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gene delivery agents {27]. In addition, we found out that the
gene delivery was only observed at the site of ultrasound
exposure. Therefore, using Bubble liposomes and ultrasound,
we could establish minimally-invasive and tumor tissue-specific
gene delivery. In the present study, the characteristics of Bubble
liposomes as gene delivery vectors were studied, and gene
transfection efficiencies into tumor in vivo were compared with
lipofection using cationic liposomes, a common non-viral gene
transfer method.

2. Materials and methods
2.1. Cells

African green monkey kidney fibroblast COS-7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,;
Sigma Chemical Co., St. Louis, MO) supplemented with 10%
heat inactivated fetal Bovine serum (FBS, GIBCO, Invitrogen
Co., Carlsbad, CA). Mouse Sarcoma-180 (S-180) cells were
cultured in Eagle’s medium (MEM; Sigma) supplemented with
10% heat inactivated FBS. All culture media contained 100 U/
mL penicillin (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and 100 pg/mL streptomycin (Wako).

2.2. Preparation of liposomes and Bubble liposomes

Liposomes composed of 1,2-distearoyl-sn-glycero-phospha-
tidylcholine (DSPC) (NOF Corporation, Tokyo, Japan) and 1,2-
distearoyl-sn-glycero-3-phosphatidyl-ethanolamine-methoxy-
polyethyleneglycol (DSPE-PEG (2 k)-OMe; NOF) (94:6 (m/

m)) were prepared by reverse phase evaporation. In brief, all .

reagents (total lipid: 100 umol) were dissolved in 8 mL of 1:1
(v/v) chloroform/diisopropy! ether, then 4 mL of PBS was
added. The mixture was sonicated and evaporated at 65 °C. The
solvent was completely removed, and the size of the liposomes
was adjusted to less than 200 nm using an extruding apparatus
(Northern Lipids Inc., Vancouver, BC) and sizing filters (pore
sizes: 100 nm and 200 nm; Nuclepore Track-Etch Membrane,
Whatman plc, UK). After sizing, the liposomes were sterilized
by passing them through a 0.45 pm pore size filter (MILLEX
HYV filter unit, Durapore PVDF membrane, Millipore Corpo-
ration, MA). The liposome size was measured with dynamic
light scattering (ELS-800, Otsuka Electronics Co., Ltd., Osaka,
Japan). The average diameter of these liposomes were about
150-200 nm. Lipid concentration was measured with the
Phospholipid C test wako (Wako Pure Chemical Industries).
Bubble liposomes were prepared from the liposomes and
perfluoropropane gas (Takachiho Chemical Ind. Co. Ltd,,
Tokyo, Japan). In brief, 5 mL sterilized vials containing 2 mL
of the liposome suspension (lipid concentration: | mg/mL) were
filled with perfluoropropane, capped and then supercharged
with 7.5 mL of perfluoropropane. The vial was placed in a bath-
type sonicator (42 kHz, 100 W; BRANSONIC 2510J-DTH,
Branson Ultrasonics Co., Danbury, CT) under the condition of
positive pressure with perfuluoropropane in the vial under the
condition of positive pressure with perfuluoropropane in the
vial for 5 min to form the Bubble liposomes.

2.3. Microscopic observation of Optison and Bubble liposomes
and size distribution

Optison (NEPA GENE, CO., LTD., Chiba, Japan) or Bubble
liposomes were placed on glass slides, covered with a coverslip
and observed with a microscope (Leica MICROSYSTEMS,
Wetzlar, Germany) using a darklite illuminator (NEPA GENE).
The size distribution of Optison and Bubble liposomes was
measured by dynamic light scattering (ELS-800).

2.4. Transmission electron microscopy of Bubble liposomes

Bubble liposomes were suspended into sodium alginate
solution (0.2% (w/v) in PBS). This suspension was dropped into
calcium chloride solution (100 mM) to hold Bubble liposomes
within calcium alginate gel. Then, the beads of calcium alginate
gel containing Bubble liposomes were prefixed with 2%
glutaraldehyde solution in 0.1 M Cacodylate buffer, post-
fixed with 2% OsQ,, dehydrated with an ethanol series, and
then embedded in Epan812 (polymerized at 60 °C). Ultrathin
sections were made with an ultramicrotome at a thickness of
60—-80 nm. Ultrathin sections were mounted on 200 mesh
copper grids. They were stained with 2% uranyl acetate for
5 min and Pb for 5 min. The samples were observed with JEOL
JEM12000EX at 100 kV. The treatment after prefixation was
carried out in Hanaichi Ultrastructure Research Institute Co.,Ltd
(Aichi, Japan).

2.5. Transfection of plasmid DNA into cells using Bubble
liposomes

Luciferase cording plasmid DNA (pCMV-Luc), COS-7 cells
(1 x 10 cells) and Bubble liposomes (60 pg) were suspended in
culture medium (500 pL) with 10% FBS in 2 mL polypropylene
tubes. The suspension was ultrasonicated using a Sonopore
4000 (6 mm diameter probe; NEPA GENE) sonicator under
various conditions. The cells were washed twice with PBS,
resuspended in fresh culture medium and cultured in 48-well
plates for 2 days.

2.6. Transfection of plasmid DNA into cells by lipofection

Plasmid DNA (pCMV-Luc, 0.25 pg) and Lipofectin
(1.25 pg) (Invitrogen) were mixed and complexed according
to the manufacturer’s instructions. The complex was added to
COS-7 cell suspensions (1% 10° cells/S00 L/ tube) containing
various concentrations of serum for 10 s. The cells were washed
twice with PBS, resuspended in fresh culture medium and
cultured in 48-well plates for 2 days.

2.7. In vivo gene delivery into mouse ascites tumor cells

S-180 cells (1 x 10° cells) were i.p. injected into ddY mice
(4 weeks old, male) (Sankyo Labo Service Corporation, Tokyo,
Japan) on day 0. When S-180 cells grew as the ascites tumor in
mice after 8 days of the injection [28], the mice were
anaesthetized with NEMBUTAL (50 mg/kg) (Dainippon
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Sumitomo Pharma, Osaka, Japan), then injected with 510 uL of
pCMV-Luc (10 pg) and Bubble liposomes (500 ng) in PBS.
Ultrasound (frequency: 1 MHz, duty: 50%; intensity: 1.0 W/
cm?, time: 1 min) was transdermally applied to the abdominal
area using a Sonopore 3000 ultrasonicator with a probe of
diameter 20mm (NEPA GENE). In other experiments, pCMV-
Luc (10ug) and Lipofectin (50pg) or Lipofectamine 2000
(50ug) were mixed and complexed according to the manufac-
turer’s instructions. The complex was suspended in PBS
(510pL) and injected into the peritoneal cavities of mice.
After 2days, S-180 cells were recovered from the abdomens of
the mice. Then, the recovered cells were lysed in the lysis buffer
(0.1M Tris-HCl (pH 7.8), 0.1% Triton X-100, 2mM EDTA)
and luciferase activity was determined.

2.8. In vivo gene delivery into mouse footpad solid tumor

S-180 cells (1x10° cells) were inoculated into the left
footpad of ddY mice (5 weeks old, male). At day 4, when the
thickness of the footpad was over 3.5 mm (normal thickness
was about 2 mm), the left femoral artery was exposed. One
hundred pL of pCMV-Luc (10 pg) with or without Bubble
liposomes (100 pg) were injected into femoral artery using 30-
_ gauge needle. In the same time, ultrasound (frequency:
0.7 MHz, duty: 50%; intensity: 1.2 W/cm?, time: 2 min) was
transdermally applied to the tumor tissue using a Sonopore 4000
ultrasonicator with a probe of diameter 8 mm (NEPAGENE).
The needle hole was then closed with an adhesive agent (Aron
Alpha; Sankyo, Tokyo, Japan) and skin was put in a suture. In
other samples, pCMV-Luc (10 pg) and Lipofectamine 2000
(25 pg) (Invitrogen Corporation, Carlsbad, CA) were mixed and
complexed according to manual of Lipofectamine 2000. The
complex were suspended in PBS (100 pL) and injected into
femoral artery of mice. After 2 days of injection, the mice were
sacrificed and the tumor tissues were collected. Then, the tumor
tissues were homogenated in the lysis buffer and luciferase
activity was determined.

2.9. Luciferase assay

Luciferase activity was measured using a luciferase assay
system (Promega, Madison, WI) and a luminometer (TD-20/20;
Turner Designs, Sunnyvale, CA). Activity is reported in relative
light units (RLU) per mg protein.

2.10. In vivo Luciferase imaging

The mice were anaesthetized and ip. injected with D-
luciferin (150 mg/kg) (Xenogen, Corporation, CA). After
10 min, luciferase expression was observed with in vivo
luciferase imaging system (IVIS) (Xenogen Corporation).

2.11. Hemolysis assay
Mouse red blood cells (2.5 x 102 cells/500 pL) were exposed

with ultrasound (frequency: 0.7 MHz, Duty: 50%, Intensity:
0.5-1.5 W/cm?, Time: 10 s.) in absent or present of Bubble

liposomes. The red blood cell suspension was centrifuged for
10 min at 3000 rpm. Then, absorbance (Assp pm) Of the
supematant was measured. The rate of hemolysis was calculated
as follows: % of hemolysis=(As49 nm Of experimental group
—As40 nm Of non-treated group)/(As40 nm 0f hypotonic solution
treated group—As49 um Of non-treated group)x 100.

