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formulations and their efficacy of PDT in an experimental
comeal neovascularization model in mice.

MATERIALS AND METHODS

Animals and Experimental Corneal
Neovascularization

Eight-week-old male C57 BJ/6 mice were maintained with free access
to food and water. All procedures were performed in accordance with
the ARVO Statement for the Use of Amimals in Ophthalmic and Vision
Research. Animals were placed under general anesthesia by the admin-
istration (1.5 mL/kg) of a mixture of ketamine hydrochloride (Ketalar,
Sankyo, Tokyo, Japan) and xylazine hydrochloride (Celactal; Bayer,
Tokyo, Japan). Comeal neovascularization was induced by sutunng
10-0 nylon 1 mm away from limbal vessel under microscopy. Eryth
romycin ophthalmic ointment was instilled immediately after the pro-
cedure.

Photosensitizers

In this study, a third-generation aryl ether dendrimer zine porphyrin
with 32 carboxyl groups on the periphery (DP) and polymenic micelles
composed of the DP and PEG-H-poly(Llysine) (DP-micelle) were used
for PDT as a PS formulation (Fig. 1). The DP-micelle was prepared
according to a previous report.'' Both DP and DP-micelle have a
maximum cxcitation wavelength at 433 nm. DP-micelle showed 130-
to 280-fold higher photocytotoxicity against murine Lewis lung carci-
noma cells compared with free DP.''

Accumulation of DP and DP-Micelle in Corneal
Neovascularization Lesions

Four days after suture placement, DF or DP-micelle was administered
by intravenous injection at the dose of 10 mp/kg, again under general
anesthesia. Mice were killed 1, 4, 24, and 168 hours after the injection
of PS, Before the kill, mice received intravenous BS-1 lectin conjugated
with FITC (500 pg/g; Vector Laboratories, Buringame, CA) to trace the
comeal neovascularization area. Comeas were excised and  flar-
mounted on glass slides. Accumulations of DP or DP-micelle in vascu-
larized areas were observed by fluorescence microscopy (Leica, Deer-
field, IL) using 43G-nm cxcitation wavelength. Fluorescence intensities
were calculated using NIH Image software and were normalized by
traced vascularized arcas
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Photodynamic Therapy

Twenty-four hours after DP-micelle or free DP, 38 mice were treated
with a diode laser (in-house built laser equipment, Topcon, Tokyo,
Japan) of 438-nm wavelength at 500 mW/cm?® for 20 or 100 seconds,
for a total dosc of 10 or 50 J/cm®. The spot size was | mm in diameter.
As controls, six mice with corneal neovascularization were irradiated
without adi ation of ph nsitizers (total dose, 50 J/fem®). Flu-
orescein angiography was performed before and 7 days after trear
ment, and the area of corneal neovascularization was quantified using
NIH Image software before and 7 days after irradiation. We defined
residual ratio as follows: Residual ratio = (neovascularization area 7
days after irradiation/neovascularization area before irradiation) =
100%.

Resurrs

Accumulation of DP and DP-Micelle in Corneal
Neovascularization Lesions

One hour after the administration of DP-micelle, fluorescence
started to accumulate in the neovascularized area and in-
creased until 24 hours after administration (Figs. 2A-C). DP-
micelle accumulation decreased but continued after 168 hours
(data not shown). After DP administration, fluorescence of DP
was observed in the corneal neovascularization area, but it was
weaker than that of DP-micelle group (Figs. 2D-F) and disap-
peared by 168 hours (data not shown). Figure 3 shows the time
course of normalized Auorescence intensities of DP in the
neovascularized area. DP-micelle intensities were significantly
higher than those of free DP 1 hour (n = 7/each condition), 4
hours (n 6/each condition), and 24 hours (n = 6feach
condition) after administration (P 0.032, 0.047, 0.0066;
Mann-Whitney {/ test), Neither DP-micelle nor free DP could be
detected microscopically in normal limbal vasculature or other
ocular tissue such as ins, retina, and conjunctiva (data not
shown).

Photodynamic Therapy

Figure 4 is a series of fluorescence angiographic images of
corneal neovascularization before and 7 days after PDT in the
control, DP-micelle, and DP groups. As shown in Figure 44,
there was no effect of irradiation in the control (n = 6). Seven
days after irradiation at 10 J/cm®, the mean residual ratio of
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Ficure 2. Accumulation of DP and
DP-micelle 100 neov

scularized arca
The flatmounts of the néovasculariza
tion arca were observed under a flu
orescent microscope 1| hour (A), 4
hours (B), and 24 hours (C) after
admimisteation of DP-micelle and |
hour (D), 4 hours (E), and 24 hours
(F) hours after injection of DP. Ves
sels were stained with BS-1 lectin
conjugated with FITC. Fluorescence

of DP was observed 1 hour after ad
ministration (A, D) and enhanced un
til 24 hours after

Ficire 3. Time course of fluores
cence intensity. Fluorescence inten
sity of DP in cornea afier administra
von of DPmicelle or free DP
Fluorescence of DP was detected in
the corneas of the DP-micelle group
as carly as 1 hour, and intensity
reached a peak 24 hours after intra
venous administration, whereas the
wsity in the free DP group was
significantly lower t

inic
n that in the

DP-micelle group
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Ficure 4,  Neovascularizaton regres-
sion after PDT. (A) Control. No regres-
sion was observed without micelle or
DP admimstration. (B) rradtion at 10
J/em® with DP-micelle. (C©) 50 J/cm?®
with DP-micelle. (D) Irracliation at 10
Jem® with DP. (E) Ireadhiation at 50
Jem® with DP. (B-E) In each group,
significamt  regression of neovascular-
ization was observed

corneal neovascularization was 10.1% in the mice treated with
DP-micelle (r = 9) and 21.6% in the mice treated with free DP
(n = 10; Fig. 5). The residual ratio of mice treated with
DP-micelle was significantly higher than that of mice treated
with free DP (P < 0.01; Mann-Whitney {/ test). Seven days after
irradiation at 50 J/em®, the mean residual area of corneal
neovascularization was 10.6% in the mice treated with DP-
micelle (m = 10) and 13.7% in the mice treated with free DP
(n = 9, P > 005 Mann-Whitney {/ test; Fig 5). Histologic
examination after PDT showed no injury on corneal tissue
(data not shown)
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Discussion

PDT potentially represents a new approach for the treatment
of neovascular disease and tumor."” The successful treatment
of choroidal neovascularization by PDT opens the possibility of
treating other neovascular diseases of the eye, including the
cornea, in a similar manner "' Indeed, several past studies
revealed that PDT was efficacious for the treatment of corneal
neovascularization '~

One of ideal characteristics of PS is selectivity to neovas-
culature. In this study, DP-micelle, a newly developed PS

120

Ficure 5.  Residual ratio of corneal
neovasculanzation 7 days after PDT
Residual ratio of corneal neovascular
ization 7 days after PDT with DP-
micelle or DP or with no adn
tion, Residual ratios were 10, 1%
irradiation at 10 )/em” and micelle,
21.6% with irradiation at 10 J/cm*
and DP, 10.6% with irradiation at 50

Residual ratio
g

‘.

Mean £ SD
* P<0.01

=

J/em® and micelle, and 13.7%
irrachiation at In_l,-"cm: and DP
bars indicate SD

o0 contral

DP-micelle

Free DP DP-micelle

Free DP

10J/em* 50J/em*
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formulation, was accumulated only in pathologic vascular-
ized areas. On the other hand, DP-micelle and free DP
were not detectable in normal vessel areas, including other
ocular vessels (data not shown). The high selectivity of
these PSs 1o ncovasculanzation should result in minimal
side effects in the adjacent normal corneal structure, Indeed,
slit lamp examination and histologic observation showed
no alterations by PDT to the surrounding structure, includ-
ing epithelivm, stroma, and endothelium (data not
shown).

Macromolecular compounds can accumulate and prolong
their retention in the perivascular regions of solid tumors o a
greater extent than in normal tissues because newly formed
vessels in solid tumors exhibit higher substance permeability
than in normal tissues and because lymph systems in tumor
tissue are incomplete. This effect is known as the enhanced
permeability retention (EPR) effect.” We have demonstrated
that polymeric micelles with diameters of several tens of nano-
meters with narrow  distribution can accumulate in a solid
tumor though the EPR effect #%%

As do solid rumors, corneal neovascularization sites appear
to have high permeability and incomplete lymph systems
Hence, we assume that DP-micelle can accumulate selectively
in corneal neovascularization lesions

Another ideal characteristic in PDT is high photocytotox-
icity with lower dark cytotoxicity. As reported ecarlier, the
laser energy of PDT for corneal neovascularization with
verteporphin, a PS used clinically for choroidal neovascular-
ization, was 150 J/cm? to create long-lasting clinical regres-
sion of corneal neovasculature

’ This is three times the
amount needed o create regression of choroidal neovascu-
larization. PDT with DP-micelle required only 10 J/cm® for
long-lasting regression of néovascularization. Most PSs have
hydrophobic properties resulting in their self-quenching
from aggregation, decreasing photooxidation efficacy to
achieve successful PDT. Dendrimer photosensitizers are de-
signed o prevent the aggregation of core PS even in the
micellar core. In addition to the EPR effect, this property
might have led to a highér neovascularization regression rate
in our study than in past studies

