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3.2. Effects of mtcrobubble concentration on spinal gene

transfection

Fig. 2b shows the spinal luciferase activities one day after
ultrasonication with 0, 20, and 50% MB. While the treatment
with MB significantly increased the luciferase activities
(p<0.02), the difference between 20 and 50% MB was not
81gmﬁca.nt

33. ﬁme course of spinal gene expression

The spinal luciferase activities were analyzed at 1, 3, and
7 days after the intrathecal gene transfection using US and 50%
MB (Fig. 2¢). The huciferase activities significantly increased at
1 and 3 days post-transfection (p<0.02) without an intergroup
difference, and returned to a lével similar to that without US (at
1 day post-treatment) aﬁer 7 days

3.4. Histological Iocallzanon of the transfected gene expresszon -

The immunohistochemical staining revealed that luciferase

expression Was'mostly limited to the meningeal cells in the

Fig. 3. Local gene expression in mouse spinal cord after intrathecal gene
delivery using ultrasound and microbubbles. Expression of luciferase protein
was mostly limited to the dorsal meningeal cells. (2) H&E staining in coronal
sections of the lumber spinal cord. (b) Immunohistochemical localization of
luciferase (arrows). Scale bar=100 um.

8r a

Paw-withdrawal latency (s)
£

untreated transfected
200 b

160 |-

120¢

Rotared latency (s)

40

uritreated transfected .

Fig. 4. Neurological evaluations of mice obtained 3 days after gene transfection
using ultrasound and ‘microbubbles (50%).. (2) Paw-withdrawal latency
following éxposure to infra-red radiant heat. Three determinations each in the
right and left hind paw were combined in each animal because the latency did
rot differ between the two sides. (b) Rotarod latency that represents the total
time mice remained on the rotarod. Each mouse was tested with three trials, No
significant difference was found compared to untreated mice in either
determmauon n=4in each group. US: ultrasound MB: nucrobubble (Optison). .

dorsal surface of the spinal cord (Fi 1g 3). The expressing regions -
were likely to have been the dura mater because Fig. 3b clearly
shows a positive staining for cells in 2 membrane structure apart
from the spinal parenchyma by the space of medulla.ry flaid. As
the dura mater consists of two cell types, meningeal cell and
endothelial cell, the present data’ cannot strictly exclude the
positive staining for the endothelial cells. " However, the:
endothelial cells are shown to- be very minor cellular
compo'nerit, so that frequent staining may indicate expression
of the gene product mainly in the meningeal cells. There were
no hemorrhage or mﬂammatory ﬁndmgs in the sectlons

3. 5 Paw—wzthdrawal and rotarod Iatenczes

Fxg 4 shows the averaged paw-wﬁhdrawa] (Fig. 4a) and
rotarod latencies (Fig. 4b) in untreated and transfected (DNA+-
50% MB+US) mice. Since the withdrawal latencies were not
different between the right and left paw (data not shown), the
data’ were combined in each animal. The determinations
revealed no significant difference in the paw-withdrawal or
rotarod latencies between the two groups, indicating that the
present intervention did not affect the sensory and motor
neurologic functions of the mice.

4. Discussion

The present study clearly demonstrated- that percutaneous
ultrasonication on'an- intrathecally administered. mixture of
plasmid-DNA and Optison. facilitated the transfection of.
luciferase genes into the spinal meningeal cells in mice. No
significant deficit was observed either in the sensory or motor
neurologic functions after the procedures. In addition to the
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general benefits of the combined use of ultrasound and
microbubbles, our approach offers some advantages specific
to spinal gene transfection. First, it requires only intrathecal
needle access and percutaneous sonication that have been
widely accepted in the clinical practice. Although a relatively
short duration of gene expressxon (<7 days) was observed
(Fig. 2c), the minimal invasiveness of the present surgical

interventions would permit repetitive gene delivery into the -

spinal cord. Second, the intervertebral foramina and spaces
would provide highly selective anatomical windows for
ultrasound access while the vertebral bony structures would

protect the spinal cord from possible excessive sonication.

Although spotty gene expressions in the insonated regions
would not be obvious in animals as small as the mice used in
this study (Fig. 1), it can be expected that an ultrasound beam
could reach the regions of the dorsal roots or the dorsal horns at
targeted vertebral levels through the boneless apertures in large
animals including human. ThlS can be especially promising for
transferring antmoclceptxve genes.” Third,. gene transfer  into
meningeal cells (Fig. 3) may be useful for topical delivery of
bioactive substances into the CSF or adjacent spinal parenchy-

ma while avoiding direct genetic modulation of parenchyma
cells.- Transgene-derived peptides such’ as growth factors, _
neuropeptxdes or endogenous opioids that are secreted from

teningeal cells would act in a paracrine mianner on neurons and
glias in the near vicinity, circumventing pharmacological
problems related to the short halflife of the peptides or the
need for high doses to achieve biological- act1v1ty that could
result in undesirable side effects. - - . '

Spmal gene therapy can be expected to be a - promlsmg.
approach to treat. various spinal-related disorders. In previous

ammal studies, the dehvery of therapeutlc genes into the spinal -

nerve system has been mostly achieved using viral vectors (8.

