Fig. 3. Three types of ultrasound contrast agent from negative stain-
ing. AL: (a) x50000, (b) x100000. LB: (¢) x15000, (d) x10000. AB:
(e) x3500, () x20000. The black arrows in (a) and (b) show where
electron density was relatively low, indicating the presence of gas.
The black arrow in (f) indicates albumin in filament form. (a)~(f)
were stained at room temperature. (a), (b) JEOL JEM2000EX oper-
ated at 100 kV. (¢)<(f) H-7600 operated at 80 kV.
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Fig. 4. Histogram of the absolute frequency distribution. The data
were obtained from 10 TEM images. The maximum value was ob-
tained within the class interval of 91-120 nm.
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Fig. 5. Relative brightness range. AL and LS TEM micrographs were
analyzed to assess the average brightness value of the inside of each
kind of liposome. The inner area of each liposome image was digitally
selected to measure its mean brightness value. Relative brightness
values (measured mean brightness/background brightness) were ob-
tained for 106 LSs and 83 ALs. The statistical distribution of ALs is
slightly shifted to relative brightness values closer to 1 compared
to the distribution of LSs, indicating that gas bubbles are actually
present inside some of the ALs.

50nm
Fig. 6. Shell st:mcture‘of AL. TEM micrograph of AL, negatively
stained at 80°C. The distance between two lines in the magnified fig-

ure was 5.6 nm, indicating a single lipid bilayer. Original magnifica-
tion, x50 000. JEOL JEM2000EX operated at 100 kV.

AL was 24% (17 out of 70 liposomes). This value was
similar to the 20% obtained and illustrated in Fig. 3a
and b. Figure 7b shows that some ALs have an equal
volume occupied by liquid and gas. The white arrows
indicate the outside boundary, while the black ar-
rows indicate the inside boundary. G shows the pres-
ence of gas, and L the presence of liquid. It is hard
to judge whether the interface between the gas and
the liquid within the AL is a gas/liquid interface or a
lipid interface. Figure 7c shows an AL primarily oc-
cupied by gas. The proportion of gas relative to liquid
is likely to vary depending on how the cross-section
is cut. Figure 7d shows a liposome which was not
sonicated, with a liquid-filled inside.
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Fig. 7. Structure of AL from double staining. (a) The black arrows indicate the presence of gas in AL, while the white arrow indicates liquid.
Original magnification: x20000. (b) AL occupied by ~50% (VA7) gas (G) and 50% (v/v) liquid (L). The white arrows indicate the outside bound-
ary, while the black arrows indicate the inside boundary. Original magnification: x30000. (c) AL occupied mainly by gas (G). The liquid (L)
portion was small. The white arrow indicates the outside boundary, while the black arrow indicates the inside boundary. Original magnification:
%20 000. (d) Liposome, which was not sonicated. The inside was filled with liquid (L). The white arrows indicate the outside boundary. Original
magnification: x50 000. (a)—(d) were obtained with JEOL JEM2000EX operated at 100 kV.

Discussion

The structure of an AL was investigated using
TEM, and was compared with that for LB and AB.
First we measured the diameter of AL by dynamic
light scattering. The diameter of AL was ~200 nm
(Table 1), which was about double the diameter cal-
culated from the analysis of 10 TEM micrographs
(Fig. 4). With dynamic light scattering, the size was
measured immediately after AL production. TEM
measurement indicated that the size of AL may
have been influenced by the staining process and
repeated electron beam exposure. These external
factors might shift the frequency distribution to the
lower value.

The zeta potential was derived from the hypothe-
sis that ALs, LBs and ABs are hard particles [15]. ALs
and LBs were found to be almost neutral, whereas
AB had strong negative values (Table 1). As can be
seen in TEM images (Fig. 3e and f), the electron
beams were strongly scattered around the shell sur-
face of the ABs. The key component of AB, albumin,
was detected in its filament form. Ohshima [15] re-
ported that the Smoluchowski equation cannot be
applied to soft particles such as red blood cells, i.e.
particles with an electric surface charge boundary in
which a slip line exists. ABs are most likely to be a
type of soft particle, for which this equation cannot
be applied. Equations taking into account the prop-
erties of this kind of particles should be investigated.



From negative staining observations, it was as-
sumed that AL have a single lipid bilayer as a shell
structure (Fig. 6). The percentage of AL in which the
presence of gas was detected was ~20%, and the pro-
portion of volume occupied by gas and liquid varied
depending on how the cross-sections were cut. Al-
though it was hard to quantify the percentage of gas
occupying the interior of AL due to the limited num-
ber of TEM images, it was clear from echogenicity
that the C3Fs gas was actually encapsulated in ALs
(Figs. 2 and 5).

Several acoustic liposome structures have been
suggested [17,18]. Huang et al. [17] proposed that the
internal volume was occupied by air and liquid com-
partments, and that the interface between the air and
liquid compartments was a lipid monolayer. Suzuki
et al. [18] suggested that both liquid and unilamellar
lipids containing air were encapsulated by a single
lipid bilayer. In the present study, we observed that
gas and liquid seemed to be encapsulated together by
a single lipid bilayer. However, we could not judge
whether the interface between the gas and the liquid
was the gas/liquid interface or the lipid interface.

The co-existence of gas and liquid in ALs provides
evidence of its echogenicity and drug-carrying capa-
bilities. Further, the tissue specificity of ALs can be
improved by conjugating ligands against the target
tissue with PEG on the AL surface. Recently, a high-
frequency ultrasound system with ALs has been de-
veloped and applied so far to the imaging of anterior
segment of the eye [19], skin [20] and tumor vascu-
lature [21]. Studies have shown that the permeability
of the tumor vasculature is enhanced, and the phe-
nomenon is recognized as the EPR effect [11].

Most anticancer drugs have diameters of 10—
120 nm: Genexol-PM (20-50 nm in diameter), Doxil
(80-90 nm in diameter), Abraxane (120 nm in diam-
eter) [12]. Sonoporation delivery efficiency, in vivo
behavior and tissue-specificity of ALs would possibly
be enhanced if the diameter was controlled within
the range of 10-120 nm, the surface was positively
or negatively charged, and ligands against the tumor
were conjugated to PEG on the surface [22-24].

Concluding remarks

In summary, the findings of the present study indi-
cate that AL have a shell consisting of a single lipid
bilayer and can encapsulate both drugs and gas. The
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PEG distributed over the surface can be conjugated
with tissue-specific ligands. Developing functional
AL will assure the effectiveness of sonoporation.
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Abstract: A promising strategy as a cancer therapeutic is tumor-targeted gene delivery. The
AG73 peptide derived from the laminin a1 chain is a ligand for syndecans, and syndecan-2 is
highly expressed in some cancer cells. In this study, AG73-PEG liposomes were developed for
selective gene delivery to syndecan-2 overexpressing cancer cells. AG73-PEG liposomes were
used in combination with Bubble liposomes and ultrasound exposure to enhance transfection
efficiency by promoting the escape of the liposomes from the endosome to the cytosol. AG73-
PEG liposomes showed selective gene delivery to syndecan-2 overexpressing cancer cells.
Furthermore, AG73-mediated liposomal gene transfection efficiency was enhanced by 60-fold
when Bubble liposomes and ultrasound exposure were used, despite the absence of an increase
in the uptake of AG73-PEG liposomes into the cells. Confocal microscope analysis revealed
that the Bubble fiposomes and ultrasound promoted intracellular trafficking of the AG73-PEG
liposomes during gene transfection. Thus, the combination of AG73-PEG liposomes with Bubble
liposomes and ultrasound exposure may be a promising method to achieve selective and efficient
gene delivery for cancer therapy.

Keywords: AG73 peptide; Bubble liposomes; gene delivery; syndecan-2; ultrasound

Introduction

The success of human gene therapy depends upon the
development of delivery vehicles or vectors that can selec-
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tively deliver therapeutic genes to target cells safely and with
high efficiency. There are two main approaches in gene
delivery, namely, viral gene delivery and nonviral gene
delivery. Although viral vectors have high transfection
efficiencies over a wide range of cell targets, they have major
limitations, including virally induced inflammatory responses
and oncogenic effects.> Nonviral vectors, which are gener-
ally delivered as a complex with chemical and/or biochemical
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Lassmann, H.; Castro, M. G.; Lowenstein, P. R. Chronic brain
inflammation and persistent herpes simplex virus 1 thymidine
kinase expression in survivors of syngeneic glioma treated by
adenovirus-mediated gene therapy: implications for clinical trials.
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vectors such as cationic lipids or polymers, continue to be
an attractive alternative to viral vectors due to their safety,
versatility, and ease of preparation and scale-up. Nonviral
vectors, however, generally suffer from relatively low
transfection efficiencies.>*

A promising strategy for enhancing cancer gene therapy is
tumor-targeted gene delivery. Some targeting moieties have
been used in studies for cancer gene therapy, such as transferrin,
folate, anisamide, RGD-peptides, and antibodies.>™*°

The present study focused on AG73, which is 12 amino acid
synthetic peptide derived from the globular domain of the
laminin a1 chain. AG73 peptide is a ligand for syndecans, one
of the major heparan sulfate-containing transmembrane pro-
teoglycans.!! ™1 Syndecan-2 is highly expressed in various
cancer cell lines and plays a role in angiogenesis.'*™®
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Therefore, AG73-labeled polyethyleneglycol-modified lip-
osomes (AG73-PEG liposomes) were developed, which are
capable of encapsulating a gene condensed by poly-L-lysine.
However, PEG modification of liposomes can enhance the
stability of pDNA in serum and also suppress the association
of liposomes with cells or cause endosomal escape of
liposomes, leading to a decrease in transfection efficiency.'® ™2

A novel approach to the administration of a drug or gene
is the use of ultrasound (US)-enhanced delivery. US-
enhanced delivery exploits the cavitation bubbles produced
by the pressure oscillations of US. Furthermore, US waves
above a certain threshold can cause oscillating bubbles to
undergo a violent collapse known as inertial cavitation.
Inertial cavitation is believed to enhance the permeability
of a tissue or a cell membrane transiently.?*~2% Microbubbles,
which are contrast agents for medical US imaging, improve
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permeability after US-induced cavitation.”®~>* However,
microbubbles have problems associated with their size,
stability, and targeting function. Therefore, the present study
developed echo-contrast gas entrapping liposomes, also
known as Bubble liposomes (BLs). We found that BLs and
US exposure could enhance the permeability of a tissue or
the cell membrane transiently.>>~>® We hypothesized that
BLs and US may affect not only the cell membrane but also
intracellular vesicles and could enhance the escape of pPDNA
from endosomes to the cytoplasm.

