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Fig. 4. Distribution of liposomes in tumor tissue. immunofluorescence analysis of CD31"
microvessels and fluorescence analysis of SL in the solid tumors (n=4-5). On day 5
(A)or day 11 {B) affer tumor inoculation, CPA (20 or 60 mgfkg) was orally administered
and subsequently Dil-labeled SL intravenously injected. 24 h later, cryosections of the
tumor tissue were FITC-immuno-stained for the CD31" microvessels and then examined
for FITC (green) and Dif (red) fluorescence. {C} Quantification of fluorescence intensity of
Dil (representing SL). Open columns represent data from the tumor treated with CPA
(20 mgjkg). Shaded columns represent data from the tumor treated with CPA (60 mg/kg). *,
p-0.05; ==, p- 0.01 versus Control. Magnification, x100.

combination chemotherapy was estimated by measuring changes in
body weight and WBC number.

A conventional CPA dosing schedule (MTD) led to a transient
weight loss that was restored by the end of the cycle (Fig. 5A). As
opposed to MTD of CPA, other monotherapeutic regimens did not
cause weight loss but led to a mild delay in weight gain (Fig. 5A). The
combination therapies did not cause any weight loss (Fig. 5B).
However, the combination therapy with the higher CPA dose
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Fig. 5. Body weight change. (A) Monotherapy: Control (@), Conventional CPA dosing
(MTD) (A), CPA (20 mg/kg) at 3-day intervals {3), CPA (60 mg/kg) at 3-day intervals (R},
DXR-SL {1 mg/kg) at 3-day intervals (4). (B) Combination therapy: Control (@), CPA
(20 mg/fkg) and DXR-SL (1 mg/kg) at 3-day interval (W), CPA (60 mg/kg) and DXR-SL
(1 mg/kg) at 3-day interval {#). n=35 mice per group.

(60 mg/kg) led to suppression in weight gain (Fig. 5B). Tissue weights
of treated mice (heart, lung, liver, kidney, and spleen) were not
different from those of control mice (data not shown).

Two days after the last MTD CPA dose, WBC number was strongly
reduced, followed by a strong overshoot at day 10 and restoration to
normal levels by day 24 (Fig. 6A). Monotherapies also reduced the
number of WBC, but the reduction was less dramatic than upon the
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Fig. 6. Change in peripheral white bloed cell (WBC) number relative to control (no
treatment). {A} Monotherapy: Conventional CPA dosing (MTD) (white bars), CPA
(20 mg/kg) at 3-day intervals {black bars), CPA (60 mg/kg) at 3-day intervals (grey bars),
DXR-SL (1 mgfkg) at 3-day intervals (hatched bars). (B) Combination therapy: CPA
(20 mg/kg) and DXR-SL (1 mg/kg) at 3-day interval (striped bars), CPA (60 mgfkg} and
DXR-SL (1 mgfke) at 3-day interval {dotted bars). 1=>5 mice per group.
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conventional CPA dosing (MTD) (Fig. 6GA). The combination regimens
led to reduction in the number of WBC with no subsequent overshoot
in WBC number (Fig. 6B). The reduction was similar to that observed
for the metronomic CPA-dosing schedule. These findings indicate that
adding DXR-SL to the metronomic CPA-dosing schedule does not
increase bone marrow toxicity of CPA.

4. Discussion

The combination of a metronomic CPA dosing schedule with
sequential injections of DXR-SL exerts synergistic antitumor activity in
murine solid tumor model, as compared to administration of either
treatment alone (Figs. 1 and 2), with no-overlapping toxic side effects
(Figs. 5 and 6). It is generally accepted that long-circulating liposomes,
such as sterically stabilized (PEGylated) liposomes (SL), accumulate in
solid tumors via angiogenic blood vessels that have increased
permeability |8} due to the so-called “EPR effect” [7]. Metronomic
chemotherapy using CPA induces apoptosis in the endothelial cells of
the growing tumor vasculature [6]. Therefore, we proposed that
metronomic CPA dosing may increase the permeability of tumor
microvessels to macromolecules during or before causing the collapse
of microvessels, resulting in enhanced extravasation and subsequent
accurmnulation of SL in the solid tumor. In this study, we confirmed that
metronomic CPA dosing promotes enhanced accumulation of SLin the
tumor tissue in a CPA-dose dependent manner (Fig. 4). This enhancing
effect probably reflects the transient increase in density of micro-
vessels in the tumor tissues (Fig. 3). Anti-angiogenic therapy causes
tumor tissue hypoxia by diminishing blood flow, and the resulting
hypoxia and acidification of the surrounding tissue can induce
expression of angiogenic factors in the tumor {18]. Thus, metronomic
CPA dosing might enhance subsequent angiogenesis in the turmor
during drug-free intervals (for 2 days) (Fig. 3).