However, because of the cons1derable disadvantages mvolved '

in using viral vectors, the development of altethative non—vrral
transgene. techniques is needed. Cationic reagents such as
cationic liposomes [17] have been developed for non-viral gene
transfection. Achieving the efficient delivery of such molecules,
however, to the spinal cord includes inhererit difficuities. First,
intrathecal injection induces diffusion of reagents into the
cerebral spinal fluid (CSF), resulting in lack of target specificity.
Second, since the CSF continuously circulates and replaces, a

constant concentration of reagents for necessary transfection to
a specific site would not be achieved. Ultrasound gene therapy

is an altemative non-viral approach [18]. The insufficient
transfection - efficiency of. simple- ultrasonication can be
improved by the combined use of echo-contrast microbubbles
[11]. The use of ultrasound with microbubbles, which enables
non-invasive, tissue-specific gene delivery, has received much
interest and enhanced gene transfer has been reported in various
animal tissues in vivo including heart [19], peripheral arteries
[20], skeletal muscles [21], and brain [22]. Very recently,
Shimamura et al. reported successful gene transfer into the rat
spinal cord using ultrasound and ‘microbubbles [23]. The
authors intrathecally injected ‘naked  luciferase DNA with
Optison through the 4/5th lumbar intervertebral space and
applied ' sonication directly on the thoracic dural sac by

removing the dorsal part of the 9-10th thoracic vertebra,
which resulted in the enhanced expression of luciferase in the
meningeal cells in the insonated region. In contrast, we
accomplished transgene expression in the meningeal cells by
intrathecal injection of luciferase DNA with Optison through the
lower lumbar intervertebral space, as in' their study, but then
employed simple transcutaneous insonation at the same lumbar
region without surgical exposure of the dura. The lower
invasiveness in our methodology would seem to be more
clinically useful. Interestingly, the duration of transgene
expression was consistently as short as a week in both studies.
Although Shimamura et al. described that the short expression
of tranisgene by single transfection would be acceptable to treat
acute spinal cord trauma 23], the repeated applicability due to the
lower invasiveness in the present study could enable freatments
for chronic ailments. In fact, we have recently shown that-
successive gene expression was obtained by repeat transfection
using the present ultrasound—microbubble techmque [24].
Nonetheless, since gene expression for longer than 3 weeks was -
previously achieved by spinal electroporation via an intrathecal
electrode catheter in rat meningeal cells [25,26],. the present
ultrasound—mlcrobubble approach has the potential for method- -
ological- improvemient to prolong the duration of transgene
expression by optimizing acoustic’ parameters such as intensity,
duty ratio, ﬁ'equency, and spal:a.l pressure : dlstnbutxon [12] and
changing the membrane propertles of mlcrobubbles [271.

The present acoustlc parameters ‘were relatlvely consistent
with those reported in previous studies in Wthh ultrasound and
Optison- were safely used for transfernng genes into' nervous
tissues [22 23] Cons1stent w1th those studies, we did.not find
macroscoprc m_|unes in" the 'skin” or muscles, mlCrOSCOplC
damage in the spinal cord or sngmﬁca.nt deficits i in the 'spinal
neurologrcal functions. - In' addltlon the present neurologrcal
tolerance may be altematrvely explamed by a characteristic of
our approach, namely that the intact vertebral bony structures
surrounding the mtervertebral apertures hmlted excessive
sonication of the spinal cord. Nonetheless, further optimization
of the ultrasound parameters’ will improve the safeness of
sonication on nervous tissues. The physical condmons of the
microbubbles used in ‘this study are additional issues to be
discussed. First, although we evaluated only the useﬁrlness of
Optlson, the possible utility and safety of microbubbles other
than Optlson (e.g. lipid m1crobubbles) for intrathecal gene
transfer remams to be explored. Second, we should note' that
Optison at a concentration as high as 50% was used in most
series of the present. experiments: The reasons for this were that
a trend of higher transfection efﬁcacy was observed in thé 50%
group (but ns vs. 20% groups, Fig. 2b) and that no apparent
neurological damage was observed in the transfected: mice
(Fig. 4). However, earlier studies [22,23] successfully used
Optison at concentrations of 20-25% for intrathécal” gene
delrvery in rats. It seems reasonable that intrathecal micro-
bubbles at lower concentrations would induce fewer adverse )
effects while enabling an increase in the relative content of
plasmid DNA in a limited volume of mixture. Therefore, it is .
possible that the concentration of microbubbles for intrathecal
injection could be further optimized. The authors finally note
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that the functional expressions of genes transfected into the

spinal nerve system have not yet been examined. Further efforts
using genes that are encoded with neurobioactive peptides are
clearly needed to investigate the clinical usefulness of the
present ultrasound—microbubble approach.

In conclusion, we demonstrated that simple percutaneous
ultrasonication on intrathecally administered plasmid DNA and
echo-contrast microbubbles enhanced the gene transfer into
spinal meningeal cells in mice. The present approach can
provide some advantages specific to spinal gene therapy
including minimal invasiveness, regional targetability, and
possible paracrine delivery of therapeutic molecules to the
spinal nerve system. Studies including functional assessments
of therapeutic gene transfer as well as the application of the
techniques in larger animals will further clarify the feasibility of

the present u]trasound—mlcrobubble method in spinal gene
therapy.
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Abstract

Bubble liposomes. (hposomes which entrap an ultrasound i 1mag1ng gas) may constltute a umque system for delivering various  molecules
efﬁcwntly into mammahan cells in vztm In this study, Bubble liposomes were compared with cationic lipid (CL)-DNA complexes as potential
gene dellvery carriers into’ tamor in vivo, The delivery of genes by Bubble liposomes depended on the intensity ‘of the applied ultrasound.
Transfection efficiency plateaued at 0.7 W/em? ultrasound intensity. Bubble liposomes efficiently transferred genes into cultured cells even when
the cells were exposed to ultrasound for only 1 s. In addition, Bubble liposomes could introducé the lucxferase gene more eﬁ'ectlvely than CL-
DNA complexes into mouse ascites tumor cells and solid tumor tissue. We conclude that the combmatlon of Bubble liposomes and ultrasound isa

minimally-invasive and tumor spemﬁc gene transfer method’ m vivo.
© 2007 Elsevier B.V. All nghts reserved ‘

