 100 pM (total lipids) of each [*H] liposome form at 37 °C for 2h. The radioactivity was measured as
described above.

2.8. Cellular association experiments

A cellular association study was performed using our previously reported method (11, 23). Briefly, NIH3T3, AS549 and
CHO-K1 cells were plated on 12-well culture plates at a density of 1X10° cells/well. After 24 h incubation, cells were washed three
times with Hanks' balanced salt solution (HBSS) and incubated with 100 uM (total lipids) of each [°H] liposome form, with or without

3



pretreatment of 1 pg/mL bFGF, for the indicated time in HBSS at 37 °C. After 5 h, the solution was removed and cells were washed
with ice-cold HBSS. Cells were then solubilized with 0.3 N NaOH with 0.1 % Triton-X-100 and the radioactivity in the cell lysate was
measured using a well-type Nal-scintillation counter (ARC-500, Aloka, Tokyo, Japan). The amount of cellular protein in each cell
lysate was estimated using a protein quantification kit (Dojindo Laboratory).

2.9. Confocal microscopic study

The confocal microscopic study was performed using a standard method (24, 25). Briefly, NIH3T3, A549, and B16BL6 cells
were seeded on glass coverslips in 12-well plates at a density of 1 x 10° cells/well.  After complete adhesion, the cells were washed
3times with HBSS and incubated at 4 or 37 °C for 5 h with the fluorescent 10% mPEG;p0/bFGFp-liposomes, with or without the
pretreatment of 1 ug/mL bFGEF, for 24 h in HBSS.  After incubation, the liposome solution was removed, and the cells were washed 3
times with HBSS, followed by fixing with 4% parafolmaldehyde in PBS, and incubating at room temperature for more than 20 min.
After washing twice with PBS, the cells were mounted in glycerol:PBS (1:1) containing 2.5% 1,4-diazobicyclo (2,2,2) octane. Images
were obtained by confocal laser scanning microscopy (MRC-1024, Bio-Rad, Hercules, CA, USA).

2.10. Statistical analysis

Statistical analysis was performed using Student's paired #-test for two groups. Multiple comparisons with the control group were
performed by ANOVA with Dunnett’s multiple-comparison test. P < 0.05 was considered to be indicative of statistical significance.
3. Results

3.1. Interaction analysis of bBFGFp-liposomes with bFGF

The interaction of bFGFp-liposomes with bFGF was investigated using the QCM biosensor system (Fig. 1). The 27-MHz QCM
biosensor system used in this study has a sensitivity of 0.6 ng cm™ of mass change per 1 Hz of frequency decrease (26). bFGF was
immobilized on a sensor chip coated with DTDP by amine coupling. Fig. 1 shows the typical frequency changes for the
bFGF-immobilized QCM sensor chip, responding to additions of mPEG-liposomes or bFGFp-liposomes in solution. The addition of
mPEG-liposomes produced no change in the frequency (mass). On the other hand, in the case of bFGFp-liposomes, the frequency
decreased (mass increased), and the decrease was inhibited by the presence of excess bFGFp. Therefore, the frequency decrease
indicated by the addition of bFGFp-liposomes is consistent with the mass increase due to the binding of bFGFp-liposomes to bFGF via
the bFGFp present in the QCM biosensor system.

3.2. The binding of bFGFp-liposomes to FGFRI via bFGF

Recently, we used SPR spectroscopy to show that BSA modified by bFGFp (bFGFp-BSA) interacts with FGFR1 via binding to
bFGF (11). Here, we confirmed the interaction of bFGFp-liposomes with FGFR1 via binding to bFGF using the same method as in
the previous report (11) (Fig. 2). FGFR1 was immobilized on the surface of a CMS5 sensor chip by amine coupling. Non-specific
binding of an analyte and any change in bulk refractive index were eliminated by immobilizing BSA as a control.  Although bFGF
showed a significantly high response signal (Fig. 2), no response signal was observed with bFGFp-liposomes. In addition, the response
signal of bFGFp-liposomes pre-incubated with bFGF was much higher than that of bFGF itself, suggesting that bFGFp-liposomes
pre-incubated with bFGF are capable of binding to FGFR1 via bFGF. These results were in good agreement with our previous report
using bFGFp-BSA (11). . '