2.12. In vivo studies

All experimental protocols for animal studies were in
accordance with the Principle of Laboratory Animal Care in
Teikyo University.

2.13. Statistical analysis

Differences in luciferase activity between experimental
groups were compared with non-repeated measures ANOVA
and Dunnett’s test.

3. Results and discussion

The use of non-viral vectors is attractive as a safe, clinically
acceptable gene therapy technique. In addition, non-viral
vectors should be easy to prepare and use. However, most
non-viral vectors deliver plasmid DNA into cells via endocy-
tosis, followed by plasmid DNA degradation in the endosomes.
Consequently, non-viral vectors often result in low gene
delivery efficiency. It has been reported that new types of
non-viral vectors can induce the escape of genes from
endosomes [29-31] and directly deliver genes into the cytosol
via a fusion mechanism [28,32]. In addition, microbubbles and
ultrasound have been investigated with a view to improving the
transfection efficiency of non-viral vectors. Gene delivery using
a combination of microbubbles such as Optison and ultrasound
has been widely reported. In order for extracellular plasmid
DNA to be directly and effectively delivered into the cytosol,
transient pores in the cell membrane must be formed by
cavitation. However, conventional microbubbles are very large,
with most greater than 2 um in diameter [16]. Actually, our
observations of Optison using a microscope and a darklite
illuminator showed some bubbles more than 10 um in diam-
eter (Fig. 1(a)). In the measurement of the size distribution,
there were some large microbubbles (Fig. 1d)). Tsunoda et al.
pointed out that these large bubbles might cause lethal
embolism in some vital organs [17]. In contrast, most Bubble
liposomes were much smaller than Optison, with average
diameters less than 2 pum (Fig. 1(b, e)). The injection of 1 mg of
Bubble liposomes into the tail veins of mice was not lethal (data
not shown), suggesting that Bubble liposomes may not cause
lethal embolism. To confirm the structure of Bubble liposomes,
we observed Bubble liposome with transmission electron
microscopy (Fig. 1(c)). Interestingly, there were nanobubbles
into lipid bilayer. From this result, it was thought that Bubble
liposomes were different from - conventional microbubbles
which was the echo gas wrapped with lipid mono-layer.
Kodama T. et al. and Klibanov A.L. et al. reported about
microbubbles using distearoylphospatidylcholine and PEG-
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Fig. 1. Microscopy of Optison and Bubble liposomes. Optison (a) and Bubble
liposomes (b) were observed with a microscope using a darklite illuminator.
Original magnification x400. Bubble liposomes (c) were observed with a
transmission electric microscope at 100 kV. Original magnification x 50,000.
Arrow head shows lipid bi-layer and arrow shows perfluoropropane
nanobubble. The size distribution of Optison (d) and Bubble liposomes (e).

stearate {33,34]. These microbubbles were made by being
stabilized hydrophobic echo gas with amphipathic molecules
such as lipid and surfactant. In our method, it was thought that
liposomes were reconstituted by sonication under the condition
of supercharge with perfluoropropane in the 5 mL vial
container. At the same time, perfluoropropane would be
entrapped within lipids like micelles, which were made by
DSPC and DSPE-PEG (2 k)-OMe from liposome composition,
to form nanobubbles. The lipid nanobubbles were encapsulated
within the reconstituted liposomes (Fig. 1(c)), which sizes were
changed into around 1 pum (Fig. 1(b,e)) from 150-200 nm of

original. In addition, we evaluated about the stability of Bubble
liposomes by transfection efficiency with sonoporation (Fig. 2).
The efficiency gradually decreased according to storage time.
We also observed the aspect and ultrasound imaging of Bubble
liposomes. The suspension of Bubble liposomes gradually
became clear in aspects, resulted in decreasing the echo signal
according to storage time (data not shown). These results
suggested that perfluoropropane was gradually degassed from
Bubble liposomes. Therefore, we used fresh Bubble liposomes
in all experiments.

Previously, we reported that Bubble liposomes could induce
cavitation and deliver plasmid DNA into various types of cells
[27]. In order to examine what conditions are necessary for
Bubble liposomes to efficiently deliver genes, transfection
efficiency was assessed using Bubble liposomes combined with
various levels of ultrasound exposure (Fig. 3(a)). COS-7 cells
were exposed to various intensities of ultrasound in the presence
of Bubble liposomes for 10 s. Gene transfection efficiency
increased with increasing ultrasound intensity and reached a
plateau at 0.7 W/ecm>. No cytotoxicity was evident even at
2.5 W/cm? (data not shown). The length of ultrasound exposure
required to achieve gene expression was examined by
measuring gene expression after 0, 1, 5 and 10 s of exposure
(Fig. 3(b)). Surprisingly, gene expression was observed after 1 s
of ultrasound exposure in the presence of Bubble liposomes.
Transfection efficiency depended on ultrasound exposure time
and reached a plateau after 5 s exposure. Efficiency was found
to depend on both ultrasound intensity and exposure time
(Fig. 3), indicating that Bubble liposomes can rapidly induce
gene delivery while requiring only weak ultrasound, and
without inducing cytotoxicity. Five seconds or 0.7 W/cm? of
ultrasound exposure resulted in maximal gene expression,
presumably due to bubble cavitation.

The transfection efficiency of some cationic non-viral
vectors is significantly decreased in the presence of serum
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Fig. 2. Stability of Bubble liposomes. After preparation of Bubble liposomes,
the vial containing Bubble liposomes was put in the refrigerator for each period.
After storage, the transfection efficiency was measured with each samples. COS-
7 cells (1% 10° cells/500 pL) were mixed with pCMV-Luc (5 pg) and Bubble
liposomes (60 pg). The cell mixture was exposed to ultrasound (frequency:
2 MHz, duty: 50%, burst rate: 2 Hz, intensity: 2.5 Wiem?, time: 10 s.). The cells
were washed and cultured for 2 days, then luciferase activity was determined as
described in Materials and methods. Each bar represents the mean+S.D. for
triplicate. . ¢
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"Fig. 3. Effect of ultrasound conditions on transfection efficiency with Bubble
liposomes. COS-7 cells (1% 10 cells/S00 puL) were mixed with pCMV-Luc
(5 pg) and Bubble liposomes (60 pg). The cell mixture was exposed to
ultrasound (a): (frequency: 2 MHz, duty: 50%, burst rate: 2 Hz, intensity: 0—
2.5 W/em?, time: 10 s.) or (b): (frequency: 2 MHz, duty: 50%, burst rate: 2 Hz,
intensity: 2.5 W/cm?, time: 0~10 s.). The cells were washed and cultured for
2 days, then luciferase activity was determined as described in Materials and
methods. Each bar represents the mean+S.D. for triplicate. ’

due to an interaction between serum proteins and the cationic
vectors [28]. Whereas, transfection efficiency with the combi-
nation of Bubble liposomes and ultrasound did not decrease
even in the presence of 50% serum in in vitro study [27]. In the
next examination, we examined whether Bubble liposomes
could deliver plasmid DNA into S-180 ascites tumor cells in
living animals after local injection (Fig. 4). In this examination,
we compared the transfection efficiency with Bubble liposomes
or cationic liposomes such as Lipofectin and Lipofectamine
2000. Luciferase expression was low in the mice treated with
lipofectin-plasmid DNA complexes prepared by the traditional
lipofection method, presumably because the complexes were
associated with various proteins in the peritoneal cavity. On the
other hand, luciferase expression increased in the mice treated
with Lipofectamine 2000-plasmid DNA complexes compare
with Lipofectin, because it was known that LF2000 was better
than Lipofectin for gene delivery in'the presence of serum. In
addition, luciferase expression in mice treated with plasmid
DNA, Bubble liposomes and ultrasound exposure was higher
than that in the mice treated with Lipofectamine 2000-plasmid
DNA complexes. This result supported thie previous our report.
In short, it was thought that Bubble liposomes and ultrasound
was not affected by proteins existing in the peritoneal cavity and
this method immediately and directly delivered plasmid DNA

N
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into cells with the mechanism which was not endocytosis
pathway in lipofection method. We also confirmed that
ultrasound combined with Bubble liposomes was effective at
delivering genes to other tissues in the peritoneal cavity such as
stomach, kidoey, liver, spleen, intestine, diaphragm, pancreas,
peritoneum and mesentery. Luciferase activity in these tissues
was much lower than that observed in the S-180 cells (less than
130 RLU/mg protein).