This study indicates PDT with DP-micelle and free DP can
provide efficacious treatment of corneal neovascularization,
It is important to observe and examine the long-term effects
in the future. We observed 2 months after irradiation with
PIC micelle at laser energies of 10 J/cm® As shown in Figure
6, most of the corneal neovasculature was not recanalized,
though a few matured vessels remained over 2 months. In
addition, polymeric micelles can encapsulate a variety of
drugs, including hydrophobic substances, nucleic acids, and
proteins in the core™; therefore, they have great potential
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Ficure 6. Longterm effect of PDT
(A) Before irmadiation. (B) Seven days
after irradiavion at 10 J/cm” with mi
celle. Significant regression of neo
vasculanzanbon  was observed, (C)
Sixty-three days after irmadiation. Lit
tle recanalizition of neovasculariza
tion was observed, but a few ma
tured vessels were not occluded

for effective drug delivery targeting 1o corneal neovascular-
tzation
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In dendritic cell (DC}-based cancer immunotherapy, it is important that DCs present peptides derived from
tumor-associated antigens on MHC class I, and activate rurmr-speal'k r.'ylalmtlt T lymphocytes (CTLs).
Huwvrr MHC class | ", p in the cytosol. We therefore

{an tive app h capahlc of dln.-cﬂy delwmns exogenous antigens into the cytosol of DCs:
Le.a MHC class |- prmnling palhway In this study, we investigated the effect of antigen delivery using

m'cﬂb perfluoropropane gas-entrapping | (Bubble lip BLs) and ultrasound (US) exposure on MHC
Antigen delivery system class | presentation levels in DCs, as well as the Iembility of using this antigen delivery system in DC-based
Cancer immunotherapy cancer immunotherapy. DCs were treated with ovalbumin (OVA) as a model antigen, BLs and US exposure.
Ultrasound OVA was directly delivered into the cytosol but not via the endocytosis pathway, and OVA-derived peptides
Liposomes wene presented on MHC dass L This result indicates that exogenous antigens can be recognized as
tigens when d ] into the cytosol. Immunization with DCs treated with OVA, BLs and US
exposurl efficiently induced OVA-specific CTLs and resulted in the complete rejection of EG7-OVA tumors,
These data indicate that the combination of BLs and US exposure is a promising antigen delivery system in

DC-based cancer immunotherapy.
© 2008 Elsevier BV, All rights reserved.
1. Introduction molecules are generated from endogenously synthesized proteins

Dendritic cells (DCs), which are unique antigen-presenting cells
capable of priming naive T cells, are promising vaccine carriers for
cancer immunotherapy [1]. To induce efficiently a tumor-specific
cytotoxic T-lymphocyte (CTL) response, DCs should abundantly
present epitope peptides derived from tumor-associated antigens
(TAAs) via major histocompatibility complex (MHC) class | molecules
[2]. In general, the majority of peptides presented via the MHC class |

Abbreviations: Alexa-OVA, Alexa Fluor 488-conjugated ovalbumin; BL Bubble
liposome; CTL cytotoxic T lymphocyte; DC, dendritic cell; DSPC, 1.2-distearoyl-sn-
wmv-phuplundylmounr DSPE-PEG(&}OMQ u-dmnrayl-m-ﬂymm-]—pm

rrul I:mnr albumin; HLA, Iumnn Ieulmm‘evmmn MHC, mahr hi.zocompmullty
complex; MTT, 3-{45-s-dimethyithiazol-2-y1)-2,5-diphenyl tetrazolium bromide:
NaN,, sodium azide; OVA. ovalbumin; PBS, phosphate buffer saline; US, ultrasound;

TAA, tumor assoclated antigen.

* Carrespondi aw.huf‘ of Biophar ics, School of Ph eutical
Schences, Telkyo U ltml hi. 5. ho, Sagamihara. Kanag;
229-0195, Japan, Tel.: ‘GIQSBSJTZZ fax: +81 42 685 3432

E-mail address: pharm, tetkyo-uac jp (K. Maruy \)

0168-3659(5 - see front matter © 2008 Elsevier BV. All rights reserved.
dol: 10,1016/ jeonrel 2008.10.015

that are degraded by the proteasome [3]. On the other hand,
exogenous antigens such as TAAs for DCs are preferentially presented
on MHC class 1l molecules [3]. In order to prime efficiently TAAs
specific for CTLs, it is important to develop a novel antigen delivery
system, which can induce MHC class | restricted TAA presentation on
DCs. Several researchers are developing antigen delivery tools based
on the cross presentation theory of exogenous antigens for DCs [4-8),
In these studies, various types of antigen delwery carriers such as
liposomes |6.7], poly( y-glutamic acid) nanoparticles |5] and choles-
terol pullulan nanoparticles |8, all of which can deliver antigen into
DCs via the endocytosis pathway, have been developed. We have
reported that 1gG modified liposomes with entrapped antigen can
Induce cross presentation of exogenous antigen for DCs on MHC class
I molecules [9]. These carriers deliver antigens into DCs via an
endocytosis mechanism, with delivery thought to be due to
exogenous antigen leaking from the endosome into the cytosol. It
is therefore important to design an antigen delivery system which
does not rely on the endocytosis pathway. In other study, it was
reported that DCs pulsed with exogenous antigens by electropora-
tion presented their antigens on MHC class | molecules and resulted
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in inducing MHC class I-mediated antitumor immunity. Although
electroporation is commonly utilized as gene delivery method and
deliver gene such as DNA and RNA into cytosol, Kim K.W. et al and
Weiss |.M. et al. apply this system ro antigen delivery into DCs [10,11].
Their reports also demonstrate the importance of delivering
exogenous antigens into cytosol of DCs to induce MHC class 1
presentation of the antigens.

It has been reported that ultrasound (US) increases the perme-
ability of the plasma membrane, which encourages the entry of DNA
into cells [12,13]. The first studies applying US for gene delivery used
frequencies in the range of 20-50 kHz [12,14]. However, these
frequencies, along with cavitation, are also known to induce tissue
damage if not properly controlled [15-17]. To address this problem,
many studies into using therapeutic LS for gene delivery have used
frequencies of 1-3 MHz, intensities of 0.5-2.5 W/cm? and a pulse-
mode [18-20]. In addition, it was reported that the combination of
therapeutic US and microbubble echo contrast agents could enhance
gene transfection efficiency [21-27|. In this method, DNA is
effectively and directly transferred into the cytosol. This system
has been applied to deliver proteins into cells [28,29], but not yet to
deliver antigens into DCs for the purpose of cancer immunotherapy.
Previously, we developed novel liposomal bubbles containing
nanobubbles of the US imaging gas, perfluoropropane [30-34] and
suggested that these “Bubble liposomes” (BLs) might be used as
novel non-viral gene delivery tools if combined with US exposure. In
the case of DCs, the antigen delivered into the cytosol would present
on MHC class | molecules and result in priming antigen-specific CTLs.
In this study, we examined the effectiveness of BLs combined with
US exposure to deliver antigen into DCs. In addition, the effective-
ness of this antigen delivery system in DC-based cancer immu-
notherapy was assessed.

2. Materials and methods
2.1. Cells

T cell hybridoma CD8-0VA1.3 (a kind gift from Dr. CV. Harding,
Department of Pathology, Case Western Reserve University, Cleveland,
OH, USA), a cell type that recognizes SIINFEKL:H-2K" complexes [35],
was cultured in Dulbecco’s modified Eagle’s medium (DMEM, Sigma
Chemical Co., St Louis, MO, USA) supplemented with 10% heat
inactivated fetal bovine serum (FBS, GIBCO, Invitrogen Co., Carlsbad,
CA, USA), 50 pM 2-mercaptethanol (2-ME), 250 pg/ml amphotericin B
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 50 pg/ml
gentamycin (Wako Pure Chemical Industries). EL-4 murine thymoma
cells were cultured in RPMI 1640 supplemented with 10% FBS and
50 uM 2-ME. E.G7-OVA cells (OVA cDNA transfectant of EL4 cells) were
maintained in RPMI 1640 supplemented with 10% FBS, 50 pM 2-ME
and 400 pg/ml GENETICIN (G418 sulfate, GIBCO. Invitrogen). All
culture media contained 50 Ufml penicillin and 50 pg/ml streptomycin
(Wako Pure Chemical Industries).

2.2, Generation of mousé bone marrow-derived DCs

DCs were generated from bone marrow cells as described
elsewhere [36]. Briefly, bone marrow cells were isolated from
C57BL/6 mice and were cultured in RPMI 1640 with 10% FBS, 50 U/
ml penicillin, 50 pg/ml streptomycin and 40 ng/ml mouse granulo-
cyte-macrophage colony-stimulating factor (GM-CSF). After 8-16 days
of culture, non-adherent cells were collected and used as DCs.