3.3. The effect of mPEG-DSPE on the uptake of bFGFp-liposomes by macrophages

Our previous study showed that bFGFp-liposomes exhibit a high degree of unspecific uptake in cells (11). As shown in Fig. 3, we
also found a high uptake by macrophages used as model cells of mononuclear phagocytes in the RES. The high uptake by macrophages
would lead to a reduced targeting efficiency to the tumor cells because of the high trapping by RES after intravenous administration.
Therefore, we prepared mPEG/bFGFp-liposomes, without or with 1, 2.5, 5, and 10% of mPEGsg-DSPE and mPEG3000-DSPE, to reduce
the non-specific binding and/or uptake. The cellular association in macrophages decreased with an increase in the amount of
mPEG-DSPE. In particular, mPEG/bFGFp-liposomes containing 5 or 10% mPEGsy,-DSPE (Fig. 3 (A)) and 10% mPEG300-DSPE
(Fig. 3 (B)) showed a significantly reduced uptake, suggesting prolonged circulation in the body after intravenous administration.

3.4. The effect of mPEG-DSPE on the interaction of mPEG/bFGFp-liposomes with erythrocytes

Furthermore, the effect of mPEG-DSPE on the interaction of mPEG-bFGFp-liposomes with erythrocytes was evaluated using a
QCM biosensor system. Fig. 4 shows the typical frequency changes for the isolated erythrocyte-immobilized QCM sensor chip,
responding to additions of each form of liposomes in the following order: 10 and 5% mPEGsqy/bFGFp-liposomes, 10%
mMPEGs000/bFGFp-liposomes, and bFGFp-liposomes. The three kinds of mPEG/bFGFp-liposomes indicating the controlled uptake in
macrophages exhibited no change in frequency (mass) in the QCM biosensor system, suggesting no interaction with erythrocytes. On
the other hand, the frequency decreased (mass increased) following the addition of bFGFp-liposomes. The three
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mPEG/bFGFp-liposomes are capable of controlling the interaction with erythrocytes via the bFGFp present on the surface of the
liposomes. ‘

3.5. The effect of bBEGF on the uptake of mPEG/bFGFp-liposomes by various cells

The cellular uptake via bFGF of the three mPEG/bFGFp-liposomes was examined (Fig, 5). NIH3T3 and AS549 cells express
FGFR, and CHO-K1 cells are known to lack these receptors (27). In these cells with or without FGFRs, the uptake of
mPEG/bFGFp-liposomes was almost the same as that in macrophages, suggesting that the each incorporation of 5 or
10%mPEG5000-DSPE and 10% mPEG3000-DSPE is enough to inhibit the non-specific cellular uptake of bFGFp-liposomes.
Furthermore, pre-incubation of mPEGsq/bFGFp-liposomes with bFGF produced a significant increase in the uptake in NIH3T3 and
A549 cells. However, CHO-K1 cells exhibited no such increase while the two PEGs0po/bFGFp-liposomes exhibited no uptake in
NIH3T3 and A549 cells, even if pre-incubated with bFGE. .

3.6. The binding or internalization of mPEG 3p09p/bFGFp-liposomes to cells

To further demonstrate the binding of the labeled mPEG;p0/bFGFp-liposomes with PE-fluorescein via bFGF to cells using
confocal microscopy, the liposomes were incubated with NIH3T3 cells at 4 °C. - Fluorescent signals of the liposomes pre-incubated with
bFGF were observed on the surface of the cells, and these werc much stronger than those of liposomes ‘without bFGF (Fig. 6). In
addition, the cellular internalization of the liposomes by confocal microscopy was examined in NIH3T3, AS49, and B16BL6 cells, all of
which are known to express FGFR (Fig. 7). In all the cells used, the images showed that the liposomes pre-incubated with bFGF were
internalized, and the fluorescent signal was stronger than that of the liposomes without bFGF. These results were in good agreement
with our previous study of cellular internalization using bFGFp-BSA.