Mizuguchi et al. reported about the effective cancer gene
therapy by cytokine provision in the local area via gene delivery
into arteries leading to tumor or arteries in tumor tissue [35].
Previously, we succeeded the gene delivery into artery of
ultrasound exposure site with Bubble liposomes [27]. There-
fore, we thought that our technology could be applied to

" establish the tumor tissue specific gene delivery. In this time, we

attempted to deliver plasmid DNA to solid tumor via the
injection into the artery that lead to tumor (Fig. 5). In Fig. 4,
Lipofectin did not work well as gene delivery tool. In this study,
we only used Lipofectamine 2000 as a control. In the mice
treated with plasmid DNA and ultrasound, luciferase expression
was same low level in the mice of plasmid DNA injection. And,
luciferase expression was also low level in the mice treated with
Lipofectamine 2000 and plasmid DNA complex, although the
complex could be induced into S-180 ascites tumor cells.
Generally, enough time is necessary for the complex to bind to
cell surface and deliver plasmid DNA into cells. In this case,
there was no time for the complex to retain in tumor tissue after
injection because of blood stream and'it would be resulted in
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Fig. 4. In vivo gene delivery into mouse ascites tumor cells with Bubble
liposomes. S-180 cells (1x 10° cells) were i.p. injected into ddY mice. After
8 days, the mice were anaesthetized, then injected with 510 pL of pCMV-Luc
(10 pg) and Bubble liposomes (500 pg) in PBS. Ultrasound (frequency: 1 MHz,
duty: 50%; intensity: 1.0 W/cm?, time: | min) was transdermally applied to the
abdominal area. In another experiment, pCMV-Luc (10 pg) — Lipofectin
(50 ng) or Lipofectamine 2000 (50 pg) complex was suspended in PBS
(510 pL) and injected into the peritoneal cavity of mice. After 2 days, S-180
cells were recovered from the abdomens of the mice. Luciferase activity was
determined as described in Materials and methods. Each bar represents the
mean+S.D. for three to six mice/group. **P<0.01 compared to the group
treated with plasmid DNA, Bubble liposomes, ultrasound exposure or
lipofection with Lipofectin or Lipofectamine 2000. LF, Lipofectin. LF2000,

Lipofectamine 2000. #<10? RLU/mg protein.
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Fig. 5. In vivo gene delivery into mouse solid tumor with Bubble liposomes. S-
180 cells (1 10° cells) were inoculated into left footpad of ddY mice. After
4 days, the mice were anaesthetized, then injected with 100 mL of pCMV-Luc
(10 pg) in absent or present of Bubble liposomes (100 pg) in PBS. Ultrasound
(frequency: 0.7 MHz, duty: 50%; intensity: 1.2 W/cm?, time: 1 min) was
transdermally exposed to tumor tissue. In another experiment, pCMV-Luc
(10 ug) — Lipofectamine 2000 (25 pg) complex was suspended in PBS
(100 uL) and injected into the left femoral artery. After 2 days, tumor tissue was
recovered the mice. Luciferase activity was determined as described in Materials
and methods. (a) Luciferase activity in solid tumor. Each bar represents the
mean=S.D. for five mice/group. **P<0.01 compared to the group treated with
plasmid DNA, ultrasound exposure or Lipofectamine 2000. (b) /n vivo
luciferase imaging in the solid tumor bearing mice. The photon counts are
indicated by the pseudo-color scales. LF 2000, Lipofectamine 2000.

low efficiency of transfection. On the other hand, luciferase
expression in the combination of Bubble liposomes and ultra-
sound was much higher than that in other group (Fig. 5(a)).
Koch et al. reported that the combination of ultrasound and
microbubble (Levovist) enhanced lipoplex-mediated cell trans-
fection efficiency in vitro and also severely damaged most cells.
[36). Therefore, we attempted to confirm the enhancement of
transcfection efficiency with Lipofectamine 2000 by Bubble
liposomes and ultrasound in the condition without cell damage.
The transfection efficiency with lipoplex was not enhanced with
Bubble liposomes and ultrasound in vitro and in vivo (data not
shown). The size of Lipofectamine 2000-plasmid DNA
complexes was larger than that of naked plasmid DNA by
forming the spaghetti-meatball like structure. We guessed that
it was difficult for the complexes to enter into cytosol via
transient pore on the membrane with cavitation of Bubble
liposomes in the condition without cell damage. In the Koch’s

report, ultrasound was exposed to in vitro cells for 60 s with
Levovist (20 and 200 mg/mL). In this study, Bubble liposomes
(1 mg/mL) were injected into the femoral artery. The
concentration of Bubble liposomes would be much lower than
that of Levovist because of the dilution of Bubble liposomes in
the blood. In addition, the time of ultrasound exposure to
Bubble liposomes was very short because of blood flow.
Therefore, 1 thought that the transfection efficiency in the
combination of cavitation with Bubble liposomes and lipo-
plexes was not enhanced. To evaluate gene expression site, we
observed luciferase expression with luciferase in vivo imaging
system (Fig. 5(b)). In the mice treated with Bubble liposomes
and ultrasound, luciferase expression was observed in the tumor

_tissue because of inducing cavitation at ultrasound exposure

site. ‘Then, there were a possibility of hemolysis by the
cavitation of Bubble liposomes in artery. We examined about
hemolytic effect in the treatment of Bubble liposomes and
ultrasound (Fig. 6). When the ultrasound was exposed to red
blood cell with or without Bubble liposomes in vitro, serious
hemolysis was not induced. These results suggested that this
gene delivery system was important method to achieve tumor
specific gene delivery without serious damage.

Plasmid DNA was effectively delivered into S-180 ascites
tumor cells and solid tumor tissues with Bubble liposomes and
ultrasound, although plasmid DNA did not form a complex with
Bubble liposomes because Bubble liposomes were made of
neutral charge lipids and modified polyethylene glycol on the
surface, and existed free in vivo. These results could be
explained from Fig. 3. In short, it is thought that Bubble
liposomes can immediately and effectively deliver plasmid
DNA into cells in vivo before the plasmid DNA is degraded by
DNase. A mixture of plasmid DNA and Bubble liposomes was
injected into mice, and the plasmid DNA was delivered to a
specific area of the abdomen or solid tumor tissue by local
exposure to ultrasound, suggesting that gene targeting can be
induced at a site by exposure to ultrasound. In future studies, we
intend to establish minimally-invasive and tissue-specific gene
delivery with Bubble liposomes after systemic injection.
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Fig. 6. Hemolysis of red blood cells by Bubble liposomes and ultrasound.
Mouse red blood cells (2.5 x 10® cells/ 500 mL) were exposed with ultrasound
(frequency: 0.7 MHz, Duty: 50%, Intensity: 0.5-1.5 W/cm?, Time: 10 s.) in
absent or present of Bubble liposomes. Hemolysis was assessed as described in
Materials and methods. Each bar represents the mean+S.D. for triplicate.



R Suzuki et al. / Journal of Controlled Release 125 (2007) 137-144

The present study showed that Bubble liposomes can be a
more effective gene delivery tools into tumor in vivo than
conventional lipofection. Moreover, Bubble liposomes are an
attractive gene delivery approach in cancer gene therapy as the
method is minimally-invasive and tumor specific gene transfer,
requiring only exposure to ultrasound applied to the surface of
the body.
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Abstract ) . '

We developed the novel liposomal bubbles (Bubble liposomes) containing ultrasound imaging gas, perfluoropropane. Bubble
liposomes were rnade of pegylated liposomes and were smaller than conventional microbubbles. Bubble liposomes also had a
function as imaging agénts in cardiosonography. In addition, Bubble liposomes could deliver plasmid DNA into various types
of cells in vitro without cytotoxicity by the combination of ultrasound. Ir vivo gene delivery, Bubble liposomes could deliver
plasmid DNA into mouse femoral artery by the transdermally exposure of ultrasound. This transfection efficiency was more

effectively than lipofection method. Interestingly, the gené expression was only observed at the site of ultrasound exposure.
Therefore, we concluded that Bubble liposomes could be good tools to establish tissue-speciﬁ; gene delivery system as well as

ultrasound imaging agents.

Keywords: Liposome, ultrasound, géne delivery, cavitation, sonoporation, perfluoropropane

[

. Introduction

" Gene therap'f has potential in the tré_a;:mént of cancer
and diseases that are due to genomic .causes. In
addition, at present gene therapy is applied into
cardiovascular diseases. Especially, in arteriosclerosis
obliterans (ASO), vascular endothelial growth factor
and hepatocyte grthh factor (HGF) gene therapies
have been reported to have beneficial effects.
Although viral vector systems are efficient gene
delivery tools, some problems have been reported
'(Marshall 1999; Check 2002, 2003). In this situation,
non-viral gene delivery systems became to be paid to
attention (Conwell and Huang 2005). However, their
transduction efficiency is very low: Efforts have
recently been directed towards improving this aspect
(Mizuguchi et al. 1996; Kogure et al. 2004; Wada et al.
2005). ' .