Keywords: prosom_‘es; Bubblc lxposor‘nes;_ Genc delivery; mﬁasounll; Cancer’

1. Ihtrodu_ction

In cancer gene therapy, it is important to develop the easy,
safe, efficient, minimally-invasiye and'tissue-specific technol-
ogies of gene transfer into tumor tissue: Sonoporation is a
method of gene delivery with ultrasound. Ultrasound i increases
the permeability of the plasma. membrane and reduces the
thickness of the unstirred layer of the cell surface, aiding DNA
entry into cells [1 2] ‘Preliminary studies into the utility of
ultrasound for gene delivery used frequencies in the range of
20-50 kHz [1,3). However, these frequencies are also known to
induce tissue damage and cavitation if not properly controlled
[4—6]. To overcome this problem, several studies have used
fréquencies of 1-3 MHz, intensities of 0.5-2 W/cm?, and
pulse-modulation [7-9]. In 4 separate approach, a combination

* Corresponding author. Tel.: +81 42 685 3722; fax: +81 42 685 3432.
E-mail address: maruyama@pharm.teikyo-u.ac.jp (K. Maruyama).

0168-3659/3$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j jeonrel 2007.08.025

of therapeutlc ultrasound and mlcrobubble echo contrast agents
was shown to enhance gene transfecuon efﬁ<:1ency [10-15] by
effectively and directly transferrmg DNA into the cytosol.
Microbubbles based’ on protein microspheres, and sugar
microbubbles, are commercially available; however, although -
they encapsulate ulfrasound contrast agents, they are too large
(2-10 pm diameter) for intravascular application [16]. It has
been reported that the iv injection of Optison ‘without
ultrasound exposure results in lethal embolisms in vital organs
in mice [17]. Although a similar effect has not been observed in
humans, it is possible that Optison can not pass through
capillary vessels. Ideally, microbubbles should be smaller than
red blood cells. ,

Liposomes can be used as drug, antigen and gene delivery
carriers [18—26]. Based on liposome technology, we developed
novel liposomal bubbles (Bubble liposomes) containing the
ultrasound imaging gas, perfluoropropane. When coupled with
ultrasound exposure, Bubble liposomes can be used as novel
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3. 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 chéracteristics 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) supplémented with
10% heat inactivated FBS. All culture media contained 100 U/
mL penicillin (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and 100 ugmL streptomycm (Wako)

2.2 Preparatzon of Izposomes and Bubble Izpasomes

]
oY
4

L1posomes composed of 1 2 dlstearoyl sn-glycero -phospha- -

tidylcholine (DSPC) (NOF Corporatron Tokyo, Japan) and 1,2-
distearoyl-sn-glycero- 3-phosphat1dyl -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 juriol) were dissolved in 8 mL of 1:1* °

vy chloroforrn/dnsopropyl ethier, 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 extrudmg 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

HV filter unit, Durapore- PVDF membrane, M1111pore Compo-

ration, MA). The liposome ‘size. was measured with dynamic
light scattering (ELS-800, Otsuka Electromcs Co., Ltd., Osaka,
Japan). The' average diameter of these llposomes were about
150-200 nm. Lipid concentration was measured with the
Phospholipid C test wako (Wako Pute Chemical Industries).
Bubble . liposomes- were prepared from the liposomes and
perfluoropropane gas (Takachiho Chemical Ind. Co. Ltd,
Tokyo, Japan). In brief; 5'mL steérilized vials containing 2 mL

of the liposome suspension (lipid concentration: 1 mg/mL) were

filled with perfluoropropane, capped and then supercharged
with 7.5 mL of perfluoropropane. The vial was placed in @ 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.
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2.3. Microscopic observation of 0pt1son and Bubble liposomes
and size distribution

Optison (NEPA GENE, CO., LTD., Chiba, Japan) or Bubble
liposomes were placed on glass slldes 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 eleciron 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% 0OsO,, dehydrated with an ethanol series, and .
then embedded in Epan812 (polymerized at 60 °C) Ultrathin
sections were made ‘with an ultramicrotoriie 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 w1th JEOL
JEM12000EX at 100 kV. The treatment after preﬁxatlon was
carried out in Hanarchr Ultrastructure Research Instltute Co JLtd
(A1ch1 Japan).