2.3. Preparation of BLs

Liposomes composed of 1,2-distearoyl-sn-glycero-phosphatidyl-
choline (DSPC) (NOF Corp. Tokyo, Japan) and 1.2-distearoyl-sn-
glycero-3-phosphatidyl-ethanolamine-methoxypolyethyleneglycol

(DSPE-PEG(2K)-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 (vfv) chloroform/
diisopropyl ether, then 4 ml of phosphate buffered saline (PBS) was
added. The mixture was sonicated and evaporated at 65 °C, The
solvent was completely removed, and the size of the liposomes was
adjusted to less than 200 nm using an extruding apparatus (Northern
Lipids Inc., Vancouver, BC, Canada) and sizing filters (pore sizes: 100
and 200 nm; Nuclepore Track-Etch Membrane, Whatman ple, 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, Millipore Corp., MA, USA). The size of the liposomes was
measured by dynamic light scartering (ELS-800, Otsuka Electronics
Co., Ltd., Osaka, Japan). The average diameter of these liposomes was
berween 150-200 nm. Lipid concentration was measured using the
Phospholipid C test (Wako Pure Chemical Industries). BLs were
prepared from the liposomes and perfluoropropane gas (Takachiho
Chemical Industrial Co., Lid., Tokyo, Japan) [31,33]. 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
2510J-DTH, Branson Ultrasonics Co.. Danbury, CT, USA) for 5 min to
form the BLs. In this method, the liposomes were reconstituted by
sonication under the condition of supercharge with perfluoropro-
pane 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({2k)-OMe from liposome composition, to form
nanobubbles. The lipid nanobubbles were encapsulated within the
reconstituted liposomes, which sizes were changed into around
1 pm from 150-200 nm of original.

2.4. Antigen trafficking into DCs after antigen delivery with BLs and US
exposure

Alexa Fluor 488 conjugated OVA (Alexa-OVA) was prepared with
Alexa Fluor 488 succinimidyl ester (Molecular Probes, Invitrogen)
according to the instruction manual. DCs (1x10° cells/ml) were
cultured in a glass bottom dish (IWAKI, Asahi Glass Co. Ltd., Tokyo,
Japan) overnight. After washing the cells with OptiMEM (Invitrogen),
BLs (240 pg/mil) and Alexa-OVA (50 pg/ml) were added to the dish.
Then, the DCs were exposed to US exposure (frequency: 2 MHz, duty:
10%, burst rate: 2.0 Hz, intensity 2.0 W/cm?, time: 3x10 s (interval:
10 s)) using a Sonopore 4000 (6 mm diameter probe; Nepa Gene Co.
Ltd., Chiba, Japan). This condition was decided referring to our reports
about gene delivery [31,33] and Guo et al.'s report about the repeat
US exposure with interval |37], and from the viewpoint of
cytotoxicity for DCs. After US exposure, the DCs were incubated for
1 h at 37 °C, then washed with PBS, fixed with 3% paraformaldehyde
for 10 min, and treated with 0.1% Triton X-100 (Wako Pure Chemical
Industries) for 5 min. In addition, some DCs were washed with PBS,
their nuclei were stained with propidium iodide (0.5 pg/ml) (Wako
Pure Chemical Industries), and antigen trafficking was observed with
a confocal laser microscope.

2.5, Antigen delivery following inhibition of the endocytosis pathway in
DCs

DCs were pretreated with OptiMEM containing 10 mM NaN; for
1 h at 4 “C to inhibit the endocytosis pathway. After washing the cells,
BLs (240 pg/ml) and Alexa-OVA (50 pg/ml) were added to the DCs in
OptiMEM containing 10 mM sodium azide (NaN;). The DCs were
exposed to US exposure (frequency: 2 MHz, duty: 10%, burst rate:
2.0 Hz, intensity 2.0 W/cm?, time: 3x10 s (interval: 10 s)), then
washed with PBS containing10 mM NaN,. After US exposure, DCs
were fixed and their nuclei were stained as described above (2.4.).
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2.6, Flow cytometry analysis of antigen delivery into DCs with BLs and US
exposure

Alexa-OVA was delivered into DCs under inhibited endocytosis
conditions as described above (2.5.). After washing. the DCs were
stained with propidium iodide (100 ng/ml) and analyzed by flow
cytometry (FACSCalibur, Becton, Dickinson and Company, Franklin
Lakes, NJ, USA). In this study, living DCs (1% 10" cells) were analyzed by
gating out propidium iodide staining cells.

2.7. Assessment of MHC class | restricted OVA presentation

DCs (2.5%107 cells/S00 pljwell (48-well plate)) were pulsed with
OVAalone (0,10,100, 1000 pg/ml) or OVA (0, 10, 100, 1000 pg/ml) using
US exposure (frequency: 2 MHz, duty: 10%, burst rate: 2.0 Hz, intensity
2.0W/cm?, Time: 3x10 s (interval; 10 5)) and/or BLs (240 pg/ml). After
US exposure, the DCs were incubated for 1 h at 37 *C. then washed
with PBS. After culturing for 24 h, the DCs were co-cultured for 20 h
with T cell hybridoma CD8-OVA1.3 (2x 10° cells/well) that recognizes
SINFEKL: H-2K" complexes. The concentration of IL-2 in the super-
natants was measured using an IL-2 ELISA Kit (BioSource Interna-
tional, Inc., Camarillo, CA, USA).

2.8. Assessment of cytotoxicity to DCs by the rearment of Bls and US
exposure

DCs (2.5% 10 cells/S00 pjwell (48-well plate)) were treated with
BLs (240 pg/ml) and/or US exposure (frequency: 2 MHz, duty: 10%,
burst rate: 2.0 Hz, intensity 2.0 Wjcm?, Time: 3x10 s (interval: 10 5)).
After US exposure, DCs were incubated for 1 h at 37 *C, and washed
with PBS. The DCs were resuspended with cuture medium (250 pl) and
cultured for 48 h. Cell viability was assayed using MTT (3-{4.5-s-
dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide, Dajindo,
Kumamoto, Japan) as described by Mosmann with minor modifica-
tions [38). Briefly, MTT (5 mg/mL, 25 pL) was added to each well and
the cells were incubated at 37 °C for 4 h. The formazan product was
dissolved in 250 L of 10% sodium dodecyl sulfate (SDS, Wako Pure
Chemical Ind. Co., Ltd. Osaka, Japan) containing 15 mM HCL. Color
intensity was measured using a microplate reader (POWERSCAN HT;
Dainippon Pharmaceutical, Osaka, Japan) at test and reference
wavelengths of 595 and 655 nm, respectively.

2.9, Immunization of mice with DCs and cytotoxicity assay

DCs (2.5%10° cells/500 uljwell) were pulsed with OVA alone
{100 pg/ml) or OVA (100 pg/ml) using US exposure (frequency: 2 MHz,
duty: 10%, burst rate: 2.0 Hz, intensity 2.0 Wjem?, Time: 3x10 s
(interval: 10 s)) and/or Bls (240 pg/ml) on a 48-well plate, then
collected from 10 wells and seeded into 6-well plates. After 1 h
incubation at 37 *C, the DCs were washed and cultured for 24 h at
37 *C. After washing, DCs (1x10° cells/100 pl) were intradermally
injected into the backs of C57BL/6 mice. After 7 days, the mice were re-
immunized. Seven days after the second immunization, splenocytes
were obtained from five mice, and the splenocytes were pooled and
stimulated with mitomycin C-treated E.G7-OVA cells at a ratio of 10:1
for 5 days. The stimulated splenocytes were used as effector cells for
the cytotoxicity assay, using EL-4 or E.G7-OVA as the target cells in a
flow cytometric assay employing two fluorochromes [39]. PKH-67, a
fluorochrome which fluoresces green, binds to the cytoplasmic
membrane and does not leak or transfer, was used to identify the
target cell population. Propidium iodide fluoresces red and was used
to detect non-viable cells. Use of these two fluorochromes and two
parameter analyses allowed the identification of four subpopulations
in the sample: live effectors, dead effectors, live targets and dead
targets. By enumerating these subpopulations, the percent target lysis
can be calculated.

2.10. Antitumor effect by prior immunization with antigen-pulsed DCs

DCs (2.5%10° cells/S00 pijwell) were pulsed with OVA alone
(100 pg/ml) or OVA (100 pg/ml) using US exposure (frequency:
2 MHz, duty: 10%, burst rate: 2.0 Hz intensity 2.0 W/cm?, Time:
3x10 s (interval: 10 s)) andjor BLs (240 pg/ml) on a 48-well plate,
then collected from 10 wells and seeded into 6-well plates. After | h
incubation at 37 *C, the DCs were washed and cultured for 24 h at
37 °C. After washing, the DCs (1%10° cells/100 ul) were intrader-
mally immunized into the backs of C57BL/6 mice twice at intervals
of one week. Seven days after the second immunization, EG7-OVA
cells (1%10° cells) were intradermally inoculated into the backs of
mice and the size of the tumors was monitored using the formula:
(major axisxminor axis®)x0.5. All treated groups contained five
mice.

2.11. Re-challenge of tumor cells

E.G7-OVA cells (1x10° cells) were injected into mice that were
resistant to tumor cells due to immunization with DCs treated with
BLs, US exposure and OVA. Untreated mice were used as controls to
confirm the development of cancer following the first inoculation
with E.G7-OVA cells, All treated groups contained five mice.

2.12. Treatment of tumor-bearing mice with antigen-pulsed DCs

E.G7-OVA cells (1x 10" cells) were intradermally inoculated into
the backs of C57BL/6 mice. On day 9, when the tumors were be-
tween 8-10 mm, OVA pulsed DCs (1x10° cells) prepared as
described above were intradermally injected into the backs of the
mice. On day 12, DCs were injected similarly. Tumor sizes were
monitored from the day of inoculation. All treated groups contained
five mice.

