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Figure 3. Microscopic images of the liver following conventional
or hydrodynamic injection. Mice were treated with 0.2 ml of
saline by conventional injection (A) or with 2 ml! of saline
containing 0 (B), 1 (C) or 10% (w/v) (D) PEG2000 using the
hydrodynamic injection. At 10 min after each injection, the liver
was removed, fixed in 20% neutral-buffered formalin, sectioned
at 5 um and stained with hematoxylin and eosin. Magnification
50x

the cytoplasm displaying decreased basophilia as well as
a fine granular appearance and necrobiosis, sometimes
with erythrocytes in the cytoplasm. The histopathological
scores are summarized in Table 1. Hydrodynamics-based
injection with 1% (w/v) PEG2000 caused significantly
less liver damage than the hydrodynamics injection with
none or 10% (w/v) PEG2000.

Hepatocyte damage was also determined by measure-
ment of serum levels of the liver enzymes aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT). Figure 4 shows the concentration profiles of AST
and ALT following the hydrodynamic injection with none,
1% (w/v) or 10% (w/v) PEG2000. In this study, we
excluded time points less than 3 h, after injection, because
of the extensive blood dilution by the large volume of
injected solution. We observed a strong but transient
elevation of liver enzymes following hydrodynamic injec-
tion, dependent on PEG concentration. The highest levels
were detected 3 h after injection. Enzyme levels then
decreased gradually and returned to normal by 168 h
(7 days). Surprisingly, the hydrodynamic injection with
1% (w/v) PEG2000 showed no significant difference in
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Figure 4. Profiles of serum enzymes (AST (A) and ALT
(B)) following the hydrodynamic injection. Mice received a
large-volume intravenous injection of saline (2 ml/mouse/5 s)
and blood was collected at the indicated times. Serum
AST and ALT activities were determined. Normal represents
age-matched, untreated mice. The results are expressed as
the mean £ S.D. (n = 3). Statistical significance between gene
expression levels with different PEG concentrations (0, 1 and
10%) was analyzed by one-way ANOVA. *p < 0.05; **p < 0.01

the level of ALT and AST compared to the hydrodynamic
injection without PEG.

Quantification of pDNA transported
into hepatocytes and nuclei as a result
of hydrodynamic injection

The amount of pDNA delivered into the hepatocytes or
their nuclei was determined by PCR at 12 and 24 h

Table 1. Histopathological observations after hydrodynamic injection with various concentrations of PEG2000

Histopathological scores

Conventional

Injection group injection (200 pl) Hydrodynamic injection (2 ml)

PEG concentration (% (w/v)) - 0 1 10

Grade + ++ +++ + ++ +++ + ++ +++ + ++ +4++
Number of mice {n = 5) 0 0 0 0 4 0 3 2 0 0 5

The histopathological scores were recorded by microscopic examination of liver sections as described in Figure 3. +: slight, ++: moderate,

+-++: severe.
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Figure 5. Total amount of pDNA delivered to hepatocytes
(A) or to hepatocyte nuclei (B) or intact pDNA delivered to
hepatocyte nuclei (C) following hydrodynamic injection. The
amount of pDNA delivered into the hepatocytes or nuclei of the
hepatocytes was determined at 12 or 24 h after hydrodynamic
injection of 40 pg pDNA with or without 1% (w/v) PEG2000.

The amount of intact pDNA transported into the nuclei of the

hepatocytes was also determined. The results are expressed as
the mean £ S.D. (n = 3). Statistical significance was analyzed by
Dunnett’s test. *p < 0.05

after the injection. With the hydrodynamic injection
method substantial amounts of pDNA were transported
into hepatocytes (Figure SA). By contrast, with the
conventional injection method, pDNA levels in the
hepatocytes were below the detection limit (data not
shown). Although at 24 h pDNA levels in hepatocytes
were somewhat lower than at 12 h, this difference was
not significant (Figure 5A). Approximately 20—-30% of
the pDNA in the hepatocytes was transported in the
nuclei (Figure 5B). There was no statistically significant
difference between the 12 and 24 h time points, although

Copyright © 2005 John Wiley & Sons, Lid.
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pDNA transported by the hydrodynamic injection without
PEG tended to decrease.

Since, obviously, only intact intranuclear pDNA reflects
gene expression, it is necessary to distinguish between
intact and partially or completely degraded DNA. Thus,
we also determined only intact pDNA transported in the
nuclei as a consequence of the hydrodynamic injection. At
the earlier time point (12 h), the regular hydrodynamic
injection, i.e. without PEG, transported a larger amount
of intact pDNA in the nuclei than the hydrodynamic
injection with PEG (p < 0.05) (Figure 5C). The amount
of intact pDNA transported into the nuclei by the regular
hydrodynamic injection did not change with time, but
the amount transported by the hydrodynamic injection
with PEG increased approximately 3.5-fold between 12
and 24 h. The fraction of intact pDNA as a percentage
of total pDNA in the nuclei was 10.3+:0.7% at 12h
and 10.8+3.7% at 24h (p =0.85), following the
hydrodynamic injection without PEG. These values were
7.8+ 1.4%at12hand 38.4+13.7% at 24 h (p < 0.05),
following the hydrodynamic injection with PEG.

Time-course study on gene expression
in the liver induced by the improved
hydrodynamics-based procedure

The results described above indicate that our modified
hydrodynamics-based procedure, i.e. a rapid injection
of a large volume of 1% (w/v) PEG2000-containing
pDNA solution, may enhance gene expression relative
to that achieved by the regular hydrodynamics-based
procedure. To examine this possibility, a time-course
study on the expression of luciferase in' the liver
was carried out following the injection (Figure 6). In
the regular hydrodynamic injection, luciferase activity
reached a maximum level at 8-12h. From then on
the level gradually decreased by 72h. Our modified
hydrodynamics-based procedure moved the peak of
maximum luciferase activity to 24h and increased
the maximum level nearly 2-fold compared to the
regular procedure. From then on the expression was
gradually decreased, but the level at 72h was still
much higher (approximately 300-fold) than that of the
regular hydrodynamic injection. The area under the gene
expression-time curve was enlarged approximately 2-
fold by addition of 1% (w/v) PEG2000. Clearly, the
addition of PEG2000 substantially enlarged the hepatic
gene expression induced by the hydrodynamics-based
procedure as we expected.

Discussion

The liver is an important target organ for gene transfer
due to its large capacity for synthesizing serum proteins
and its involvement in numerous genetic and acquired
diseases. Thus, liver-targeted gene transfer is an important
tool for expanding the treatment options for liver
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Figure 6. Profiles of gene expression in the liver following hydro-
dynamic injection. Mice received a large-volume intravenous
injection of saline (40 p.g pDNA in 2 ml/mouse/5 s) with or with-
out 1% (w/v) PEG2000 and livers were processed for luciferase
assay at the indicated times after the injection. @; hydrody-
namic injection without PEG (regular hydrodynamic injection},
A ; hydrodynamic injection with 1% PEG. Luciferase activities are
expressed as mean £ S.D. (n = 6). Statistical significance against
regular hydrodynamic injection was analyzed by Student’s t-test.
*p < 0.05; **p < 0.01; ***p < 0.005

diseases and diseases affecting other organ systems,
and for gene function studies. Among the various gene
delivery systems available, naked pDNA-mediated gene
transfer is the simplest, and techniques for introducing
naked pDNA into hepatocytes have been among the
most intensely studied methods to generate therapeutic
amounts of gene product. Liu et al. [11] and Zhang et al.
[5] have developed a technique that does not require
local administration or surgical procedures, to produce
extremely high expression levels of exogenous genes in
mouse liver, using the systemic rapid administration with
a large volume of naked pDNA solutions into the tail vein.
However, in these reports, the induced gene expression
was transient, probably because introduced pDNA was
rapidly degraded in the hepatocytes and/or transfected
hepatocytes were removed by the immune system.
Our study indicates that enhanced gene expression
levels in mouse liver can be achieved by addition of
only 1% (w/v) PEG2000 to a large volume of pDNA
solution and subsequent hydrodynamic injection. This
modified simple gene transfer method would increase the
potential of the regular hydrodynamics-based procedure
for laboratory studies and gene therapy, although further
studies will be required to understand the mechanism
whereby enhancement of gene expression is achieved
before application to other tissues or to humans can be
considered.