This study assessed the selectivity of AG73-PEG lipo-
somes for syndecan-2 overexpressing cells and examined
whether AG73-mediated liposomal gene transfection could
be enhanced by BLs and US exposure to achieve highly
efficient transfection.

Experimental Section

Materials. The plasmid pCMV-Luc is an expression
vector encoding the firefly luciferase gene under the control
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of a cytomegalovirus promoter. Chloroquine was purchased
from Sigma (St. Louis, MO). Cy3-labeled pDNA was
purchased from Mirus Bio LL.C, Madison, WI. Alexa Fluor
488-conjugated transferrin was purchased from Molecular
Probes, Inc. (Eugene, OR).

Cell Lines and Cultures. A 293T human embryonic
kidney carcinoma cell line, stably overexpressing syndecan-2
(293T-Syn2 cell), was cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Kohjin Bio Co. Ltd, Tokyo,
Japan), supplemented with 10% fetal bovine serum (FBS;
Equitech Bio Inc., Kerrville, TX), penicillin (100 U/mL),
streptomycin (100 pg/mL), and puromycin (0.4 ug/mL), at
37 °C in a humidified 5% CO, atmosphere.

Preparation of AG73-PEG Liposomes. The Cys-AG73
peptide (CGG-RKRLQVQLSIRT) and scrambled Cys-
AG73T control peptide (CGG-LQQRRSVLRTKI) were
synthesized manually using the 9-fluorenylmethoxycarbonyl
(Fmoc)-based solid-phase strategy, prepared in the COOH-
terminal amide form and purified by reverse-phase high-
performance liquid chromatography. AG73-labeled PEG
liposomes were prepared by the hydration method. pDNA
diluted in 10 mM HEPES buffer (pH 7.4) (0.1 mg/mlL.) was
condensed using poly-L-lysine (PLL) (0.1 mg/mL) (SIGMA-
Aldrich Co., St. Louis, MO). The complex of pDNA and
PLL was added to a lipid film composed of 1,2-dioleoyl-
sn-glycero-3-phospho-rac-1-glycerol (DOPG) (AVANTI Po-
lar Lipids Inc., Alabaster, AL), 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) (AVANTI Polar Lipids
Inc., Alabaster, AL), and 1,2-distearoyl-sn-glycero-3-phos-
phatidylethanolamine-polyethyleneglycol-maleimide (DSPE-
PEG;00-Mal) in a molar ratio of 2:9:0.57, followed by
incubation for 10 min at room temperature to hydrate the
lipids. The solution was sonicated for 5 min in a bath-type
sonicator (42 kHz, 100 W) (BRANSONIC 2510J-DTH,
Bransoni Ultrasonic Co., Danbury, CT). For coupling, AG73
peptide, at a molar ratio of 5-fold DSPE-PEGyo-Mal, was
added to the PEG liposomes, and the mixture was incubated
for 6 h at room temperature to conjugate cysteine of Cys-
AGT73 peptide with the maleimide of the PEG liposomes
using a thioether bond. The resulting AG73-peptide-
conjugated PEG liposomes (AG73-PEG liposomes) were
dialyzed to remove any excess peptide. AG73-PEG lipo-
somes were modified with 5 mol % PEG and 3 mol %
peptides. The peptide conjugates were confirmed by protein
assay (Thermo Scientific Inc., MA).

Preparation of Bubble Liposomes. PEG liposomes
composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) (NOF Corporation, Tokyo, Japan) and 1,2-distearoyl-
sn-glycero-3-phosphatidylethanolamine-polyethyleneglycol
(DSPE-PEG;p0-OMe) (NOF corporation, Tokyo, Japan) in
a molar ratio of 94:6 were prepared by a reverse-phase
evaporation method. In brief, all reagents were dissolved in
1:1 (v/v) chloroform/diisopropyl ether. Phosphate buffered
saline was added to the lipid solution, and the mixture was
sonicated and then evaporated at 47 °C. The organic solvent
was completely removed, and the size of the liposomes was
adjusted to less than 200 nm using extruding equipment and
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a sizing filter (pore size: 200 nm) (Nuclepore Track-Etch
Membrane, Whatman plc, U.K.). The lipid concentration was
measured using a Phospholipid C test Wako (Wako Pure
Chemical Industries, Ltd., Osaka, Japan). BLs were prepared
from liposomes and perfluoropropane gas (Takachio Chemi-
cal Ind. Co. Ltd., Tokyo, Japan). First, 2 mL sterilized vials
containing 0.8 mL of liposome suspension (lipid concentra-
tion: 1 mg/mL) were filled with perfluoropropane gas,
capped, and then pressurized with a further 3 mL of
perfluoropropane gas. The vial was placed in a bath-type
sonicator (42 kHz, 100 W) (BRANSONIC 2510j-DTH,
Branson Ultrasonics Co., Danbury, CT) for 5 min to form
BLs.

Transfection of pDNA into Cells Using AG73-PEG
Liposomes. The two days before the experiments, 293T-
Syn2 cells (1 x 10°) were seeded in a 48-well plate. The
cells were treated with AG73-PEG liposomes (encapsulated
pDNA: 3 ug/ml) in serum-free medium for 4 h at 37 °C.
After replacement with fresh medium, the cells were cultured
for 20 h and then luciferase activity was measured.

Transfection of pDNA into Cells by Combination of
AG73-PEG Liposomes with BLs and US Exposure. The
two days before the experiments, 293T-Syn2 cells (1 x 10°)
were seeded in a 48-well plate. The cells were treated with
AGT73-PEG liposomes (encapsulated pDNA: 3 ug/mlL) in
serum-free medium for 4 h at 37 °C. After incubation, the
cells were washed twice to remove any excess AG73-PEG
liposomes that were not associated with the cells and BLs
(120 pug/mL) were added. Then, US exposure was applied
through a 6 mm diameter probe placed in the well (frequency,
2 MHz; duty, 50%; burst rate, 2 Hz; intensity, 1.0 W/cm?;
time, 10 s). A Sonopore 3000 (NEPA GENE, CO., Ltd.,
Chiba, Japan) was used to generate the US exposure. The
cells were cultured for 20 h, and then luciferase activity was
determined and cell viability was measured using an MTT
assay.

Measurement of Luciferase Expression. Cell lysate was
prepared with a lysis buffer (0.1 M Tris-HCI (pH 7.8), 0.1%
Triton X-100, and 2 mM EDTA). Luciferase activity was
measured using a luciferase assay system (Promega, Madi-
son, WI) and a luminometer (LB96 V, Belthold Japan Co.
Ltd., Tokyo, Japan). The activity is indicated as relative light
units (RLU) per mg protein.

Flow Cytometry Analysis. The two days before the
experiments, 293T-Syn2 cells (2 x 10°) were seeded in a
24-well plate. 0.2 mol % Rhodamine-labeled AG73-PEG
liposomes (pDNA: 3 ug/mL) were added to the cells and
incubated for 1 h at 37 °C. The cells were then collected,
and the fluorescence intensities were measured by flow
cytometry to evaluate the cellular association of liposomes.

To examine the effect of BLs and US exposure on cellular
uptake of pDNA, AG73-PEG liposomes (encapsulated Cy3-
labeled pDNA: 3 ug/ml.) were added to cells and incubated
for 4 h at 37 °C. After incubation, the cells were washed
twice and BLs (120 ug/mL) were added. Then, US exposure
was applied (frequency, 2028 kHz; duty, 50%; burst rate,
2.0 Hz; intensity, 1.0 W/cm?; time, 10 s). Subsequently, the
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Table 1. Characteristics of Prepared Liposomes®

diameter (nm)  -potential (mV)

nonlabeled PEG liposomes  155.6 4 37.2 —4.77 +2.28
AG73-PEG liposomes 152.0 £ 17.2 ~1.54 + 0.25
AG73T-PEG liposomes 156.7 + 38.5 —1.38 £ 0.33

“ Data represent means and SD of three different determina-
tions.

cells were incubated for 10 or 180 min, and then the cells
were collected by trypsinization and washed with PBS
supplemented with heparin (50 u#g/mL) three times to remove
AG73-PEG liposomes and pDNA bound to the cell surface.
The fluorescence intensities were measured by flow cytometry.
Confocal Laser Scanning Microscopy (CLSM). 293T-
Syn2 cells (7 x 10% were seeded two days before the
experiments. The cells were treated with AG73-PEG lipo-
somes (Cy3-labeled pDNA: 3 ug/mL) and Alexa Fluor 488-
conjugated transferrin (50 ug/mL) for 4 h at 37 °C. After
incubation, the cells were washed and BLs (120 ug/mL) were
added. Then, US exposure was applied (frequency, 2028
kHz; duty, 50%; burst rate, 2.0 Hz; intensity, 1.0 W/cm?;
time, 10 s). Subsequently, the cells were incubated for 10,
60, or 180 min and then fixed with 4% paraformaldehyde
for 1 h at 4 °C. Then, CLSM was performed, To differentiate
the AG73-PEG liposomes internalized into the cytoplasm
following attachment to the surface of the cell membrane,
the cytoplasm was distinguished from the cell membrane as
shown in a previous paper.>®*° The rate of colocalization
of Cy3-labeled pDNA with Alexa Fluor 488-conjugated
transferrin was quantified as follows: amount of colocaliza-
tion (%) = Cy3 pixelScotocatization/ Cy3 pixelsira x 100, where
Cy3 pixelScotocalization Tepresents the number of Cy3 pixels
colocalizing with Alexa Fluor 488-conjugated transferrin and
Cy3 pixels;a represents the number of all Cy3 pixels.