2.13. Statistical analysis

Differences in IL-2 secretion between the experimental groups
were compared using non-repeated measures ANOVA and Dunnett's
test.

3. Results

3.1. Antigen delivery by BLs and sonoporation into the cytosol of DCs
lacking the endocytosis pathway

We examined antigen trafficking following delivery using a
combination of BLs and US exposure (Fig. 1(a)). In DCs treated with
Alexa-OVA in the presence or absence of either BLs or US exposure,
the fluorescence from Alexa-OVA appeared as dots in the cytosol. On
the other hand, in DCs treated with Alexa-OVA, Bls and US
exposure, the fluorescence appeared as dots, but also as diffused
fluorescence in the cytosol. To confirm this, antigen delivery was
examined following inhibition of the endocytosis pathway in DCs by
treatment with sodium azide (Fig. 1(b)). In DCs treated with Alexa-
OVA either with or without BLs or US exposure, the fluorescence
derived from Alexa-OVA was not observed. On the other hand, in
DCs treated with Alexa-OVA, BLs and US exposure, fluorescence was
observed in the cytosol even when the endocytosis pathway in DCs
was inhibited. In addition, the efficiency of antigen delivery
following inhibition of the endocytosis pathway was assessed
using flow cytometory (Fig. 1(¢)). The fluorescence intensity of DCs
treated with Alexa-OVA, BLs and US exposure was higher than that
of DCs treated with Alexa-OVA alone, or of Alexa-OVA and BLs or US
exposure. These data support the data shown in Fig. 1(b), indicating
that Alexa-OVA is observed in the cytosol when DCs are only treated
with BLs and US exposure, even when the endocytosis pathway is
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Fig. 1. Intracellular antigen delivery into DCs using BLs and US exposure, (a) Uptake of
Alexa-OVA into DCs. DCs were cultured in a glass bottorn dish overnight. After washing the
cells, Alexa-OVA was added to the dish. Then, the DCs were exposed to US in the presence
or absence of BLs and incubated for 1 h at 37 *C. The DCs were washed with PBS. fixed, and
the nuclei were stained with propidium jodide. The uptake of Alexa-OVA was olwerved
using a confocal laser microscope. (b) Intracellular delivery of Alexa-OVA into DCs using BLs
and US. DCs were pretreated with OptiMEM containing 10 mM NaNy for 1 h at 4 *Cro
inhibit the endocytosis pathway. After washing the cells, Alexa-OVA was added 1o the DCs
in OptiMEM containing10 mM NaN,, Then, the DCs were expased to US in the presence or
absence of BLs. After US exposure, the DCs were washed with PBS containing 10 mM NaNs.
fixed, and the nuclel were stained with propidium iodide, intracellular trafficking of Alexa-
OVA in the DCs was observed using a confocal laser microscope. Scale bar shows 5 pm. (¢)
Flow cytometry analysis of DCs containing Alexa-OVA delivered using BLs and US. Alexa-
OVA was delivered into the cell interior of the DCs during endocymosis inhibidon, After
washing the cells, the DCs were analyzed by flow cytometry.

inhibited. These results suggest that the combination of BLs and US
exposure can be used to directly deliver antigens into the cytosol of
DCs in the absence of endocytosis.

3.2. MHC class | presentation of exogenous antigen delivered into DCs by
BLs and US exposure

Exogenous antigen delivered into the cytosol of DCs by BLs and US
exposure is recognized as endogenous antigen by DCs and leads to the
efficient presentation of peptides derived from exogenous antigens on
MHC class | molecules. Thus, we examined whether antigen delivery
by Bls and US exposure resulted in the efficient presentation of
peprides on MHC class | molecules and the stimulation of CD8* T cells.
C57BL/6-derived OVA-specific T cell hybridoma CD8-OVAL3 was co-
cultured with mouse bone marrow-derived DCs pulsed with antigen.
As shown in Fig. 2, CD8-0VA1.3 cells stimulated with DCs pulsed with
soluble OVA, either treated or untreated by BLs or US exposure did not
secrete a significant amount of IL-2. Of note, a larger amount of [L-2
was secreted by CDB-OVA13 cells stimulated with DCs pulsed with
OVA treated with a combination of BLs and US exposure, These data
indicate that antigen delivery by BLs to DCs upon sonoporation results
in the presentation of peptides derived from OVA on MHC class |
molecules. In this data, the level of IL-2 secretion increased depending
on OVA concentration and reached plateau in 100 pg/ml of OVA
concentration. Therefore, we used this OVA concentration (100 pg/ml)
in further examinations,

3.3. Cytotoxicity to DCs by the treatment of BLs and US exposure

In this antigen delivery system using BLs and US exposure, the
transient pores would be provided on the membrane of DCs
Therefore, it is concerned that the DCs are injured by US exposure in
the presence of BLs. To assess the cytotoxicity to DCs by the treatment
of BLs and US exposure, we examined about the viability of DCs (Fig. 3).
In the treatment of DC with BLs andfor US exposure, the viability of
DCs treated with BLs, US exposure or BLs/US exposure was 83 £ 11%, 96
5% or 871 13%, respectively. This result shows that there is not serious
damage to DCs even under the condition of inducing transient pores
on the membrane of DCs treated with BLs and US exposure.

3.4. Induction of antigen-specific CTL response in the immunization of
DCs pulsed with antigen using BLs and US exposure

To examine whether efficient peptide presentation on MHC class |
molecules leads to strong induction of antigen-specific CTLs in vivo,
we immunized C57BL/6 mice twice with bone marrow-derived DCs
that had been treated with various antigen delivery techniques.
Thereafter, splenocytes were isolated, and a cytotoxicity assay was
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Fig. 2. MHC class | restricted OVA presentation after OVA delivery into DCs using
combination of Bls and US exposure. DCs were pulsed with OVA alone or GVA in
conjunction with US exposure and/or Bls. After US expasure, the DCs were incubated
for 1 h at 37 °C, then washed with PBS. Afrer culturing for 24 h, the DCs were co-cultured
with CD8-OVAL3 cells for 20 h. The concentration of [L-2 in the supernatants was
measured. Each data represents the mean25.0. for triplicate measurements. *P<0.05
compared to the group mreated with BLs or US, or without Bls and US. **P<0.01
compared to the group treated with BLs or US, or without BLs and US
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Fig. 3. Viability of DCs treated with Bls and for US exposure. DCs were treated with Bls
andjor US. After US exposure, DCs were incubated for 1 h at 37 °C, then washed with
PBS. After culturing for 48 h, the viability of DCs was measured by MTT assay, Each data
represents the mean:S.0. for triplicate measurements.

performed using the syngeneic lymphoma cell line EL-4 or its OVA
transfectant, EG7-OVA. As shown in Fig. 4, immunization with DCs
without OVA, DCs pulsed with OVA, or OVA combined with BLs or US
exposure, induced weak cytotoxicity of splenocytes against the OVA-
expressing cell line E.G7-OVA. In contrast, immunization with DCs
pulsed with OVA following BL and US exposure resulted in strong
cytotoxicity against the OVA-expressing cell line EG7-OVA by
splenocytes. Splenocytes from mice immunized with DCs pulsed
using any method of antigen delivery did not exhibit strong
Cytotoxicity against the parental cell line EL-4. These data indicate
that DCs pulsed with antigen using BLs and US exposure as the antigen
delivery method efficiently present peptides on MHC class |
malecules, which results in strong induction of antigen-specific CTLs
n viva,

3.5, Antitumor effects in the Immunization of DCs pulsed with antigen by
BLs and US exposure

Using an E.G7-OVA tumor model, we examined whether the
strong induction of CTLs by antigen delivery with BLs and US
exposure leads to efficient anti-tumor immune responses in vivo.
We immunized C57BL/6 mice twice with bone marrow-derived DCs
that had been pulsed using one of two methods of antigen delivery
(OVA with US exposure, or OVA with BLs and US exposure). One
week after the second immunization, the mice were inoculared
intradermally with E.G7-OVA cells, and tumor growth was mon-
itored. As shown in Fig. 5(a) and (b), immunization with untreated
DCs weakly suppressed tumor growth, The survival rate of mice
immunized with untreated DCs was slightly prolonged, suggesting
that non-specific inflammatory responses induced by the injection
of DCs result in weak anti-tumor immune responses. Immunization
with DCs that had been pulsed with OVA using US exposure
suppressed tumor growth slightly more efficiently than the control
immunization. Of note, immunization with DCs that had been
pulsed with OVA using BLs and US exposure completely suppressed
tumor growth, with all mice in this group surviving more than
70 days after tumor inoculation. In addition, we examined the
prevention of tumor growth recurrence after re-inoculation of
tumeor cells into mice, which had completely rejected the first
injection of tumor cells (Fig. 5(c)). All mice, which were re-
inoculated with E.G7-OVA cells 10 weeks after the first inoculation,
completely rejected the tumor cells,

Finally, we examined whether immunization with DCs pulsed with
antigen using BLs and US exposure can efficiently suppress the growth
of established tumors. For this purpose, we inoculated C57BL/6 mice
with EG7-OVA, and after 9 and 12 days, when the tumors were

between 100-200 mm’, DCs were injected intradermally. As shown in
Fig. 6{a), administration of untreated DCs did not provide a significant
therapeutic effect. Administration of DCs pulsed with OVA using US
exposure exhibited a weak therapeutic effect. Importantly, adminis-
tration of DCs pulsed with OVA using BLs and US exposure exhibited
stronger therapeutic effects in two of the five mice, with these two
mice surviving for more than 60 days (Fig. 6(b)). These data indicate
that antigen delivery into DCs with BLs and US exposure can induce
significant therapeutic effects on established tumors.