Based on serum enzyme and histological examina-
tions (Figures 2, 3, and 4), the hydrodynamic injection
procedure clearly induces transient damage against the
hepatocytes, irrespective of the presence of PEG2000.

Copyright © 2005 John Wiley & Sons, Ltd.
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The liver damage was not the result of pDNA delivery,
but rather a reaction to the vehicle or procedure, since
injection of saline induced similar damage on the liver
(data not shown). It is likely that the PEG2000 causes the
liver damage to further escalate in a PEG-concentration-
dependent manner, since the level of serum enzymes
increased with an increase in the PEG concentration
(Figure 4). This PEG-induced escalation of damage brings
with it a concern that the PEG2000 increases the toxicity
of the regular procedure. However, no significant addi-
tional liver damage was caused by addition of 1% (w/v)
PEG2000 (Table 1, Figures 3 and 4), compared to that by
the regular hydrodynamic injection. Liu et al. [11] found
no indication of serious liver damage as assessed by ani-
ma! growth and clinical biochemistry tests, which were all
in normal range with the exception of a transient increase
in serum concentration of alanine aminotransferase. Cur-
rently, there is an increasing interest in the usefulness of
PEG for biomedical applications, particularly because of
its relative low toxicity and rapid clearance by urinary
excretion. Concentrations of PEG up to 40% (w/v) are
considered safe and relatively nontoxic for use in animal
studies [36]. This suggests that our procedure as described
here, hydrodynamic injection with 1% (w/v) PEG2000,
is safe for animals, and the procedure is acceptable and
useful for analyzing regulation of gene expression in vivo,
although further safety investigations will be required.
Interestingly, the PEG concentration was inversely
related to the level of gene expression in the liver
(Figure 1). It appears that the PEG plays a bifunctional
role in gene expression following the hydrodynamic
injection, ie. it increases gene expression at lower
concentration, whereas it diminishes it at higher
concentration. Very similar results were reported on gene
delivery in skeletal muscles with the block copolymers
SP1017 and PE6400 [37,38]. At low concentrations (up
to 0.01% (w/v) for SP1017 and 0.5% (w/v) for PE6400),
gene expressions were increased in a dose-dependent
manner. At higher concentrations, the efficacy of gene
expression declined. Although the mechanism of the
bifunctionality of block copolymers on gene transfer
remains to be explored, that of PEG observed here
probably results from the PEG-concentration-dependent
liver damage observed in Figures 3 and 4. Death of a large
number of hepatocytes would cause gene expression in
very few labile hepatocytes, if the PEG enhanced the
delivery of a large amount of pDNA to the hepatocytes
relative to the regular hydrodynamics-based procedure.
Two mechanisms have been proposed to explain
the entry of pDNA into hepatocytes following the
hydrodynamic injection: endocytosis [39] or penetration
by plasma membrane pores created by the hydrodynamic
pressure [40]. According to recent reports [41,42], the
second mechanism is more likely. PEG has a variety
of effects on biological systems [23-26]. One of them
is to increase membrane permeability due to osmotic
effects [30]. We expected that the addition of PEG
to the hydrodynamic injection solution would increase
membrane permeability of hepatocytes and thereby
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elevate the amount of pDNA transported intracellularly,
resulting in enhanced gene expression in the hepatocytes.
Our results showed that the PEG did enhance gene
expression in the liver (Figures 1 and 6). However, this is
not a result of an increased amount of pDNA transported
to the hepatocytes, as revealed by Figure 5B. This figure
suggests that the PEG does not affect the process
facilitating the entry of pDNA into the hepatocytes,
which is supported by our experiment with Evans Blue
dye injection showing that the PEG did not affect
the membrane permeability of hepatocytes due to the
hydrodynamic injection (Figure 2).

Once the pDNA molecules have entered into the
hepatocytes, they must be transported to the nucleus,
where transcription takes place, to cause efficient gene
expression. This process is considered one of the
limiting steps governing the efficiency of gene expression.
As mentioned above, both hydrodynamic procedures
transported similar amounts of pDNA to the nuclei
(Figure 5B). However, in terms of intact pDNA, the
addition of PEG clearly increased the amount in the
nuclei with increasing time after injection (the regular
procedure, 10.84+3.7% (intact pDNA to total pDNA,
at 24 h) vs. our procedure, 38.4 £ 13.7%, (p < 0.05),
estimated from the results in Figures 5B and 5C).
This efficient transport of intact pDNA to the nuclei
may account for the enhancement of gene expression
(Figures 1 and 6). The mechanism by which PEG elevates
the amount of intact pDNA in the nuclei is unclear. It
may involve in part cytosolic delivery of PEG via an influx
along with the large volume of pDNA solution. Presumably
then, the infused PEG prevents pDNA molecules from
degradation by the intracellular DNases, resulting in
retention of a large number of intact pDNA copies
intracellularly. As a result, transport of intracellular
intact pDNA to nuclei may be facilitated efficiently with
increasing the time after the injection.

Recent observations by Andrianaivo etal. [42] may
provide another possible mechanism by which PEG
may account for the enhanced transport of intact
pDNA to nuclei. They showed that a large amount
of pDNA remains bound to the outside of the plasma
membrane of hepatocytes for a relatively long time after
a hydrodynamic injection. The authors hypothesized that
the hydrodynamics-based transfection takes place in two
phases. In the first one a few DNA molecules entering the
hepatocytes very quickly lead to a strong expression in a
relatively short time. In the second one the DNA molecules
bound to the plasma membrane cause a low expression
for a long time via the relatively slow endocytosis process.
On the basis of their hypothesis, the second process may
be reinforced with the PEG in our study. It is likely that the
PEG protects the pDNA bound to the plasma membrane
from degradation by DNase and consequently enhances
delivery of a relatively large number of pDNA molecules
inside the hepatocytes. As a consequence, the intracellular
source of intact pDNA for intranuclear transport may be
maintained for a relatively long time.

Copyright © 2005 John Wiley & Sons, Ltd.
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It has been shown that the osmotic pressure of PEG
affects the regulation of a number of physiological
processes of cells. Both hypo- as well as hyperosmotic
shocks induce changes in plant cell metabolism [43,44].
Cells have specific mechanisms for the restoration of their
volume after osmotic shocks, involving the activation of
tyrosine kinases [45]. Cell volume changes have been
suggested to be of importance in the regulation of protein
degradation and synthesis [46]. The increased activity
of ornithine decarboxylase in osmotically swollen cells
is at least partially related to an enhanced synthesis of
the enzyme protein in the absence of a change in its
mRNA production [47]. Transcription of specific genes
in mammalian cells is enhanced by hypersmotic shock
[48,49]. Taken together, the PEG in the large-volume
pDNA solution may affect the physiological processes
of hepatocytes after the hydrodynamic injection. The

“ physiological change of the hepatocytes, along with a

large number of intact pDNA molecules in the nuclei, may
result in enhancement of gene expression in the liver,
following the injection.

Recently, it was demonstrated that Pluronic block
copolymers can increase regional expression of the naked
pDNA after its injection in the skeletal and cardiac
muscles [37,38,50]. The mechanism by which Pluronic
block copolymer acted on the naked pDNA expression has
not been established; however, the following speculations
were made: (1) Interactions between the block copolymer
and membrane accelerate cellular uptake of naked pDNA;
(2) the block copolymer enhances pDNA distribution
through muscle tissues; (3) the block copolymer may
increase the transport of free pDNA from the cytoplasm to
the nucleus of muscle cells; and (4) the block copolymer
acts as synthetic biological response modifier, resulting in
increased gene expression as a consequence of activating
transcription of the gene. Taken together with these
speculations and our results described here, the PEG
may increase the transport of free pDNA from the
cytoplasm to the nucleus of hepatocytes as well as activate
the transcription of the transgene expression. However,
at present, we cannot exclude the possibility that the
infused PEG may also protect pDNA-derived mRNA or
expressed exogenous protein (luciferase) from digestion
by intracellular DNase or proteinases.