It is noteworthy that, in the metronomic CPA dosing, SL were found
to penetrate deeply into the tissue {Fig. 4). The abnormalities in vessel
and microenvironment of solid tumors may result in insufficient drug
delivery and therapeutic efficacy [19). Normalization of tumor
vascular has been proposed to enhance drug delivery and improve
tumor response to chemotherapy [20-22]. The metronomic CPA
dosing may transiently normalize the tumor vasculature and micro-
environment, because the therapy produces thrombospondin 1 (TSP1)
[23] which is a well known endogenous inhibitor of angiogenesis |24].
Accompanied by vascular normalization, decreased interstitial fluid
pressure would restore the pressure gradient across the blood vessel
wall as well as tumor interstitium and thus, increase penetration of
sequentiatly administered CPA in the tumor [22,25]. As a consequence,
adequate CPA levels may be reached in the turmor tissue and lead to an
enlargement in the tumor interstitial space into which SL is able to
diffuse.

The density of CD31 -microvessels in the treated tumors tended to
decrease in a time after tumor-inoculation dependent manner, although
the densities transiently increased in response to each CPA administra-
tion (Fig. 3). In addition, the combination chemotherapy with the lower
dose CPA (20 mgfkg) and DXR-SL (1 mg/kg), led to a synergistic
anticancer effect only when the therapy was applied in the early stage of
tumor growth (day S after tumor inoculation) (Figs. 1 and 2). This
suggests that metronomic CPA treatment-induced SL extravasation and
diffusion would be transient and depend on the stage of tumor.
Therefore, the timing, duration and extent of “enhanced extravasation
window” towards SL are critical parameters of the metronomic CPA
treatment. This strategy may extend to other types of anti-angiogenic
and vasoactive agents. In fact, Kano et al. [26] recently reported that a
low dose of transforming growth factor type I receptor (TRR-1) inhibitor
promoted accumulation of nanocairiers {polymeric micelles) in a solid
tumnor. They showed that T{3R-I inhibitor specifically increases the
permeability of the tumor neovasculature by decreasing the degree of
coverage of the endothelium without decreasing the number of
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endothelial cells, resulting in enhanced extravasation of the nanocarriers
and an increase in therapeutic efficacy of the DXR-containing nano-
carrier. In addition, ten Hagen and co-workers showed that co-
administration of tumor necrosis factor-oc (TNF-c) and liposomal DXR
(DXR-SL) resulted in drug accumulation accompanied by pronounced
tumor response in both rat and murine tumor models (2728,
Accordingly, understanding the cellular and molecular mechanisms of
the extravasation process of SL as observed in this study would be an
important step towards the application and improvement of this
strategy. Modification and control of the enhanced extravasation process
may exhibit further synergistic effects by combination of liposomal
anticancer agents and anti-angiogenic treatment.

We recently reported that the combination of a metronomic CPA
dosing schedule with sequential injections of DXR-SL increases
therapeutic efficacy in the murine lung metastatic B16BL6 melanoma
model {15]. Under some dosage regimens, the therapeutic efficacy
was accompanied by an increase in toxic side effects [15]. Therefore,
we now improve the CPA regimen, i.e. reduction in each dose and
total dose, and changing the dosage route. In addition, the dose of
DXR-SL was set at 1 mg/kg, which was the low dose in our previous
study {15]. Consequently, no overlapping toxic side effects were
observed (Figs. 5 and 6). Originally, metronomic chemotherapy with
CPA shows lower toxicity, because the dosage regimen refers to the
frequent administration of CPA at relatively low, minimally toxic dose
[1.6]. DXR is used to treat patients with sarcoma, lymphoma, and
breast and ovarian carcinoma [29]. But its use is limited by potential
cardiac toxicity, particularly at cumulative doses greater than
400 mg/m? [29]. Encapsulation of DXR in SL lowered its toxicity
[12,13]. On the other hand, it has been reported that DXR-SL causes
secondary cumulative adverse events in the later treatment cycle,
namely stomatitis and skin-toxicity [12,.30-33}. The novel dosage
regiimen, i.e. the metronoric CPA dosing plus DXR-SL, may overcome
the limitations of DXR-SL, resulting in prolongation of survival and
improvement on quality of life in patients. CPA and DXR-SL already
have been approved for clinical use. Therefore, the combined regimen
(metronomic CPA dosing plus DXR-SL) is considered to hold promise
for approval in clinical use.