4. Discussion

Subunit vaccines utilizing MHC class I-binding peptides have
significant limitations that hinder their application to the general
patient population (restrictions of HLA types) and that also affect
their clinical effectiveness (monovalency of tumor specific antigen)
in DC-based tumor immunotherapy. Utilization of tumor associated
proteins as antigens may overcome this limitation, thereby enabling
a broad spectrum of peptide presentation. In fact, patients treated
with tumor cell lysates pulsed DCs showed better response rates
compared with patients treated with peptide pulsed DCs [40]. This
clinical trial suggests that tumor lysates are a good source of tumor
antigens for a polyvalent antitumor vaccine, On the other hand, MHC
class | molecules generally present endogenous antigens, whereas
exogenous antigens for DCs are taken up by the endocytosis pathway
and exogenous antigen-derived peptides are presented on MHC class
Il molecules [3]. In this study, we showed that by using a
combination of BLs and US exposure, exogenous antigen was directly
delivered into the cytosol of DCs (Fig. 1) and was presented on MHC
class | molecules (Fig. 2). In addition, DCs immunized with antigen
delivered by BLs and US exposure could stimulate antigen-specific
CTL activation (Fig. 4) and resulted in inducing effective anti-tumor
immune responses in tumor-bearing mice. (Figs. 5 and 6) Although
peptide and protein delivery with sonoporation using microbubbles
have been previously reported [28.29.41], the present study is the
first report of effective antigen delivery into DCs by BLs using
sonoporation for cancer immunotherapy.

Sonoparation and microbubbles such as Optison have been
reported to be an effective gene delivery method using non-viral
vectars. In addition, peptide and protein delivery with microbubbles
and US exposure has been reported [28,2941]. In the reports,
Bekeredjian et al. showed the feasibility of microbubbles and US
exposure for delivery of bioactive protein (luciferase, 60 kDa) into the
cytosol of in vitro and in vivo cells [28,29]. Larina LV. et al. reported
that FITC-dextrans of 10-2000 kDa were delivered into human breast
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Fig 4. Antigen specific CTL induction after immunization with DCs treated with BLs and
Us expasure. DCs were puised with OVA under each condition and cultured. After
washing the cells, the DCs were intradermaily injected into the backs of C57BL/6 mice.
After 7 days, the mice were re-immunized. Seven days after the second immunization,
splenocytes were obtained and ! with in C-treated EC7-OVA cells at
a ratio of 10:1 for 5 days. The stimulated were used as effector cells for a
cytotoxiairy assay, using EL-4 or EG7-OVA cells a3 the taiget in a flow cytometric assay.
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Fig.5.A effect caused by i of DCs treared with antigen, BLs and US
exposure. C57BL/6 mice were immunized with DCs twice. Seven days after the second
immunization, EG7-OVA cells were intradermally inoculated into the backs of the mice,
and the tumaor volume and survival of the mice was monitored. (a): Tumor volume of
the mice after tumor inoculation. Each line indicates the tumor volume in an individual
maouse. The fractional number in the lower right of each group shows the number of
mice completely rejecting tumors | the number of total experimental mice, (b): Survival
rate of the mice after tumor inoculation. (c): Tumor rejection efficiency after re-
inoculation with tumor cells. EG7-OVA cells were re-injected Into the mice, which had
rejected tumor cells following immunization with DCs treated with OVA, BLsand USina
prior immunization (a). Normal mice were used as controls to confirm the development
of cancer following the first inoculation with EG7-OVA cells. All treated groups
contained five mice.

adenocarcinoma (MCF7) by the combination of Optison (conventional
microbubbles) and US exposure [42]. It is believed that the delivery
mechanism is due to the presence of transient pores through the ceil
membrane, resulting in extracellular molecules being directly deliv-
ered into the cytosol [22,43]. As shown in Fig. 1(b), antigen was
directly delivered into DCs by the combination of BLs and US exposure
even when the endocytosis pathway was inhibited. Therefore, it is
thought that the antigen delivery mechanism induced by BLs and
sonoporation is the same as that induced by microbubbles and
sonoporation, In studies using microbubbles and sonoporation, pore
sizes (based on the physical diameter of the component compounds)
were typically between 30-100 nm, and estimates of the membrane
recovery fime ranged from a few seconds to a few minutes [44]. On the

other hand, in studies on the aftereffects of US exposure on cell
membranes, Eshet et al. reported that microbubbles resulted in a
rougher cell surface characterized by depressions, but that the effects
are reversible within 24 h following US exposure [43]. In the present
study, DCs were incubated with antigen for 1 h after US exposure and
increased the delivery efficiency of antigen into the cytosol of DCs. We
confirmed the efficiency of MHC class | antigen presentation in DCs
with/without 1 h incubation after US exposure. The efficiency
following 1 h incubation was higher than that without incubation
(data not shown). This result suggests that the membrane perme-
ability of DCs increases even after US exposure. Although the
mechanism behind antigen delivery by BLs is unknown, our data
support a tempaorary increase in permeability of the plasma mem-
brane after US exposure. Moreover, recent data from microbubble
studies suggest that the resealing of US-induced pores is an energy-
dependent process, with the cells exhibiting morphological features
consistent with an active and vesicle-based wound-healing responses
|45). Therefore, cells treated with sonoporation are viable due to this
recovery mechanism. In this study, the viability of the DCs treated with
BLs and US exposure was maintained more than 85% (Fig. 3). The
accumulated evidence suggests that the combination of BLs and US
exposure is an unique antigen delivery system which can deliver
exogenous antigens into the cytosol without serious damage to DCs.

In this study, exogenous antigens, directly delivered into the
cytosol of DCs by means of BLs and US exposure, were presented on
MHC class | molecules. In addition, immunization of DCs treated with
antigen, BLs and US exposure effectively primed antigen-specific CTLs.
On the other hand, MHC class | antigen presentation lead to low-level
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Fig. 6. Immunization of DCs treated with antigen, Bls and US exposure: therapeutic
effect on tumor growth, EG7-OVA cells were intradermally inoculared into the backs of
C57BL/6 mice. On day 9, at a tumor size of 8-10 mm, OVA pulsed DCs were
intradermally infected into the backs of the mice. On day 12, DCs were injected
similarly. The tumor volume and survival of the mice was monitored, (a): Tumor volume
of the mice after tumor inoculation. Each line indicates the tumor volume in individual
mice. (b): Survival rate of the mice after tumor inoculation. All treated groups contained
five mice.
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antigen delivery with either BLs or US expaosure. In these treated cells,
antigen was mainly taken up via the endocytosis pathway. Although
we have not confirmed MHC class Il presentation, the antigen would
presumably be presented on MHC class [l molecules to DCs via the
general antigen processing mechanism [10]. The exogenous antigens
directly delivered into the cytosol would be processed similarly
endogenously derived antigens, which are enzymatically digested into
peptides, mainly by cytosolic proteases called proteasomes, and are
then transported by transporters associated with antigen processing
(TAP) molecules into the endoplasmic reticulum (ER). In the ER lumen,
peptides bind to MHC class | molecules, which are subsequently
transported via the Golgi apparatus to the cell surface [46], Moreover,
immunization of DCs treated with OVA, BLs and US exposure could
prime OVA-specific CTLs. This result indicates that DCs presented
with OVA-derived epitope peptides on MHC class | molecules
effectively prime OVA-specific CTLs in vivo. We suspected that the
effective priming of antigen-specific CTLs would result in the
rejection of tumor cells. As shown in Fig. 5(a), all the immunized
mice completely rejected the inoculated tumor cells. Tumor cells
were intradermally re-injected into these mice to re-challenge their
immune system and assess the preventive effects of immunization
for suppressing tumor regeneration (Fig. 5(c)). Rejection following
re-challenge with tumor cells suggests the induction of an antigen
memory system in the host's immune system, i.e., memory T cells for
the immunization antigen. Thus, this therapeutic method has
potential for suppressing the regeneration and metastasis of tumors.
Finally, we also assessed the therapeutic effects of this treatment
towards established tumors (Fig. 6), Immunization with DCs treated
with antigen, BLs and US exposure lead to significant therapeutic
effects towards established tumors. Tumor cells generally secrete
cytokines such as TGF4} to suppress the host's immune system. [t is
therefore possible that antigen delivery with BLs and US exposure
could effectively induce an anti-tumor immune response even in the
presence of established tumors.