It is noteworthy that the vascular and/or hepatocyte-
membrane permeability increased with increasing the
time interval (up to 30 min) between hydrodynamic
injection and Evans Blue injection (conventional injec-
tion) (Figure 2). This indicates that the enlargement of
the liver endothelial fenestrae and hepatocyte-membrane
defects remain in existence for at least 30 min after the
hydrodynamic injection. In contrast, Zhang et al. [31]
recently showed that most of the defects of the hepatocyte
membranes resealed within 10 min after hydrodynamic
injection. In addition, these defects have to disappear
rapidly, as living cells have to reseal within seconds to
a minute in order to survive [51]. This discrepancy may
be due to the difference in experimental conditions. We

J Gene Med 2006; 8: 324-334.
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determined the level of Evans Blue in the liver by extrac-
tion of the dye directly from the liver tissue, while Zhang
et al. assessed the microdistribution of the dye in the
liver section by fluorescence microscopy. Under our con-
ditions, all Evans Blue dye in the liver was quantitatively
determined. This amount includes not only the dye enter-
ing the hepatocytes through the pores generated by the
elevated pressure, but also that accumulating in Disse’s
space or Kupffer cells because the dye associates with
serum albumin (Figure 3).

Despite many desirable features associated with our
procedure, such as simplicity, convenience and high
efficiency, the level and time of gene expression driven
by our method may be yet too low and short. Recently,
Herweijer et al. [52] reported the effect of a liver-specific
promoter on longevity of transgene expression: the
albumin promoter (a 300 bp promoter in conjunction with
a 2 kb upstream enhancer region) sustained expression
of luciferase in the liver following hydrodynamics-based
transfection. Miao et al. [53] also reported a similar result
that long-term expression of human factor IX in mice was
achieved by tail vein injection of a pDNA employing an
o 1-antitrypsin promoter in conjunction with a hepatic
control region. Therefore, we are now testing whether
high-level, sustained transgene expression in the liver can
be achieved by using a pDNA containing liver-specific
promoters with our method.
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Abstract

Anti-neovascular therapy, one of the effective anti-angiogenic chemotherapy, damages new blood vessels by cytotoxic agents
delivered to angiogenic endothelial cells and results in indirect eradication of tumor cells. We previously reported that liposomes-
modified with a pentapeptide, Ala-Pro-Arg-Pro-Gly (APRPG-Lip) homing to angiogenic site, hi ghly accumulated in tumor tissue,
and APRPG-Lip encapsulating adriamycin (APRPG-LipADM) effectively suppressed tumor growth in tumor-bearing mice. In
the present study, we examined the topological distribution of fluorescence-labeled APRPG-LipADM as well as TUNEL-stained
cells in an actual tumor specimen obtained from Colon 26 NL-17 carcinoma-bearing mice. The fluorescence-labeled APRPG-Lip
dominantly localized to vessel-like structure: A part of which was also stained with anti-CD31 antibody. Furthermore, TUNEL-
stained cells were co-localized to the same structure. These data indicated that APRPG-LipADM bound to angiogenic endothelial
cells and induced apoptosis of them. We also investigated the applicability of anti-neovascular therapy using APRPG-LipADM
to ADM-resistant P388 solid tumor. As a result, APRPG-LipADM significantly suppressed tumor growth in mice bearing the
ADM-resistant tumor. These data suggest that APRPG-LipADM is applicable to various kinds of tumor including drug-resistant

Abbreviations: ADM, adriamycin; DSPC, distearoylphosphatidylcholine; FBS, fetal bovine serum; PBS, phosphate-buffered saline; PEG,
polyethylene glycol; VEGF, vascular endothelial growth factor
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tumor since it targets angiogenic endothelial cells instead of tumor cells, and eradicates tumor cells through damaging the

neovessels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Tumor angiogenesis, construction of new blood ves-
sels in tumor tissue, is critical for tumor growth, since
the supply of oxygen and nutrients is essential for many
tumors. Angiogenesis is also related to blood-borne
metastasis to distal organs, since it is initiated through
this angiogenic vasculature (Folkman, 1971). A num-
ber of previous studies on angiogenesis have elucidated
the functions of pro-angiogenic factors such as vas-
cular endothelial growth factor (VEGF) and the bio-
logical process of angiogenesis (Asahara et al., 1999;
Ferrara, 2002). Based on these findings, cancer ther-
apy targeted to angiogenesis has been considered and
various inhibitors for angiogenic process have been
developed (Kerbel and Folkman, 2002). These agents
often prevent pro-angiogenic factors from binding to
their receptors or inhibit signal transduction in an-
giogenesis. This therapy is generally called as anti-
angiogenic therapy. For example, the treatment of an-
tibody against VEGF receptor, KDR/flk-1 suppressed
tumor growth by inhibition of angiogenesis (Brekken et
al., 2000). We previously suggested that disruption of
angiogenic vasculature by allowing cytotoxic agent to
angiogenic endothelial cells could effectively inhibited
tumor growth (Oku et al., 2002a). Since angiogenic en-
dothelial cells have acquired enhanced growth ability,
cytotoxic anti-cancer agents are able to damage angio-
genic endothelial cells as well as tumor cells. This anti-
neovascular therapy is expected to overcome several
but critical problems in traditional cancer chemother-
apy. For example, anti-neovascular therapy can reduce
injected dose, since the angiogenic endothelial cells,
which should be eradicated by this therapy, are fewer
than the tumor cells in a tumor tissue. In addition, this
therapy is promising to apply to various kinds of solid
tumors including drug-resistant tumors since the nature
of angiogenic vessels may be the same or quite simi-
lar among tumors despite the tumor cells acquire the
drug-resistance (Browder et al., 2000).

In the previous study, we isolated peptides specific
for tumor angiogenic vasculature by in vivo biopan-
ning of a phage-displayed peptide library (Oku et
al., 2002b). Obtained Ala-Pro-Arg-Pro-Ala (APRPQG)
peptide was used for an active targeting tool for an-
giogenic vessels. In fact, APRPG-modified liposomes
(APRPG-Lip) highly accumulated in tumor tissue
and adriamycin (ADM)-encapsulated APRPG-Lip
(APRPG-LipADM) effectively suppressed tumor
growth in Meth A sarcoma- and Colon 26 NL-17
carcinoma-bearing model mice. Furthermore, APRPG-
Lip bound specifically to VEGF-stimulated human
umbilical vein endothelial cells (HUVECs) compared
with unmodified ones (Oku et al., 2002b). These find-
ings suggested that APRPG-LipADM shows potent
anti-tumor effect in order to eradicate angiogenic
vasculature and, therefore, is expected to apply to
drug-resistant tumor.

In the present study, to confirm that APRPG-
LipADM really damages angiogenic endothelial cells,
intratumoral distribution of APRPG-Lip and vessel
damage in tumor tissue after the treatment of APRPG-
LipADM were examined. Furthermore, to investigate
whether APRPG-modified liposomal agent can be
applied to drug-resistant cancer, we performed ther-
apeutic experiment using ADM-resistant P388 solid
tumor-bearing mice.

2. Materials and methods
2.1. Materials

Stearoyl-APRPG derivative was synthesized as pre-
viously described (Asai et al., 2002). Distearoylphos-
phatidylcholine (DSPC) was a gift from Nippon Fine
Chemical Co. Ltd. (Takasago, Hyogo, Japan). Choles-
terol was purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Balb/c and DBA/2 male mice were
purchased from Japan SLC, Inc.
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2.2. Liposomal preparation

Liposomal preparation was performed as described
previously (Oku et al, 2002b). In brief, DSPC,
cholesterol and stearoyl-APRPG derivative (10/5/1
as a molar ratio) dissolved in chloroform were dried
under reduced pressure and stored in vacuo for at
least 1h. Constituted lipid thin film was hydrated
with 0.3 M citric acid solution (pH 4.0) to generate
liposomal solution. This liposomal suspension (10 mM
as DSPC) was frozen and thawed for three cycles
with liquid nitrogen and sized to 100 nm by extruding
through 100 nm-pore sized polycarbonate membrane
filter (Advantec, Tokyo, Japan) attached to an ex-
truder (Lipex, Vancouver, BC, Canada). ADM was
encapsulated into APRPG-Lip as previously described
(Oku et al., 2002b). Particle size of the liposomes was
154 £ 1nm recorded on an ELS-800 electrophoretic
light-scattering spectrophotometer (Otsuka Elec-
tronics Co., Ltd., Osaka, Japan), and the liposomes
were stable during a 48-h incubation in the presence
of 50% fetal bovine serum (FBS, Sigma Chemical
Co.) at 37 °C (data not shown). Fluorescence-labeled
APRPG-Lip was prepared as follows: Thin film
composed of DSPC, cholesterol, and stearoly-APRPG
derivative with a trace of DiIC;g (Molecular Probes
Inc., Eugene, OR, USA) was hydrated with 0.3 M
glucose solution (DSPC/cholesterol/stearoyl APRPG
derivative/DiIC1g = 10/5/1/0.1 as a molar ratio, 10 mM
as DSPC). Obtained liposomal suspension was
extruded with a 100 nm-pored filter.