In 1987, Fechherimer et al. (1987) reported a new
concept about application of ultrasound energy for
gene delivery. And ultrasound has gained wide interest
in gene therapy due to its potential to deliver genes
into cells and tissues. Previous studies into the utility
of ultfas'ound fox gene delivery used frequencies in the
range of 20—50 kHz to induce cavitation (Fechheimer
et al. 1987; Joersbo and Brunstedt 1990). In the
process of cavitation), the 'ultrasbnic field interacts with
gas in the liquid leading to their growth and eventual
implosion (Miller et al. 1996; Greenleaf et al. 1998)."
This collapse iniﬁétes_ shear stress, shock waves and
microjets that affect the cells in the nearby vicinity

‘(Unger .et al. 20(_)1). These effects lead to the
_permeability of the plasma membrane and reduce

the thickness of the unstirred layer of the cell surface
(Duvshani-Eshet et al. 2006). On the other hand,
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these effects, if not properly controlled, induce the
damages of tissue and cell (Ward et al. 1999). To
overcome this problem, several studies have used
frequéncies of 1-3 MHz; intensities of 0.5-2 W/cm?
and pulse-modulation (Lawrie et al. 1999; Duvshani-
Eshet and Machluf 2005). In a separate approach, a
combination of theérapeutic ultrasound and micro-
bubble echo contrast agents. was shown to enhance
gene transfection efficiency by effectively and directly
transferring DNA into the cytosol (Shohet et al. 2000;

-1i et al. 2003). Microbubbles based on protein
microspheres and sugar microbubbles, are commer-
cially available. However, the mean diameter of
microbubbles is around 1.1-6 pm (Lindner 2004), it
is too large for them to approach into peripheral
tissues after intravascular injection. Therefore, micro-
bubbles should generally be smaller than red blood
cells. )

Liposomes can be used as drug, antigen and gene
delivery carriers: Their size can be easily controlled,

(b)

d§

‘Figu.re 1. Aspect and ui&asonograbhy of PEG-liposomes and Bubble liposomes. PEG-liposomes (a) were sonicated with supercharged
perfluoropropane gas. After that, they became to Bubble liposomes ®). PEGjliposomes () and Bubble liposomes (d) were imaged with

ultrasonography.



and they can be modified to add a targeting function
(Harata et al. 2004; Kakudo et al. 2004; Kogure et al.
-2004; Yanagie et al. 2004; Kawamura et al. 2006).
Based on liposome technology, we developed Bubble
liposomes as novel liposomal bubbles containing the
ultrasound imaging gas, perfluoropropane (Suzuki
et al. 2007). Bubble liposomes have a potential as
ultrasound imaging agents. In addition, it is thought
that Bubble liposomes can be used as novel gene
delivery tools when they coupled with ultrasound
exposure. In this review, we introduce about the
,feasibility of Bubble liposomes as imaging agents in
ultrasonography and gene delivery tools ut111zed
cavitation by ultrasound exposure.

Characteristics of Bubble liposomes

Bubble hposomes were made of polyethyleneglycol
modified liposomes (PEG-liposomes) that were
prepared with reverse phase evaporation method.

PEG-liposomes placed in vials that were supercharged
with perfluoropropane gas were sonicated in a bath
sonicator (Suzuki et al. 2007). The susperision of
Bubble liposomes became cloudier than the ongmal
liposome suspension (Figure 1(a),(b)). We confirmed
whether the perfluoropropane gas was in fact trapped
within the Bubble liposomes with ultrasound imaging
(UF-750XT, Fukuda Denshi Co. Ltd, Tokyo, Japan).

Echo signals were apparently enhanced in Bubble

liposomes compared with conventional PEG- lipo-

somes (Figure l(c) (d)). These results showed that
Bubble liposomes were including perﬂuoropropane
gas. And we observed the Bubble liposomes with
darklite illuminator (Nepa Gene Co. Litd, Chlba,
Japan) (Figure 2). In this study, we also observed
Optison as conventional mxcrobub{)les In the obser—
vation of Optison, most of qurobubbles were Agx_ore
than 3 pm. Tsunoda et al. (2005) repoited 'that

the mean diameter of Optison particles is about.

2.0-4.5 um, they contain bubbles of up to 32 um in

' ©)
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diameter. And some mice died immediately after the
administration of Optison i.v. even without sonication
due to lethal embolisms in vital organs. The same
problem has not been reported in human, but there is
possibility that Optison can not through capillary
vessels. On the other hand, Bubble liposomes were-
smaller than Optison. Contrast microscopy showed
that most of the Bubble liposomes were less than 3 pm
in diameter. The mean diameter of Bubble liposomes
was about 1 pm according to dynamic light scattering.
Moreover, 500 pg of Bubble liposomes (in terms of
lipid amount) injected into the tail veins of mice, did
not cause any deaths (data not shown), indicating that
these novel liposomal bubbles would be safe for use
in vivo. Therefore, we expect that Bubble liposomes
could access to deep tissues in organ. We are presently
investigating the structure of Bubble liposomes by
transmission electron microscopy.

.

Cardiosonography utilized with Bubble
liposomes as imaging agents

Conventional microbubbles were mainly utilized as
imaging agents in cardiosonography (Figure 3). In the
ultrasound imaging of Bubble liposomes i witio, echo
signals was significantly increased. Therefore, it is
thought that Bubble liposomes could also be utilized as

. ultrasotind imaging agents. In this study, we assessed
‘about the feasibility of Bubble liposomes as imaging

agents in cardiosonography. When Bubble liposomes
were injected into tail vein, the enhancement of echo
signals was observed.in the cardiac cavity. This
enhancement was observed for about 5min in the
cavity. In addition, we also attempted to prepare the
Bubble liposomes which were modified RGD peptide
on the liposome surface for targeting to blood clotting
site. These active targeting type of Bubble liposomes
accumulated to blood clotting site in the blood clotting
model rabbit. And we found out the blood clotting site

. with ultrasonography (data not shovwn). Thesé results

Figure 2. Micr:)scopy of microbubbles and Bubble liposomes. (a) Microbubbles (Optison) and (b) Bubble liposomes were set on slide
glasses and they were covered with cover glasses. The samples were observed with microscope under darklite illuminator.
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Abdomen

Figure 3. Cardjacsonography with Bubble lipoéomes.' (a Mpt_is'é was scanned with the probe (35 MHz) of ultrasonogra?hy before (b) or

- after injection of Bubble liposomes (100/100 ) into tail ve ‘Circle shows heart and triangle shows enhanced echo signals.

N

@

(b)

Figure 4. Cavitation of Bubble liposomes 'eip‘osed with ultrasound. (a) Ultrasound generator. (b) Its probes. (¢, d) Bubble ]iposdines were
observed with naked image and (e, f) ulasonography. The probe (circle) of ultrasound exposure was steeped in the suspension of Bubble

liposomes. Then, they were exposed with ultrasound (2.5 Wicm?) for 10s. (c, €) Images were observed before (d, f)and after ultrasound
exposure. : :
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Figure5. -Gene delivery by the combination of Bubble hposomes and ultrasound exposure. (a) Scheme of gene dehvery by Bubble hposomcs
and ultrasound. When the ultrasound was exposed to Bubble liposomes, Bubble liposomes was induced cavitation. And the mlcro—)er stream
was induced by the cavitation. The stream made the transit pore to the cell membrane. Then, extracellular plasmid DNA was delivered into
cytosol. (b) Luctferase expression after transfection with Bubble liposomes and/or ultrasound. COS-7 cells (1 X 10° cells/500 pl/tube) were
mixed with pCMV-] Luc (5 ug) and Bubble liposomes (60 pg). The cell mixture was exposed with ultrasound (Frequency, 2 MHz; Duty, 50%;
Burst rate, 2 Hz; Intensny, 2.5 W/cm?; Time, 10s). The cells were washed and cultured for 2 days. After that, luciferase acuvxty was measured.

Each data represents the mean * SD (n = 3). LB, Bubble liposomes; L, PEG-liposomes.

suggested that Bubble hposomes could be effective
ultrasound unagmg dgents.

In m'tro " gene delivery with Bubble liposomes

‘Convenuonal microbubbles can induce cav1tat10n
when, ultrasound is exposed to microbubbles (Ll etal.
2003) The cav1tat10n has the energy that is able to
dehver extracellular molecules into cytosol (Tamyama
et al. 2002) And so, we confirmed whether Bubble
hposomes ‘could induce cavitation- by ultrasound
exposure (Flgure 4). Ultrasound was generated with
Sonoporatlon Qene Transfection  System
(Figure 4(a) (b)) (Sonopore, Nepa Gene Co. Litd,
Chiba, ]apan) ,Aft‘ ultrasound gxposure to Bubble
hposomes, the suspension became clear (Figure 4(d) .
and their ultrasound echo signals remarkably
decreased (Figure : 4(1)) This result suggested that
cavitation was effectxvely induced by the combination
of Bubble hposomes and ultrasound exposure. Thus,
we assessed the fea51b1hty of Bubble liposomes as gene
delivery tools utilizéd with cavitation (Figure 5(a)).
We examined the’ transduction of naked plasmid DNA
into COS-7 cells by Bubble liposomes and/or
ultrasound. - Levels of luciferase expression were
much higher after ultrasound in the presence, than
in the absence of ‘Bubble liposomes (Figure 5(b)).
Amazingly, the gene expression efficiency was very
high with the ultrasound exposure for 10s though it
was so short. We also confirmed that Bubble
liposomes could effectively deliver plasmid DNA
into cells even for 1's of ultrasound exposure (data not
shown). In addition, we examined the effect of
ultrasound on cells with Bubble liposomes. Ultra-
sound did not remarkably affect the cells even when
the amount of ultrasound was sufficient to induce
cavitation of the Bubble liposomes (data not shown).