In conclusion, we have developed a novel system for delivering
antigens into DCs using BLs and sonoporation. Immunization of DCs
using this antigen delivery system could effectively prime the anti-
tumor immune system due to the induction of MHC class 1 TAA
presentation. Therefore, BLs in conjunction with sonoporation might
be a useful antigen delivery system for DC-based cancer immunother-
apy. In the future, this system will be applied to various antigens
containing unknown TAAs, such as crude antigens separated from
surgically-removed human rumors.
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ARTICLE INFO ABSTRACT

Article history: Small interfering RNA [siRNA) is expected to be a novel therapeutic tool, however, its utilization has been
Recrived 12 April 2008 limited by inefficient delivery systems. Recently, we have developed mwl polyethyleneglycol modified
m:wm 2008 li (Bubbte lig BL) pping an ul 1 (US) i g gas, which can work as a gene
Seprember dellvctyloniml:husuﬂm.lm In this study, Mmﬂwedmwmumsmmfwﬂnmwwd
X . siRNA. BL efficiently delivered siRNA with only 10 £ of exposure to US in vitro, Specific gene silencing effects
SIRNA delivery could be achieved well even in the presence of serum or with the disruption of endocytosis. We suggest that
Uktrasound siRNA is directly introduced into the cytoplasm by the BL and US and the mechanism enables effective
Bubble Hiposomes transfection within a short time and in the presence of high serum. Transfection of SiRNA into the tiblalis
muscles with BL and US was also performed. The gene-silencing effect could be sustained for more than

3 weeks. Thus, BL could be a useful siRNA delivery tool in vitro and in vivo.
© 2008 Elsevier B.V. All rights reserved.
1. Introduction gene delivery carriers. Then we reported that “Bubble liposomes (BL)"

RNA interference (RNAI) has potential in the development of new
treatments for disease, including malignant, infectious and auto-
immune diseases. In order to achieve efficient gene silencing, it is
important that the siRNA is introduced into the cytoplasm of the
target cell. Diverse approaches have been attempted o develop
efficient siRNA delivery methods [1-7]. However, technologies that
enable the tissue-targeted delivery of siRNA using non-viral vectors
need improvements.

One novel approach to the administration of a drug or gene is the
method of US-enhanced delivery. US-enhanced delivery often exploits
the cavitation bubbles produced by the pressure oscillations of US.
Furthermore, US pressures above a certain threshold can cause
oscillating bubbles to undergo a violent collapse known as inertial
cavitation. Inertial cavitation is believed to cause transient disruptions
in cell membranes, enabling the transport of extracellular molecules
into viable cells [8-12]. Microbubbles, which are contrast agents for
medical US imaging, improve gene transfection efficiency after US-
induced cavitation |13-19]. However, microbubbles have problems
with size, stability, and targeting function.

Liposomes, useful carriers of drugs, antigens, and genes, can be
easily prepared in a variety of sizes and modified to add a targeting
function [20-24), Therefore, we considered that polyethyleneglycol-
modified liposomes containing the US imaging gas could be novel

* Corresponding author. Tel ffax: +81 42 676 3183,
E-mail address: negishi@ps.toyaku.ac jp (Y. Negishi).
! The first two authors contrbuted equally to this work.

0168-3659/8 — see front matter © 2008 Elsevier BV, All rights reserved,
dod: 10.1016/Ljconrel. 2008.08.019

were feasible for delivering genes in vitro and in vivo [25-27]. In this
study, we assessed whether BL accompanied by US are also useful for
the delivery of siRNA in vitro and in vivo, We further investigated the
mechanism of the transfection with BL and US to clarify the
involvement of the endosomal pathway compared to other transfec-
tion methods thought to carry nucleic acids into cells via endocytosis.

2. Materials and methods
2.1, Cell lines and cultures

C0S-7. NIH3T3 and C2C12 cells were cultured in Dulbecco’s
maodified Eagle's medium (DMEM; Kohjin Bio Co. Ltd., Tokyo, Japan)
supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Equitech Bio Inc., Kerrville, TX), 100 unitsfml penicillin and 100 pg/ml
streptomycin in a humidified atmosphere containing 5% CO; at 37 °C.

2.2. Preparation of liposomes and BL

Liposomes composed of 1,2-dipalmitoyl-sn-glycero-phospha-
tidylcholine (DPPC) (NOF Corporation, Tokyo, Japan) and 1.2-distear-
oylphosphatidylethanolamine-methoxy-polyethyleneglycol (DSPE-
PEG2000-OMe) (NOF Corporation, Tokyo. Japan) (6 mol%) were
prepared by a reverse phase evaporation method. In brief, all reagents
were dissolved in 1;1 (v/v) chloroform/diisopropylether. Phosphate-
buffered saline was added to the lipid solution and the mixture was
sonicated and evaporated at 47 "C, The organic solvent was completely
removed, and the size of the liposomes was adjusted to less than 200 nm
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using extruding equipment and sizing filter (pore size: 200 nm)
(Muclepore Track-Etch Membrane, Whatman plc, UK). After the sizing,
the liposomes were passed through a 0.45-pm pore size filter (Syringe
filter, ASAHI TECHNO GLASS Co., Chiba, Japan) to sterilize them. The lipid
concentration was measured with Phospholipid C rest Wako (Wako Pure
Chemical Industries, Ltd, Osaka, Japan). BL were prepared from
liposomes and perfluoropropane gas (Takachiho Chemical Ind. Co. Ltd.,
Tokyo, Japan). First. 5-mL sterilized vials containing 2 mL of liposome
suspension (lipid concentration: 1 mg/mL) were filled with perfluor-
opropane gas, capped, and then pressured with 7.5 mL of perfluor-
opropane 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 BL

2.3. Plasmid DNA and siRNA

The plasmid pCMV-GL3 derived from pGlL3-basic (Promega, Madi-
son, WI) is an expression vector encoding the firefly luciferase gene
under the control of a cytomegalovirus promoter. The plasmid pEGFP-
N3 (Clontech Laboratories, Inc., Mountain View, CA) is an expression
vector encoding enhanced green fluorescein protein under the control of
a cytomegalovirus promoter. pDsRed-N1 (Clontech Laboratories, Inc.,
Mountain View, CA) is an expression vector encoding red fluorescein
protein under the control of a cytomegalovirus promoter. SiRNA
targeting luciferase (Luciferase GL3 siRNA; siGL3), siRNA targeting
EGFP (GFP-22 siRNA; siGFP), and a non-targeting siRNA (Control (non-
5il.) siRNA; siCont) were purchased from QIAGEN K.K. (Tokyo, Japan). The
sequences are siGL3: 5'-CUUACGCUGAGUACUUCGAdTAT-3' and 5'-
UCGAAGUACUCAGCGUAAGATAT-3", siGFP: 5'-GCAAGCUGACCCUGAAGUU-
CAU-3" and 5'-GAACUUCAGGGUCAGCUUGCCG-3', siCont: 5'-UUCUCC-
GAACGUGUCACGUATdT-3" and 5°-ACGUGACACGUUCGGAGAATAT-3".
Non-targeting fluorescein-labeled siRNA (BLOK-IT Fluorescent Oligo)
was purchased from Invitrogen Japan KK. (Tokyo, Japan). BLOCK-IT was
used to determine intracellular distribution.

2.4, Transfection of pDNA and siRNA into cells using BL

The day before transfection, cells (3 x 10%) were seeded in the wells
of a 48-well plate (ASAHI TECHNOGLASS CO., Chiba, Japan). Five
micrograms of pDNA, siRNA and 60 pg of BL were mixed together with
culture medium containing 10% FBS and added to the cells. The cells
were immediately exposed to US (frequency, 2 MHz; duty, 50%; burst
rate, 2.0 Hz; intensity 2.5 Wjcm?) for 10 s through a 6-mm diameter
probe placed in the well. A Sonopore 3000 (NEPA GENE, CO,, LTD.,
Chiba, Japan) was used to generate the US. The cells were washed
twice with culture medium and cultured for two days.

2.5, Transfection of pDNA and siRNA with Lipofectamine 2000

The day before transfection, COS-7 cells (4 10*) were seeded in the
wells of a 48-well plate (ASAHI TECHNOGLASS CO,, Chiba, Japan). Then,
0.25 pg of pDNA and siRNA (final concentration, 25 nM) were diluted
into Opti-MEM (GIBCO). Next, 1.25 pg of Lipofectamine 2000 (LF2000)
(Invitrogen Japan K.K., Tokyo, Japan) was diluted into Opti-MEM. These
solutions were mixed and added to the cells. After 4 and 24 h, the cells
were washed with PBS and cultured for two days. The experiments
were performed according to the manufacturers' instructions.

2.6. Localization of FITC-labeled siRNA after transfection with BL

Immediately after transfection of the FITC-labeled siRNA (200 nM)
with BL and US, the cells were fixed with 4% Paraformaldehyde
Phosphate Buffer and permeabilized with 0.2% saponin/0.2% BSA-PBS.
The cells transfected with LF2000 were fixed and permeabilized
30 min after the transfection. To enhance the fluorescence of
intercellular siRNA up to the detectable level, the fixed cells were

treated with a signal amplification kit (Alexa Fluor 488 Signal-
Amplification Kit Fluorescein- and Oregon Green Dye-Conjugated
Probes, Invitrogen Japan KK, Tokyo, japan) following the manufac-
turer’s instructions. The cells were mounted in VECTASHIELD Hard-Set
Mounting Medium (Vector Laboratories, Burlingame, CA) with the
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Fig. 1. Down-regulation of luciferase expression by SIRNA with BL and US and cell viability
after exposure to LS and BL pDNA; the group transfected with pCMV-GL3 only, pONA + siCont;
the group transfected with pCMV-GL3 and non-targeting siRNA (siCont), pDNA + 5iGL3; the
group transfected with pOMV-GL3 and siRNA targeting Juciferase (siGL3). (A) Luciferase
expression in 005-7 cells ransfected with pDNA and siRNA (5-50 nM) using BL and US at
2 days post-cransfection. * indicates P value <005 compared with negative control
(B) Luciferase expression in C0S-7 cells mansfected with pDNA and siRNA (25 nM) using BL
and LIS at 2, 4, and 6 days post-transfection. * indicates P value <005 compared with pDNA
alone, (C) Luciferase expression in NTHIT3 and C2C12 cells mansfected with pDNA and siRNA
(25 nM) using BL and US at 2 days post-transfection, * Pahe <005 d with
negative control. All data represent the mean £5.0. (n=4)
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coverslip cell-side down on top of a drop of the mounting medium.
The samples were analyzed by confocal laser microscopy.