3.7. The effect of the pre-incubation time of mPEG;300/bFGFp-liposomes with bFGF on the uptake in NIH3T3 cells

mPEG400/bFGFp-liposomes were incubated with bFGF for 1 and 24 h, and the uptakes in NIH3T3 cells were compared with those
of liposomes without bFGF (Fig. 8). Although the incubation for 1 h significantly increased the uptake, incubation of
mPEGi000/bFGFp-liposomes for 24 h produced a higher increase in uptake. In spite of high association of bFGFp with bFGF, it took
long time to equilibrate the interaction of mPEG3000/bFGFp-liposomes with bFGF. This suggests that the incorporation of
mPEG-DSPE in bFGFp-liposomes hinders the interaction of bFGFp with bFGF, and the successful-targeting of the tumor takes some
time.
4. Discussion

PEGylation provides drug carriers with steric stabilization, subsequently leading to reduce uptake by the RES and prolonged
circulation in the body (15, 28, 29). Pharmacokinetic analysis and therapeutic studies with tumor-bearing mice have shown that
PEG-liposomes have considerable potential as drug carriers for tomor therapy. These liposomes can exploit the “enhanced permeability
and retention (EPR)” effect (30-32) for preferential extravasation from tumor vessels, which results in increased liposome accumulation
in tumeor tissues (33, 34). However, to produce more effective targeting of tumor cells, requires the development of novel liposomes
exhibiting both a long circulation by PEGylation and the active targeting by the ligand.

In a previous report, we showed that the peptide KRTGQYKLC (bFGFp) can interact with FGFR1 via binding to bFGF, and is
useful as the targeting ligand for tumor cells (11). The binding characteristics allow the development of novel PEG-liposomes for
tumor therapy. First of all, we confirmed the binding of bFGFp-liposomes to bFGF and FGFR1 by using a QCM biosensor system and
SPR spectroscopy, which has been widely used as an instrument to study a variety of biomolecular interactions, including
liposome-protein (35, 36), DNA-protein (26) and protein-protein (37, 38). All liposomes were prepared with an average diameter of
100-200 nm (Table 1), which has been reported to result in a prolonged circulation time and high tumor accumulation (39, 40).
bFGFp-liposomes interacted with bFGF via bFGFp (Fig. 1) and with FGFR1 via binding to bFGF (Fig. 2). These findings agree
with our previous report using bFGFp-BSA (11).

To achieve prolonged blood circulation of bFGFp-liposomes in the body, we prepared mPEG/bFGFp-liposomes by adding
mPEG-DSPE to bFGFp-liposomes.  The steric hindrance of the added mPEG on the surface of bFGFp-liposomes results in a reduction

" in the non-specific binding caused by the bFGFp present. In this study, we selected two kinds of mPEG-DSPE containing PEG with an
MW of 5000 or 3000. Since the MW of the bFGFp-PEG of the synthesized bFGFp-PEG-DSPE is approximately 3000, it appears that
the two mPEG-DSPEs have a sufficient PEG to cover the bFGFp present. The high uptake by macrophages and strong interaction with
erythrocytes in bFGFp-liposomes, which leads to early elimination from the blood and a low targeting efficiency, were significantly
reduced by the addition of 5 and 10% mPEGsg/bFGFp- and 10% mPEGi400/bFGFp-liposomes (Figs. 3 and 4). These results lead us to
believe that these bFGFp grafted PEGylated liposomes would exhibit a prolonged circulation in the body.