In conclusion, we show that metronomic CPA dosing augmented
the accumulation of SL in a solid tumor by increasing the density of
microvessels, which may have enhanced permeability towards 100-
nm SL. This strongly correlated with an increased anti-tumor
response. Because both CPA and DXR-SL (Doxil) are approved for
clinical use, this regimen is considered to hold promise of clinical
benefit in the treatment of intractable solid tumors.
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Oxaliplatin (trans-l-diaminocyclohexane oxalatoplatinum, I-OHP) is a third-generation platinum analogue with
proven anti-tumor activity against many tumor cell lines, however it does not show sufficient anti-tumor
activity in vive when used alone. In order to overcome this problem and to achieve an anti-angiogenic therapy
with |-OHP, the drug was encapsulated into PEG-coated cationic liposomes, which were designed to target the
newly formed vessels, and its anti-angiogenic activity was evaluated in an in vivo mouse dorsal air sac (DAS)
assay. For the DAS assay, chambers filled with tumor cells were implanted underneath the dorsal skin. I-OHP
encapsulated in PEG-coated cationic liposomes (5 mg/kg mice) was intravenously injected once onday 1, 2, 3 or
4 after chamber implantation. On the fifth day after chamber implantation, animals were sacrificed and tumor-
angiogenesis was evaluated. Liposome-encapsulated 1-OHP completely suppressed angiogenesis in the skin
when it was administered day 3 after chamber implantation. Under similar experimental conditions, neither I-
OHP encapsulated in PEG-coated neutral liposomes, nor free I-OHP, nor “empty” (no drug containing) PEG-
coated cationic liposomes showed such strong suppressive effect. The present study suggests that the liposomal
formulation of I-OHP, which targeted to angiogenic vessels, has a remarkable in vivo anti-angiogenic activity

and the formulation may become a promising novel approach to achieve anti-angiogenic therapy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Oxaliplatin (1-OHP), a cisplatin derivative, is currently approved and
marketed for second-line treatment of colorectal cancer [1,2]. It
contains a bulky carrier ligand within its structure, and forms DNA
adducts that more effectively inhibit DNA synthesis but arve also
generally considered to be more cytotoxic than adducts of either
cisplatin or carboplatin |[34}. Moreover, unlike cisplatin, it can inhibit
RNA synthesis [5]. However, it has been repotted that I-OHP showed a
low anti-tumor activity in vivo when used alone [6,7]. This lower anti-
turnor activity can be attributed to the high partitioning to erythrocytes
and low accurnulation in tumor tissues following intravenous admin-
istration. Thevefore, there is an obvious need for the development of an
effective way to overcome this problem. Liposomes were one of the first
nanomolecular drug delivery systems to show increased delivery of

Abbreviations: bFGF, basic fibroblast growth factor; CHOL, cholesterol: DAS, dorsal
air sac; DC-6-14, 0 0'-ditetradecanoyl-N-{alpha-trimethyl ammonio acetyl) diethano-
lamine chloride; Dil, 1,1'-dioctadecy!-3.3.3,3"-tetramethylindocarbocyanine perchlo-
rate; DMEM, Dulbecco's madified Fagle's medium; ECs, endothelial cells; FBS, feta)
bovine serum: HSPC, hydrogenated soya phosphatidylcholine; 1-OHP, oxaliplatin:
mPEG2000-DSPE, 1,2-distearoyi-sn-glycero-3-phosphoethanolamine-n-[methoxy
{polyethyleneglyce))-2000]; MMPs, matrix metalloproteinases; VEGF, vascular
endothelial growth factor
 Corresponding author. Tel./fax: +81 88 633 7260.
E-mail address: ishida@ph.tokushima-w.ac.jp (T. ishida).

0168-3659/$ ~ see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10,1016/ jconre.2008.10.018
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small molecular weight anticancer drugs to solid tumors by altering the
biodistribution of associated drugs {8.9].

Tumor angiogenesis is an essential mechanism for the adequate
supply of nutrients, oxygen, growth factors and other substances to
tumor cells {10-12]. Tumor angiogenesis is not a singular process; at
least two types of angiogenesis are believed to contribute to vessel
growth in tumors [13]. One process involves the stimulation of new
blood vessel capillaries to sprout in the neighboring mature host
vasculature [14,15], while the other involves the recruitment of
circulating endothelial precursor cells from the bone marrow to
promote neo-vascularization {16-19]. Tumor angiogenesis is mainly
riggered by growth factors in the microenvironment such as vascular
endothelial growth factor, (VEGF), basic fibroblast growth factor
(bFGF) and the matrix metalloproteinases (MMPs) [20-22]. These
factors are generally produced by the tumors themselves, by the
surrounding tissue, or by infiltrating macrophages. Suppression of the
angiogenesis process, leading to eradication of primary tumor cells
and suppression of metastasis through the disruption of the meta-
static pathway, became a proimising strategy for treating solid tumors
(anti-angiogenic therapy) {23-25].

To target cancer cells, nanomolecular drug delivery system
including anticancer agents must first cross the vasculature and
then travel through the interstitium. However, the delivery system, if
targeted to tumor angiogenic vessels, has the advantage that, once in
the blood stream, it should have direct access to the target endothelial
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cells in the solid tumors. It has been shown that cationic liposomes
have a propensity for localizing in tumor vessels 113.26,27]. A recent
study indicated that PEG-coated cationic liposomes associate with
approximately 27 and 5% of vessel areas in tumors and normal tissues,
respectively, in human and murine tumor models [28]. This property
of selective targeting of cationic liposomes to tumor angiogenic
vessels may promote the selective delivery of I-OHP to tumor
endothelial cells and thus the development of chemotherapeutic
strategies involving vascular targeting.