2.7. In vivo gene delivery into the tibialis muscle of mice with BL and US

Plasmid DNA (pCMV-GL3: 5 pg) and siRNA (3 ug) with the BL
(30 pg) suspension were injected into the ribialis muscie of ICR mice
(5 weeks old, male) using a 30-gauge needle (NIPRO CO. Osaka,
Japan). Immediately after the injection, US (frequency, 2 MHz, duty,
50%; burst rate, 2.0 Hz; intensity, 2.5 W/cm?; time, 60 5) was applied
transdermally downstream of the injection site through a 6-mm
diameter probe. Several days after the injection, the mice were
sacrificed and the tibialis muscle in the US-exposed area was collected.

2.8, In vivo gene delivery into the skin and kidney of mice with BL and US

Plasmid DNA (pCMV-GL3; 5 pg) and siRNA (3 pg) with the BL(30 pg)
suspension were injected into the dorsal skin of ICR mice (5 weeks old,
male) by intradermal injection. The kidney was exposed and plasmid
DNA (pCMV-GL3; 5 pg) and siRNA (3 pg) with the BL (30 pg) suspension
were injected into the kidney of ICR mice (5 weeks old, male) by intra-
renal-parenchymal injection. Immediately after the injection, US was
applied to each injection site. Three days after the exposure, the mice
were sacrificed and each tissue in the US-exposed area was collected.

2.9, Invivo gene delivery into the ribialis muscle of mice with electroporation

Plasmid DNAs (pEGFP-N3: 2.5 pg. pDsRed-N1; 2.5 pg) were injected
into the tibialis muscle of ICR mice (5 weeks old, male) and electroporated
at 140 vfem, 50 ms (Electroporator CUY21 EDIT, NEPA GENE, CO., LTD.,
Chiba, japan). After 1 day, siRNA (3 pg) was transfected with BL (30 pg)
and US as described above. Three days after the US exposure, the mice
were sacrificed and the tibialis muscle in the exposed area was collected,

2.10. Measurement of luciferase and EGFP expression

Cell lysate and tissue homogenates were prepared with a lysis buffer
(0.1 M Tris-HQ (pH 7.8), 0.1% Triton X-100, and 2 mM EDTA). Luciferase
activity was measured using a luciferase assay system (Promega,
Madison, W1) and a luminometer (LB96V, Belthold Japan Co. Lid.,
Tokyo, Japan). The activity is indicated as relative light units (RLU) per
mg protein, For analyzing EGFP expression, the treated muscle was fixed
with 2% paraformaldehyde and dehydrated in a sucrose solution. The
specimens were embedded in OCT compound and immediately frozen
at -80 "C. Serial sections 8 pm thick were cut by cryostat and observed
with a fluorescence microscope (Axiovert 200 M, Carl Zeiss).

2.11. Experiments in vivo studies

Animal use and relevant experimental procedures were approved
by the Tokyo University of Pharmacy and Life Science Committee on
the Care and Use of Laboratory Animals.
2.12. Statistical analyses

All data are shown as the meantS.D. (n=4 or 6). Data were
considered significant when P<0.05, The t-test was used to calculate
statistical significance.
3. Results

3.1. Down-regulation of luciferase expression by siRNA with BL in
cultured cells

To investigate the gene silencing effects of siRNA transfected with BL
and US, cells were co-transfected with pDNA encoding firefly luciferase

(pCMV-GL3) and a non-targeting control or luciferase-targeting siRNA
(siCont or siGL3) in the concentration range of 5-50 nM (Fig. 1A). As a
result, about 90% of luciferase expression was blocked by adding more
than 25 nM siRNA. We also examined the duration of this down-
regulation (Fig. 1B). Although the level of expression gradually
decreased, the gene silencing effects in the siGL3-treated group
persisted for 4 days after the transfection. Although there appeared to
be a difference at day 6, this difference was not statistically significant.
The cyrtotoxicity of BL and US was also examined with the MTT assay and
cell viability was about 90% even when the transfection was performed
with 200 nM siRNA (data not shown) We further attempted the
transfections of siRNA into other cell lines, like NTH3T3 and C2C12 cells.
The data show that the luciferase activity was also blocked by siRNA in
these two cell lines (Fig. 1C). These results suggest that BL accompanied
by US is potentially useful for siRNA delivery in many cell types.

32. Effects of high serum on down-regulation of luciferase expression by
SiRNA transfected with BL and US

The ransfection of siRNA should be effective in the presence of
serum for clinical use, Therefore, we examined the effects of serum on
the gene silencing effects of siRNA transfected with BL and US and
compared them to the effects obtained with LF2000. As shown in Fig. 2,
the expression of luciferase was down-regulated up to more than 90% by
both transfection methods in the absence of serum. LF2000 was much
more effective than BL as a ol for the delivery of pDNA and siRNA.
However, the effects obtained with LF2000 were markedly decreased in
a serum dose-dependent manner. This result may be due to the
interference in LF2000 by serum proteins as shown in previous reports
|28,29]. By contrast, the transfection with BL and US resulted in gene
silencing effects with a significant difference between the siGL3-treated
group and untreated group even in the presence of 50% serum. The
silencing effects were slightly decreased, which was probably due to a
difference in stability between pDNA and siRNA. These results suggest
that the transfection with BL and US is effective in the presence of serum.
The probable transfection mechanism is likely the delivery of siRNA
directly into the cytoplasm within a fairly short time.

3.3, Mechanism of transfection with BL and US

To examine the involvement of endocytosis in the process, cells were
pretreated for 30 min and cultured after transfection for 4 h in the
presence of 50 nM chloroquine which is recognized as an endosomolytic
agent (Fig. 3A). The luciferase expression and down-regulation of the
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Fig. 2. Effects of high serum on down-regulation of luciferase expression by siRNA with
BL and US or LF2000. pDNA; the group transfected with pCMV-GL3 only, pDNA +5iGL3;
the group transfected with pOMV-GL3 and siGL3. Luciferase expression in COS-7 cells
transfected with pDNA and siRNA (25 nM) using BL and US or LF2000 at 2 days post-
transfection in the presence of 0, 10, and 50% fetal bovine serum. * indicates P value
<0.05 compared with pDNA alone, All data represent the mean:5.D, (n=4),
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expression by siRNA were unaffected by the chloroguine treatment. We
also investigated the effect of incubation temperature on the gene
expression and down-regulation (Fig. 3B). Cells were preincubated for
30 min at 37 "Cor 4 "Cand co-transfected with pDNA and siRNA using BL
and US. This was followed by an additional 1 h at 37 "Cor 4 "C. As shown
in Fig. 3B, the luciferase expression and down-regulation of the
expression by siRNA were unaffected by the incubation temperature.
We further evaluated the intracellular localization of siRNA transfected
with BL or LF2000 by confocal microscopy (Fig. 3C) There was a
significant cytoplasmic distribution of siRNA using either method.
However, there was a difference in the pattern of distribution. In the case

ntrolled Release 132 (2008) 124-130 27

of transfection with LF2000, the fAuorescence was distributed in a
punctate pattern, In contrast, it was homogeneously distributed in the
case of transfection with BL and US, These results suggest that the
transfection with BL and US did not involve endocytosis, but the siRNA
was directly introduced into the cytoplasm.

3.4. Down-regulation of luciferase expression by siRNA with BL and US in
vivo

To evaluate the ability of BL to deliver siRNA in vivo, we attempted to

co-deliver pDNA and siRNA into the tibialis muscle. As shown in Fig. 4A,
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Fig. 3. The involvement of endocytosis in the process of transfection with BL (A, B) pDNA: the group transfected with pCMV-GL3 only, pDNA + siCont; the group transfected with

pCMV-GL3 and siCont, pDNA +5iGL3; the group transfected with pCMV-GL3 and siGLY, (A) Luciferase expression tn COS-7 cells transfected with pDNA and siRNA (25 nM) using Hl

and US at 2 days post-transfection with or without chloroquine (50 nM). Data represent the meanz5.D. (n=4). * indicates F value
{B) Luciferase expression in COS-7 cells transfected with pDNA and siRNA (25 nM) using BL and US and incubated at 37 "C or 4 *C for 30 min before transfection and for 1 h after

transfection at 2 days post-transfection. Data represent the mean+5.D. (n=4). * indicates P value <0.05 compared with negative control. (C) Localization of siRNA after transfection

cont; the untreated group, siRNA; the group only given FITC-siRNA, BL + US; the group ransfected with FITC-siRNA using BL and US, LF2000; the group transfected with FITC-siRNA
using LF2000. Confocal microscopy was used to visualize the cellular uptake and translocation of FITC-labeled siRNA (200 nM]. Shown are fluorescence microscopic images of cross
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with the combination of BL and US, about 95% of luciferase expression
was blocked by siRNA. Furthermore, the silencing effect was observed
for 7 days (Fig. 4B). Although there appeared to be a difference after
7 days, this difference was not statistically significant. We further
attempted the transfection to skin and kidney with BL and US. As shown
in Fig. 4C, the luciferase expression had a tendency to be blocked in the
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Fig. 4. Down-regulation of luciferase expression by siRNA with BL and US in viva. pDNA;
the group transfected with pCMV-GL3 anly, pDNA +siCont: the group transfected with
pCMV-GL3 and siCont, pDNA +5iGL3: the group transfecred with pCMV-GL3 and siGL3
{A) Luciferase expression in tibialis muscle transfected with pDNA and siRNA (3 pg)
using BL and US at 3 days post-transfection. * indicates P value <0.05 compared with
negartive control. (B) Luciferase expression in tibialis muscle transfected with pDNA and
SiRNA (3 pg) using BL and U5 ar 2, 7, 14, 21 and 28 days post-transfection. * indicares
P value <005 compared with pDNA alone, (C) Luciferase expression in skin and kidney
transfected with pDNA and siRNA (3 pg) using BL and U5 at 3 days post-transfection