Results

Characteristics of AG73-PEG Liposomes. We evaluated
the average size and zeta potential of nonlabeled, AG73, or
AGT3T-PEG liposomes with 5 mol % DSPE-PEG,g and
modified with 3 mol % peptides. The size and zeta potential
of the liposomes were determined as about 150 nm with a
slight negative charge (Table 1).

Receptor-Mediated Gene Delivery by AG73-PEG
Liposomes. We evaluated the selective association of AG73-
PEG liposomes with 293T-Syn2 cells (Syndecan-2 overex-
pressing cell) via the syndecan-2 receptor. The cells were
incubated with either nonlabeled, AG73, or AG73T-PEG
liposomes containing Rhodamine-DOPE for 1 h at 37 °C,
and fluorescence intensities were examined by flow cytom-

(39) Suh, I.; Wirtz, D.; Hanes, J. Efficient active transport of gene
nanocarriers to the cell nucleus. Proc. Natl. Acad. Sci. U.S.A. 2003,
100, 3878-3882,

(40) Oba, M.; Aoyagi, K.; Miyata, K.; Matsumoto, Y.; Itaka, K;
Nishiyama, N.; Yamasaki, Y.; Koyama, H.; Kataoka, K. Polyplex
micelles with cyclic RGD peptide ligands and disulfide cross-
links directing to the enhanced transfection via controlled intra-
cellular trafficking. Mol. Pharmaceutics 2008, 5, 1080-1092,



AG73-PEG Liposomes with Bubble liposomes and Ultrasound

articles

; Control
-~ ; Non-labeled
PEG liposomes

== ; AG73-PEG liposomes
3 AG73T-PEG liposomes

Call numbers

100 > 10¢
Fluorescence intensity

1.E407 c1 E+07
AG73 peptide

w

AG73T peptide

1.E+08[

1.E+04 Lj—ll 1.E404

-
m
4
m

1.E+05

Luciferase activity
;
S
Ul

{RLU/mg protein}
Luclferase activity
{RLU/mg protein)

0 1
Ratlo of modmed paptlde (mol'/n) Ratlo ot modified pepﬂde (mol%)

D

E 1.E+08

DAPI pDNA Merged

Control

Non-abeled

PEG liposome:
AG73-PEG
{iposomes

Figure 1. Effect of AG73 coating on liposome cell
binding and gene transfer. (A) 293T-Syn2 cells were
treated with either Rhodamine-labeled nonlabeled,
AG73- or AG73T-PEG liposomes for 1 h at 37 °C. The
fluorescence intensities were measured by flow
cytometry. (B, C) The cells were incubated with the
PEG liposomes modified with AG73 or AG73T in
various ratios for 4 h at 37 °C. After replacement with
fresh medium, the cells were cultured for 20 h and then
juciferase activity was determined. Data are shown as
means + SD (n = 4). (D) The cells were treated with
nonlabeled or AG73-PEG liposomes encapsulating
Cy3-labeled pDNA (red) for 1 h at 37 °C. The nucleus
was stained with DAPI (blue), and then the cells were
observed by CLSM. The scale bars represent 10 um.
(E) The cells were preincubated with or without
chloroquine for 30 min before transfection and then
treated with AG73-PEG liposomes in the presence or
absence of chloroquine for a further 4 h at 37 °C. After
replacement with fresh medium, the cells were cultured
for 20 h and luciferase activity was determined. Data
are shown as means + SD (n = 4). *p < 0.05
compared with treatment in the absence of chloroquine.
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etry. The cells treated with AG73-PEG liposomes showed
an enhancement of fluorescence intensities compared with
nonlabeled and AG73T-PEG liposomes (Figure 1A). The
delivery efficiency of AG73-PEG liposomes was higher than
that of the nonlabeled liposomes. Next, the effects of AG73
coating of PEG liposomes on gene transfection were

examined. The cells were treated with AG73-PEG liposomes
that were modified with AG73 at various ratios for 4 h at 37
°C, and then luciferase activity was measured after an
additional incubation for 20 h. The increase in luciferase
activity depended upon the ratio of AG73 modified with PEG
liposomes, while the luciferase activity was not enhanced
by AG73T-PEG liposomes (Figure 1B,C). Furthermore, to
elucidate the subcellular localization of pDNA after uptake
by syndecan-2 receptors, AG73-PEG liposomes containing
Cy3-labeled pDNA were monitored in the cells by confocal
laser scanning microscopy. In the cells treated with AG73-
PEG liposomes, the fluorescence of pPDNA was observed on
the surface of the cell membrane and in the cytoplasm after
incubation for 1 h. In contrast, the fluorescence of pDNA
was weak in the cytoplasm of cells treated with nonlabeled
PEG liposomes after a 1 h incubation (Figure 1D).

Although AG73-PEG liposomes could introduce genes into
the cells via syndecan-2, it is believed that PEG-modification
of liposomes affects the endosomal escape of liposomes,
leading to a decrease in gene expression after transfection.'® ™
Therefore, to assess the ability for endosomal escape of
AGT73-PEG liposomes, cells were transfected with AG73-
PEG liposomes in the presence of chloroquine, which is
recognized as an endosomolytic agent.*' ~** The resulting
luciferase activity was 10-fold higher than that following
treatment with AG73-PEG liposomes in the absence of
chloroquine (Figure 1E). We conclude that AG73-PEG
liposomes can selectively deliver genes to the cells via
syndecan-2, but they may not release genes into cytoplasm
and nucleus efficiently.

Enhancement of AG73-Mediated Liposomal Gene
Transfection by BLs and US. To investigate the effect of
BLs and US exposure on the transfection efficiency of AG73-
PEG liposomes, 293T-Syn2 cells were treated with either
nonlabeled or AG73-PEG liposomes for 4 h at 37 °C in
serum-free medium, and then the cells were treated with BLs
and US exposure. After treatment with AG73-PEG lipo-
somes, the luciferase activity was enhanced up to 60-fold
by BLs and US exposure when compared with that of AG73-
PEG liposomes alone. Furthermore, the combination of
AGT73-PEG liposomes with BLs and US exposure had about
60-fold higher luciferase activity than that of nonlabeled
liposomes with BLs and US exposure (Figure 2A). We also
examined the transfection efficiency by treatment of AG73-
PEG liposomes with US in the absence of BLs. As a result,

(41) Wibo, M.; Poole, B. Protein degradation in cultured cells. II. The
uptake of chloroquine by rat fibroblasts and the inhibition of
cellular protein degradation and cathepsin B1. J. Cell Biol. 1974,
63, 430-440.

(42) Sonawane, N. D.; Szoka, F. C.; Verkman, A. S. Chloride
accumulation and swelling in endosomes enhances DNA transfer
by polyamine-DNA polyplexes. J. Biol. Chem. 2003, 278, 44826
44831.

(43) Cheng, I.; Zeidan, R.; Mishra, S.; Liu, A,; Pun, S. H.; Kulkami,
R. P.; Jensen, G. S.; Bellocg, N. C.; Davis, M. E. Structure-
function correlation of chloroquine and analogues as transgene
expression enhancers in nonviral gene delivery. J. Med. Chem.
2006, 49, 6522-6531.
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Figure 2. Effect of BlLs and US exposure on
AG73-mediated liposome-mediated gene transfection.
(A, B) Nonlabeled or AG73-PEG liposomes were added
to 293T-Syn2 cells. After 4 h incubation, the cells were
washed and BLs were added. Then, the cells were
exposed to US and cultured for 20 h. Then luciferase
activity was determined and cell viability was measured
using a MTT assay. Data are shown as means = SD (n
= 4). *p < 0.05, **p < 0.005. (C) The cells were treated
with either nonlabeled or AG73-PEG liposomes in the
various serum concentrations. After the incubation for
4 h, the cells were washed and BLs were added. Then,
the cells were exposed to US and cultured for 20 h.
Then, luciferase activity was determined. Data are
shown as means + SD (n = 4). *p < 0.05, ***p < 0.005
compared with AG73-PEG liposomes. (D) Cells were
treated with either nonlabeled or AG73-PEG liposomes.
After incubation for 4 h, the cells were washed and BlLs
were added. Then, the cells were exposed to US and
incubated for 3, 6, 12, or 20 h. Then, luciferase activity
was determined. Data are shown as means + SD (n =
4). *p < 0.05, ***p < 0.005 compared with AG73-PEG
liposomes.