In this study we propose that the selective delivery of I-OHP to
angiogenic vessels should improve its low anti-tumor activity, and
more specifically achieve effective anti-angiogenic therapy. We here
report the development of 1-OHP-containing PEG-coated cationic
liposomes and their accumulation in angiogenic vessels in a mouse
dorsal air sac (DAS) model [29,30]. Finally, we investigated the anti-
angiogenic effect of the preparation by using a mouse DAS model.

2. Materials and methods

2.1. Materials

Hydrogenated soya phosphatidylcholine (HSPC) and 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-n-{methoxy {polyethyleneglycol)-
2000] (MPEGa000-DSPE) were generously donated by Nippon Oil and
Fat (Tokyo, Japan). Oxaliplatin (1-OHP) was generously donated by Taiho
Pharmaceutical Co. (Tokyo, Japan). Cholesterol (CHOL) and 0,0"-ditetra-
decanoyl-N-{alpha-trimethyl ammonio acetyl) diethanolamine chloride
(DC-6-14) were purchased from Wako Pure Chemical Co. Ltd {Osaka,
Japan). 11'-dioctadecyl-3,3.3" 3'-tetramethylindocarbocyanine perchlo-
rate (Dil) was purchased from Invitrogen (OR, USA). All other reagents
were of analytical grade.

2.2. Animals and tumor cell line

Male ddY mice, 5 weeks old, were purchased from Japan SLC
(Shizuoka, Japan). The experimental animals were allowed free access
to water and mouse chow, and were housed- under controlled
environmental conditions (constant temperature, humidity, and
12 h dark-light cycle). All animal experiments were evaluated and
approved by the Animal and Ethics Review Committee of the
University of Tokushima. The mouse melanoma cell line, B16BLS,
was mmaintained in Dulbecco's modified Eagle's medium (DMEM)
{Nissui Pharmaceutical Co. Ltd., Tokyo) supplemented with 10% heat-
inactivated FBS (Japan Bioserum, Hiroshima, Japan), 10 mM L-
glutamine, 100 units/ml penicillin and 100 pg/mi streptomycin in a
5% CO, air incubator at 37 °C. B16BL6 cell line was purchased {rom Cell
Resource Center for Biomedical Research (Institute of Developiment,
Aging and Cancer, Tohoku University).

2.3, Preparation of liposomes

Cationic liposomes modified with MPEG2000-DSPE were composed
of HSPC/CHOL/DC-6-14/mPEG2000-DSPE (2/1/0.2/0.2 molar ratio).
Neutral liposomes modified with MPEG2000-DSPE were composed of
HSPC/CHOL/MPEG,000-DSPE (2/1/0.2 molar ratio). In the targeting
experiments, 1 mol% of the fluorescent lipid membrane marker, Dil,
was added to the lipid mixture. All liposomes were prepared using the
reverse-phase evaporation method. Briefly, fipids (50 mmole) were
dissotved in 6 mi of chloroform/diethyl ether (1:2 vjv) and then 2 ml of
I-OHP solution {8 mg/ml) in 5% (w/v) dextrose was dropped into the
lipid mixture to form wfo emulsion. For preparation of “empty” (no
drug-containing) PEG-coated cationic liposomes, 5% dextrose solution
was added instead of I-OHP solution. The volume ratio of the aqueous
to the organic phase was maintained at 1:3. The emulsion was
sonicated for 15 min and then the organic phase was removed to form
liposomes by evaporation in a rotary evaporator at 40 °C under
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vacuum at 250 hPa for 1 h. The resulting liposomes were extruded
through a polycarbonate membrane (200 nm pore size) using an
extruder device (Lipex Biomembranes Inc., Canada) maintained at
65 °C to obtain liposomes of approximately 250 nm (homogeneous
size). The phospholipid concentration was determined by a colori-
metric assay [31]. Un-encapsulated free |-OHP was removed by
dialyzing the resulting liposomes against 5% dextrose using a dialysis
cassette (Slyde-A-Lyzer, 10000MWCO, PIERCE, Rockford, IL, USA).
Encapsulated 1-OHP was quantified using an atomic absorption
photometer (Z-5700, Hitachi, Tokyo). The size and zeta potential of
the liposomes were determined by using a NICOMP 370 HPL
submicron particle analyzer (Particle Sizing System, CA, USA).
Encapsulation efficiency of 1-OHP was calculated by dividing the
drug to lipid ratio after the dialysis by the initial drug to lipids ratio.
Liposome suspensions were stored in glass vials at 4 °C for 4 weeks to
assess their physical stabilities with respect to change in the size
distribution. For the treatment with animal model, I-OHP formula-
tions freshly prepared were used.

2.4. In vitro stability assay

[-OHP-containing liposomes (5 mmole lipids) were mixed with
either 50% mouse plasma or 5% dextrose solution at aratio of 1:9(v/v).
The 1-OHP concentration in the mixture was 0.203 mg/mi for neutral
liposome and 0.176 mg/mi for cationic liposome, respectively. The
resulting suspension was incubated at either 37 or 4 °C. Aliquots (300~
500 pl) were withdrawn at specified time points for the determination
of I-OHP retention in the liposome. The [-OHP-containing liposomes
were separated from the leaked drug by means of a Sepharose CL-4B
column, which had been equilibrated with HEPES buffered saline
(25 mM HEPES, 140 mM NaCl, pH 7.4). The amount of phosphelipids
and -OHP in the liposome fractions were determined as described
above. The retention of the drug in the preparved liposomes was
calculated by dividing the drug to phospholipid ratio at indicated time
point by the initial drug to phospholipid ratio.