2.3. Preparation of tumor-bearing mice

Mouse Colon 26 NL-17 carcinoma (C26 NL-17)
cells were grown in RPMI 1640 with 10% FBS at
37 °Cinthe presence of 5% CO,. P388 and P388/ADM
leukemia cells were grown in abdominal cavity of
DBA/2 mouse. C26 NL-17, P388 or P388/ADM cells
(1 x 108 cells per mouse) were subcutaneously im-
planted into left posterior flank of Balb/c male mice
for C26 NL-17 or DBA/2 male mice for P388 and
P388/ADM, respectively.

2.4. Intratumoral distribution of liposomes

DiIC,g-labeled APRPG-Lip or DiIC g-labeled un-
modified liposome (Cont-Lip) were administered via

a tail vein of C26 NL-17-bearing mice when the tu-
mor sizes had reached about 1 cm in diameter. Fifteen
minutes or 2 h after injection of liposomes, mice were
sacrificed under anesthesia with diethyl ether and tu-
mors were dissected and kept in 20% formalin. Solid
tumors were wrapped in O.C.T. compound (Sakura
Finetechnochemical Co. Ltd., Tokyo, Japan) and frozen
at —80 °C. Five-micrometer tumor sections were pre-
pared by using cryostatic microtome (HM 505E, Mi-
crom, Walldorf, Germany). For endothelial cell stain-
ing, sections were washed and incubated with biotiny-
lated anti-mouse CD31 antibody (PharMingen, San
Diego, CA, USA) in wet chamber at room temperature,
after the sections had been blocked with 1% BSA-PBS
(—). After 1-h incubation, sections were washed and
secondly stained with streptavidin—FITC conjugate
(Molecular Probes Inc., Eugene, OR, USA) for 30 min.
These sections were fluorescently observed by using
microscopic LSM system (Carl Zeiss, Co. Ltd.).

2.5. Determination of apoptotic cells in tumor

ADM-encapsulated Cont-Lip (Cont-LipADM) or
APRPG-LipADM (10 mg/kg as dose of ADM) were
administered via a tail vain of C26 NL-17-bearing mice
or P388/ADM-bearing mice when the tumor sizes had
reached about 1 cm in diameter for C26 NL-17-bearing
mice and at day 6 for P388/ADM-bearing mice, re-
spectively. Two days after injection of liposomal ADM,
each solid tumor was dissected from the mice and tumor
sections were prepared as described in Section 2.4. Im-
munostaining of endothelial cells was performed as de-
scribed in Section 2.4, except that streptavidin—-Alexa
594 conjugate (Molecular Probes Inc., Eugene, OR,
USA) was used as fluorescent dye instead of
streptavidin—FITC conjugate. For visualizing apoptotic
cells, TUNEL staining was performed by use of Apop-
Tag Plus Fluorescein In Situ Apoptosis Detection Kit
(Intergen Co., Purchase, NY, USA) according to the
recommended procedures of the Kit. In brief, tumor
sections were washed and equilibrated for 15min in
wet chamber at room temperature, and sections were re-
acted with TdT enzyme for 1 hat 37 °C. Then, sections
were stained with anti-digoxigenin-fluorescein anti-
body. These sections were observed with LSM system.

In some experiments, fixed tumor sections were
stained with hematoxylin and eosin. In brief, sections
were stained with Lillie-Mayer’s hematoxylin (Muto
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Pure Chemicals. Ltd., Tokyo, Japan) for 2 min and
subsequently adjusted the color shade by 50 mM Tris-
buffered saline, pH 7.5. Then, the sections were stained
with eosin Y (Wako Chemical Co., Osaka, Japan) for
30s and dehydrated with ethanol. The sections were
mounted with DIATEX (AB Wilh. Becker, Stockholm,
Sweden) and observed by light microscopy (Olympus,
Tokyo, Japan).

2.6. Therapeutic experiment

Cont-LipADM or APRPG-LipADM were intra-
venously administered (10 mg/kg as dose of ADM) via
a tail vein into P388- or P388/ADM-bearing mice at
day 6 after tumor implantation. Tumor sizes were ex-
amined at selected days after the treatment and the tu-
mor volume was calculated in an established formula
0.4 (a x b?), where ‘@’ was the largest and ‘b’ was the
smallest diameter of the tumor. Body weight of each
mouse was also monitored after injection of the formu-
lations to evaluate the side effect.

2.7. Statistical analysis

Variance in a group was evaluated by the F-test, and
differences in mean tumor volume were evaluated by
Student’s #-test.

3. Results
3.1. Intratumoral distribution of APRPG-Lip

Previous study showed that APRPG-Lip highly ac-
cumulated in tumor tissue in vivo and bound to VEGF-

—
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stimulated human endothelial cells in vitro (Oku et al.,
2002b), although the actual binding of APRPG-Lip to
tumor angiogenic vasculature has not been determined.
Therefore, we examined the intratumoral distribution
of APRPG-Lip by confocal laser scanning microscopy.
Fluorescently labeled APRPG-Lip or Cont-Lip was ad-
ministered intravenously into C26 NL-17-bearing mice
and allowed to circulate for 15 min or 2 h. The tumor
was dissected, devoted to immunofluorescence staining
of endothelial cells, and examined liposomal distribu-
tion. Fluorescence micrographs 2h after injection of
the liposomes are shown in Fig. 1. As shown in the fig- -
ure, fluorescence of APRPG-Lip was dominantly ob-
served as vessel like structure and some of fluorescent
dots were co-localized with CD31 staining (Fig. 1c and
d). In contrast, fluorescence of Cont-Lip was observed
in all over the tumor tissue without co-localization with
CD31-(Fig. 1b). Similar results were also observed
15 min after injection (data not shown). These data
suggest that APRPG-Lip bound to tumor angiogenic
endothelial cells in an actual tumor tissue.

3.2. Apoptosis of angiogenic endothelial cells by
APRPG-LipADM

Since APRPG-Lip seemed specifically bound to
angiogenic endothelial cells in tumor tissue, it is
possible that APRPG-LipADM damages the cells.
Therefore, we determined the apoptotic cells in
tumor tissue after treatment of APRPG-LipADM by
using double immunostaining method, namely, CD31
staining for observing endothelial cells and TUNEL
staining for observing apoptotic cells. Cont-LipADM

Soum

Fig. 1. Binding of APRPG-Lip to tumor angiogenic endothelial cells. C26 NL-17-bearing mice were intravenously administered with glucose
(a), Dil-labeled Cont-Lip (b) or Dil-labeled APRPG-Lip (c) on day 17 after tumor implantation. Two hours later, each tumor was dissected,
prepared for frozen-section and devoted to CD3 1-immunostaining to stain endothelial cells (green). Panel (d) shows the magnified image of the
area of interest in panel (c). Liposomal fluorescence is shown in red. White arrows show the co-localization of liposomes with the marker of

endothelial cells.
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Fig. 2. Double immunostaining of endothelial cells and apoptotic cells on C26 NL-17 tumor following the treatment of APRPG-LipADM.
C26 NL-17-bearing mice were administered with glucose (a), Cont-LipADM (b) or APRPG-LipADM (c) (10 mg/kg as dose of ADM) on day
19 after tumor implantation. Two days later, each tumor was dissected and prepared for frozen-section. Microvessels were stained with red
(CD31-staining) and apoptotic cells were stained with green (TUNEL method). Panel (d) shows the magnified image of the area of interest in

panel (c). White arrows showed apoptotic endothelial cells (yellow).

or APRPG-LipADM was intravenously administered
into C26 NL-17-bearing mice, and tumor was dis-
sected, sectioned at 5 um, and stained at 48 h after the
administration. Each derived section was fluorescently
observed by use of confocal laser scanning microscopy.
As a result, the apoptotic cells located widespread
in the tumor and some of them located on the vessel
like structure after the treatment of APRPG-LipADM
(Fig. 2c and d). Furthermore, CD31 staining was
observed on the same vessel like structure. These data
strongly suggested that APRPG-LipADM induced
apoptosis of both angiogenic endothelial cells and
surrounding tumor cells in the solid tumor. In contrast,
apoptotic cells located apart from each other, and none
of them was co-localized with CD31 staining after the
treatment of Cont-LipADM (Fig. 2b).