the transfection efficiency was barely enhanced by treatment
with AG73-PEG liposomes with US compared with that of
AG73-PEG liposomes alone (data not shown). The cytotox-
icity of the combination of AG73-PEG liposomes with BLs
and US exposure was determined using an MTT assay. Cell
viability was more than 90% even after each transfection
(Figure 2B). Since cancer gene therapy in the clinic needs
to be effective in the presence of serum, we examined the
effects of serum on gene transfection by AG73-PEG lipo-
somes with BLs and US exposure. As shown in Figure 2C,
the luciferase activity after treatment with AG73-PEG
liposomes was increased by BLs and US exposure even in
the presence of serum.
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The mechanism of transfection involving the combination
of AG73-PEG liposomes with BLs and US exposure could
be different from that of AG73-PEG liposomes alone. There-
fore, to investigate the kinetics of gene expression, cells were
treated with either nonlabeled or AG73-PEG liposomes for
4 h, and then the cells were treated with BLs and US
exposure. Luciferase activity was measured sequentially after
US exposure. As shown in Figure 2D, the luciferase activity
after the treatment with AG73-PEG liposomes was enhanced
by BLs and US exposure within 3 h after US exposure
compared with that of nonlabeled or AG73-PEG liposomes
alone. However, the luciferase activity after the treatment
with either nonlabeled or AG73-PEG liposomes alone increased
in a time-dependent manner; and the luciferase activity with
the combination of AG73-PEG liposomes with BLs and US
exposure was maintained at a higher level at all time points.
‘We conclude that BLs and US exposure can enhance AG73
mediated liposomal gene transfection.

The Mechanism of Transfection by AG73-PEG
Liposomes with BLs and US Exposure. To evaluate the
effects of BLs and US exposure on the cellular uptake of
pDNA, flow cytometry analysis was performed to measure
the fluorescence intensities of Cy3-labeled pDNA in 293T-
Syn2 cells transfected with AG73-PEG liposomes with or
without BLs and US exposure. Cellular uptake of pDNA
showed almost no difference in the presence of AG73-PEG
liposomes with or without BLs and US exposure (Figure 3A).
To examine the involvement of endocytosis in the process,
the cells were first treated with AG73-PEG liposomes for
1 h at 37 °C or at 4 °C, and then the fluorescence intensity
was measured by flow cytometry. As shown in Figure 3B,
the fluorescence intensities of the cells treated with AG73-
PEG liposomes for 1 h at 4 °C were decreased compared
with the treatment of AG73-PEG liposomes for 1 h at 37
°C. Next, the involvement of endocytosis in the transfection
with AG73-PEG liposomes was examined. The cells were
transfected by AG73-PEG liposomes with or without BLs
and US exposure at 37 or 4 °C. Twenty-three hours after
transfection, the luciferase activity was measured. When the
cells were transfected by AG73-PEG liposomes with BLs
and US exposure at 37 °C, the luciferase activity was
increased compared with that of the cells treated with AG73-
PEG liposomes alone. In contrast, the luciferase activity did
not change in the cells treated with AG73-PEG liposomes
with BLs and US exposure at 4 °C compared with the
treatment of AG73-PEG liposomes alone (Figure 3C).

We further established whether BLs and US exposure
could enhance gene expression with AG73-PEG liposomes.
The cells were treated with AG73-PEG liposomes for 4 h at
37 °C, and then AG73-PEG liposomes attached to the surface
of the cell membrane were removed with trypsin and heparin,
followed by BLs and US exposure treatment. As a result,
the luciferase activity was increased by BLs and US exposure
even when AG73-PEG liposomes attached to the surface of
the cell membrane were removed (Figure 3D). The effects
of chloroquine on gene transfection by AG73-PEG liposomes
with BLs and US exposure were also examined. The cells
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Figure 3. Mechanism of accelerated AG73-mediated
liposomal gene transfer by BLs and US exposure. (A)
293T-Syn2 cells were incubated with AG73-PEG
liposomes encapsulating Cy3-labeled pDNA for 4 h at 37
°C. After the incubation, the cells were washed and BLs
were added. Then the cells were exposed to US and
incubated for 10 or 180 min. Then, the cells were
collected and washed with heparin-containing PBS three
times. The fluorescence intensities were measured by flow
cytometry. Data are shown as means + SD (n = 3). (B)
The cells were preincubated for 30 min at 37 or 4 °C
before transfection and then treated with Rhodamine-
labeled AG73-PEG liposomes for a further 1 h at 37 or 4
°C. The cells were then collected and washed with
heparin-containing PBS three times. The fiuorescence
intensities were measured by flow cytometry. (C) The cells
were preincubated for 30 min at either 37 or 4 °C before
transfection and then treated with AG73-PEG liposomes
for a further 1 h at 37 or 4 °C. After incubation, the cells
were washed and BLs were added. Then, the cells were
exposed to US and cultured for 23 h. Luciferase activity
was determined. Data are shown as means =+ SD (n = 4).
*p < 0.05. (D) The cells were treated with AG73-PEG
liposomes for 4 h at 37 °C and then washed with
heparin-containing PBS following BLs and US exposure.
The cells were cultured for 20 h and luciferase activity was
determined. Data are shown as means + SD (n = 4). *p<
0.05 compared with AG73-PEG liposomes. (E) The cells
were preincubated with or without chloroquine for 30 min
before transfection and then treated with AG73-PEG
liposomes in the presence or absence of chloroquine for a
further 4 h. After incubation, the cells were washed and
BLs were added. Then, the cells were exposed to US and
cultured for 20 h. Then luciferase activity was determined.
Data are shown as means + SD (n= 4).

were pretreated for 30 min with chloroquine and transfected
with pDNA using AG73-PEG liposomes with or without BLs
and US exposure in the presence of chloroquine. As shown
in Figure 3E, the cells treated with AG73-PEG liposomes
alone showed the enhancement of luciferase activity in the
presence of chloroquine (0—100 x#M). In contrast, for cells
treated using AG73-PEG liposomes with BLs and US
exposure, the luciferase activity was not affected significantly
even at the high dose of chloroquine. We conclude that BLs
and US exposure can affect AG73-PEG liposomes internal-
ized into the cells.

Intracellular Distribution of pDNA. To evaluate the
intracellular distribution of pDNA, 293T-Syn2 cells were
treated with AG73-PEG liposomes containing Cy3-labeled
pDNA in the presence of Alexa Fluor 488-conjugated
transferrin for 4 h, and then the cells were treated with BLs
and US exposure. After the US exposure, cells were
incubated for 10, 60, or 180 min and observed by confocal
laser scanning microscopy. In the cells treated with AG73-
PEG liposomes alone, the fluorescence of pDNA colocalized
with the fluorescence of transferrin (Figure 4A). In contrast,
the fluorescence of pDNA colocalized with transferrin was
reduced. The ratio of Cy3-labeled pDNA with Alexa Fluor
488-conjugated transferrin was also quantified. As shown
in Figure 4B, the ratio of colocalization of Cy-3 labeled
pDNA with Alexa Fluor 488-conjugated transferrin was
decreased by treatment with AG73-PEG liposomes with BLs
and US exposure compared with the treatment of AG73-
PEG liposomes alone. We conclude that BLs and US
exposure can affect the intracellular trafficking of pDNA and
enhance the transfection efficacy of AG73-PEG liposomes.

Discussion

The selective delivery of pDNA into tumors could enhance
cancer gene therapy, and some targeting of ligands, such as
transferrin, folate, anisamide, RGD-peptides, and antibodies,
has been used.>!© For selective gene delivery into tumors,
AG73-PEG liposomes encapsulating pDNA were developed.
The laminin-derived AG73 peptide is a known ligand for
syndecans, and it has been reported that syndecan-2 is highly
expressed in various cancer cells.'! 7131517

First, it was assessed whether the AG73-PEG liposomes
could deliver genes to syndecan-2-overexpressing cancer
cells (293T-Syn2 cells) selectively. The cellular association
(Figure 1A), transfection efficacy (Figure 1B,C), and cellular
uptake (Figure 1D) were examined. AG73-PEG liposomes
could strongly associate with 293T-Syn2 cells, deliver pPDNA
effectively into the cells, and increase luciferase gene
expression depending upon the ratio of AG73 peptide
modified PEG liposomes used. These results suggested that
AG73 is involved in the association of the liposomes with
the cells via Syndecan2, and that pDNA can be internalized
efficiently into cells, leading to the increase in gene
expression.