To evaluate the feasibility of Bubble liposomes as
gene delivery tools, we exammed about the transfec-
tion efﬁc1ency into various types of cells with Bubble
liposomes and ultrasound: In this study, we attempted '
to deliver plasmid DNA into S-180 (mouse sarcoma),
Colon26 (mouse colon adenocarcmoma) > B16BL6
(mouse melanoma), Jurkat (human T cell hne) and
human umbilical vein endothelial cell (HUVEQC)
(Flgure 6). The combmauon of Bubble liposomes and
ultrasound more effectively transduced plasmid DNA
into all of these cells than ultrasound alone. From
these results, it was suggested that Bubble liposomes
could deliver plasmld DNA into various types of cells.

1x10 I:I BL (O, US
. BL (+), US

T T T

ix108

TT YT

1x10°

1xio*

LB ER Y e S M E PRIV Y

- 1x108

Luciferase activity (RLU/rng protein)

Figure 6. Luciferase expression in various types of cell transfected
with Bubble liposomes and ultrasound Cells (1 X 10°
cells/500 pl/tube) were mixed with pCMV-Luc (5 pg) and Bubble
liposomes (60 pg). The cell mixture was exposed with or without
ultrasound exposure (Frequency, 2 MHz; Duty, 50%; Burst rate,
2 Hz; Intensity, 2.5 Wicm?; ; Time, 10s). The cells were washed and
cultured for 2 days. After that, luciferase activity was measured.
EBach data represents the mean * SD (n=3). BL, Bubble
liposomes; US, Ultrasound. * < 10® RLU/mg protein, # < 10°
RLU/mg protein.
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Figure 7. Effect of serim on transfection efficiency of Bubble
liposomes. COS-7 cells-(1 X 107 cells/500 ul) mixed with pCMV-
Luc' (0.25pg) and Bubble liposomes (60 pg) were exposed to
ultrasound (Frequency, 2MHz; Duty, 50%; Burst rate, 2Hz;
Intensity, 2.5 W/cin?; Time 10s) in the absence or the presence of
serum (0, 10, 30, 50%). The cells were washed and cultured for
2 days. Thereafter, luciferase activity was measured. Data are shown
a§ means * SD (n = 3).

Considering #n vivo gene delivery with Bubble
ﬁpdso;ijes, it is necegsary to deliver plasmid DNA into
cells in presence of serum (Figure 7). Then, we

 examined about the effect of serum on gene delivery
with Bubble liposomes. Gene expression with Bubble
liposomes was not affected even in the presence of
serum, Therefore, Bubble liposomes would be novel
. gene delivery tools that could instantaneously trans-
fect extracellular plasmid DNA into cells in vivo.

In vivo gene delivery with Bubble liposomes

To evaluate the ability of Bubble liposomes to i 920
gene delivery, we attempted to deliver plasmid DNA
with Bubble liposomes into femoral artery (Figure 8).
In this study, we also examined the gene delivery with
conventional lipofection method. The gene expression
with ultrasound or Bubble liposomes was low level.
In addition, the gene expression was very low even in
using Lipofectamine 2000. On the other hand, in the
combination of Bubble liposomes and ultrasound
exposure, gene expression was higher than other
groups. And the gene expression was observed at only
area of ultrasound exposure. These results suggested
that Bubble liposomes could quickly deliver plasmid
DNA into the artery by cavitation even under - the
condition of short contact time between Bubble
liposomes and the endothelial cells and the existence
of blood stream and serum. In this gene délivery
systemn, it is thought that gene expression is transient
(Suzuki et al. 2007). To maintain gene expression for
long time, it is necessary to repeat injection.
Fortunately, Bubble liposomes were made of PEG-
liposomes which were very low immunogenic, There*
fore, it is thought that we could repeat injection of
Bubble liposomes without reducing theé ability of gene
delivery in vivo.

Conclusion

. We prepared the liposomal bubbles that contained

submicron-sized bubbles. These novel liposomes
induced cavitation upon exposure to ultrasound,
which ‘resulted in plasmid DNA transduction into

(a) 1X 107 v (b) 350
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Figure 8. Gene delivery to femoral artery with Bubble liposomes. Each sample containing plasmid DNA (10 p.g) was injected into femoral
artery. In the same time, ultrasound (Frequency, 1 MHz; Duty, 50%; Burst rate, 2 Hz; Intensity, 1 W/cm?; Time, 2 min) was exposed to the
downstream area of injection site. (a) Luciferase expression in femoral artery of the ultrasound exposure area at 2 days after transfection. Data
are shown as means *+ SD (z = 5). (b) In vizo luciferase imaging at 2 days after transfection in the mouse treated with plasmid DNA, Bubble
liposomes and ultrasound exposure. The photon counts are indicated by the pseudo-color scales. Arrow head shows injection site and circle
shows ultrasound exposure area. BL, Bubble liposomes; L, PEG-liposomes; 1.F2000, Lipofectamine2000; US, Ultrasound.



cells @ vitro and in vivo. These results suggested that
our Bubble liposomes will be useful tools for gene
delivery as well as bemg a wuniversal ultrasound
imaging agent.
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Microvascular endothelial cells, which are recruited by tumors, have
become an important target in cancer therapy. This study firstly
examined the antitumor effect of angiogenesis inhibitor combined
with ultrasound (US) irradiation for human cancer in vivo and
evaluated its vascularity using color Doppler US in real time with a
microbubble US contrast agent. A human uterine sarcoma cell line,
FU-MMT-1, was used in vivo because this tumor is one of the most
malignant neoplasms of the human solid tumors and it also has
a poor response to any of the chemotherapeutic agents currently
used, as well as to radiotherapy. In angiogenic inhibitors, TNP-470
was selected to use in an in vivo study, because this agent showed
a higher inhibitory effect in tube formation assay in vitro, than that
of FR118487, or thalidomide. The FU-MMT-1 xenografts in nude
mice were treated using US at a low-intensity (2.0 w/cm?, 1MHZ) for
4 min three times per week each after the subcutaneous injection of
TNP-470 (30 mg/kg), an angiogenesis inhibitor, and this treatment
was continued for 8 weeks. Either treatment of US alone or TNP-470
alone showed a suppression of tumor growth, in comparison to
the non-treatment group (control), and a significantly enhanced
effect was obtained using the combined treatment. A reduction in
the intratumoral vascularity, which was evaluated using both color
Doppler and immunohistochemistry, was significantly demonstrated
using the combined treatment, in comparison to each treatment
alone, and the control. No side-effect was observed in any mice in
the combined treatment group. These results suggest that the
antitumor effect of TNP-470 for uterine sarcoma was accelerated by
US irradiation in vivo and this combination might be a potentially
effective for new cancer therapy. (Cancer Sc 2007; 98: 929-935)

Angiogenesis, the growth of new capillary blood vessels
from pre-existing vasculature, is a crucial process for tumor
progression and metastasis.” The microvascular endothelial
cells (EC), which are recruited by tumors, have thus become
an important second target in cancer therapy.® Angiogenesis
inhibitors have thus been developed to target vascular EC and
block tumor angiogenesis. Anti-angiogenic therapy alone has
been shown to be able to suppress the growth of established
tumors and a recent clinical trial showed successful results for
advanced rectal cancer.”® The addition of antiangiogenic agents
to chemotherapy,* radiation,®” or molecular-targeting agents
has thus been suggested to potentially increase clinical efficacy.
Gorski et al. showed that radiotherapy and antibodies against
VEGF had a synergistic effect against primary tumors.® According
to an analysis of a bibliographic.database, MEDLINE, however, no
previous study has ever examined the combination of angiogenesis
inhibitors and ultrasound (US) irradiation in the field of cancer
research.

O-(chloroacetyl-carbamoyl)fumagillol (TNP-470) is a low-
molecular-weight synthetic analog of fumagillin, a natural
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compound secreted by the fungus Aspergillus fumigatus fresenius.®
TNP-470 blocks endothelial cell cycle progression in the late
G1 phase by activating p53 through a mechanism leading to
cyclin-dependent kinase inhibitor p21¢'"¥AF expression.®
The cellular target of TNP-470 was found to be methionine
aminopeptidase-2 (MetAP-2), an intracellular enzyme necessary
for the process of protein myristolation."® The antitumor effect
of TNP-470 has been shown in various tumors of human
malignancies both in vitro and in vivo."'""'® Our previous studies
have shown that TNP-470 inhibited the VEGF production and
proliferation of a uterine sarcoma cell line, FU-MMT-1, in vitro®®
which had been established from a patient with uterine carcino-
sarcoma.' The combination of TNP-470 and cytotoxic agents®*"
or radiation™ has showed a successful outcome in vivo.

US has been shown to enhance the antitumor effect of a chemo-
therapeutic agent in vitro and in vivo.'¢-'9 Transiently increased
permeability of the cell membrane is one of the mechanisms of
the US-enhanced chemotherapy.® Sonoporation, and resealing
of the cell membrané by acoustic pressure are considered to be
a primary reason for an increased intracytoplasmic concentration
of the administered agent.?" Ablation of adult T-cell leukemia
cells and lysis of HL-60 cells by low-intensity US is enhanced
in the presence of a photosensitizing drug, indicating that the
photosensitive drug potentiates the cytotoxicity of US.?'? The
potentiation of some anticancer agents occurs when the agent
may become more potent against the tumnor cells when used in
conjunction. with US. The absorption of ultrasound energy by
the agent and the production of free radicals seem to be the
likely mechanisms of this increase.®?% In order to assess the
accelerated (synergistic) drug effect of angiogenesis inhibitor
using US energy, this study examined for the first time the
therapeutic effect of an angiogenesis inhibitor combined with
US irradiation for human cancer in vivo. In addition, the effect
of antiangiogenesis in this combined treatment was assessed
non-invasively using color Doppler US in real-time with a
microbubble contrast agent.