3.3. Therapeutic experiment using
APRPG-LipADM against ADM-resistant tumor

Next, we performed therapeutic experiment using
APRPG-LipADM against ADM-resistant tumor.
Free ADM, Cont-LipADM or APRPG-LipADM was
administered into drug-sensitive P388- or P388/ADM-
bearing mice and the tumor regression was evaluated.
When we examined the anti-tumor effect against
ADM-sensitive P388-bearing mice, free ADM and
Cont-LipADM as well as APRPG-LipADM sup-
pressed tumor growth (Fig. 3a). In contrast, treatment
of free ADM or Cont-LipADM rarely showed the sup-
pression of tumor growth of P388/ADM-bearing mice
under the present experimental condition (Fig. 3b).
On the contrary, APRPG-LipADM significantly

suppressed tumor growth of P388/ADM solid tumor
under the present experimental condition that free
ADM or Cont-LipADM did not show the therapeutic
effect (Fig. 3b). These data suggest that APRPG-
LipADM is superior to free ADM or Cont-LipADM
for the treatment of ADM-resistant tumor. Moreover,
APRPG-LipADM, as well as Cont-LipADM, did not
show the body weight loss, an indicator for side effects,
unlike free ADM administration (data not shown).

To confirm the possibility that APRPG-LipADM
suppressed tumor growth through damaging angio-
genic endothelial cells of ADM-resistant tumor, we
performed double immunostaining of apoptotic cells
and endothelial cells on tumor section treated with
Cont-LipADM or APRPG-LipADM. As shown in
Fig. 4, a few apoptotic cells apart from-each other was
observed after the treatment of Cont-LipADM, and
lining apoptotic cells co-localized with CD31 staining
was observed after the treatment with APRPG-
LipADM. In the case of APRPG-LipADM treatment,
many apoptotic cells were also observed around the
lining apoptotic cells. These data suggest that APRPG-
LipADM induced apoptosis of endothelial cells which
caused surrounding tumor cell apoptosis due to cut off
of oxygen and nutrients through damaging the neoves-
sels. Hematoxylin and eosin stained tumor sections
also indicate that the number of vessel like structures
was reduced after the treatment with APRPG-
LipADM (Fig. 4, upper right). These data suggest that
APRPG-LipADM suppressed drug-resistant tumor
growth through the eradication of angiogenic endothe-
lial cells and subsequent disruption of angiogenic
vasculature.
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Fig. 3. Suppression of tumor growth by APRPG-LipADM in ADM-resistant tumor-bearing mice. The mice bearing P388 (a) or P388/ADM (b)
(n=>5) were intravenously administered with glucose (), free ADM (H), Cont-LipADM (a), or APRPG-LipADM (@) (10 mg/kg as dose of
ADM) at day 6 after tumor implantation. Evaluation of tumor regression was described in Section 2. Data points represent the mean+ S.D.;
and S.D. bars are shown only for the data points of day 11 for (a) and day 10 for (b), respectively, for the sake of graphic clarity. Significant
difference from control (a) or from APRPG-LipADM treatment (b) is shown (" P <0.05; **P<0.01; ***P<0.001).
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Fig. 4. Histological and immunochemical analysis of ADM-resistant tumor treated with APRPG-LipADM. Tumor sections were prepared as
described in Section 2. Upper panels show the micrographs of tumor section stained with hematoxylin—eosin. In histological analysis, edges
of tumor sections were observed. Lower panels show the fluorescence micrographs of tumor section immunostained with CD-31 (red) and

TUNEL-stained (green). Yellow shows the apoptotic endothelial cells.

4. Discussion

Cytotoxic agents against rapidly growing cells
are commonly used for cancer chemotherapy. These
agents effectively eradicate cancerous cells, but also
damage rapidly dividing normal cells such as bone
marrow cells and intestinal lining cells. This is the most
serious problem as severe side effects in traditional
cancer chemotherapy. Additionally, tumor cells tend
to acquire the drug resistance because of their gene
instability (Bailar and Gornik, 1997), and therefore a
certain cytotoxic agent at selected dose cannot affect
on tumor cells. These problems further burden the
patients on therapeutic treatment. For these reasons,
the development of strategies for cancer chemotherapy
such as usage of DDS technology has been required.

Since Folkman et al. advocates the necessity of
angiogenesis in tumor progression (Folkman, 1971), a
novel strategy for cancer therapy, which is called anti-

angiogenic therapy, has been focused and various kinds
of angiogenic inhibitor has been developed (Kerbel
and Folkman, 2002). There may be some advantages
of anti-angiogenic therapy over traditional cancer
therapy: Anti-angiogenic therapy can reduce the side
effects due to appreciable specificity to angiogenic
endothelial cells (Brooks et al., 1994, 1996) and due to
reduction of injected dose since angiogenic endothelial
cells account for low population compared with tumor
cells in tumor tissue. Anti-angiogenic therapy can get
rid of concern about acquirement of drug-resistance
because this therapy targets normal endothelial cells.
Anti-angiogenic therapy may be applicable to most
kinds of tumor including drug-resistant tumor because
they often induce similar angiogenesis despite of them
for their maintenance and development.

Recently, we developed a novel anti-angiogenic
therapy, anti-neovascular therapy (Oku et al., 2002a).
The concept of this therapy is different from conven-
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tional anti-angiogenic therapy in that anti-neovascular
therapy does not inhibit a part of angiogenic process
but directly eradicate angiogenic endothelial cells by
using DDS drugs against neovessels (Shimizu and
Oku, 2004). As a result, this therapy strongly promises
disruption of angiogenic vasculature following ef-
fective suppression of tumor growth with little side
effects. To develop an angiogenic vasculature-targeting
carrier for cytotoxic agents, we firstly determined pen-
tapeptide sequence (APRPG), which had high affinity
to angiogenic site. Cytotoxic agents-encapsulating
liposomes modified with the peptide showed enhanced
anti-tumor effect (Oku et al., 2002b; Asai et al., 2002).

We hypothesized that APRPG-LipADM caused tu-
mor regression through damaging the neovessels. In
the present study, we firstly investigated the intra-
tumoral distribution of APRPG-LipADM and topo-
logical distribution of apoptotic cells after the treat-
ment with APRPG-LipADM. The specific binding of
APRPG-Lip to angiogenic endothelial cells in tumor
tissue was observed (Fig. !¢ and d), suggesting that
APRPG-Lip actively targets and binds to angiogenic
endothelial cells in tumor tissue after intravenous ad-
ministration. Moreover, the data of Fig. 2 suggested
that APRPG-LipADM induced apoptosis of endothe-
lial cells as well as tumor cells in tumor tissue. In
contrast, Cont-LipADM seemed to damage only tu-
mor cells. We speculate that APRPG-LipADM directly
eradicate angiogenic endothelial cells. Although it is
still ambiguous whether tumor cells are directly dam-
aged by APRPG-LipADM or their apoptosis is caused
by cut off of oxygen and nutrients through damag-
ing the endothelial cells. Even if, both mechanisms
might be worked, we speculate that the latter con-
tribute more than the former, since angiogenic ves-
sels might be damaged by APRPG-LipADM, and since
the population of apoptotic cells in tumor tissues is
greater for APRPG-LipADM-treated group than for
Cont-LipADM-treated one.