In the bFGFp grafted PEGylated liposomes, the targeting to tumor cells via binding to bFGF indicates the success of novel
PEG-liposomes exhibiting both prolonged blood circulation and active tumor targeting. In practical terms, we showed that the
pre-incubated mPEGip00/bFGFp-liposomes with bFGF exhibit specific binding to the cells expressing FGFR (Fig. 5). The addition of
10% mPEGs3000-DSPE to bFGFp grafted liposomes abolished the binding by the bFGFp present on the liposomal surface, and the binding
of bFGF to bFGFp could allow the targeting of tumor cells via FGFR by protrusion of the binding bFGF from the PEG layer.
Furthermore, the receptor-mediated internalization demonstrated by confocal microscopy (Fig. 7) would allow the 10%
mPEG3000/bFGFp-liposomes to avoid the action of multidrug resistant (MDR) transporters like P-glycoprotein and enhance the
pharmacological effects of the antitumor drug as reported recemtly (41). We also found that pre-incubation with 10%
mPEG3000/bFGFp-liposomes enhances the binding on the surface of NIH3T3 cells as shown by an in vitro study at 4 °C (Fig. 6),
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suggesting that the targeting potential obtained by pre-incubation is not due to the physiological effects of bFGF itself. The difference
in uptake between pre-incubation with 10% mPEG;g-bFGFp-liposomes for 1 and 24 h also suggests that the targeting is not due to
physiological effects (Fig. 8). Furthermore, this result leads us to surmise that targeting via binding to bFGF would take a
comparatively long time. Some tumor cells are reported to exhibit overexpression of bFGF and FGFRs (1-3), and such tissues contain
high concentrations of bFGF (4). Taking these findings into consideration, liposomes with a prolonged blood circulation may
accumulate in tumor tissues containing high concentrations of bFGF by thc EPR effect, and subsequently lead to active targeting via
binding to bFGF.

mPEGsp,0/bFGFp-liposomes exhibited no targe(mg effect on cells even if pre-incubated with bFGF.  One possible reason for this
is that the long PEG-chains could completely inhibit the interaction with bFGFE, or else the bFGFp present could bind to bFGF, and the
interaction of the bound bFGF with FGFR was blocked by the long PEG-chains on the liposomal surface. This finding agrees with a
previous report showing that the immuno-specific antibody-antigen binding by immunoliposomes conjugated with a monoclonal IgG
antibody could be reduced by the addition of PEG with an MW of 2000 (42). In the case of complicated binding, such as
antibody-antigen and bFGF-FGFR, the addition of short PEG-chains could suppress the targeting effects of ligand-modified liposomes
due to steric hindrance.

In the targeting system using ligands such as peptides, species differences area problem as far as successful clinical application is
concerned. It has been reported that the homology between murine and human FGF-2 is high (95% homologous) (43). Moreaver, the
peptide KRTGQYKL used in the present investigation is completely homologous with both murine and human FGF-2. Therefore,
further investigation of this strategy will provide us with information about the potential application to tumor therapy in humans.

In corclusion, we have succeeded in the development of novel PEG-liposomes for tumor targeting.
mPEG/bFGFp-liposomes were prepared as  novel PEG-liposomes by adding mPEG-DSPE to bFGFp-liposomes capable of targeting
tumor cell  expressing FGFR via binding to bFGF. The addition of 5 and 10% mPEGsp-DSPE and 10% mPEGs300-DSPE reduced
the uptake by macrophages and interaction with erythrocytes. Furthermore, 10% mPEGs;000/bFGFp-liposomes exhibited specific
targeting of tumor cells via binding to bFGF. Further investigations involving in vivo studies, including the interaction with serum
proteins and the targeting efficiency of the local bFGF concentrations in tumor tissue, are needed. However, our results suggest that the
bFGFp grafted PEGylated liposomes exhibit both prolonged blood circulation by limiting the transfer to normal tissues and active
targeting to cells in the tumor tissues. This strategy could be applied to the development of novel tumor-selective drug delivery
systems.
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Figure legends

Fig. 1. QCM assay of binding to the immobilized bFGF for mPEG-liposomes and bFGFp (2.5%)-liposomes, with or without 50 ug/mL
bFGFp. Two uM (total lipids) liposomes were injected over immobilized bFGF. Each response signal was overlaid and zeroed on the
y-axis to the average baseline. The start injection time for each form of liposomes was set to zero on the x-axis.

Fig. 2. SPR sensorgrams of binding with the immobilized FGFR1 for 5 ug/mL bFGF, and 100 uM (total lipids) bFGFp (2.5%)-liposomes,
with or without 5 pg/mL bFGF.  Each sensorgram was overlaid and zeroed on the y-axis to the average baseline. The start injection
time for each form of liposomes was set to zero on the x-axis.