Materials and Methods

Cell line and nude mice. A human uterine sarcoma cell line,
FU-MMT-1, previously established by us from a patient with
uterine carcinosarcoma, was used in this study because this tumor
is one of the most malignant neoplasms of the human solid tumors
and it also has a poor response to any of the chemotherapeutic
agents currently used, as well as to radiotherapy. FU-MMT-1
shows highly progressive activity both in vitro and in vivo. This
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cell line is chiefly composed of rhabdomyosarcoma cells and the
immunophenotype, tumorigenicity, and cytogenetic characteristics
have been reported previously."? Female BALB/cA Jecl-nu athymic
nude mice were obtained from Clea (Tokyo, Japan). Five to 6-
week-old mice weighing 20 g were used in the experiments. All
animals were kept in isolation rooms at a controlled temperature
and they were caged in groups of five of fewer and had free
access to standard animal chow and water according to the
Instructions of the Institute of Experimental Animal Sc1ence
Fukuoka University Medical School.

In vitro tube formation assay. Experiments on tube formation
were conducted in triplicate in 24-multiwell dishes using an
Angiogenesis kit (Kurabo, Osaka, Japan), according to the
manufacturer’s instructions. Briefly, human umbilical vein
endothelial cells (HUVEC) cocultured with human fibroblasts were
cultivated with TNP-470 (1 pg/mL), FR118487 (1 pg/mL), and
thalidomide (1 pg/mL) in the medium containing 10 ng/mL
of vascular endothelial growth factor (VEGF). An angiogenesis
inhibitor, FR 118487 was synthesized by chemical modification of
the fermentation products of a fungus, Scolecobasidium arenarium
(F-2015), at Fujisawa Pharmaceutical Co., Ltd (Tsukuba, Japan).
The medium was changed every 3 days. After 10 days, the
dishes were washed with phosphate-buffered saline (PBS) and
fixed with 70% ethanol at 4°C. After the fixed cells were rinsed
three times with PBS, the cells were then incubated with mouse
antihuman CD31 (Kurabo, Osaka, Japan) in PBS containing 1%
bovine serum albumin (BSA) for 60 min. After washing with

" 1% BSA-PBS three times, the cells were incubated with goat
antimouse IgG AIkP conjugate (Kurabo, Osaka, Japan). Metal-
enhanced 3,3’-diamino-benzidine-tetrahydrochloride (DAB) was
the substrate, the reaction yielding a dark reddish-brown insoluble
end-product. Finally, the cells were washed with PBS five times,
and viewed using an Olympus microscope. The area and tube
length were measured using the Kurabo angiogenesis image
analyzer (Kurabo, Osaka, Japan) in five different fields per each
well, and then were statistically analyzed.

Chemicals. TNP-470 was kindly donated by Takeda Chemical
Industries (Osaka, Japan). Its structure and characteristics have
been described previously.!? TNP-470 was suspended in a vehicle
of 0.5% ethanol plus 5% gum arabic in saline. FR118487 was
kindly donated by Fujisawa Pharmaceutical Co., Lid (Tsukuba,
Japan). The inhibitory effect of this drug on angiogenesis in the
rabbit cornea has previously been described.®

Injection of TNP-470 and ultrasound irradiation. The mice were
injected subcutancously with 2 x 10° FU-MMT-1 cells in 0.2 mL
DMEM in the right auxiliary region of the flank. Mice bearing
the resultant tumors measuring 5—10 mm in diameter on the
14th day were randomly separated into four groups as follows:
i) US irradiation alone (n=8); ii) TNP-470 injection alone
(n = 8); iit) combination of TNP-470 and US irradiation (n = 8),
and iv) non-treatment as the control (n = 12: injection of 0.5%
ethanol plus 5% gum arabic in saline) and these therapies were
continued for 8 weeks. TNP-470 was injected subcutaneously at
a dose of 30 mg/kg three times per week for each mouse in
groups of TNP-470 alone and the combined treatment. The
mice were anesthetized with ether and US (continuous wave,
at 1 MHZ frequency, and 2.0 w/cm? intensity), was irradiated
through a probe onto subcutaneous tumors for 4 min three times
per week using Sonitron 1000 (Rich-mar, Inola, OK) for each

- mouse in groups of US alone and the combined treatment.
Tumor growth was monitored by measuring the weekly volume
twice, calculated as V =a x b’/2 (a = length; b = width). An autopsy
was done on all mice soon after finishing these therapies or
when they died during the course of therapies and the tumors
were then harvested, and the size and the weights of these
tumors were measured. Mean, SD, median, and SE of the tumor
size during the courses and those of the tumor weight after the
therapies in each group were calculated.

930

Evaluation of tumor vascularity with contrasted color Doppler US.
The intratumoral vascularity in xenografts was examined after

. finishing each treatment using color Doppler US (SSD-4000, Aloka

Ltd, Tokyo, Japan) with a 7.5-MHz curved array transducer
(UST-987-7.5, Aloka Ltd) using a microbubble ultrasound contrast
agent, Optison® (Molecular Biosystems Inc., San Diego, CA,
USA) at our animal center in Fukuoka University. The US
examinations were standardized using a medium wall filter, pulsed
repetition frequency of 1000 Hz, moderate-to-long persistence,
and a slow and steady movement of the transducer to achieve
the highest sensitivity without apparent background noise.
The intratumoral blood flow was enhanced after an i.v. bolus
injection of Optison® (0.6 mL/kg). Optison® is approved for use
in echocardiography by the USA Food and Drug Administration
(FDA) and consists of a suspension of perfluoropropane-filled
albumin microspheres with a concentration of 6.3 x 10® bubbles/
mL. After the examination, the previously stored images
were retrieved and displayed on the monitor. The area in the
longitudinal image on the US monitor of each tumor was
automatically calculated using the manual-trace measurement of
the length of tumor circumference, then, the number of colored
vessels within the tumor was counted. The average sonographic
vascular density (ASVD) was calculated as the number of colored-
vessels within a longitudinal tumor section divided by the
area. The ASVD in each treatment group was calculated (£SD)
and statistically compared. Moreover, the areas of highest
neovascularization were then identified on their stored images.
The tumor vessel counts over an area of 19.625-mm? (a field of
a circle with 5 mm in diameter) per field in each of these three areas
within the tumor were then counted as the highest sonographic
vascular density (HSVD). The averages of the HSVD in the
three 19.625-mm? fields of each tumor were calculated in each
treatment group (+SD) and statistically compared.

Evaluation of tumor vascularity with immunohistochemistry. The
paraffin sections from each tumor were reacted with each primary
antibody for 1 h at room temperature in our pathology laboratory.
The attached antibodies were visualized using the labeled
streptavidin-biotin (LSAB) method (Zymed, San Francisco,
CA, USA). The monoclonal antibody used was anti-CD34 (an
endothelial marker: 1:50; Dako) for endothelial cells in the
tumor vessels. The negative controls consisted of an omission of
the primary antibody. Microvessel density (MVD) was measured
in all tumors treated in this therapy. Intratumoral microvessels
were highlighted using anti-CD34 immunostaining in formalin-
fixed, paraffin-embedded sections in each tumor. The MVD
quantitation in the highest vascularization (so-called hot
spots) was examined in each tumor in the same manner as in our
previous study,”® which was named as the highest immunohisto-
chemical MVD (HIMVD). The average of the HIMVD in these three
groups and that in the controls was then calculated. Moreover,
to assess the average vascularization in entire tumor sections, 10
areas were randomly chosen in each tumor then the tumor vessels
were counted, and then the obtained density was considered to
be the average immunohistochemical MVD (AIMVD).

Statistical analysis. These in vivo data were expressed as the
mean * SD. The Mann-Whitney U-test (non-parametric) was used
to compare tumor growth, or tumor weight between three treatment
groups and the control. The unpaired r-test (parametric) was used to
compare tumor vessel density between three treatment groups and
the control. These statistical analyses were done using the software
package StatView 5.0 (SAS Institute, Inc., Cary, NC, USA) for
Macintosh. The resuits were judged to be statistically significant if
the P-value of each respective test statistic was less than 0.0001.