If the majority of tumor cells are damaged indi-
rectly through the damage of neovessels after treatment
with APRPG-LipADM, this formulation of ADM may
also cause damage of ADM-resistant tumor. Therefore,
we challenged to apply the APRPG-LipADM against
ADM-resistant tumor. As a result, APRPG-LipADM
actually suppressed tumor growth (Fig. 3). Since a sin-
gle dose of treatment of free ADM or Cont-LipADM
was not toxic to ADM-resistant tumor cells whereas

they suppressed tumor growth of ADM-sensitive tu-
mor cells, APRPG-LipADM may damage growing an-
giogenic endothelial cells, which causes the suppres-
sion for tumor growth indirectly. In fact, we observed
the apoptotic cells in angiogenic vessels and in sur-
rounding tumor tissue of ADM-resistant tumor after
the treatment of APRPG-LipADM, (Fig. 4). These re-
sults indicate that APRPG-LipADM actively disrupts
angiogenic vasculature and subsequently suppresses
the ADM-resistant tumor growth. The present study
strongly suggests that APRPG-LipADM targets to an-
giogenic vasculature and has potent anti-tumor effect
against various kinds of tumor including drug-resistant
tumor. Furthermore, reduction of severe side effects is
expected by use of APRPG-LipADM due to targeting
effects. The modification of liposomes with hexapep-
tide, GPLPLR, targeted to membrane-type 1 matrix
metalloproteinase (MT1-MMP), which is expressed on
the surface of angiogenic endothelial cells, also en-
hanced anti-tumor activity of encapsulated hydropho-
bic anti-cancer drug (Kondo et al., 2004).

Recently, we observed that APRPG-polyethylene-
glycol (PEG) modified liposomes (APRPG-PEG-Lip)
showed long-circulating character and accumulated in
tumor tissue of tumor-bearing mice (Maeda et al.,
2004a). Administration of these liposomes encapsu-
lating ADM into tumor-bearing mice caused Strong
suppression of tumor growth without remarkable side
effects (Maeda et al,, 2004b). Availability of anti-
neovascular therapy by using PEG-coated angiogenic-
vasculature targeting liposomal agent was also reported
by several research groups: One used NGR peptide
as a targeting probe (Pastorino et al., 2003), and an-
other used RGD peptide (Schiffelers et al., 2003).
These accumulating data from ours and other research
groups indicate the usefulness of anti-neovascular

* therapy using DDS drugs in the treatment of can-

cer, and the present study additionally confirms the
availability of the therapy for drug-resistance-acquired
cancer.
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Abstract

For the improvement of therapeutic efficacy in photodynamic therapy (PDT) by using a photosensitizer, benzoporphyrin derivative
monoacid ring A (BPD-MA), we previously prepared polyethylene glycol (PEG)-modified liposomes encapsulating BPD-MA (PEG-Lip
BPD-MA). PEGylation of liposomes enhanced the accumulation of BPD-MA in tumor tissue at 3 h after injection of it into Meth-A-sarcoma-
bearing mice, but, unexpectedly, decreased the suitability of the drug for PDT when laser irradiation was performed at 3 h after the injection
of the liposomal photosensitizer. To improve the bioavailability of PEG-Lip BPD-MA, we endowed the liposomes with active-targeting
characteristics by using Ala-Pro-Arg-Pro-Gly (APRPG) pentapeptide, which had earlier been isolated as a peptide specific to angiogenic
endothelial cells. APRPG-PEG-modified liposomal BPD-MA (APRPG-PEG-Lip BPD-MA) accumulated in tumor tissue similarly as PEG-
Lip BPD-MA and to an approx. 4-fold higher degree than BPD-MA delivered with non-modified liposomes at 3 h after the injection of the
drugs into tumor-bearing mice. On the contrary, unlike the treatment with PEG-Lip BPD-MA, APRPG-PEG-Lip BPD-MA treatment strongly
suppressed tumor growth after laser irradiation at 3 h after injection. Finally, we observed vasculature damage in the dorsal air sac
angiogenesis model by APRPG-PEG-Lip BPD-MA-mediated PDT. The present results suggest that antiangiogenic PDT is an efficient
modality for tumor treatment and that tumor neovessel-targeted, long-circulating liposomes are a useful carrier for delivering photosensitizer
to angiogenic endothelial cells.
© 2005 Elsevier B.V. All rights reserved.
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photodynamic therapy (PDT) [3,4]. Photodynamic therapy
(PDT) is a promising modality for cancer treatment that uses
a combination of photosensitizer and tissue-penetrating

1. Introduction

Angiogenesis is a crucial event for solid tumor growth,

since the tumor cells demand oxygen and nutrients. There-
fore, the suppression of angiogenesis is expected to show
potent therapeutic effects on various cancers [1,2]. More-
over, antiangiogenic therapy is thought not only to eradicate
primary tumor cells, but also to suppress hematogenous
metastasis through the disruption of the metastatic pathway.
Recent studies also indicate the usefulness of antiangiogenic
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doi:10.1016/j.bbamem.2005.02.003

laser light without severe side effects [5]. After laser
irradiation, singlet oxygen is produced by the photosensi-
tizer and induces cytotoxicity. In this study, we used a
second-generation photosensitizer, benzoporphyrin deriva-
tive monoacid ring A (BPD-MA), which required lip-
osomalization due to its hydrophobic property.

In a previous study, we established a rather stable
liposomal BPD-MA (dipalmitoylphosphatidylcholine
[DPPC}/palmitoyloleoylphosphatidylcholine [POPCJ/cho-
lesterol/dipalmitoylphosphatidylglycerol [DPPG]/BPD-
MA=10/10/10/2.5/0.3 as molar ratio) [6]. Antiangiogenic
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PDT, i.e., laser irradiation at 15 min after the injection of the
liposomal BPD-MA, suppressed tumor growth more effi-
ciently than conventional PDT did, i.e., laser irradiation at 3
h post injection. This scheduling of PDT caused hemostasis
due to damaged angiogenic endothelial cells [7]. Although
in clinical usage, 3-h PDT has been traditionally performed,
since the concentration of BPD-MA in tumor tissue is
higher than in normal tissue at 3 h after the injection.
Furthermore, because the photosensitizer is distributed in
the plasma at 15 min after the injection, antiangiogenic PDT
may damage the blood cells more than would conventional
PDT scheduling.

For the purpose of enhancing the therapeutic efficacy of
liposomal BPD-MA in the conventional scheduling of PDT,
we previously prepared polyethylene glycol (PEG)-coated-
liposomal BPD-MA, since the long-circulating character-
istic of liposomes achieved by PEG-coating is known to
bring passive accumulation of liposomal drugs in tumor
tissues of tumor-bearing animals {8]. In this case, we aimed
at damaging tumor cells rather than angiogenic endothelial
cells. However, the therapeutic efficacy after PDT was
unexpectedly decreased by the PEG-modification [9]. The
PEGylation of liposomes actually enhanced the passive
accumulation of the liposomal drug in tumor tissues at 3 h
after administration, but did not enhance the therapeutic
efficacy after PDT. We speculate the reason to be that the
PEG-liposomal BPD-MA (PEG-Lip BPD-MA) was not
taken up effectively into the tumor cells before the laser
irradiation at 3 h after administration of PEG-Lip BPD-MA.
The active oxygen generated by laser irradiation in the PEG
liposomes, which resided in the interstitial space of the
tumor tissue, might not have damaged the cells around the
liposomes, since the half-life of active oxygen is too short
for the radical to pass from the inside of the liposomes to the
cells.