2.5. Transfection of plasmtd DNA into- cells usmg Bubble
ltposomes

Luciferase cording plasrmd DNA (pCMV Luc), COS-7 cells
(1% 10° cells) and Bubble liposomes (60 pg) were suspended in~
culture medium (500 pL) Wlth 10% FBS in 2 mL polypropylene )
tubes. The suspension was ultrasomcated usmg a Sonopore
4000 (6 mm diameter probe; NEPA- GENE) somcator 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' lzpofec_ﬁon

Plasmid DNA (pCMV Luc, 0.25 ug) and Llpofectln '
(1.25 pg) (Invitrogen) were mixed and complexed according
to the manufacturer’s instructions. The complex was added to
COS-7 cell suspensions (1 x10° cells/500 pL/ tube) contammg
various concentrations of serum for 10 s. The cells were washed
twicé with PBS, resuspended in fresh culture medlum and

~ cultured in 48-well plates for 2 days

2.7. In vivo gene delivery into mouse dscites tumor cells

S-180 cells (1x10° cells) were i.p. injected into dd¥ 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 pg). 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 (S0pg) or Lipofectamine 2000
(50pg) were mixed and complexed accordmg to the manufac—_
turer’s instructions. The complex was. suspended in PBS
(510pL) and injected into the pentoneal 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-HCI (pH 7.8), 0.1% Triton X-100, 2mM EDTA)
and luclferase activity was determmed

2;8. In vivo gene delivery into mouse footpad solid tumor

S-180 cells (1x 108 cells) ‘were moculated mto 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 p.L of pCMV “Luc (10 pg) with or without Bubble
11posomes (100 ug) were mjected into femoral artery usmg 30-
. gauge . needle In the same time, ultrasound (frequency

0.7 MHz, duty 50%; mten51ty 12 W/cm time: 2 min) was.
transdermally apphed 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 accordmg to ma.nual of Lipofectamine 2000. The
complex were suspended in PBS (100 puL) and mjected into
femoral artery 'of mice. After 2 days of injection, the mice were
sacrrﬁced and the tumor t1ssues were collected Then, the tumor
tissues were homogenated in the ly81s buffer and luciferase
activity was deterrmned

2.9. Lucrferase assay

Luciferase act1v1ty was measured using a luciferase assay
system (Promega, Madison, W) and a luminometer (TD-20/20

Turner Designs, Sunnyvale, CA). Activity is reported in relative

light units (RLU) per mg protem

2.1 0. In vivo Lucy"erase tmagzng

The rruce were anaesthetlzed ‘and ip. injected with D-

luciferin (150 rng/kg) (Xenooen Corporatron CA). After

10 min, luciferase expression was observed with in vivo
luciferase imaging syster (IVIS) (Xenogen Corporation).

2.11. Hemolysis assay

Mouse red blood cells (2 5% 108' cells/SOO uL) were exposed A

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

B {

g
.
]
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liposomes. The red blood cell suspension was centrifuged for
10 min at 3000 rpm. Then, absorbance (Asg nm) Of the E
supernatant was measured. The rate of hemolysis was calculated
as follows: % of hemolysis=(As4p o Of experimental group

—As40 om Of non-treated group)/(As4o »m of hypotonic solution
treated group—Asa4g om Of non-treated group)x 100.

2.12. In vivo studzes :

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, mnon-viral
vectors should be easy to prépare and use. However, most
non-viral vectors deliver plasmid DNA .into cells-via endocy-
tosis, followed by plasmld DNA degradation in the endosomies.
Consequently; non-viral vectors often- result in low gene
delivery efficiency. It has been. reported that new types of
non-viral .vectors can - mduce the. escape of genes from
endosomes [29-31] and d1rectly deliver genes into the cytosol
via a fusion mechanism [28,32]. In addition, rmcrobubbles and
ultrasotind 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 1nto the cytosol,
transient pores in the cell membrane must be formed by
cavitation. However, conventional microbubbles are very.large, -
with most greater than 2 pm in dlameter [16]." Actually,: our
observations of Optison using a microscope: and a darklite
illuminator showed some bubbles more than 10 pm 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 um (Fig. '1(b, €)). 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

. llposomes 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) weré observed \mth a microscope using a darklite illuminator.
Original magnification x400. Bubble liposomes (c) - were observed with a
transmission electric microscope at 100 kV. Original niagnification % 50,000.

Arrow head shows lipid bi-layer and arrow shows perfluoropropane
nanobubble. The size dxsmbutxon of Optison (d) and Bubble hposomes (e).

stearate [33 34]. These microbubbles Were made by being
stabilized hydrophoblc 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 um (Fig. 1(b,e)) from 150200 nm of
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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 obsefved 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 showm). 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 hposomes 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 intensi'des of ultrasound in the presence
of Bubble llposomes for 10's; Gene transfection efficiency
increased with mcreasmg ultrasound intensity and reached a
plateau at 0.7 W/em?. No cytotoxmty was evident even at
2.5 W/cm (data not shown). The length of ultrasound exposure
requlred ‘to’ achieve” gene expression was examined by
measuring gene expression after 0, 1, 5.and 10 s of exposure
(Fig. 3(b)). Surpnsmgly, gene expression was observed after 1 s
of ultrasound exposure in the presence of Bubble llposomes .
Transfection efficiency depended on ultrasound exposure time
and reached a plateau after 5.s exposure., Efﬁmency was found.
to depend on both ultrasound intensity and exposure_time. -
(Fig. 3), indicating that Bubble liposomes can rapldly induce
gene delivery’ while requiring only weak -ultrasound, -and
without inducing ‘cytotoxicity. Five seconds or 0. 7 W/em? of
ultrasound exposuré resulted in maximal gene’ expressmn
presumably due to bubble cavitation. :
‘The transfection efﬁcxency of some cat10n1c non—vnral'
vectors is sxgmﬁcantly decreased in the presence of serum

1 x1910 “ o
1 X107
1x10°
‘1x'107

1X10%

Luciferase activity (RLU/mg protein)

1X10°

<14 60 120 180

90 K
Storage time {days)

0

Fig. 2. Stability of Bubble liposomes. After preparation of Bubble liposomes,
the vial containing Bubble liposomes was put in the reﬁ1gemtor for each period.