PEG-modification is believed to suppress cellular associa-
tion and/or endosomal escape of liposomes, and it decreased
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Figure 4. Effect of BLs and US exposure on the
colocalization of pDNA and transferrin. (A, B) 293T-
Syn2 celis were treated with AG73-PEG liposomes
encapsulating Cy3-labeled pDNA (red) and Alexa Fluor
488-conjugated transferrin (green) for 4 h at 37 °C.
After incubation, the cells were washed and BLs were
added. Then, the cells were exposed to US and
incubated for 10, 60, or 180 min. Then the cells were
fixed with 4% paraformaldehyde for 1 h at 4 °C and
observed by CLSM. The scale bars represent 10 um.
The ratio of colocalization of Cy3-labeled pDNA with
Alexa Fluor 488-conjugated transferrin was quantified.
Data are shown as means + SE (n = 100). *p < 0.05
compared with AG73-PEG liposomes (Mann—Whitney’s
U test).

gene expression.’*”>? Therefore, it was assessed whether
AG73-PEG liposomes could transport pDNA into the
cytoplasm and nucleus by escaping from endosomes ef-
ficiently. In the presence of chloroquine, the luciferase gene
expression by AG73-PEG liposomes was apparently in-
creased when compared with incubation without chloroquine

224 MOLECULAR PHARMACEUTICS VOL. 7, NO. 1

(Figure 1D). This result suggested that AG73-PEG liposomes
may not deliver the encapsulated pDNA into the cytoplasm
and nucleus efficiently. It was also confirmed that AG73-
liposomes without PEG modification generated higher gene
expression when compared with AG73-PEG liposomes (data
not shown). However, it was necessary to stabilize liposomes
in the blood to obtain therapeutic efficacy in systemic cancer
gene therapy. Therefore, it is necessary to further enhance
the transfection efficacy by PEG-modified liposomes for
cancer gene therapy in vivo.

The present study developed echo-contrast gas entrapping
liposomes (BLs) and found that BLs and US exposure could
enhance the permeability of tissue cell membranes tran-
siently.>> 8 It was also hypothesized that BLs and US might
affect not only the cell membrane but also intracellular
vesicles and enhance the escape of pDNA from endosomes
into the cytoplasm. We assessed whether AG73-mediated
liposomal gene transfection could be enhanced by BLs and
US exposure. To determine the effects of BLs and US
exposure on AG73-PEG liposomes either within the cells
or attached to the surface of the cell membrane, excess
AGT73-PEG liposomes in the medium were removed after a
4 h incubation. Gene transfection efficiency with AG73-PEG
liposomes was enhanced by BLs and US exposure even in
the presence of serum (Figure 2A,C), and higher luciferase
gene expression was observed at 3 h after US exposure
compared with treatment with AG73-PEG liposomes alone
(Figure 2D). It was shown that luciferase expression re-
mained at a plateau, rather than decreasing, following
treatment using AG73-PEG liposomes with BLs and US
exposure (Figure 2D). For this reason, it may be considered
that pDNA/poly-L-lysine complexes may be first decon-
densed and the naked pDNA may be degraded gradually after
treatment with BLs and US exposure, which could affect
the intracellular trafficking of pDNA leading to enhancement
of the release of pDNA from endosomes into the cytosol
and the transfer of pDNA to the nucleus. Therefore, luciferase
expression could increase at an early time point and then
decrease in a time-dependent manner. In contrast, in treat-
ments with AG73-PEG liposomes or nonlabeled PEG lipo-
somes alone, luciferase expression increased (Figure 2D).
For this reason, it may be considered that AG73-PEG
liposomes attached to the cell membrane via syndecan-2 or
nonlabeled PEG liposomes attached to the cell membrane
nonspecifically, which could not be removed completely and
might be internalized in a time-dependent manner, leading
to a gradual increase in luciferase expression subsequently.
We also confirmed an enhancement of the transfection
efficiency of AG73-PEG liposomes by BLs and US exposure
in B16 melanoma cells expressing syndecan-2 (data not
shown). These results suggest that BLs and US exposure
can lead to enhanced gene expression.

We determined the mechanism of the enhancement of
AGT73-mediated liposomal gene transfection by BLs and US
exposure. It had been speculated that BLs and US exposure
could affect cell membranes and/or intracellular vesicles and
enhance the intracellular transport of AG73-PEG liposomes
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and the trafficking of AG73-PEG liposomes. Therefore, the
effect of BLs and US exposure on cellular internalization of
pDNA was investigated by flow cytometry (Figure 3A).
However, the fluorescence intensities of pDNA in the cells
were not affected remarkably by BLs and US exposure. Next,
it was examined whether BLs and US exposure could affect
AG73-PEG liposomes either attached to the surface of the
cell membrane or internalized into cells. The uptake of
AGT73-PEG liposomes into the cells was diminished at 4 °C.
The transfection efficiency by itself was not enhanced
significantly by BLs and US exposure at 4 °C. In contrast,
luciferase activity was increased when BLs and US exposure
were applied to the cells internalizing AG73-PEG liposomes
(Figure 3B—D). In addition, although the transfection ef-
ficiency of AG73-PEG liposomes alone was enhanced in the
presence of chloroquine, the transfection efficiency of AG73-
PEG liposomes with BLs and US exposure was not increased
significantly (Figure 3E). These results suggested that BLs
and US exposure could affect AG73-PEG liposomes inter-
nalized into the cells but did not affect AG73-PEG liposomes
attached to the surface of the cell membrane and could
present effects such as chloroquine (Figure 5). It may be
possible that BLs and US exposure affect RNA transcription,
but this seems unlikely because further increases in gene
expression were not observed with the enhanced endosomal
escape by chloroquine (Figure 3D). Furthermore, the intra-
cellular distribution of pDNA was observed. The ratio of
colocalization of pDNA and transferrin was decreased by
treatment with BLs and US exposure (Figure 4). This result
suggested that BLs and US exposure could affect the
intracellular trafficking of pDNA and increase the transfection
efficacy of AG73-PEG liposomes (Figure 5). It has been
reported that microbubble and US exposure could directly
deliver lipoplex into the cytoplasm of the cell.** However,

(44) Lentacher, L; Wang, N.; Vandenbroucke, R. E.; Demeester, J.;
De Smedt, S. C.; Sander, N. N. Ultrasound exposure of lipoplex
loaded microbubbles facilitates direct cytoplasmic entry of the
lipoplexes. Mol. Pharmaceutics 2009, 6, 457467

we suggested that AG73-PEG liposomes could not signifi-
cantly enter into cytoplasm directly by the treatment of BLs
and US exposure (Figure 3C). Therefore, there is a possibility
that AG73-PEG liposomes associated with syndecan-2
receptor of the cells might not directly enter into cytoplasm
by the treatment of BLs and US exposure.

However, we should elucidate a more particular mecha-
nism by which BLs and US exposure may affect directly
intracellular vesicle morphology or induce several biological
effects such as influx of calcium ions or generation of
reactive oxygen species,*> % but that has not yet been
determined.

In conclusion, it was shown that PEG liposomes modified
with AG73 peptide, which is a ligand for syndecans, could
be a useful vector for syndecan-2 overexpressing cancer cells.
In addition, the combination of BLs and US exposure could
enhance AG73-mediated liposomal gene transfection. BLs
and US exposure could not promote the transportation of
AGT3-PEG liposomes into cells but did affect the intracel-
lular trafficking of AG73-PEG liposomes, leading to an
increase in gene expression. BLs and US exposure may
overcome the disadvantages of PEG-modified iposomes and
enhance the delivery efficiency of genes into the cytoplasm
and nucleus. Thus, the combination of AG73-PEG liposomes
with BLs and US exposure may be a promising method to
achieve selective and efficient gene delivery for cancer gene
therapy via systemic administration.
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Interleukin-12 (IL-12) gene therapy is expected to be effective against cancers because it primes the immune
system for cancer cells. In this therapy, it is important to induce IL-12 gene expression in the tumor tissue,
Sonoporation is an attractive technique for developing non-invasive and non-viral gene delivery systems, but
simple sonoporation using only ultrasound is not an effective cancer gene therapy because of the low
efficiency of gene delivery. We addressed this problem by combining ultrasound and novel ultrasound-

ﬁiﬁz:d‘f;n_n (1L-12) sensitive liposomes (Bubble liposomes) which contain the ultrasound imaging gas perfluoropropane. Our
Ultrasound previous work showed that this is an effective gene delivery system, and that Bubble liposome collapse
Liposomes (cavitation) is induced by ultrasound exposure. In this study, we assessed the utility of this system in cancer

gene therapy using IL-12 corded plasmid DNA. The combination of Bubble liposomes and ultrasound
dramatically suppressed tumor growth. This therapeutic effect was T-cell dependent, requiring mainly cD8*
T lymphocytes in the effector phase, as confirmed by a mouse in vivo depletion assay. In addition, migration
of CD8* T cells was observed in the mice, indicating that the combination of Bubble liposomes and
ultrasound is a good non-viral vector system in IL-12 cancer gene therapy.

Cancer gene therapy
Non-viral vector

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Interleukin 12 (IL-12), a heterodimeric protein composed of p35
and p40 subunits [1,2], is produced by antigen-presenting cells such
as dendritic cells and macrophages. IL-12 has a variety of immuno-
modulatory anti-tumor effects including induction of interferon-y
(IFN-vy secretion by stimulation of T cells and natural killer (NK) cells,
and promotion of cytotoxic T lymphocyte (CTL) maturation [3,4]. In
addition, IL-12 induces antiangiogenic effects mainly through IFN-y-
dependent production of the chemokine, interferon-inducible pro-
tein-10 (IP-10) [5], suggesting that IL-12 would be an effective anti-
tumor agent. Although the systemic administration of IL.-12 has been
shown to suppress tumor growth, clinical trials were interrupted
because of fatal adverse effects [6,7]. On the other hand, local
administration of 1L-12 into tumors is accepted as a more effective
immunotherapeutic approach because of reduced systemic toxicity
[8]. In particular, gene therapy by intratumoral injection of the IL-12

* Corresponding author, 1091-1 Suwarashi, Sagamiko, Sagamihara, Kanagawa 229-
0195, Japan. Tel.: +81 42 685 3724; fax: +81 42 685 3432,
E-mail address: maruyama@pharm.teikyo-u.ac,jp (K. Maruyama).
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0168-3659/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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gene is expected to be an effective cancer therapy because it would
lead to the locally sustained release of IL-12 in the tumor {9].