On the other hand, for the purpose of antineovascular
therapy (ANET), we previously used in vivo biopanning of
a phage-displayed peptide library to isolate a 5-mer peptide,
Ala-Pro-Arg-Pro-Gly (APRPG), that specifically bound to
the tumor angiogenic site [10,11]: The accumulation of
APRPG-presenting phages in the tumor tissue was specif-
ically inhibited in the presence of APRPG-containing
peptide, and APRPG-containing peptide was specifically
bound to angiogenic endothelial cells determined by
histochemical studies [10]. The APRPG peptide thus
obtained was used for the modification of the liposomes;
and these liposomes accumulated highly in tumor tissue and
adriamycin-encapsulated APRPG-modified liposomes
effectively suppressed tumor growth in Meth-A sarcoma-
and Colon 26 NL-17 carcinoma-bearing model mice.
Furthermore, the PEG-modification of APRPG-liposomes
(APRPG-PEG-Lip) prepared with APRPG-PEG-distearoyl-
phosphatidylethanolamine showed enhanced accumulation
in Colon 26 NL-17 carcinoma-bearing mice; and adriamy-
cin-encapsulated APRPG-PEG-Lip suppressed tumor
growth notably [12].

In the present study, because non-targeting PEG-Lip
BPD-MA did not have any drastic effect on tumor growth
after the PDT treatment, we examined the applicability of
APRPG-PEG-Lip to PDT, since active-targeting liposomes
would be expected to bind to and to be taken up effectively
by the target cells and damage them. Furthermore,
pronounced PDT efficacy would be expected for active-
targeting to angiogenic endothelial cells, since antiangio-
genic scheduling of PDT is far more effective than conven-
tional scheduling and active-targeting should enable
antiangiogenic PDT despite the later time of irradiation.
Therefore, in the present study, we examined tumor growth
suppression after 3-h PDT by using APRPG-PEG-Lip BPD-
MA, which is actively targeted to angiogenic endothelial
cells in comparison with PEG-Lip BPD-MA, which is
passively targeted to tumor tissue.

2. Materials and methods

2.1. Materials

DPPC, POPC, DPPG, and PEG-DSPE were the products
of Nippon Fine Chemical Co., Ltd (Takasago, Hyogo,
Japan). Cholesterol was purchased from Sigma Chemical
Co. (St Louis, MO, USA). APRPG-PEG-DSPE was
synthesized as described previously [13]. BPD-MA was
kindly donated by QLT Photo Therapeutics, Inc. (Vancou-
ver, British Columbia, Canada).

2.2. Preparation and characterization of BPD-MA
liposomes

DPPC, POPC, cholesterol, DPPG, and BPD-MA (10/
10/10/2.5/0.3 as a molar ratio) without or with PEG-DSPE
or APRPG-PEG-DSPE (Lipids/PEG-DSPE or APRPG-
PEG-DSPE=20/1) dissolved in chloroform were evapo-
rated, dried under reduced pressure, and stored in vacuo
for at least 1 h. The thin lipid film was hydrated with
saline and frozen-and-thawed for 3 cycles by using liquid
nitrogen. Then the liposomal suspension was sonicated for
15 min at 60. °C. Finally, the liposomes were sized at a
100-nm diameter by extrusion through a polycarbonate
membrane filter. The particle sizes and {-potential of the
liposomes encapsulating BPD-MA were determined by use
of an ELS-800 electrophoretic light-scattering spectropho-
tometer (Otsuka Electronics Co., Ltd., Osaka, Japan).
Liposomal aggregation in the presence of serum was
determined as follows: Liposomes prepared in 0.3 M
glucose were incubated in saline or in 50% FBS for 60
min at 37 °C (final concentration of liposomes was 0.5
mM as PC). The turbidity of the liposomal solution was
determined at 750 nm.

The quantification of BPD-MA was performed as
follows: A liposomal solution was diluted appropriately
with phosphate-buffered saline (PBS, pH 7.4) and mixed
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with 3 volumes of MeOH, followed by 1 volume of CHCl;.
The absorbance at 688 nm was then determined, and the
amount of BPD-MA was calculated from the standard curve.

2.3. Biodistribution of liposomal BPD-MA in tumor tissue
assessed by HPLC

Seven days after the implantation of Meth-A sarcoma
cells (1x10° cells/0.2 mL) into the left posterior flank of 5-
week-old male BALB/c mice (Japan SLC, Shizuoka, Japan),
the tumor-bearing mice were injected intravenously with
liposomal BPD-MA (2 mg/kg as BPD-MA). The mice were
sacrificed at 3 h post injection under anesthesia with diethyl
ether, and the tumor was excised from each mouse and
homogenized in acetate-buffered saline, pH 5.0. Then,
BPD-MA was extracted with ethyl acetate thrice. After the
evaporation of the solvent, the sample was completely dried
in vacuo for overnight and BPD-MA was resolved in
DMSO. The amount of BPD-MA was analyzed with HPLC
(Shimazu, Japan) equipped with an ultraspere C-8 column
(Beckman). The mobile phase for the HPLC analysis was
composed of 0.08 M (NH,).SO,, acetonitrile, tetrahydro-
furan, and acetic acid (52:28:28:5).

2.4. Antitumor activity in vivo

Meth-A sarcoma-bearing mice (n=9 or 10) were injected
intravenously with liposomal BPD-MA (0.5 mg/kg as BPD-
MA) at day 7 after tumor implantation. Then the tumor site
was irradiated with 689 nm laser light (150 J/cm?, 0.25 W)
at 3 h post-injection. The control group was injected
intravenously with saline without laser irradiation. The size
of the tumor and body weight of each mouse were
monitored thereafter. Two bisecting diameters of each tumor
were measured with slide calipers to determine the tumor
volume; and calculation was performed by using the
formula 0.4(axb?), where a is the largest, and b, the
smallest, diameter. The tumor volume thus calculated
correlated well with the actual tumor weight (+=0.980).
The animals were cared for according to the Guidelines for
the Care and Use of Laboratory Animals of the University
of Shizuoka.

2.5. Preparation of dorsal air sac-model mice

All instruments for preparation of the dorsal air sac were
obtained from Millipore Corporation (Bedford, MA, USA).
Meth-A sarcoma cells (1x107 cells/0.15 mL) were loaded
into a Millipore chamber ring covered with Millipore filters
having a 0.45-pm pore size. The chamber ring was then
implanted s.c. into the dorsum of each of 12 BALB/c mice
(5-week-old, male) under pentobarbital anesthesia. At day 4
after the implantation of the chamber ring, PDT treatment
was performed by an i.v. injection of liposomal BPD-MA
(0.5 mg/kg) followed by exposure to a laser light of 689 nm
with 150 J/em?® of fluence 3 h post injection. At 24 h after

laser irradiation, the mice were sacrificed with diethylether
and the dorsal skin that had osculated the chamber ring was
observed.

2.6. Statistical analysis

Differences between groups with respect to means of
tumor volume and radioactivity were evaluated by using
Student’s ¢-test.

3. Results and discussion

Liposomal size is an important factor for in vivo use;
and, therefore, we firstly determined the size and zeta-
potential of the liposomes prepared. As shown in Table 1, all
liposomes used had similar characteristics except the non-
modified liposomes, which showed a positive {-potential.

PEGylation has been widely applied, including polymer-
conjugated photosensitizers, for PDT [14,15]. PEG-mod-
ification of liposomes avoids opsonization in the blood-
stream, which is prerequisite for the clearance of the
liposomes by reticuloendothelial system such as liver and
spleen. As opsonized liposomes tend to make aggregates in
the presence of serum [16], we determined the agglutin-
ability of liposomes encapsulating BPD-MA in the presence
of serum. PEG-Lip, APRPG-PEG-Lip, and Cont-lip with or
without BPD-MA did not show any increase in turbidity in
the presence of 50% serum, suggesting that these liposomes
would not make large aggregates in the bloodstream (data
not shown).