Afterstorage, 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 W/em?, 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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F1g 3 Eﬁ‘ect of ultrasound condmons on transfectlon efﬁc1ency with Bubble
hposomes COS-7 cells (I x16° cells/500 ‘eL) were mixed with pCMV -Luc
(5 pg) and Bubblé’ liposomes (60 pg) “The ceil mixture was .exposed to
. ultrasound (a): (frequency: 2 MHz, duty: 50%, burst rate: 2 Hz, intensity: 0—
2.5 W/cm time: 10 s) or (b): (ﬁ'equency 2 MHz, duty: 50%, burst rate: 2 Hz,

1ntens1ty 2 5. W/cm?, time: 010 s.). The cells were washed and cultured for .
2 days, then lucxfemse acnvxty was detemuned as described in Matenals and .

methods. Each bar repxesents the mean:t:S D. for tnphcate o

due to an interaction between serum protems and the cationic

vectors [28]. Whereas, transfectlon efﬁcrency with the combi-
nation of Bubble llposomes and ultrasound did not decrease
even in the presence of 50% serum in in vitro study [27]. In the
next ‘examination, we exarmned whether Bubble liposomies
could deliver plasmid DNA into S-180 asmtes tumor cells in
living animals after local mjechon (Fig. 4). In this exatmnatlon
we compared the transfection efﬁc1ency with Bubble liposomes
or cationic 11posomes such as Llpofectm and’ Lipofectamiine
2000, Luclferase express1on was low in the mice treated with
hpofectm-plasmld DNA complexes prepared by the traditional
lipofection method, prcsumably because. the complexes were
associated with various' protelns in the pentoneal cavity. On the
other harnd, liciferase expression increased in thie 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 thice 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 the 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

into cells with the mechanism which ‘was not- endocytosis
pathway in. lipofection method. We also conﬁrmed that
ultrasound combined with Bubble hposomes was eft'ectlve at
delivering genes to other tissues. in the pentoneal cav1ty such as
stomach, kidney, liver, spleen mtestme dlaphmgm, pancreas,
peritoneum and mesentery. Luciferase activity. in, ‘these tissues
was much lower than that observed in the S—l 80 cells (less than
130 RLU/mg protein). © = ' -
Mlzuguchx et al. reported about the eﬁ"ectlve cancer gene
therapy by cytokine provision in the local area via gene dehvery
into arteries leadmg 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 téchnology 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 thé mice
treated with plasmid DNA and ultrasound luciferase expression
was same low level in the micé of plasmld DNA 1n_1ect10n And,
luciferase expression was also low level in the mice treated with
Lipofectamine 2000 and plasnud DNA complex, although the
complex could bée 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: 1 min) was transdermally apphed to the
abdominal area. In another experiment, pCMV-Liic (10 ug) — Lipofectin
(50 pg) 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 actlvrty 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 grotp
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 dehvery into mouse sohd tumor w1th Bubble hposomes S-
180 cells (1x 10° cells) were moculated into left footpad of ddY mice. After
4 days, tlie mice were anaesthetwed, then mjected w1th 100 mL of pCMV-Luc
(10 ug) in absent or present of Bubble liposomes (100 ug) in PBS, Ultrasound
(frequency: 0.7 MHz, duty: 50%; ritensity: 1.2 W/em?, time: 1 -min) was
transdermal]y exposed to tumor tissue. In another, expenment pCMV “Luc
(10 pg) — L1pofectamme 2000 (25 ug) complex was suspended in PBS
(100 pL) and mjected into the left femoral artery. After 2 days, tumor tissue was
recovered the mice. Luciférase activity was determmed as described in Materials
and methods (a) Luciférasé activity in solid tumor. Each bar represents the

mean:!:S D. for five mice/group. **P<0.01 compared to the group treated with -

plasmtd DNA,. ultmsound exposure or Llpofecta.tmne 2000. (b) In vivo
luciferase 1magmg in the solid tumor bearing mice. The photon counts are
mdxcated by the pseudo-color scales. LF 2000 ‘Lipofectamine 2000.

low efﬁmency of transfect1on On the other hand 1u01ferase
expression in the comb1nat10n of Bubble 11posomes and ultra-
sound was much hlgher than that in other group (Fig. 5(a))
Koch et al. reported that the combmatlon 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 confimm the enhancement of
transcfection efﬁc:ency with Llpofectamme 2000 by Bubble
hposomes 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 largér than that of naked plasmid DNA by
formmg 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

R SuzuH et al. / Journal of Controlled Release 125 (2008) 137-144

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, I 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 timor
tissue because of inducing cavitation at ultrasound exposure
site. Then, there were a possibility of hemolysis by the
cayitation 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 mduced These results suggested that this
gene delivery system was 1mportant method to achieve tumor
specific gene delivery without sérious damage

Plasmid DNA was effectlvely delivered into S-180 ascites .
tumor cells and solid tumor tissues with Bubble liposomes and -
ultrasound, although plasmid DNA did riot 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 delivéred 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 éxposure to ultrasound. In future studies, we

" intend to establish minimally-invasive and tissue-specific gene

delivery with Bubble liposomes after systemie injection.’ -
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Fig. 6. Hemolysis of red blood cells by Bubble liposomes and ultrasound.
Mouse red blood cells (2.5% 10® cells/ 500 mL) were exposed with ultrascund
(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 meanS.D. for triplicate.
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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 hposomal bubbles (Bubble liposomes) containing ultrasound i imaging gas, perﬁuoropropane Bubble
Liposomes were made of pegylated hposomes and were $maller than conventional microbubbles. Bubble liposomes also had a
function as 1mag1ng agents in card10sonography In addmon, Bubble hposomes could deliver plasmid DNA into various types
of cells in vitro without cytotoxicity by the combination of ultrasound. In vivo gene delivery, Bubble liposomes could deliver
plasmid DNA into mouse femoral artery by the transdermally exposure of ultrasound. “This transfecnon efficiency was more
eﬁ'ectlvely than lipofection method. Intérestingly, the gené expréssion was only observed at the site of ultrasouind exposure..