In cancer gene therapy, it is important to develop easy, safe,
efficient and minimally-invasive techniques for transferring genes
into tumor tissue. Non-viral gene therapy has many advantages over
gene therapy, including ease of plasmid DNA production, lower
toxicity and immunogenicity, and lower cost. Many researchers have
attempted to develop non-viral gene delivery carriers such as lipids
and polymers [10-13]. In addition, there is wide interest in the
potential of therapeutic ultrasound for enhancing the efficiency of
gene delivery [14,15]. In particular, a physical method using
ultrasound combined with nano/microbubbles has many of the
desired characteristics for an ideal gene therapy, including low
toxicity, the potential for repeated applications, organ specificity,
and broad applicability to acoustically accessible organs [16,17].
Ultrasound can create transient nonlethal perforations in cell
membranes [18], allowing extracellular plasmid DNA to be directly
delivered into the cytosol. The main mechanism of gene delivery is
thought to be acoustic cavitation using nano/microbubbles as
cavitation nuclei. Based on liposome technology, we previously
developed novel liposomal bubbles (Bubble liposomes) containing
lipid micelles of the ultrasound imaging gas, perfluoropropane [19-
23] When coupled with ultrasound exposure, Bubble liposomes could
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be used as novel gene delivery agents in vitro and in vivo [19,20,24]. In
addition, we found that gene delivery into femoral artery with this
method was much more efficient than the conventional lipofection
method using Lipofectamine 2000 [19]. And there is little report about
cancer gene therapy using nano/microbubbles and ultrasound.
Therefore, it is expected that gene delivery using Bubble liposomes
and ultrasound will be an effective non-viral vector system for cancer
gene therapy. In this study, we assessed this gene delivery system in
cancer gene therapy using IL-12 gene.

2, Materials and methods
2.1. Cells and animals

Murine ovarian carcinoma OV-HM cells were kindly provided by
Dr. Hiromi Fujiwara. An ovarian tumor 0V2944, was induced in a
female (C57BL/6 X C3H/He) F; mice by giving a single whole-body
neutron irradiation, and a cloned line with highly metastatic property
(designated OV-HM) was isolated from the parental line [25]. OV-HM
cells were grown in RPMI-1640 (Sigma Chemical Co,, St. Louis, MO)
containing 100 U/m! penicillin (Wako Pure Chemical Industries,
Osaka, Japan) and 100 pg/ml streptomycin (Wako Pure Chemical
Industries) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, GIBCO, Invitrogen Co., Carlsbad, CA). B6C3F1 female mice
were obtained from Sankyo Labo Service Corporation, Inc. (Tokyo,
Japan) and used at 6 weeks of age. All of the experimental procedures
were performed in accordance with the Teikyo University guidelines
for the welfare of animals in studies of experimental neoplasia.

2.2. Preparation of Bubble liposomes

Liposomes composed of 1,2-distearoyl-sn-glycero-phosphatidyl-
choline (DSPC) (NOF Corp., Tokyo, Japan) and 1,2-distearoyl-sn-
glycero-3-phosphatidyl-ethanolamine s-methoxypolyethyleneglycol
(DSPE-PEG(2 k)-OMe, (PEG, Mw=ca. 2000); NOF) (94:6 (m/m))
were prepared by reverse phase evaporation. Briefly, all reagents
(total lipid: 100 pmol) were dissolved in 8 ml of 1:1 (v/v) chioroform/
diisopropy! ether, and then 4 ml of phosphate buffered saline (PBS) was
added. The mixture was sonicated and evaporated at 65 °C. The organic
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, Canada) and sizing filters (pore sizes: 100 and
200 nm; Nuclepore Track-Etch Membrane, Whatman plc, UK). After
sizing, the liposomes were sterilized by passing them through a 0.45-um
pore size filter (Millex HV filter unit, Durapore PVDF membrane,
Millipore Corp., MA). The size of the liposomes was measured by
dynamic light scattering (ELS-800, Otsuka Electronics Co., Ltd., Osaka,
Japan). The average diameter of these liposomes was between 150 and
200 nm. Lipid concentration was measured using the Phospholipid C
test (Wako Pure Chemical Industries). Bubble liposomes were prepared
from the liposomes and perfluoropropane gas (Takachiho Chemical
Industrial Co,, Ltd., Tokyo, Japan). Briefly, 5-ml sterilized vials containing
2 ml of the liposome suspension (lipid concentration: 2 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 2510 J-DTH, Branson Ultrasonics Co., Dan-
bury, CT) for 5 min to form the Bubble liposomes. In this method, the
liposomes were reconstituted by sonication and supercharged with
perfluoropropane in the 5-mL vial container. Perfluoropropane was
entrapped within the lipid micelles, comprising DSPC and DSPE-PEG
(2 k)-OMe, to form nanobubbles. The lipid nanobubbles were encapsu-
lated within the reconstituted liposomes, which now ranged in size
from around 500 nm-1 pm, compared to 150-200 nm before super-
charging with perfluoproropane.

2.3. Plasmid DNA vector construction

The plasmid pCMV-Luc contained the firefly luciferase gene of pGL3-
control (Promega) at the Hindili/Xbal site of the pcDNA3 vector
(Invitrogen). This plasmid was an expression vector encoding the firefly
luciferase gene under the control of a cytomegalovirus promoter. The
plasmid pCMV-IL12 contained murine IL-12, derived from miIL-12 BIA/
pBluescript 1 KS(—) (kindly provided by Dr. Yamamoto, Department of
Immunology, Graduate School of Pharmaceutical Sciences, Osaka
University, Japan) in the Xhol/Notl site of the pHMCMV5 vector. This
expression vector encoded the murine IL-12 gene under the control of a
cytomegalovirus promoter [26].

24. Intratumoral administration of plasmid DNA

B6C3F1 mice were intradermally inoculated with OV-HM cells
(1x10° cells/mouse) in the flank. After 7 days, a suspension (25 uL/
mouse) of Bubble liposomes (2.5 pg) and pCMV-Luc or pCMV-IL12
(10 pg) was injected into the tumor, and ultrasound (1 MHz, 0.7 W/
cm?, 60s) was transdermally applied to the tumor tissue. A
conventional lipofection method was also investigated. A suspension
(25 uL/mouse) of Lipofectamine 2000 (20yug) and pCMV-Luc or
pCMV-IL12 (10 pg) were incubated together for 20 min to allow
them to complex. Then the complex was injected into the tumor. All
treatment groups consisted of five mice.

2.5. Luciferase assay

Each day after the pCMV-Luc injection, mice were sacrificed and the
tumor tissue was recovered. The tumor tissue was homogenized in lysis
buffer (0.1% Triton X-100, 0.1 M Tris-HCl pH 7.8, 2 mM EDTA) and
frozen (—80 °C) and thawed at room temperature twice, The homog-
enized tumor tissue was centrifuged (12,000 rpm, 4 °C, 10 min) and the
supernatant was recovered for the luciferase assay. Luciferase activity
was measured using a luciferase assay system (Promega) and
luminometer (TD-20/20, Turner Designs, Sunnyvale, CA). The activity
was measured as relative light units (RLU) per milligram protein,

2.6. Reverse transcription-polymerase chain reaction (RT-PCR) analysis
for IL-12 expression in tumor tissues

OV-HM tumors were collected 1 or 2 days after intratumoral
injection of pCMV-IL12 and Bubble liposomes, and total RNA was
isolated using ISOGEN according to the manufacturer’s instructions and
dissolved with 20 puL TE buffer. RT proceeded for 60 min at 42 °Cin 20 ul
reaction mixture containing 1 ug total RNA treated with DNase |, 5 mM
MgCl,, RNA PCR buffer (Takara Bio, Kyoto, Japan), 1 mM dNTP mix,
0.125pM Oligo dT-Adaptor primer (Takara Bio), 0.5U/ul RNase
inhibitor and 025U/l AMV reverse transcriptase XL (Takara Bio).
PCR amplification of 1L-12 and B-actin transcripts was performed in
20 4L reaction mixture containing 2 ul RT-material, PCR buffer, 05U
Takara Ex Taq HS, 0.2 mM dNTP, 2.5 mM MgCl,, and 0.4 mM primers.
The sequences of the specific primers were as follows: murine IL-12:
forward, 5/-ctc acc tgt gac acg cct ga-3'; reverse, 5'-cag gac act gaa tac ttc
tc-3'; and murine B-actin: forward, 5’-tgt gat ggt ggg aat ggg tca g-3';
reverse, 5'-ttt gat gtc acg cac gat ttc c-3’, After denaturation for 5 min at
95 °C, three sequential steps, denaturation for 45 s at 95 °C, annealing
for 60 s at 48 °C, and extension for 2 min at 72 °C, were repeated for 40
cycles, with a final extension step for 4 min at 72 °C,

EZ Load (Bio-Rad Laboratories, Inc., Tokyo, Japan) was used as a
100-bp molecular ladder. The PCR products were electrophoresed
through a 2% agarose gel, stained with ethidium bromide, and
visualized under ultraviolet radiation. The expected PCR product
sizes were 430 bp (IL-12) and 514 bp (B-actin).