EGFP

DsRed

Fig. 5. Down-regularion of GFP expression by siRNA with BL and US in vive. pDNA; the
group transfected with pEGFP-N3 and pDsRed-N1, pDNA +siCont; the group transfiected
with pEGFP-N3, pDsRed-N1 and siCont, pDNA +siGFP; the group mansfected with
pEGFP-N3, pDsRed-N1 and siRNA targeting EGFP {siGFP). GFP and DsRed expression in
tiblalis muscle transfected with pDNA by electroporation 1| day before the transfection
of siRNA, and transfected with siRNA (3 pg) using BL and US at 3 days post-transfection
Shown are fluorescence microscopic images of cross sections.

skin. However, in kidney, the down-regulation was not observed and the
luciferase expression was even observed in the group transfected with
pCMV=GL3 only. To evaluate the silencing effects of siRNA transfected
with BL and US on stably expressed genes, the day before transfection of
the siRNA, we attempted to introduce pEGFP and pDsRed into tibialis
muscle by electroporation which is known to be effective for gene
transfection into muscle. Down-regulation of EGFP expression was
observed in only the focused area of US exposure, while DsRed
expression showed no change (Fig. 5). From these results, BL could be
also a useful tool in vivo.

4, Discussion

The delivery of siRNA into specific organs in vivo is a major obstacle to
the establishment of therapeutic RNAL. To overcome this problem,
numerous transfection methods or delivery devices have been devel-
oped and reported [1-7). The development of a targeted, nonimmuno-
genic siRNA delivery system for systemic administration is highly
desired.

Microbubbles and US have recently been proposed for gene delivery.
This combination makes sonoporation possible, allows transient
changes in the permeability of the cell membrane, and makes possible
the site-specific intracellular delivery of molecules such as dextran,
PDNA, peptides, and siRNA both in vitro and in vive [13-19]. However,
existing microbubbles have some problems with size, stability, and
targeting function. We developed novel lipasomal bubbles, BL, which
could be a solution to those problems. Then we reported that BL are an
efficient and novel tool for gene delivery in vitro and in vive [25-27].

Here, we investigated whether the combination of BLand US is useful
for the delivery of siRNA in vitro and in vivo. We initially attempted to
transfect pDNA and siRNA into COS-7 cells with BL and US. The
expression of luciferase in cells was efficiently inhibited in a siRNA dose-
dependent manner (Fig. 1A). Optison, one of the currently existing
microbubbles, has been extensively studied |13-15,18]. The gene
silencing effects of BL were equal t those of Optison (data not
shown). The gene silencing effects in the siGL3-treated group persisted
for at least 4 days, although the luciferase expression gradually
decreased because of degradation by the nuclpase and dilution due to
cell division (Fig. 1B). COS-7 is well known as a cell line which efficiently
expresses exogenous genes, and often used in experiments on gene
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transfection. Therefore, we used it in the experiments in this study,
however, we further attempted the transfection into mouse cells,
NIH3T3 and C2C12. The luciferase expression was also blocked by siRNA
in both cell lines (Fig. 1C). We investigated the difference in the
conditions for US (intensity and duty) but found few (data not shown).
When we employed US for the transfection into cells, cytotoxicity was
absent after the exposure to BL (data not shown). It is important to
consider the stability of the nuclease in serum for the efficient
intracellular delivery of siRNA in vivo. We therefore examined the
effects of high serum on gene silencing. As shown in Fig. 2, the down-
regulation of luciferase activity by siRNA with BL was maintained in the
presence of high serum. These results suggested that the transfection
with BL and US was effective in serum as supported by previous findings
regarding plasmid DNA delivery with BL and US [27]. In contrast, in the
case of LF2000, a remarkable decrease in transfection efficiency was
induced by serum. This result is consistent with reports that serum
proteins interact with and disturb cationic liposomes in vitro and in vivo
[28.29]. It is considered that the more time required for transfection, the
greater the degradation of siRNA. Actually, the gene silencing by siRNA
transfected with BL maintained about 90% efficiency even in the
presence of 50% serum. However, that with LF2000 diminished to about
70% efficiency in the presence of 50% serum. We considered the
difference in time required for transfection to be due to the different
mechanisms of each method. Therefore, we examined the involvement
of endocytosis in the process of transfection with BL and US. There was
little difference in the effects of down-regulation in the presence or
absence of chloroquine and at 37 "C or 4 "C (Fig. 3A and B). To evaluate
the intracellular localization of siRNA transfected with BL or LF2000, we
initially attempted to transfect FITC-siRNA at 25 nM into COS-7 cells.
However, no fluorescence was observed even when the transfection by
BL was performed with a higher concentration of siRNA, 200 nM (data
not shown ). We assumed that the siRNA concentrated in endosomes
resulting in a too low fluorescence signal to detect. Thus, we used a
signal amplification kit to enhance the fluorescence of intracellular
siRNA to a detectable level. As a result, the difference in the mechanism
of transfection between BL and LF2000 was shown by the intracellular
distribution (Fig. 3C). In the case of transfection with LF2000, the
NMuorescence was distributed in a punctate pattern. This phenomenon
has been observed in the endosomal pathway of lipoplex [3031]. In
contrast, the fluorescence was homogeneously dispersed mainly into
the cytoplasm on transfection with BL and US for 10 s These results
suggested that the transfection with BL and US did not involve
endocytosis, but the siRNA was directly introduced into the cytoplasm.
Thus, it seems un-necessary to consider the escape of siRNA from the
endosome and the degradation of siRNA in lysosomes, because the
transfection with BL and US delivers siRNA into the cytoplasm directly
within a fairly short time. Although siRNAs were initially thought to be
small enough to avoid activating the IFN pathway, recent studies showed
that they could activate innate immunity in mammalian cells [32,33).
The immune response to siRNA was mainly induced via TLRs in the
endosome |34]. Transfection with BL and US may avoids the activation of
an immune response via TLRs because the siRNA enters the cytoplasm
directly. For these reasons, BL could be also a useful tool in vivo. Indeed,
when pDNA encoding luciferase and its sIRNA were codelivered into the
muscle of mice by BL and US, the gene expression was suppressed and
the effect lasted at least 7 days (Fig. 4A and B). Gene silencing effects
were also observed when siRNA was injected into skin and US was
applied to the injection site, although there was no significant difference
between the siGL3-treated group and untreated group due to a lack of
optimization for this site (Fig. 4C). We also attempted transfection to the
kidney, however, no down-regulation was observed and luciferase
expression was even observed in the group transfected with pCMV-GL3
only. These results were assumed to be due to the excretion of pDNA and
5iRNA via the kidney | 35,36 . The delivery of nucleic acids into the kidney
might be difficult, unless injected by intra-renal-vascular or intra-renal-
pelvic injection [37]. Although the transfection into the kidney was not

effective, the transfection with BL and US was expected to enable the
tissue-targeted delivery of siRNA in other organs when performed with
methods suited for each organ |38). Furthermore, the relatively stable
gene expression of pDNA encoding EGFP delivered into the muscle by
electroporation could be also suppressed by the intramuscular injection
of siRNA and BL with exposure to US (Fig. 5). In future, we need to
examine the endogenous gene silencing effects of SIRNA transfected
with BLand US.

These results suggest that BL are a useful tool for the delivery of
siRNA as well as that of pDNA in vitro and in vivo, BL are smaller than
conventional microbubbles [26.27). Thus, BL could be delivered deep
into the tissue and expected to achieve therapeutic effects. However, all
data were obtained using a mixture of BL and naked siRNA in this study.
With systemic injections, it is important to control the biodistribution of
both BL and siRNA. In addition, the delivery of siRNA has obstacles such
as nuclease degradation and a rapid removal from the circulation after
intravenous administration, Therefore, to resolve these issues, we are
attempting to prepare a siRNA-entrapping type or complex type of BL
using cationic lipid. Recently, microbubbles conjugated to an antibody
and having a rtargeting function have been developed [39-41].
Liposomes can be easily modified to add a targeting function. We are
also attempting to develop targeting BL using antibody or peptide. In this
study, we showed the combination of BL and US to be an effective and
naovel SiRNA delivery method in virro and in vivo.
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