Therefore; we concluded that Bubble hposomes could be good tools to ‘establish USsue—specxﬁc gene delivery system as well as

ultrasound i 1mag1ng agents.

Keywords: Liposome, ultrasound, géne delivery, cavitation, sonoporati'on, pe'rﬂuoropropane

“

. Introduction .
* Gene therapy has potentlal in the treatment of cancer
and diseasés that. are due to genomic causes. In
addmon, at. present gene therapy is apphed into
cardiovascular diseases. Especmlly, In artériosclerosis
obliterans (ASO), vascular endothelial growth factor
and hepatocyte growth factor (HGF) gene therapies
"have been reported to . have beneficial effects.
Although viradl vector systems are efficient gene
. delivery tools, some problems have been reported
'(Marsha]l 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 i lmprovmg this’ aspect

(Mizuguchi et al. 1996; Kogure etal. 2004; Wada et al.
2005). :

~

In 1987 Fechhenmer et al. (1987) reported a new
concept about application of ultrasound energy for
gene delivery. And ultrasound has gained wide i interest
in gene therapy due to 1ts potential to deliver genes.
into cells and tissues. Prev10us studies into the utility
of ultrasound for § gene dehvery used frequenciés in the
range of 20—-50 kHz to induce cavitation (Fechheimer
et al. 1987; Ioersbo and Brunstedt 1990). In the
process of cav1tanon, the ultrasomc field i interacts with
gds in the liquid leading to their growth and eventual
implosion (Miller et al. 1996; Greenleaf et al. 1998).
This colIapse initiates shear stress, shock waves and
microjets that affect the cells in the nearby vicinity

‘(Unger et al. 2001) These effects lead to the
_permeability "of the plasma membrane and reduce

the th10knessof the unstirred layer of the cell surface:
(Duvshani—Es_het 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
combinatién of thérapeutic ultrasound and micro-
bubble echo contrast agents was shown to enhance
gene transfection eﬂiaency by eﬁ'ecuvely and directly

transfemng DNA into the cytosol (Shohet etal. 2000;

o

@

- 1i et al. 2003). Mlcrobubbles based on protein
microspheres and sugar mlcrobubbles, are cominer-
cially available. However, the mean diameter of

" microbubbles is around 1.1—6 pm (Lmdner 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:

Llposomes can be used as drug antigen a.nd gene
delivery carriers: Their size can be easily controlled_

Flgu.re 1. Aspect and ultrasonography of PEG—hposomes and Bubble hposomes PEG hposomes (a) were somcated with supercharged

perﬁuoropropane gas. Afcer that, they became to Bubble liposomes (b). PEG- hposomes @-and Bubble hpo%omes (d) wexe 1maged with
ultrasonography. . . .

“.



and they can be modified to add a targeting i}mctioh
(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.

Charactenstrcs of Bubble hposomes

. Bubble hposomes were made “of polyethyleneglycol
modified llposomes (PEG—hposomes) that were
prepared with -reverse - phase evaporauon method
PEG- hposomes placed in v1als that were supercharged
with perﬂuoropropane gas were sonicated in’ a bath

sonicator (Suzuki &t al 2007) “The suspens1on of .

Bubble hposomes became cloudier than the orlglnal
-liposome suspensmn (Flgure l(a),(b)) We conﬁrmed
whether the perﬂuoroptopane gas-was in- fact trapped
“within the Bubble hposomes with ultrasound imaging
. (UE-7 50XT; Fukuda DenshJ Co Itd, Tokyo, Iapan)

Echo signals were apparently enhanced in Bubble

hposomes compared w1th conventlonal PEG—hpo—'

somes (Flgure 1(c),(d)) These results showed that
Bubble hposomes were mcludmg perﬂuoropropane
gas. And ‘we; observed the Bubble hposomes with
darklite 1llum1nator (Nepa Gene. Co: Lid, - Chiba,
" Japan) (Flgure 2). In ‘this study, we also ‘observed

Optison as conventlonal m1¢robubb1es In the obser—'
vation of Opt1$on, most of rmcrobubbles were more,

than 3um. Tsunoda et al. (2005) reported that

the mean dlameter of Optlson parucles is about

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

transmission electron microscopy.
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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’'diameéter. 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

X Cardmsonography utlhzed w1th Bubble
: ,hposomes as 1mag1ng agents

’Conventlonal mcrobubbles ‘were mamly utilized as

Lmagmg agents in carchosonography (Figure 3). In the

'ultrasound imaging of Bubble liposomes in vitio, echo

. fmgnals was mgmﬁcantly increased. ‘Therefore, it is
: thought that Bubble hposomes could also be utilized as
g ultrasound 1mag1ng agents. In this study, we assessed
_’,'about the feasibility of Bubble liposomes as imaging
: agents in cardlosonography When Bubble liposornes
- were m]ected into tail vein, - the enhancement of echo
81gna1s was - observed in the. cardiac cavity. This
,{"enhancement was observed for about 5min in the -
cav1ty In addmon, we also attempted to prepare the
: Bubble hposomes which'? Were modified RGD peptide
’ ‘_on the hposome surface for targetmg to blood clotting
site: These active targeting type of Bubble liposomes

accumulated to blood clottmg site in the blood clotting

" mddel rabblt And we found out the blood clotting site
, ':_ W1th ultrasonography (data not shown) These results