Fig. 3. Effect of the content and length of mPEG-DSPE on the uptake of [*H] mPEG/bFGFp-liposomes (0J) by mouse peritoneal
macrophages.  Peritoneal macrophages were incubated with mPEGso0/bFGFp-liposomes (A) and mPEG:gu/bFGFp-liposomes B)
containing different amounts of mPEG-DSPE at 37 °C for 2 h. The uptake of [*H] bFGFp-liposomes (B) was used as a comparison.
Each result represents the mean * S.D. values (n = 3).  Statistical significance was analyzed by Dunnett’s test versus bFGFp-liposomes
(**, P < 0.01; N.S., not significant).

Fig. 4. QCM assay of binding to the immobilized erythrocytes for mPEG/bFGFp-liposomes and bFGFp-liposomes. Two uM liposomes
were injected over immobilized erythrocytes in the following order: 10% mPEGsq0/bFGFp-liposomes (A), 5 %
mPEGspoo/bFGEFp-liposomes (B), 10% mPEGs0/bFGFp-liposomes (C), and bFGFp-liposomes D).

Fig. 5. Effect of bFGF on the cellular association of [*H] mPEG/bFGFp-liposomes by different cells.  10% mPEGs0/bFGFp-liposomes,
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5% mPEGsge/bFGFp-liposome, and 10% mPEGsy00/bFGFp-liposomes were pre-incubated with bFGF at 37 °C for 24 h. NIH3T3 (A),
AS549 (B), and CHO-k1 (C) cells were incubated with the mPEG/bFGFp-liposomes without (B) or with ({J) the pre-incubation of bFGF
at 37 °C for 5h. Each result represents the mean + S.D. values (n = 3).  Statistical significance was analyzed by Student’s t-test versus
each group without the pre-incubation of bFGF (**, P < 0.01; ***, P < 0.001; N.S., not significant).

Fig. 6. Conforcal microscopy images of the binding of 10% mPEG;qe/bFGFp-liposomes by NIH3T3 cells. NIH3T3 cells were
incubated with 10% mPEGs00/bFGFp-liposomes containing 1% PE-fluorescein, without or with the pre-incubation of bFGF at 4 °C for
S5h.

Fig. 7. Confocal microscopy images of the binding and internalization of 10 % mPEGsqe/bFGFp-liposomes by various cells. NIH3T3
(A, D), A549 (B, E), and B16BL6 cells (C, F) were incubated with 10 % mPEGs00/bFGFp-liposomes containing 1% PE-fluorescein,
without (A, B, C) or with (D, E, F) the pre-incubation of bFGF at 37 °C for 5 h.

Fig. 8. Effect of the preincubation time with bFGF on the cellular association of [PH] mPEG:g0/bFGFp-liposomes by NIH3T3 cells.
10% mPEGsyq/bFGFp-liposomes pre-incubated with bFGF for the indicated times were used for the uptake study. Each result ‘
represents the mean * S.D. values (n = 3). '

Table 1. Lipid composition and mean particle size of liposomes investigated

Lipid composition (molar ratio) Particle size (nm)®

mPEG-liposomes 101+ 171
(DSPC/Chol/mPEG-DSPE =60:37.5:2.5) =

bFGFp-liposomes .
(DSPC/Chol/bFGFp-PEG-DSPE =60:37.5:2.5) . 100 £ 1.76

1% mPEG:gp0/bFGFp-liposomes 115 + 1.99
(DSPC/Chol/bFGFp-PEG-DSPE/MPEG300-DSPE=60:36.5:2.5:1) -

2.5% mPEGz000/bFGFp-liposomes ’ 113 + 7.06
(DSPC/Chol/bFGFp-PEG-DSPE/mPEG3000-DSPE=60:35:2.5:2.5) -

5% mPEGsq0¢/bFGFp-liposomes - 114 + 0,651
(DSPC/Chol/bFGFp-PEG-DSPE/mPEG;050-DSPE=60:32.5:2.5:5) -

10 mol% mPEG;00/bFGFp-liposomes - 101 +1.36
(DSPC/Chol/bFGFp-PEG-DSPE/mPEG-DSPE;3000=60:27.5:2.5:10) -