2.5. Partitioning of I-OHP into erythrocytes

Either free 1-OHP solution or [-OHP encapsulated in PEG-coated
cationic liposomes was injected intravenously in mice. Blood was
collected at 3 and 6 h post injection in the presence of anticoagulant
(heparin) and centrifuged to obtain plasma and the precipitate
containing erythrocytes (erythrocytes fraction). I-OHP in plasma
and erythrocytes was determined as described above. The percent of
I-OHP partitioning in plasina and erythrocytes at each time point was
calculated using the following formula:

%dose of 1-OHP in plasmaor erythrocytes
% dose of 1~OHPin whole blood

%1-OHP partitioning =
2.6. Mouse dorsal air sac (DAS) model

The mouse DAS mode! was developed according to the method
described by Nakamura et al. [ 29,30] with minor modification. Briefly,

Table 1
In vitro retention of 1-OHP in PEG-coated cationic liposomes or PEG-coated neutral
liposomes

Retention of FOHP (%)
1h 3h 6h 24 h

Formulation

PEG-coated cationic liposomes  50% Plasma 8910 8154 7308 6186
5% Dextrose 9970 9450 8890 8516
PEG-coated neutral liposomes 50% Plasma 92.55 84.01 7747 64.72
5% Dextrose 97.82 97.80 89.45 83.63

Retention of 1-OHP was determined at different times during incubation with the
formulation in either 50% plasma or 5% dextrose at 37 °C.
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Fig. 1. Partitioning of 1-OHP encapsulated in PEG-coated cationic liposomes into
erythrocytes. Mice received intravenous injection with either free -OHP solution or }-
OHP-containing PEG-coated cationic liposomes. After 3 or 6 h injection, blood was
collected, and the amount of I-OHP in plasma and erythrocytes was determined. Data
are presented as the percentage of 1-OHP partitioning in injected -OHP dose. Data
represents the mean+S5.D. (n=3).

a chamber, which was prepared by covering both sides of a Millipore
ring (10 mm diameter, 3 mm thickness) with Millipore filters (0.45-um
pore size), was filled with a suspension of BI6BL6 tumor cells (1x107
cells) in 0.18 mi of DMEM. The chamber was then implanted into the
subcutaneous dorsal air sac created by subcutaneous injection of
10 ml of air in anesthetized (25 mg/kg pentobarbital, i.p.) male ddY

(A)

(B)

Fig. 2. Angiogenesis in the mouse DAS model. (A) Photograph of skin area attached to a
chamber containing tumor cells (positive control).(B) Photograph of skin area attached to a
chamber containing only DMEM (no tumor cells, negative control), 8x magnification.

mice. At different days after chamber implantation, the animals were
sacrificed and the skin was removed. The implanted chambers were
removed from the subcutaneous fascia of the animals, and a black ring
with the same inner diameter as that of the Millipore ring was placed
at the same site, The angiogenic response, indicated by the formation
of zigzag-shaped blood vessels, was observed under dissecting
microscope (STeREO Lumar. V12, Zeiss, Germany).

2.7. Intracutaneous distribution of Dil-labeled liposomes

To induce neo-vascularization, a chamber containing tumor cells
was implanted in the dorsal skin of the mouse. Five days later, Dil-
labeled liposomes (no I-OHP, 45 mg total lipid/ mice) were
intravenously administered. Eight hours later, the animal was
sacrificed, and then the back-skin was removed. The area attached
to the chamber was observed under the fluorescence microscope
(STeREO Luinar. V12, Zeiss, Germany) to detect the accumulation of
the liposormes in the newly formed vessels.

2.8. Evaluation of the anti-angiogenic effect of various [-OHP
Jformulations

The in vivo anti-angiogenic activity of different I-OHP formulations
was evaluated by using the DAS assay as follows.
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Fig. 3. Characterization of the mouse DAS maodel. Tumor-induced angiogenesis was
evaluated sequentially from day 1 to day 6 post-chamber implantation. (A) represents
the capillary network area of newly formed vessels. (B) represents the length of newly
formed vessels. The values represent the mean+S.D. (n=3}.
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Experiment 1. Mice carrying the implanted chambers were
treated with an intravenous injection of I-OHP encapsulated in PEG-
coated cationic liposomes (5 mg I-OHP/kg, 45 mg total lipid/mouse)
once onday 1,2, 3 or 4 after chamber implantation. Mice carrying an
implanted chamber and receiving no I-OHP treatment served as
positive controls. Mice carrying an implanted chamber containing
DMEM instead of tumor cells and receiving no [-OHP treatment
served as negative controls. On day 5 after chamber implantation,
angiogenesis was assessed by determining the dense capillary
network area and length of angiogenic vessels in the area attached
to the chamber using an Angiogenesis Image Analyzer (version 2,
Kurabo).