R. Suzuki et al. / Journal of Controlled Release 142 (2010} 245-250 247

2.7. Anti-tumor effect of intratumoral administration on IL-12 gene
expression in mice

B6C3F1 mice were intradermally inoculated with OV-HM cells
(1x10° cells/mouse) into the flank. For single therapy, established
turnors with diameters of 8~-10 mm were injected with a suspension
(25 pL/mouse) of Bubble liposomes (2.5 pg) and pCMV-IL12 (10 He),
and ultrasound (1 MHz, 0.7 W/cm?, 60 s) was transdermally applied
to the tumor tissue. We also examined the intratumoral injection of a
complex (25 pL/mouse) of Lipofectamine 2000 (20 pg) and pCMV-
1L12 (10 pg) as a conventional lipofection method for comparison. For
repetitive therapy, the mice were treated as above on days 0,2,5,7,9
and 12 after first treatment. The anti-tumor effects were evaluated by
measuring tumor volume, Tumor volume was calculated using the
formula: (major axisxminor axis?)x0.5. All data are expressed as
relative tumor volume to that before the first treatment. All treated
groups contained five mice,

2.8. In vivo depletion analysis

GK1.5 hybridoma (rat anti-mouse CD4 mAb) and 53-6.72 hybridorna
(ratanti-mouse CD8 mAb) were purchased from American Type Culture
Collection (ATCC) (Manassas, VA). Ascites from BALB/c nude mice
intraperitoneally injected with each hybridoma were collected, and
antibodies were purified using a protein A column (GE Healthcare,
Pollards Wood, UK). Mice bearing OV-HM were intratumorally injected
with pCMV-IL12 and Bubble liposomes on days 0,2, 5,7, 9 and 12 after
the first treatment. Additionally, the mice were intraperitoneally
injected four times on days —3, 4, 11 and 18 after the first treatment
with 100 pg/mouse of anti-mouse CD8 mAb for cD8* cells or anti-
mouse CD4 antibody for CD4* cells, or on days —3, -2, —1,0,5,10,15
and 20 after the first treatment with 200 pg/mouse of anti asialoGM1
mAb (Wako Pure Chemical Industries) for NK cells. The depletion of T-
cell subsets and NK cells was confirmed by flow cytometric analysis of
peripheral blood. Tumor growth was monitored as described above.

2.9, Immunohistochemical analysis

B6C3F1 mice were intradermally inoculated with OV-HM celis
(1% 10° cells/mouse) into the flank. After 7, 9 or12 days, a suspension
(25 pL/mouse) of Bubble liposomes (2.5 pg) and pCMV-IL12 (10 Hg)
was injected into the tumor, and ultrasound (1 MHz, 0.7 W/cm?, 60 s)
was transdermally applied to the tumor tissue. After 13 days of tumor
inoculation, the mice were sacrificed, and the tumor tissue was
dissected and then embedded in the OCT compound. Frozen sections
(10pm thick) were fixed with 4% paraformaldehyde at 4°C for
10 min, and treated with 0.3% H,0, in methanol:PBS (1:1) for 15 min
and 1.5% normal cow serum in PBS for 10 min at room temperature.
The sections were treated with rat anti-mouse CD8 mAbs (1:100) or
rat anti-mouse perforin mAbs (1:100) (Kamiya Biomedical Co.,
Seattle, WA) in PBS containing 0.1% BSA at 4 °C overnight. The section
was washed and treated with horse radish peroxidase-conjugated
goat anti-rat IgG Abs (1:500) in PBS containing 0.1% BSA at room
temperature for 2 h. The diaminobenzidine-reaction system (Vector
Laboratories, Burlingame, CA) was used to stain the sections, We also
stained the sections with hematoxylin solution for counterstaining.
The samples were observed with a microscope (IX-71, Olympus,
Tokyo, Japan).

2.10. Statistical analysis

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

3. Results

3.1. Bubble liposomes and ultrasound-mediated gene delivery into solid
tumors

To evaluate the effectiveness of gene delivery with Bubble li-
posomes and ultrasound into OV-HM solid tumors, we utilized the
luciferase reporter gene expression assay (Fig. 1a). The effectiveness
of gene delivery with conventional lipofection using Lipofectamine
2000 was also examined. Luciferase expression with ultrasound or
Bubble liposomes was low, and even lower with Lipofectamine 2000.
On the other hand, luciferase expression with the combination of
Bubble liposomes and ultrasound exposure was higher than in the
other groups. Therefore, the profile of luciferase expression was
measured in mice treated with Bubble liposomes and ultrasound.
Luciferase expression gradually decreased after transfection (Fig. 1b),
with the elimination rate constant (Ke) and half period (T,/2) of gene
expression being 1.26 days~" and 0.54 days, respectively.

3.2. IL-12 gene expression in solid tumors transfected with IL-12 corded
plasmid DNA using Bubble liposomes and ultrasound

To assess IL-12 expression in solid tumors transfected with IL-12
corded plasmid DNA (pCMV-IL12), the expression of IL-12p40 mRNA
was examined with RT-PCR (Fig. 2). No expression of IL-12p40 mRNA
in solid tumors transfected with pCMV-IL12 was observed. A small
amount of IL-12p40 mRNA was expressed in solid tumors transfected
with pCMV-IL12 using Lipofectamine 2000 on 1day after gene
transfection. On the other hand, the expression of IL-12p40 mRNA
was observed in solid tumors transfected with pCMV-IL12 using
Bubble liposomes and ultrasound for at least 2days after gene
transfection. This result indicates that [L-12 is expressed more
effectively in solid tumors transfected using Bubble liposomes and
ultrasound than using Lipofectamine 2000.

3.3, Anti-tumor effect of IL-12 gene delivery with Bubble liposomes and
ultrasound

First, we examined the effect of a single delivery of IL-12 gene
(Fig. 3a). Gene delivery using Bubble liposomes, ultrasound or

(a)
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Bubble lipcsomes + -
Ultrasound - - + +
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Day1 Day2 Dayd Day7
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Fig. 1. Gene expression profiles in solid tumors following gene delivery with Bubble
liposomes and ultrasound. Comparison of gene expression efficiency by gene delivery
with each gene delivery method. B6C3F1 mice were intradermally inoculated with
1x10° OV-HM cells into the flank. Seven days after inoculation, the tumors were
injected with pCMV-Luc (10 pg) using Bubble liposomes (2.5 jg) and/or ultrasound
(1 MHz, 0.7 W/cm? 1 min), or Lipofectamine 2000 as a conventional lipofection
method. (a) Two days after gene delivery, the mice were sacrificed and luciferase
expression was measured in the solid tumor tissue. The data represent means+5SD
(n=3). (b) Time course of luciferase expression after gene defivery with Bubble
liposomes and ultrasound. Luciferase expression was measured at each time point after
pCMV-Luc delivery into the solid tumor with Bubble liposomes and uitrasound
exposure. **P<0.01 compared to the group treated with plasmid DNA, Bubble
liposomes, ultrasound or LF2000. LF2000: Lipofectamine 2000.
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Fig. 2. RT-PCR analysis of IL-12 expression in solid tumors after pCMV-IL12 gene delivery.
B6C3F1 mice were intradermally inoculated with 1 x 10° OV-HM cells into the flank. Seven
days after inoculation, the tumors were injected with pCMV-IL12 (10 yig) using Bubble
liposomes (2.5 ug) and/or ultrasound (1 MHz, 0.7 W/cm?, 1 min), or Lipofectamine 2000
as a conventional lipofection method. One or 2 days after gene delivery, the mice were
sacrificed, total RNA was prepared from the tumors, then RT-PCR was performed using a
specific IL-12 primer as described in Materals and Methods. The PCR products were
electrophoresed though a 3% agarose gel and stained with EtBr. To ensure the quality of the
procedure, RT-PCR was performed on the same sample using a specific f-actin primer.
LF2000: Lipofectamine 2000,

Lipofectamine 2000 showed no apparent anti-tumor effect, as was
found for pCMV-Luc intratumoral delivery using Bubble liposomes
and ultrasound. In contrast, the growth of OV-HM tumors was
dramatically suppressed in mice treated by pCMV-IL12 intratumoral
delivery using Bubble liposomes and ultrasound; however, complete
regression was not observed. Thus, we examined the effect of
repetitive IL-12 gene therapy to obtain more effective therapeutic
effects (Fig. 3b). Gene delivery using Bubble liposomes, ultrasound or
Lipofectamine 2000 showed no apparent anti-tumor effect, even in
repetitive therapy. In contrast, IL-12 gene delivery using the
combination of Bubble liposomes and ultrasound effectively sup-
pressed tumors, and complete regression occurred in 80% of the
tumor-bearing mice. There was no decrease in body weight of these
mice as a side effect of IL-12 cancer therapy (data not shown). In
addition, this group of mice demonstrated prolonged survival,
indicating that OV-HM cells were effectively killed by IL-12 gene
therapy with Bubble liposomes and ultrasound.
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Fig. 3. Anti-tumor effect of IL-12 gene delivery. B6C3F1 mice were intradermally
inoculated with 1x10° OV-HM cells into the flank, (a) Single gene therapy.
(b) Repetitive gene therapy. Each day (arrows) after first treatment, the tumors were
injected with pCMV-IL12 (10 pg) using Bubble liposomes (2.5 pg) and/or ultrasound
(1 MHz, 0.7W/cm?, 1min), or Lipofectamine 2000 as a conventional lipofection
method. The volume of the growing tumors was calculated by: (tumor volume; mm?3) =

(major axis; mm) x (minor axis; mm)?x 0.5), The data are represented as tumor volume .

relative to the tumor volume on the first day of treatment (day 7 after tumor
inoculation), Arrow shows days of treatment. Each point represents the mean+SD
(n=5). *P<0.05 or **P<0.01 compared to the group treated with pCMV-IL12, pCMV-
IL12 + BL, US or LF2000 or pCMV-Luc + BL -+ US. BL: Bubble liposomes, US; Ultrasound,
LF2000: Lipofectamine 2000.