1% mPEGsgp/bFGFp-liposomes 116 + 0.961
(DSPC/Chol/bFGFp-PEG-DSPE/mPEGsg0-DSPE=60:36.5:2.5:1) -

2.5 % mPEG;/bFGFp-liposomes 13 +1.21
(DSPC/Chol/bFGFp-PEG-DSPE/MPEGs000-DSPE=60:35:2.5:2.5) -

5% mPEGspe/bFGFp-liposomes 106 +1.26
(DSPC/Chol/bFGFp-PEG-DSPE/mPEGse0-DSPE=60:32.5:2.5:5) -

10% mPEGsg/bFGFp-liposomes 101 +5.02
(DSPC/Chol/bFGFp-PEG-DSPE/mMPEGs0y-DSPE=60:27.5:2.5:10) -

2 The mean particle sizes of the liposomes were measured using a laser light scattering particle size analyzer. Results are expressed as
the mean * S.D. of three experiments.
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Abstract

Cytokine production by Kupffer cells, which is regulated by NF«B, causes severe liver injury in endotoxin syndrome. NFxB 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 NFxB
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 GdCls pretreatment, which selectively
inhibited Kupffer cell uptake. This result suggested that Kupffer cells contribute to liver accumulation. TNFa, 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 NF«B in the liver nuclei. Fuc-liposomes would be a useful carrier
for Kupffer cell-selective delivery of NF«xB 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, NFxB 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 NF«xB 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
NFxkB 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 IxB 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 TNFa, IL-18, 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

0142-9612/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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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/NFxB 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-AGTTGAGGGGACTITCCCAGGC-¥, 5-GCCT
GGGAAAGTCCCCTCAACT-3, random decoy: 5-TTGCCGTACCT
GACTTAGCC-3¥, ¥-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. (Kyoto, 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, Ml, 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, 22-24g) and female CS7BL/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->*P} ATP and T4 polynucleo-
tide kinase were mixed in phosphorylation buffer. After a 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 1 mm 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,
cholesteryl chloroformate and N-(4-aminobutyl)carbamic acid zers-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 NFiB 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 3 min
in a tip sonicator to form liposomes. The particle size of the liposomes and
liposomes/NFxB decoy complexes were measured using dynamic light
scattering spectrophotometer (L.S-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/NFxB 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 300l 5% dextrose solution were
intravenously injected into mice. Blood was collected from the vena cava
at 1, 3, 10, 30 and 60min, 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,
urine 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 (0.7 ml for blood, urine and tissues) by incubation overnight
at 54°C. Following digestion, 0.2ml isopropanol, 0.2ml 30% hydro-
xyperoxide, 0.1ml 5M HCIl, 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 NFxB decoy or Fuc-liposomes/[**P] NFxB
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/. heparin and 0.19 g/t EGTA) for
6min at Sml/min followed by Hanks buffer containing Smwm CaCl, and
220 units/ml collagenase (Type I) (pH 7.4) for 6min at Smi/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 1 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
10min. 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 TNFa, 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
20min. 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 p-galactosamine (1000mg/kg) in pyrogen-free saline.
The blood was collected from mice 3 h 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 20 min. 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 NFicB 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 NFxB 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. Resuilts

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

The mean diameter and zeta potential of Fuc-liposomes
or Fuc-liposomes/NFxB 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=3) and 64.5+1.84nm (n=3), respectively.
After forming complexes with NFxB 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, n = 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«xB decoy or Fuc-liposomes/[*’P] NFxB
decoy complex. High and rapid liver accumulation of the
Fuc-liposome/[**P] NF«xB decoy complex was observed.
Following liver accumulation, the Fuc-liposome/[>*P]
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Fig. 1. Blood concentration of [>P] naked NFxB decoy (O) and Fuc-
liposome/[*2P] NFxB decoy complex (@) (A) and tissue accumulation of
[*?P] naked NFxB decoy (liver O, spleen A, kidney [J) and Fuc-
liposome/[*’P] NF«kB decoy complex (liver @, spleen A, kidney M) after
intravenous injection into mice (B). [??P] NFxB decoy (NFxB 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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