The feature of long-circulation causes enhanced accu-
mulation of such drugs and carriers in tumor tissues,
because the angiogenic vasculature in tumor tissue is quite
leaky and macromolecules easily accumulate in the inter-
stitial tissues of the tumor due to the enhanced permeability
and retention (EPR) [17,18]. At first, we examined the
biodistribution of BPD-MA in tumor tissue at 3 h after the
intravenous injection of liposomal BPD-MA (Fig. 1). PEG-
Lip BPD-MA and APRPG-PEG-Lip BPD-MA showed
higher accumulation in the tumor tissue than did the Cont-
Lip BPD-MA. These results are consistent with those of a
previous study in which the biodistribution of PEG- and
APRPG-PEG-modified liposomes was determined with
radio-labeled cholesteryl oleoy! ether that had been incor-
porated into the liposomes; although the liposomal compo-
sition was different from that in the present work, as they
were composed of distearoyl PC and cholesterol with
DSPE-PEG or DSPE-PEG-APRPG (10:5:1) [12]. The

Table 1
Size and {-potential of PEG and APRPG-PEG liposomes

Liposomes {-potential (mV) Particle size (nm)
Cont-Lip BPD-MA 7.4415.15 131.2£2.3
PEG-Lip BPD-MA —7.69+6.80 1514435
APRPG-PEG-Lip BPD-MA 582429 135.7£1.9

136



72 K. Ichikawa et al. / Biochimica et Biophysica Acta 1669 (2005) 69-74

0.3
%

02}

0.1 }F

% Injected dose/100 mg-wet tissue

RN

[

Cont-Lip PEG-Lip PEG-Lip

Fig. 1. Biodistribution of BPD-MA in tumor tissue aftcr the injection of
liposomal BPD-MA. Liposomal BPD-MA was injected into a tail vein of 5-
week-old BALB/c male mice (7=4 or 5); and 3 h after the injection, BPD-
MA in the tumor tissue was extracted and quantified by HPLC as described
in Section 2. Date shows the percentages of the injected dose per 100 mg
tissue and S.D. Significant difference against Cont-Lip, *P<0.05,
**P<0.01.

previous study also indicated that APRPG-PEG-modified
liposomes accumulated in tumor tissue significantly more
than PEG-modified liposomes 24 h after the injection,
although differential accumulation between the 2 formula-
tions was not observed 1 h after injection of the liposomes.
Here, we did not observe significant difference between the
accumulation of PEG-Lip BPD-MA and that of APRPG-
PEG-Lip BPD-MA 3 h afier the injection. We speculate that
the active targeting effected by APRPG modification would
be clearly observed at time points later than 3 h.

Next we determined the tumor growth suppression after
PDT by using Meth-A sarcoma-bearing mice. Targeting of
angiogenic vasculature of tumors is promising for cancer
treatment. Recently, antiangiogenic PDT has become a
focus of interest. Tumor localization of the photosensitizer is
an important key that determines PDT efficacy. Therefore,
the improvement of PDT scheduling and the carrier of the
photosensitizer for targeting to the angiogenic vasculature is
important. In terms of PDT scheduling, in an earlier study,
we showed that laser irradiation at a short time such as 15
min after the injection of photosensitizer was antiangiogenic
PDT [7]. Actually, Dolmans and coworkers demonstrated
that a photosensitizer was distributed to vascular endothelial
cells to a greater extent at 15 min after the injection than at 4
h post injection, as determined by intravital microscopy
[19,20]. As the antiangiogenic PDT would possibly damage
blood cells, in this experiment, we applied laser irradiation 3
h after the injection of liposomes encapsulating BPD-MA.
Moreover, APRPG-PEG-Lip BPD-MA would be expected
to accumulate in angiogenic endothelial cells 3 h after the
injection, since the liposomes would be actively targeting
these cells.

The data from the therapeutic experiments indicated that
APRPG-PEG-Lip BPD-MA significantly suppressed tumor
growth and prolonged life (Fig. 2). On the contrary, consistent
with our previous results [9], PEG-Lip BPD-MA showed
only little suppression of tumor growth and no increase in the
survival time of the tumor-bearing mice. The ineffectiveness
of PEG-Lip BPD-MA for 3-h PDT may be explained as
follows: PEG-modified liposomes were present in the
interstitial tissue and produced singlet oxygen there, since
PEG-modified liposomes did not interact strongly with either
endothelial or tumor cells. In the case of PDT, the total
amount of photosensitizer in the tumor tissue is not the
important factor; rather the amount of it taken up in target
cells during the time interval between the injection of the
photosensitizer and the laser irradiation is critical. Therefore,
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Fig. 2. Therapeutic experiment after PDT treatment with APRPG-PEG-
modificd liposomal BPD-MA. BALB/c mice were implanted subcuta-
neously into the left posterior flank with 1x10% Meth-A sarcoma cells. At
day 7 after tumor implantation, saline (O), PEG-Lip BPD-MA (4) or
APRPG-PEG-Lip BPD-MA (®) was intravenously injected. At 3 h after the
injection, the liposomal BPD-MA (0.5 mg/kg as BPD-MA)-trecated mice
were exposed to the laser light (689 nm, 150 J/cm?) under pentobarbital
anesthesia. Tumor volume (2) and survival (b) were monitored thereafter.
Data points represent the mean+S.D. (=9 or 10); and S.D. bars are shown
only at day 20 for the sake of graphic clarity. *P<0.05, **P<0.01 for
bracketed comparisons.
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Fig. 3. Neovascular destruction following PDT treatment at 3 h post i.v.
injection with APRPG-PEG-modified liposomal BPD-MA into angio-
genesis-model mice. A Meth-A sarcoma (1x107 cells)-loaded chamber ring
was implanted s.c. into each of several BALB/c mice. At day 4 after the
implantation, PDT treatment was performed by an i.v. injection of saline
(a), non-modificd liposomal BPD-MA (0.5 mg/kg in terms of BPD-MA)
(b), PEG-Lip BPD-MA (c), or APRPG-PEG-Lip BPD-MA (d). The animals
(b—d) were exposed to a laser light of 689 nm with 150 J/cm? of fluence at
3 h post injection of the liposomal BPD-MA. At 24 h after PDT treatment,
the mice were sacrificed; and the ncovascularized dorsal skin was then
resected for observation. Each group consisted of 3 mice and the pictures of
each group were quite similar each other, although we presented a typical
picture for each group.

active-targeting technology is quite useful, especially the
targeting of angiogenic endothelial cells rather than tumor
cells, since the damage to angiogenic endothelial cells would
eradicate tumor cells through the cut off of oxygen. However,
in the case of chemotherapy, PEG liposomes are widely used,
because, in this case, slow and sustained release of chemo-
therapeutic agents at the tumor site is favorable. To enhance
the interaction between carriers of photosensitizer and target
cells, we previously prepared polycation liposomes as BPD-
MA carrier for antiangiogenic PDT [21,22]. Polycation
liposomes cause strong suppression of tumor growth when
used for antiangiogenic PDT due to the strong electrostatic
adhesion between the polycation and the plasma membrane
of the vascular endothelial cell.

Finally, we observed actual vasculature damage caused
by antiangiogenic PDT by the use of dorsal air sac-model
mice. As shown in Fig. 3, only APRPG-PEG-Lip BPD-MA
caused hemorrhage after 3-h PDT. Such vasculature damage
might cause hemostasis, with the tumor cells being damaged
by the lack of oxygen, in an actual tumor tissue.

In the present study we used APRPG-PEG-modified
liposomes, although other attempts have been made to target
angiogenic endothelial cells. Most of them were aimed at
delivering chemotherapeutic agents to the cells and thereby

indirectly eradicating tumor cells through damage to
angiogenic vessels, namely, antineovascular chemotherapy.
Those active-targeting techniques may also be useful for
antiangiogenic PDT. Pastorino and coworkers reported on
NGR peptide-modified long-circulating liposomes [23].
NGR peptide targets aminopeptidase N on angiogenic
endothelial cells. Schiffelers and coworkers used RGD
peptide-modified PEG liposomes [24]. RGD specifically
binds integrin avR3 that expressed on angiogenic endothe-
lial cells. Angiogenic endothelial cell-expressed membrane
type-1 matrix metalloproteinase (MT1-MMP) is also used as
a target for antineovascular therapy, in which case, GPLPLR
peptide-modified liposomes were used [25].

Taken together, active targeting, but not passive target-
ing, is useful for delivering photosensitizers for PDT, since
the drugs not only would be delivered to the target tissue but
also should be taken up by the target cells in a short period
of time for the purpose of PDT. Furthermore, antiangiogenic
PDT is a promising modality for cancer treatment.
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