Experiment 2: Mice (n=20) carrying implanted chambers con-
taining tumor cells were divided into four groups. The first group
received I-OHP-containing PEG-coated cationic liposomes (5 mg I-OHP/
kg, 45 mg total lipid/mouse). The second group received “empty” (no
drug) PEG-coated cationic liposomes (45 mg total lipid/mouse). The
third group received [-OHP-containing PEG-coated neutral liposomes
(5 mg 1-OHP/kg). The last group received I-OHP solution (5 mg I-OHP/
kg). All groups received the treatment via tail vein on the third day after
chamber implantation. The angiogenesis was assessed as described
above.

2.9. Statistical analysis

All values were expressed as the mean £S.D. Statistical analysis was
performed with the analysis of variance (ANOVA) test using GraphPad
software (GraphPad Software, CA, USA). The level of significance was
set at p<0.05.

(A)

3. Results
3.1. Characterization of liposomes

The size and zeta potential of I-OHP-containing liposomes were
determined. The size of PEG-coated cationic liposomes was 25010 nm
and the zeta potential was 11.24£0.7 mV. The size of PEG-coated
neutral liposomes (control liposomes) was 245+6 nm and the zeta
potential -6.9+0.9 mV. The encapsulation efficiency of I-OHP was 254%
for PEG-coated cationic liposomes and 22.0% for PEG-coated neutral
liposomes.

Following storage in 5% dextrose at 4 °C for 4 weeks, the particle
size of both formulations was changed slightly; 257 +17 nm for PEG-
coated cationic liposomes and 249+15 nm for PEG-coated neutral
liposomes. This suggests that both formulations were stable in terms
of size distribution during storage at 4 °C at least for 4 weels.

3.2. In vitro stability of I-OHP liposomal formulations

We examined the retention of {-OHP in the liposomes upon
incubation in 5% dextrose at 4 °C for up to 1 week, More than 80% of
the encapsulated I-OHP still remained inside PEG-coated cationic
liposomes and PEG-coated neutral liposomes (not shown). Then, the
retention of the encapsulated I-OHP was investigated upon incubation
in either 5% dextrose or 50% mouse plasma at 37 °C. As shown in
Table 1, no remarkable difference was observed on the [-OHP retention
between both liposomes, although 35-40% of encapsulated I-OHP was
released following 24 h incubation. Moveover, it was shown that
mouse plasma enhanced release rate of [-OHP from the liposomes, as

(B)

Fig. 4. Selectivity of PEG-coated cationic liposomes to newly formed blood vessels in the DAS model. (A) Skin area attached to a chamber 8 h after intravenous administration of Dil-
Jabeled PEG-coated neutral liposomes observed by fluorescence microscopy. (B) Same area as in (A) under normat light. (C) Skin area attached to a chamber 8 h after intravenous
administration of Dil-labeled PEG-coated cationic liposomes as seen by fluorescence microscopy. (D) Same area as in (C) under normal light. Each photograph is a representative

example of at least 5 replicate experiments. 20x magnification.
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compared with 5% dextrose. It appears that plasma proteins induce
the leakage of I-OHP from both liposomes.

3.3. Partitioning of liposomal {-OHP into erythrocytes

The extent of partitioning of either free I-OHP or [-OHP
encapsulated in PEG-coated cationic liposomes into erythrocytes
was investigated at 3 and 6 h after intravenous injection of either free
{-OHP solution or |-OHP encapsulated in PEG-coated cationic
liposome. As I-OHP solution was injected, {-OHP was extensively
taken up by erythrocytes (73.05% and 81.95% dose at 3-hour- and 6-
hour post injection, respectively) and a small free fraction was
available in plasma (Fig. 1). On the other hand, for I-OHP encapsulated
in PEG-coated cationic liposomes, more than 90% dose of I-OHP was
detected in plasma at each time point, while a little I-OHP (less than
10% dose) was taken up by erythrocytes (Fig. 1). These observations
suggest that I-OHP-containing PEG-coated cationic liposomes were
stable in blood circulation.

3.4. Characterization of DAS model

We first determined whether the DAS model induces in vivo
angiogenesis. Newly formed microvessels having a zigzag-shape were
abundantly produced as a result of the implantation of the tumor
cells-containing chamber (Fig. 2A). Upon the implantation of
chambers containing no tumor cells (negative controls} minimal
angiogenesis was induced (Fig. 2B). This indicates that tumor cells, not
the experimental manipulation and subsequent healing process,
evoke a significant angiogenic response.

We then determined the optimal day for evaluating the angiogenic
response induced by implantation of the tumor cells-containing

(A)

chamber. As shown in Fig. 3A and B, the angiogenic response, as
indicated by the dense capillary network area and length of
angiogenic vessels, increased day by day and reached a maximum
level on the fifth day post-chamber implantation. We therefore
decided day 5 post-chamber implantation as a standard time point for
evaluating angiogenesis in all subsequent experiments.