Results

In vitro tube formation assay. To investigate the antiangiogenic
effect of angiogenesis inhibitors, a tube formation assay was

doi: 10.1111/}.1349-7006.2007.00474.x
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Fig. 1. (a-f) Effects on tube formation in vitro.
(a) When human umbilical vein endothelial cells

[} VEGF

[ Thalidomide
[ FRi18487
o TNP4TO

(HUVEC) were cultured in the presence of VEGF

(10 ng/mL), efficient tube formation was obséerved. 250000
(d) TNP-470 (1 ug/mL) significantly inhibited the tube ~ § 220000
formation in vitro, in comparison to the other two & 160000
antiangiogenic agents, (b) thalidomide (1 pg/mL) 160000
and (c) FR118487 (1 pg/mL), in quantitative analysis 50000
of both (e) tube area and (f) length using an image 0

analyzer.

performed using HUVEC cocultured with human fibroblasts.
When HUVEC were cultured in the presence of VEGF, efficient
tube formation was observed (positive control). In a quantitative
analysis of both tube area and length, TNP-470 significantly
inhibited the tube formation in vitro, in comparison to the other
two antiangiogenic agents, thalidomide, and FR118487 in this
study (P < 0.01; Fig. 1a~f). We therefore finally selected TNP-
470 to use in our following in vivo study as a representative agent.

Suppression of tumor growth. The weekly changes in the mean
tumor volume in xenografts during the courses of therapies are

shown in Fig. 2. Either treatment of US alone or TNP-470 alone.

inhibited the growth of the FU-MMT-1 xenografts, in comparison
to that of the control (Mann—Whitney-U-test: P=0.151, and
P =0.006). Furthermore, a significantly enhanced effect to suppress
the tumor growth was obtained using the combined treatment
(vs US alone: P <0.0001; and vs TNP-470 alone: P <0.0001;
Fig. 1). No significant difference in the mean tumor volume was
observed between the treatments using US alone and TNP-470
alone (P =0.176).

The mean weight after treatment of either US alone (10.98 £
2.27 g, range: 4.8-17.2 g) or TNP-470 alone (8.94 +3.07 g, range:
0.0-21.2 g) was smaller than that of the control (Mann-Whitney-
U-test vs US alone: P = 0.0042; vs TNP-470 alone: P = 0.025).
The enhanced effect of the weight reduction in xenografts was
shown by the combined treatment (0.75 £0.52 g, range: 0.0-4.8 g),
in comparison to either US alone (P =0.027) or TNP-470 alone
(P =0.050). The mean weight of the xenografts measured after
the combined treatment was significantly lower than that of the
control (25.04 +3.85 g, range: 7.6-30.8 g; P =0.0007; Fig. 3).
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Fig.2. Effects on growth of the FU-MMT-1 xenografts. Each curve

represents the mean and SD of the tumor (mm?) volume in each group.
Either treatment with ultrasound alone or TNP-470 alone significantly
inhibited the growth of the FU-MMT-1 xenografts, in comparison to
that of the non-treatment group (control; Mann-Whitney-U, P=0.151,
and P =0.006). Moreover, a significantly enhanced effect was obtained
using the combined treatment, in comparison to that of each therapy
alone (Mann-Whitney-U, vs US alone: P < 0.0001, and vs TNP-470 alone:
P <0.0001).
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Fig. 3. The mean (SD) tumor weights (g) in the FU-MMT-1 xenografts
resected after treatment. The mean tumor weight after treatment of
either ultrasound (US) alone (10.98 £ 2.27 g, range: 4.8-17.2 g) or TNP-
470 alone (8.94 + 3.07 g, range: 3.1-21.2 g) was smaller than that of the
control (25.04 +3.85 g, range: 7.6-30.8 g; Mann-Whitney-U-test, vs US
alone: P=0.0042; vs TNP-470 alone; P =0.025). The enhanced effect of
the weight reduction in xenografts was shown by the combined
treatment (0.75 £ 0.52 g, range; 0.0-4.8 g), in comparison to either US
alone (P =0.027) or TNP-470 alone (P =0.050). The mean tumor weight
of the xenografts measured after the combined treatment was
significantly lower than that of the controt (P =0.0007).

After these treatments, disappearance of the tumor (tumor free)

. was seen in five of eight (62.5%) mice in the combined treatment,

and two of eight (25.0%) in TNP-470 alone (¢’ test; P = 0.13),
whereas no such disappearance was seen after US alone, or in
the control (vs combined treatment: P =0.007, and P = 0.001).
Dissemination, or direct invasion into the abdominal cavity by
the tumor was only seen in the control (33.3%; four of 12 mice).

Evaluation of the antiangiogenic effect using contrast color Doppler
ultrasound. The effects of antiangiogenesis for FU-MMT-1
xenografts by these therapies were evaluated using contrast
Doppler US in real-time after the 8 weeks of treatment (Fig. 4a—d).
In the evaluation with ASVD, the mean of the group of
combination treatment was significantly lower than that of
the control (unpaired t-test: P =0.04), whereas no significant
difference was observed between either the treatment of US
alone or TNP-470 alone and the control (P =0.39, P=0.41). In
the evaluation with HSVD, the mean of the group of either TNP
alone or combination treatment was thus significantly lower than
that of the control (unpaired t-test: P = 0.002, P = 0.000004),
whereas no significant difference was observed between the
treatment of US alone and the control (P =0.16). The reduction
in the vascular density (HSVD) was significantly enhanced by the
combined treatment, in comparison to that of the US treatment
alone (P =0.0003), or the TNP-470 alone (P =0.00009; Table 1).
The intratumoral vascularity could not be fully evaluated

Fig. 4. (a-d) Visualization of the intratumoral blood
flow using non-invasive contrasted color Doppler
ultrasound (US) in FU-MMT-1 human uterine sarcoma
growing subcutaneous on the backs of BALB/cA
Jcl-nu mice. Representative Doppler ultrasound
pictures are taken at maximal signal intensity
after injecting the US contrast agent (10s after
injection). The tumor vessel density in (c) the
group of TNP-470 treatment alone was lower than
that of (a) the control (unpaired t-test, P = 0.0007),
whereas no significant difference was observed
between (b) the treatment of US alone and the
control (unpaired t-test, P=0.11). The reduction
of tumor vesse! density was significantly enhanced
by (d) the combined treatment, in comparison to
that of the US treatment alone (P =0.00002), or
the TNP-470 alone (unpaired t-test, P =0.00009).

Table 1. The sonographic and immunohistochemical vascular density in FU-MMT-1 xenografts after 8 weeks’ treatments

Control US alone TNP-470 alone TNP-470 + US
1) Average sonographic vascular density (per 100 mm?) 86+2.1 7.7£20 76+23 55+13
2) Highest sonographic vascular density (per 19.63 mm?) 146+1.38 129+2.7 11.1+14 36%1.1
3) Average immunohistochemical microvesse! densityt 498+ 10.2 25.9+12.1 25.1+ 14.1 94132
4) Highest immunohistochemical microvessel densityt 61.3+10.7 60.8+ 14.7 50.8+13.7 11.3+£2.2

'Per high-power field {(0.74 mm?). 1) Control versus US: P=0.39, or TNP-470: P =0.41, or TNP-470 + US: P = 0.04. TNP-470 versus TNP-470 + US:

P =0.19. 2) Control versus US: P=0.16, or TNP-470: P =0.002, or TNP-470 + US: P = 0.000004. TNP-470 + US versus US alone: P =0.0003, or TNP-470:
P =0.00009. 3) Control versus US: P =0.0008, or TNP-470: P = 0.002, or TNP-470 + US: P =0.0001. TNP-470 + US versus US alone: P =0.05, or P = 0.04.
4) Control versus US: P =0.94, or TNP-470: P =0.13, or TNP-470 + US: P =0.000002. TNP-470 + US versus US alone: P =0.0001, or TNP-470 alone:

P =0.001. Bald: P<0.05 (versus control).
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Fig. 5. (a-d) Intratumoral microvessels immuno-
histochemically stained (red colored) by anti-CD34.
The tumor vessel densities in both groups of (b)
ultrasound (US) alone and (c) TNP-470 treatment
alone were significantly lower than that of (a) the
control. The reduction of tumor vessel density
was significantly enhanced by (d) the combined
treatment, in comparison to that of (b) the US
treatment alone, or (¢) the TNP-470 alone. The
destruction of tumor vessels (—) and areas of
coagulative necrosis (upper areas in both b and d)
are apparently shown in either US treatment
alone or after combination treatment. Scale bars:
200 pum.

using either non-contrasted color Doppler or power Doppler
ultrasound because the intensity of the signals of the colored-
blood flow in these approaches were apparently lower than that
of contrasted color Doppler ultrasound.

MVD. The mean of AIMVD in each treatment group was
significantly lower than that of the control (unpaired t-test, US:
P =0.0008; TNP-470: P =0.002; combination: P =0001).
The reduction of AIMVD was significantly enhanced by the
combined treatment, in comparison to that of the TNP-470
treatment alone (P =0.04). In contrast, no difference in the
mean of HIMVD was observed between the group of either US
treatment alone or TNP-470 treatment alone and the control
(P =0.94, P=0.13). However, the reduction of HIMVD was signi-
ficantly enhanced by the combined treatment, in comparison to
that of the US treatment alone (P =0.0001), or the TNP-470 alone
(P =0.001; Table 1; Fig. Sa—d). The destruction of the tumor vessels
and areas of coagulative necrosis were apparently seen in tumors
of either US therapy alone or combination treatment, in comparison
to either the control or TNP-470 treatment alone group.

Toxicity. No side-effect. such as a loss of body weight, or
neurotoxicity was significantly observed in any mice in this study.