' f(t‘{) '

Figure 2. M.lcroscopy of m.tc:robubbles and Bubble hposomes @ Mlcrobubbles (Opuson) and (b) Bubble hposomes were set on slide
glasses and they were covered w1th cover glasses. The sa.mples were observed w1th rmcroscope under dad(hte lluminator.
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S Fxgure 30 AQgi:d,iéc_:vsvdgography with Bubble 1ipo‘sc'>m . (a)NMc,')usg Was sqax;héd Wxth ﬁ_xé probe (35 MHz) of uluasonégtai;hy béfore (b) or
-after injection of Bubble liposomes (100/100 pi) into tail véin, Ciréle shows heart and trisngle shows enhanced echo signals.

.

(é)_

®

Fa

F_iéuxé 4. Cavitation of Bubble liposomes .e.prsed with'ﬁltr'asb'm’id. (2) Ultrasound generator. (b) Tts probes. (c, 4 _Bubbl_e Iipdsc;mw were
observed with naked image and (e, f) ultrasonography. The probe (circle) of ulirasound exposure was steeped in the suspension of Bubble

liposomés. Then, they were exposed with ultrasound (2.5W/cm?) for 10s. (s €) Images were observed before (d, fand after ultrasound
exposure. : . ' :
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Flgure 5 Gene dehvery by the combmanon of Bubble hposomes and ultrasound exposure. (a) Scheme of gene delrvery by Bubble hposomes
- and ultrasound. ' When thie ultrasound was exposed to Bubble liposomes, Bubble liposomes was induced cavitation, And the micro-jet stteam
Was mduced by the cavrtauon The stream made the transit pore to the cell membrane. Then, extracellular plasmld DNA was dehvered into
cytosol Cb) Luctferase expressron after transfection’ with Bubble hposomes and/or ultrasound COS-7 cells (1 X 10° cells/500 p,l/tube) were
- iixed wrth pCMV Luc (5 &) and Bubble hposomes (60 p,g) The cell mixture was exposed with ultrasotind (Frequency, 2 MHz; Duity, 50%;
: ;Burst 1ate, 2  Hz; Intensny, 2.5 W/cm s Time, 10's). The cells were washed and ciiltured for 2 days After that, lucrferase actlvxty was measured,
Each data represents the mean + SD n= 3). LB Bubble hposomec, I_., PEG-hposomes

. suggested that Bubble hposomes could be eﬁ‘ectrve
. uItrasound,xmagtng agents )

whei1, ultrasound is exposed to microbubbles (L1 et al.
2003) The cav1tatlon has the energy that is able to

dehver extracellular molecules into cytosol ('I‘amyama ‘

et al, 2002) And so, we confirmed whether Bubble
hposomes could iniduce cavitation- by ulttasound

‘exposure (Flgure 4), Ultrasound was generated Wlth:
. System”
.f",f(Flgure 4(a),(b)) (Sonopore, Nepa Gene Co. Ltdy. o
Cmba, ]'apan) Aft' .ultrasound exposure to Bubble
' nsion. became clear. (F1gure 4@d) o - -
and the1r ultrasound echo sxgnals remarkably,"_ :
- ._.,“(t)) - This result’ suggested that "
- cavitation was eﬁ'ecnvely mduced by the combination. .
. :"of Bubble hposomes and ultrasound exposture. Thus,."-.---_ .
- we assessed the feas1bxl1ty of Bubble hposomes asgene '
: fdelxvery tools utilizéd with cavitation (Figure 5@). -

Sonoporatlon " Gene'" Transfectlon

decreased (Flgur

We.examined the transduction of naked plasmld DNA -

+-into- COS—7 cells’ by Bubble-. hposomes and/or .
',ultrasound Levels of luc1ferase expressmn were,
" mmuch h1gher after. ultrasound i in the presence, than:
,','-...m ‘'the ‘absence of Bubble hposomes (Figure 5(b)) S
. -;'.Amazmgly, ‘thé 'gene expression efficiency was very. - ‘
: hlgh Wlth the mtraSOMd cxposure for 10s though lt_- L Flgure 6 Lucxferase expres'.nonmvanous types of cell transfected

" was’ so. Short We also. confirmed that Bubble- = w1th Bubble l1posomes and ultrasound. Cells (1 X 10°
cellsISOO p.l/tube) were mixed with pPCMV-Luc (5 p.g) and Bubble
. hposomes (60 pg). The cell mixture was exposed with or without
. ultrasound exposure (Frequency, ZMHz, Duty, 50%; Burst rate,

"hposomes ‘could effecuvely deliver. plasmid DNA‘

" . into cells even for 1 s of illtrasound exposure (datanot

" shown). In addition,’ wé 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 feas1b111ty of Bubble hposornes as
gene dehvery tools, we exammed about the transfec- -

4 B . } ,:'."'uon efﬁmency into varioug types of cells W1th Bubble .'
- Y »-hposomes and ultrasound: In thls study, we attempted
- .:.In mtro gene dehvery WIth Bubble hposomes Lol 1o 'deliver plasm1d DNA into S-180. (mOuse sarcoma) N
’ ‘Conventlonal m1crobubbles cdn mduce cawtauon -

Colon26 (mousé. colon adenoca.rcmoma), Bl6BL6‘
(mouse melanoma), Jurkat (human T cell lme) and

buman tmbilical vein endothelial cell (HUVEC) g

(F1gure 6) The combmauon ‘of Bubble hposomes and’

‘ultrasound more effectively transduced plasmxd DNA

into all of these ‘cells than ultrasound alone. From

_these results, it was ‘suggested that, Bubble hposomes
could dehver plasm1d DNA mto vanous types of cells.