3.5, Selectivity of PEG-coated cationic liposome targeting to angiogenic
blood vessels in the DAS model

The selectivity of PEG-coated cationic liposomes for the newly
formed vessels was investigated in the DAS model. Eight hours after
intravenous injection, control liposomes {PEG-coated neutral lipo-
somes) had extravasated extensively into the interstitium in the skin,
presumably through the leaky vasculature (Fig. 4A and B). By contrast,
the PEG-coated cationic liposomes showed avid association with the
newly formed vessels without any extravasation into the skin
interstitium (Fig. 4C and D). No such accumulation of cationic
liposomes was observed in the skin area attached to chambers
containing only DMEM (data not shown). These observations indicate
that the cationic liposomes possess selectivity to angiogenic vessels.

3.6. In vivo anti-angiogenic effect of {-OHP-containing PEG-coated
cationic liposomes

The in vivo anti-angiogenic activity of I-OHP-containing PEG-coated
cationic liposornes was investigated in the DAS assay. The |I-OHP
preparation was intravenously administered on day 1, 2, 3 or 4 after
chamber implantation and the effect on neo-vascularization was
examined microscopically on day 5. The photographs demonstrate
that injection of cationic liposomes containing I-OHP on day 1 or 2 did

Fig. 5. Optical observation of the in vive anti-angiogenic effect of I-OHP-containing PEG-coated cationic liposomes. Mice with an implanted chamber received I-OHP-containing PEG-
coated cationic liposomes (5 mg 1-OHP/kg) via tail vein on day 1 (A}, 2 {B). 3 (C) or 4 {D) after chamber implantation. On day 5, the area of skin attached to the chamber was
microscopically examined. Each photograph is a representative example of at least 5 replicate experiments. Arrow heads represent newly formed vessels. 8x magnification.
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not suppress the angiogenesis (Fig. 5A and B}, relative to the control
group (Fig. 2A), while injection on day 3 or 4 strongly suppressed
angiogenesis (Fig. 5C and D). A quantitative evaluation of the anti-
angiogenic effect was obtained by determining the capillary network
area and length of angiogenic vessels on the micrographs. Significant
suppression of angiogenesis in terms of both area and length of vessels
was observed in all treated groups when compared with the positive
control (ANOVA, p<0.05) (Fig. 6A and B). Notably, the treatmentonday 3
completely suppressed the angiogenesis to the negative control level.
The vesults clearly indicate that [-OHP encapsulated in liposomes which
are targeted to newly forming vessels can suppress angiogenesis with an
efficacy that appears to depend on the time of administration.

3.7. Specificity of in vivo anti-angiogenic effect of I-OHP-containing PEG-
coated cationic liposomes

On day 3 after chamber implantation, the efficacy of the in vivo anti-

angiogenic effect of |-OHP-containing PEG-coated cationic liposomes
was compared with that of free I-OHP, I~OHP-containing PEG-coated
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Fig. 6. Quantification of in vivo anti-angiogenic effect of 1-OHP-containing PEG-coated
cationic lipasomes. The capillary network area (A) and length of newly formed vessels
(B) in the area of skin attached to the chamber were measured on the basis of the
photographs presented in Fig. 5. The values {n=>5) represent the meant5.D. * p=<0.05,
=+ p<0.01, **= p<0.005 vs positive control; NS, not significantly different from the
values at day 3 and negative control.

A
( ) 140000 -
120000
100000 -
@
X 80000 -
e
g 60000
Foe
< 40000 -
20000 -
0 .

(B)

14000

12000 -

= 10000
X

& 8000-
=

D 6000
c
[V}

- 4000 -

2000 -

0 =

Fig. 7. Specificity of the in vive anti-angiogenic effect of I-OHP-containing PEG-coated
cationic liposomes. The anti-angiogenic effect of I-OHP-containing PEG-coated cationic
liposome was compared with that of other formulations, ie. free }-OHP, }-OHP
encapsulated in PEG-coated neutral liposomes and “empty” (no drug containing) PEG-
coated cationic liposomes. Mice with an implanted chamber received the formulations
{5 mg -OHP/kg, 45 mg total lipid/mouse) on day 3 after chamber implantation. On day
5, the skin area attached to the chamber was examined microscopically. The capillary
network area {A) and length of newly formed vessels (B) on photographs taken were
quantitatively determined. The values (n=5) represent the mean+S.D. The data for I-
OHP-containing PEG-coated cationic Hiposomes and positive control were taken from
the Fig. 6. *** p-<0.005 vs positive control: NS, not significant.

neutral liposomes and “empty” (no drug-containing) PEG-coated
cationic liposomes (Fig. 7A and B). Free [-OHP and empty PEG-coated
cationic liposomes caused only a slight suppression of angiogenesis.
PEG-coated neutral liposomes induced a stronger suppression of
angiogenesis than free I-OHP and empty PEG-coated cationic liposormes.
PEG-coated cationic liposornes resulted in efficient anti-angiogenic
activity superior to all other I-OHP formulations {ANOVA, p<0.05).