Discussion

TNP-470 blocks endothelial cell cycle progression in the late
G1 phase to activate p53 in endothelial cells, thus leading to an
increase in cyclin-dependent kinase inhibitor p21™WA¥ expression
and subsequent growth arrest.!'® The molecular target of TNP-
470 has been found to be MetAP-2, an intracellular enzyme
necessary for the process of protein myristolation, thus preventing
membrane proteins from translocating to the cell surface.®
Moreover, TNP-470 suppresses the production of bFGF, or
VEGF in vitro.®'» TNP-470 has been shown to act for human
malignancies as a single agent in a wide variety of preclinical
models®!~'¥ and some clinical trials.?’?® Recent studies have showed
a synergistic effect of radiation and angiogenesis inhibitors. "
The combination of angiostatin, an antiangiogenic agent, and
radiotherapy has been shown to work best when angiostatin was
given simultaneously with radiotherapy in vivo.® The successful
outcome from the combination of TNP-470 with cytotoxic
therapies®™ or radiotherapy''® has been also shown in vivo.
Weight loss has been frequently observed in animals receiving
TNP-470, and the dose-limiting neurotoxicity associated with
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TNP-470 has been reported in clinical trials.?® In the present
study, the dose of TNP-470 was thus kept low (30 mg/kg/day,
three times/week), so that no remarkable side-effects were
observed in any mice treated using TNP-470 with or without US
irradiation. To reduce the toxicity of TNP-470, however, a
recent study tried using water-soluble synthetic polymers, N-
(2-hydroxypropy!) methacrylamide (HPMA) copolymer, as a
specific carrier of TNP-470, so that this HPMA copolymer-
TNP-470 substantially enhanced and prolonged the activity of
TNP-470 in vivo and did not cause any weight loss or neurotoxic
effects in mice.® Further approaches or new ideas may be
required to reduce the toxicity of antiangiogenic agents.

US, which is routinely used for diagnostic imaging applications,
is now being adopted in various therapeutic applications. The
effect of US in activating antitumor drugs or agents has been
studied both in vitro and in vivo.'6!71% Our previous study
showed that leukemia cells could be selectively eliminated using
low-intensity US in the presence of photosensitive drugs.® The
mechanism behind the augmentation of the activity of anticancer
drugs and other agents by US remains to be fully elucidated;
however, several mechanisms have been suggested: i) increased
permeability: the increased intracellular concentration of drugs
after ultrasonic irradiation suggests an increased permeability
(also called sonoporation), or the opening of pores in the cells.®?
Sonoporation is the term used for the phenomenon by which US
may transiently alter the structure of the cellular membrane, thus
inducing an enhanced uptake of low- and high-molecular-weight
molecules into the cell. There have been a large number of studies
in which a synergistic effect between US and different drugs has
been sought. Regarding the mechanisms of action in an in vitro
environment, acoustic cavitation and streaming may be pre-
dominant.®® Our previous study showed that a direct observation
of the cells using electron microscopy confirmed the presence
of pore-like disruptions in the cell membrane after the combined

. treatment;®? ii) increased sensitivity of the cells to the agent:

US alone can cause lethal or sublethal cellular damage.®" Inter-
estingly, our current study also showed that US alone could
inhibit the growth of a FU-MMT-1 xenograft established from a
uterine sarcoma,'"” which is one of the most aggressive tumors
among the human malignancies. Moreover, histopathologically,
the destruction of tumor vessels and area of coagulative necrosis
were apparently seen in tumors treated with either US therapy
alone or combination treatment, compared to those treated with
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TNP-470 therapy alone, thus suggesting direct cellular damage
by US irradiation. One commonly observed vascular effect,
usually characterized by an increased tumor blood flow during
the initial period of therapeutic US irradiation and eventual
destruction of the vasculature, renders the tumor mass more
hypoxic.®” Our current study supported the vascular effect of
US in vivo because the mean AIMD in US treatment alone was
significantly lower than that of control, and destruction of tumor
vessels was apparently seen in the US treatment group. A recent
study showed that malignant cells were found to be sensitive to
therapeutic US treatment, thus resulting in a transient decrease
in cell proliferation.®® In a suspension of carcinoma cells exposed
to 1 MHz ultrasound, cell killing was induced, accompanied by
DNA strand breaks. This might be mainly attributable to free
radical formation and the pyrolyitic processes.®® Cells damaged
sublethally by US are thus suggested to be more biologically
susceptible to the antitumor agents; iii) potentiation of the agent:
it is also suggested that anticancer agents became more potent
against tumor cells when they are used in conjunction with
US.U81719 The absorption of US energy by the agent and the
production of free radicals have been cited as the likely mecha-
nisms of this increase.®® Inertial cavitation is required in this
process, primarily in the production of free radicals.® We thus
irradiated with low-intensity US within a few minutes after the
subcutaneous injection of TNP-470 to accelerate the drug
potentiation because the mean plasma half-life of TNP-470 has
been reported to be short (2-6 min in humans by intravenous
injection).® As a result, this combined treatrment could signi-
ficantly inhibit the growth of FU-MMT-1 in vivo, in comparison
to either TNP-470 used alone or US alone, thus suggesting an
accelerated (booster, or synergistic) effect of US for TNP-470.
We suppose that the possible mechanism of our combination
therapy using a low-intensity US might be chiefly the first
mechanism (sonoporation) described above.

As TNP-470 has been shown to possess antiproliferation
effects for not only endothelial cells but also for tumor cells, the
uptake of this agent might thus be enhanced in both cells by
sonoporation. In addition, direct cellular damage including a
vascular effect by US irradiation (the second mechanism) might
be added because of the evidence of wide areas of coagulative
necrosis in irradiated tissue specimens. Feril et al. recently reported
monocytic leukemia cells (U937) were killed by combining
hyperthermia sensitive drug, 2,2-azobis (2-amidinopropane)
dihydrochloride (AAPH) and exposure to non-thermal 1 MHz
US for 1 min at an intensity of 2.0 W/em?2.%9 Apoptosis measured
using flow cytometry and free radical investigation using electron
paramagnetic resonance (EPR) spin trapping showed that
US-induced cell lysis and apoptosis were enhanced in the
presence of AAPH, regardless of the temperature at the time of
sonication. Although free radicals were increased in the
combined treatment, this increase did not correlate well with
cell killing.®» The mechanism of enhancement pointed to the
increased uptake of the agent during sonication rather than
potentiation by AAPH. However, direct measurement of free
radicals in the present experiment was technically impossible
and further analysis will be needed to affirm these suppositions.

US has been used as a modality for diagnostic imaging in
various clinical fields without producing any significant adverse
effects. The neovascularization of tumors could be displayed using
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color Doppler US 'in various human solid tumors. The changes
in intratumoral vascularity in xenotransplanted tumors treated
using antiangiogenesis have been demonstrated using color
Doppler US in real-time.* In our recent clinical report, using
color Doppler US with a microbubble contrast agent was shown
to enhance the vascularity of solid tumors, even in small lesions.®?
In the present study, the outcome of antiangiogenic treatment
thus could be more efficiently evaluated using contrast color
Doppler US than non-contrast Doppler. Our histopathological
results supported the findings of sonographic vascular density
and, immunohistochemically, both HIMVD and AIMVD in the
combined treatment group were significantly lower than those in
the TNP-470 treatment alone group. The discrepancy in the
results between the HIMVD and AIMVD in US treatment alone
as well as in TNP-470 treatment alone might be the result of the
alternative angiogenesis (increased vascularity) focally seen near
the hypoxic areas. In the present study, although a difference in
the results of vascular density between color Doppler sonography
and immunohistochemical examination was partially observed, -
another recent study has also showed the usefulness of contrast
color Doppler to assess angiogenesis without an immunohisto-
chemical examination in vivo.®® Moreover, another study
additionally reported that the color Doppler vascularity index is
a better indicator of tumor behavior than the immunohistochemical
microvessel density in colon cancer patients.®® As a result, the
combined treatment of TNP-470 and US irradiation was found
to be more effective in suppressing angiogenesis for uterine
sarcoma xenografts than either therapy alone. The mechanisms
of this antiangiogenic therapy using low-intensity US for intra-
tumoral microvessels as well as feeding vessels into the tumors
therefore need to be more precisely elucidated.

The xenotransplanted model used in this study is originated
from a human uterine carcinosarcoma,’® which is one of the
highest angiogenic tumors in all human solid malignancies.
Our previous studies apparently showed higher expressions of
VEGF-A and angiopoietin-2 genes as well as a higher frequency
of lymphovascular invasion and a high-MVD of these tumors, in
comparison to those of the other human uterine carcinomas. -39
As a result, the success of the antiangiogenic combination
therapy used in the present study might therefore be associated
with the high angiogenic activities (vascular-rich) of this tumor.
Further trials of this combination therapy for other tumor
models with either moderate or low levels of angiogenic activity
might therefore be needed.

In conclusion, our results support the positive interaction between
TNP-470 and US energy regarding the inhibition of growth,
and angiogenesis of human uterine sarcoma. As a result, US
irradiation is thus suggested to have enhanced the effect in
antiangiogenesis therapy on this tumor, and this combination
might be potentially useful for a new cancer therapy.
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