3.4. Determination of immune subsets responsible for tumor regression
induced by IL-12 gene delivery using Bubble liposomes and ultrasound

To investigate the anti-tumor mechanism of intratumoral pCMV-
1L12 delivery using Bubble liposomes and ultrasound, we examined
the individual contribution of CD4* and CD8* T cells and NK cells
(Fig. 4). The anti-tumor effects of pCMV-IL12 delivery using Bubble
liposomes and ultrasound were attenuated by the depletion of CD8*+ T
cells and CD4* T cells. The depletion of CD8* T cells effectively blocked
the anti-tumor effect. Also, the anti-tumor effect was blocked in mice
that were depleted of both CD4* and CD8* T cells. On the other hand,
the tumor growth suppressing effects were not affected by NK cell
depletion. Therefore, we concluded that CD8™* CTLs, activated by the
helper function of CD4™ T cells, were the predominant effector cells in
this therapeutic system. CD4™* cells alone also partly contributed to the
enhanced anti-tumor effect.

To investigate the infiltration of CD8* T cells into tumor tissues
containing the IL-12 gene delivered using Bubble liposomes and
ultrasound, tumor tissues were subjected to immunohistochemical
staining for CD8 (Fig. 5a-c). Tumor tissue from untreated mice, or
mice treated with the IL-12 gene delivered using Bubble liposomes
and ultrasound, showed increased accumulation of CD8* T cells
compared to control mice treated with the luciferase gene, delivered
using Bubble liposomes and ultrasound. In addition, we examined the
activation states of tumor-infiltrating T cells by immunohistochemical
analysis for perforin, the major cytotoxic molecule in activated CTLs
(Fig. 5d-f). Tumor tissue to which the 1L-12 gene had been delivered
using Bubble liposomes and ultrasound exhibited significantly higher
numbers of perforin-positive cells than non-treated tumor tissue, or
tissue treated with luciferase gene.

4. Discussion

There are two main therapeutic strategies in cancer gene therapy.
One approach is to cause a direct effect on cancer cells by delivering
suicide genes such as herpes simplex virus thymidine kinase, [27]
siRNA for oncogenes, [28] and proteins associated with the cell cycle
[29] and apoptosis [30,31]. In this approach, it is necessary to deliver
the therapeutic gene into most of the cancer cells to induce
cytotoxicity. The second approach is indirect and activates anti-
tumor immunity mediated by the delivery of a cytokine gene such as
IL-12. In such cytokine gene therapy, the therapeutic gene does not
have to be delivered into all the cancer cells since the cytokine is
secreted from the cells. Therefore, a local supply of IL-12 in tumors is
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Fig. 4. Determination of immune subsets responsible for the anti-tumor effect induced by
IL-12 gene delivery with Bubble liposomes and ultrasound, B6C3F1 mice were
intradermally inoculated with 1x 10° OV-HM cells into the flank. For depletion of CD4* T
cells, CD8™ T cells or NK cells in the mice, GK1.5 ascites (anti-CD4), 53-6.72 ascites {anti-
CD8) or anti-asialoGM1 antisera was intraperitoneally injected as described in Materials
and methods. On 0, 2, 5, 7, 9 or 12 days after first treatment, IL-12 gene therapy was
performed with Bubble liposomes and uitrasound. The data represent the tumor volume
relative to the tumor volume on the first day of treatment {day 7 after tumor inoculation).
Each point represents the mean4:SD (n==5). **P<0.01 compared to the group treated
with BL + US (Non-depletion). BL: Bubble liposomes, US: Ultrasound.
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an effective immunotherapeutic approach with reduced systemic
adverse effects. Many anti-tumor effects depend on this method for
1L-12 gene delivery. Viral vector systems have high potency and are
effective for gene delivery, but gene therapy using viral vector
systems may have associated safety issues [32]. Although transfection
efficiency of most non-viral vector systems is lower, they are generally
considered safer than viral vector systems [33]. Therefore, non-viral
vector systems are preferred to cancer gene therapy using cytokines
because it is not necessary to deliver the cytokine gene into all the
cells. There have been many recent reports about gene delivery using
the combination of nano/microbubbles and ultrasound [16-18}, but
most of them only confirmed the efficiency of gene expression using
reporter genes. On the other hand, there have been few reports
regarding therapeutic effects using sonoporation technology in cancer
gene therapy. In this study, we assessed the effectiveness of the
combination of Bubble liposomes and ultrasound as a non-viral vector
system for effective cancer gene therapy, using plasmid DNA
expressing 1L-12, a potent primer of anti-tumor immunity.

1L-12 expression by IL-12 corded plasmid DNA delivery with the
combination of Bubble liposomes and ultrasound was higher than that
with a conventional lipofection method using Lipofectamine 2000
(Fig. 2). The therapeutic effect of IL-12 cancer gene therapy using each
gene delivery method was compared (Fig. 3). IL-12 gene delivery with
Lipofectamine 2000 did not suppress tumor growth, whereas gene
delivery using a combination of Bubble liposomes and ultrasound
effectively suppressed tumor growth, We originally thought that this
was due to the level of IL-12 expression (Fig. 2), but complete tumor
rejection was not observed in any mice treated with IL-12 gene
delivery using Bubble liposomes and ultrasound (Fig. 3a), perhaps
because the 1L-12 gene is only transiently expressed in the tumor
tissue. To address this problem, the IL-12 gene was repeatedly
delivered using Bubble liposomes and ultrasound: as shown in Fig. 3b,
the tumors were completely rejected. This complete rejection was
attributed to the maintenance of therapeutic IL-12 levels in the tumor
tissue. On the other hand, we could not observe anti-tumor effect in
the luciferase corded plasmid DNA (pCMV-Luc) delivery with Bubble
liposomes and ultrasound. This result not only suggests that IL-12
expression was important to suppress tumor growth but also suggests
that there was no effect on tumor suppression by the combination of
Bubble liposomes and ultrasound. In addition, we used Lipofectamine
2000 as control because gene transfection with intraperitoneal
injection of Lipofectamine 2000 could effectively deliver into ascites

CD8 (a, b and c) and perforin (d, e and f) was performed using frozen tumor sections. Scale bar

tumor cells in our previous report [20]. Therefore, in this case of local
tumoral injection, we thought that Lipofectamine 2000 could also be
utilized as control vector system. Moreover, our collaborator reported
about anti-tumor effects by single intratumoral injection of IL-12
expressing RGD fiber mutant adenovirus vector in OV-HM tumor
bearing mice. In the report, tumor growth was suppressed and the
tumor regression rate was about 40% [9]. In our study, although
effective tumor growth suppression was observed in the therapeutic
mice by single injection of IL-12 gene with Bubble liposomes and
ultrasound, the tumor regressing mice were not observed. In this
single therapy, our system was not equal to adenovirus vector in
terms of tumor regression rate. On the other hand, the tumor
regression rate in our repetitive therapy reached to 80%. And anti-
tumor effect by repetitive therapy in our gene delivery system could
g0 beyond that by single therapy with adenovirus vector. From these
results, it was thought that the combination of Bubble liposomes and
ultrasound might be a useful non-viral vector system for cancer gene
therapy.

The anti-tumor effect by gene delivery with the combination of
Bubble liposomes and ultrasound completely disappeared in mice
lacking CD8* T lymphocytes (Fig. 4). Therefore, in this 1L-12 gene
therapy, CD8* T lymphocytes play a major role in suppressing tumor
growth, suggesting that the combination of Bubble liposomes and
ultrasound can effectively induce sufficient IL-12 expression to cause
anti-tumor immune responses. In the Fig. 4, CD8" T lymphocytes
depletion and CD4* and CD8* T lymphocytes depletion rather en-
hanced tumor growth, We thought that this reason was a same phe-
nomenon as increasing the frequency of tumor generation according to
decrease anti-tumor activity of immune competent cells by immuno-
suppressive agents. In brief, the balance of tumor growth and tumor
rejection by immune system trend toward tumor growth by the
depletion of CD4* and CD8* T lymphocytes. Therefore, it was thought
that tumor growth was accelerated by the depletion, In other report,
same phenomenon was abserved [34]. The invasion of many CD8* T
{ymphocytes was observed in tumor tissue from mice treated with the
IL-12 gene, Bubble liposomes and ultrasound (Fig. 5c), and perforin-
positive cells were also observed in this tumor tissue (Fig. 5f). These
results suggest that the expression of IL-12 genes, delivered using
Bubble liposomes and ultrasound, primed the anti-tumor immunity,
causing the tumor cells to be rejected. In this study, we did not measure
the IL-12 concentration in the tumor tissue, but Colombo et al. reported
that 30-80 pg/ml IL-12 at the tumor site can induce 40% regression of
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C26 colon carcinoma [8]. Although the therapeutic effect depends on the
type of cancer, we estimate that IL-12 concentrations of the order of tens
of pg/ml are expressed at the tumor site using the present therapeutic
system. :

In conclusion, we demonstrated that the combination of Bubble
liposomes and ultrasound effectively delivers the IL-12 gene into tumor
tissue, and that local IL-12 production induces an immune response to
the tumor cells. Therefore, the combination of Bubble liposomes and
ultrasound could be a useful non-viral vector system in cancer gene
therapy.
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