4, Discussion

The purpose of this study was to develop a selective delivery system
for I-OHP to areas of tumor-induced angiogenesis and to evaluate the
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anti-angiogenic efficacy of I-OHP using the in vivo mouse DAS maodel. We
chose for the use of cationic liposomes, because these have been
reported to display a strong binding ability to tumor-derived angiogenic
vascular endothelial cells due to the strong electrostatic adhesion
between the cationic surface and the plasma membrane 32,33} We
maodified the surface of cationic liposomes with mPEG,q00-DSPE, which
makes it possible to prolong the circulation time of the liposomes by
preventing interactions with the biological in vivo environment {34]
thus enhancing their chance to gain access to the target angiogenic
vessels. Our results indicate that the PEG-coated cationic liposomes we
designed exhibit a selective accumulation/binding to the newly formed
vessels (Fig. 4). In addition, no selective accumulation/binding of the
liposomes Lo pre-existing blood vessels in the skin was observed (Fig. 4C
and D). This points to an important difference in distribution of
liposomes in blood vessels between normal tissues and tumor tissue,
which may be exploited while attempting to achieve successful anti-
angiogenic chernotherapy.

So far, free [-OHP has not been reported to suppress turot-related
angiogenesis, a crucial event in solid tumor growth 35,36 This can
probably be attributed to a low anti-tumor activity of [-OHP as a result
of its high partitioning to erythrocytes and low accumulation in tumor
tissues {6.7]. In the present study, a single injection of |-OHP
encapsulated in PEG-coated cationic liposomes achieved complete
suppression of angiogenesis in the DAS assay, while injection of either
free |-OHP or [-OHP encapsulated in PEG-coated neutral liposomes
only very slightly suppressed angiogenesis (Fig. 7). To the best of
our knowledge, this is the first published observation of an anti-
angiogenic effect of {-OHP. We assume that as a consequence of the
selective delivery of [-OHP to the angiogenic vessels and its
subsequent uptake by endothelial cells [13] the local concentration
of the drug infaround proliferative vascular endothelial cells is
increased. By contrast, the other I-OHP formulations are likely to
suffer from high partitioning to erythrocytes (especially free [-OHP
formulation) or massive distribution to the skin interstitium (espe-
cially PEG-coated neutral liposome formulation) (Fig. 4A), leading to
an insufficiently high local drug concentration to exert a therapeutic
effect.

In view of the results demonstrated in Figs. 5 and 6, it seems that
the anti-angiogenic effect of I-OHP encapsulated in PEG-coated
cationic liposomes is dependent on the time of drug administration.
During the first 2 days after chamber implantation when the process
of angiogenesis is not yet fully activated, the area to which the
targeted liposomes can bind and thus site of action of the drug will be
rather insignificant. At day 3 or 4 after the chamber implantation,
however, when proliferation of endothelial cells is maximally
activated, both the binding area of the liposomes and the site of
action of the drug will be much larger. This is likely to be highly
relevant to the clinical situation in case of tumor growth in that the
efficacy of our I-OHP formulation is thought to depend on tumor
progression which, in turn, strongly related to angiogenic-microvessel
density.

Among various widely accepted methods used to evaluate the
inhibition of angiogenesis [37], we selected the DAS model [29,30}, a
common and a reliable method, to evaluate the selectivity of PEG-
coated cationic liposomes and the anti-angiogenic effects of liposome-
encapsulated |-OHP. The DAS model is technically simple, provides a
natural environment in which blood vessels and their tumor-induced
formation can be studied. In addition, the model takes only about
5 days to develop and is therefore less time-consuming than the
tumor-bearing mouse model, which takes more than 10 days. There-
fore, the DAS model is a convenient and reliable method to effectively
screen nanomolecular drug delivery systems targeting to tumor-
induced neo-vascularization and evaluate the anti-angiogenic efficacy
of the drug delivery system.

In recent years, [-OHP-based chemotherapy protocols, particularly I-
OHP in combination with the infusion of 5-fluorouracilfleucovorin

(FOLFOX), have emerged as the standard care in first- and second-line
therapy of advanced-stage colorectal cancer [3839]. In contrast to
cisplatin, I-OHP has no renal toxicity, only mild hematological and
gastrointestinal toxicity, while neurotoxicity is the dose-limiting
toxicity [40.41}. This side effect has been described as a transient distal
dysesthesia, enhanced by exposure to cold, and as a dose-related
cumulative mild sensitive neuropathy {4041]. The selective delivery of
[-OHP to newly formed tumor-induced blood vessels as described here
or to tumor tissues |6} by nanomolecular drug delivery systems raises
the possibility of reducing the total I-OHP dose for the dosing regimen
such as FOLFOX. This would improve the tolerance of patients and
thereby improve the therapeutic efficacy as compared to the standard
treatment protocols. Thus, the in vivo anti-angiogenic effect of our [-
OHP formulation may lead to significant improvements in terms of
survival rates and quality of tife of patients with colorectal cancer.
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