B o7 g
- = El BL(—),US
el I BL(+).us
E’ lx‘lOsg
e T =
> 1x105s
g X
«
' gl.‘bdo“g
-2 r
% 1x10%.

2Hz; Intens1ty, 2.5 W/cm?; Time, 105). The cells were washed and
cultured for 2 days. After that, luciferase activity was measured.
Each data represents ‘the mean £ SD (n=3). BL, ‘Bubble
liposomes; US, Ulirasound. * < 10> RUU/mg protein, # < 10°
RLU/mg protein.
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Figure 7. Effect of serum on transfection éfficiency of Bubble

liposomes. COS-7 cells~(1 X 10° cells/500 pul) mixed with pCMV- -

Lac’ (0.25 pg) and Bubble Tiposomnes (60pg) were exposed to

ultrasound (Fréquency, 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, huciferasé activity was measured. Data are shown
as méans + SD (n =3) :

Considering in vivo gene delivery with Bubble

g ﬁpdso_;iies‘, it is necessary 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
liposornes was not affected even in the pre{s'c_:hqé' of

. serum, Therefore, Bubble liposomes would be novel .

: géne ‘delivery tools that could inhstantaneously trans-
fect extracellular plasmid DNA into cells in vivo. -

In vivo gene delivery with Bubble liposomes

To evaluate the ability of Bubble liposomes to n vivo
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 wultrasound
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 delivery
system, it is thought that gene expression is transient
(Suzuki et al. 2007). To maintain gene expression. for

long time, it is necessary to répeat injection.

Fortunately, Bubble liposomes were made of PEG-
liposomes which were very low immunogenic, There*
fore, it is thought that we could reipeat,, injection of
Bubble liposomes without reducing the ability of gene
delivery in vivo. ‘

Conclusion

We prepared the liposomal bubbles that contained
submicron-sized bubbies. These novel liposomes
induced cavitation upon exposure to ultrasound,

which resulted in plasmid DNA: transduction into

@ 1x107 0 ®) 350
, -300 &
' 1X 108 ' B
ze _ & 250
= 0 =
8% - &
o 2 5|
2o 1X10%% 200 <
O = sy
= [=]
S& [ 150 5.
L [s]
1X10%} - g
: - 100 &
. (o]
- K3
1X 108 ' R E—— S0
pDNA + . + LN + pDNA + BL + US
~ Bubble liposomes — - + +  LF2000
~ US exposure — + - + ‘

- Figure 8. Gene delivery to femoral artery with Bubble lipos‘:omes:. Each sample containing plasmid DNA. (10 pg) was injected into femoral
artery. In the same time, ultrasound (Frequency, 1 MHz; Duty, 50%; Burst rate, 2 Hz; Inténsity, 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 (7= 5). (b) In vivo luciferase imaging at 2 days after transfection in the mouse treated with plasmid DNA, Bubble

liposomes and ultrasound exposure. The photon counts are indicate

d by the pseudo-color scales. Arrow head shows injection site and circle -

shows ultrasound exposure area. BL, Bubble liposomes; L, PEG-Hposomes; 152000, 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 bem° a universal 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 (contro!), 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 immunohistachemistry, 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 Sci 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
- timors 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” (TNP470) is a low-
molecular-weight synthetic analog of fumagillin, a natural

doi: 16.11 11/5.1349-7006.2007.00474.x
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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 td 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®5
or radiation™ has showed a successful outcome in vivo. - o
US has been shown to enhance the antitumor effect of a chemo-
therapeutic agent in vitre and in vivo."'5~'? 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-celi 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 tumor 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 antianigiogenesis in this combined treatment was assessed
non-invasively using color Doppler US in teal-time with a
microbubble contrast agent. o

Materials and Mefhods

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 thabdomyosarcoma cells and the
immunophenotype, tumorigenicity, and cytogenetic characteristics
have been reported previously.®® Female BALB/cA Jcl-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 Science,
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 pig/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, FR118487 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’ dlarmno—benzxdme-tetrahydrochlonde (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 OIympus 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 Chermcal
Industries (Osaka, Japan). Its structure and characteristics have
been described previously.“® TNP-470 was suspended in a vehicle
of 0.5% éthanol plus 5% gum arabic in saline. FR118487. was
kindly donated by Fujisawa Pharmaceutical Co., Ltd (Tsukuba,

“Japan). The inhibitory effect of this drug on angmgenesm in the

rabbit cornea has previously been described.®
Injection of TNP-470 and ultrasound irradiation. The mice were
injected subcutaneously 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 meéasuring 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); iii) combination of TNP-470 and US irradiation (n =38),
and iv) non-treatment. as the control (n = 12: injection of 0.5%
ethanol plus 5% gum arabic in saline) and these therapies were
contihued 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
pet 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 =ax 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:

"wete 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 iv. 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

~ acircle 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 lmmunohlstochemlstry 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 Tritratumoral 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 t 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 t-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 results were judged to be statlstlca]]y 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: 10.1111/1.1349-7006.2007.00474.x
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