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Cy3-labeled pDNA and Alexa Fluor 488-conjugated transferrin.
As shown in Figure 2a, the pDNA internalized into cells were
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Figure 2. Effects of Ca®* and ATP on intracellular localization of
pDNA and endosomes. (a, b) The 293T-Syn2 cells were treated with
AG73-PEG liposomes encapsulating Cy3-labeled pDNA (red) and
Alexa Fluor 488-conjugated transferrin (green) for 4 h at 37 °C and
then washed twice with Ca®*-free DMEM containing 10 mM EGTA to
create Ca**-depleted conditions. ATP was depleted by pretreating cells
for 30 min before US exposure with 1 ug/mL antimycin A, 10 mM
NaF, and 0.1% NaN,. BLs (120 pg/mL) were added to cells followed
by immediate US exposure. The cells were incubated for 10 min, fixed
with 4% paraformaldehyde for 1 h at 4 °C and observed by CLSM.
The areas within the dotted square are shown as enlarged images. The
scale bars represent S pm. The ratio of colocalization of Cy3-labeled
pDNA with Alexa Fluor 488-conjugated transferrin was quantified.
The data are shown as means + SE (n = 50). *p < 0.05 compared with
AG73-PEG liposomes alone (Mann—Whitney’s U test).

colocalized with transferrin, whereas BLs and US exposure
decreased the colocalization of the pDNA and transferrin.
However, when cells were treated with 10 mM EGTA, BLs and
US exposure did not affect the intracellular localization of the
pDNA and transferrin. In the ATP-depleted state, BLs and US
exposure had no effect on the intracellular localization of the
pDNA and transferrin. Furthermore, we calculated the ratio of
colocalization of the pDNA and transferrin and found that BLs
and US exposure decreased the ratio of colocalization. By
contrast, when cells were treated with 10 mM EGTA or were
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exposed in an ATP-depleted state, BLs and US exposure did
not affect the ratio of colocalization of pDNA and transferrin
(Figure 2b). These results suggest that Ca®* and ATP may be
required for endosomal escape of AG73-PEG liposomes after
the addition of BLs and US exposure.

Efficient gene transfection requires sufficient delivery of
genes from the endosomes to the cytosol, to avoid the
degradation of genes in lysosomes. Therefore, we assessed the
intracellular localization of pDNA and lysosomes and the
effects of Ca®* and ATP on localization of pDNA and
lysosomes. The 293T-Syn2 cells were treated with AG73-
PEG liposomes containing Cy3-labeled pDNA, followed by the
addition of BLs and application of US. The cells were fixed and -
stained with antibodies for lamp-2, a lysosome marker.** As a
result, the pDNA internalized into cells was colocalized with
lamp-2 at 10 or 60 min, whereas BLs and US exposure
decreased the colocalization of pDNA and lamp-2 at 60 min
after US exposure (Figure3). Moreover, when cells were treated
with 10 mM EGTA and depleted of ATP, BLs and US exposure
did not decrease the localization of pDNA and lamp-2 (Figure
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Figure 3. Effect of BLs and US exposure on intracellular localization of
pDNA and lysosomes. The 293T-Syn2 cells were treated with AG73-
PEG liposomes encapsulating Cy3-labeled pDNA (red) for 4 h at 37
°C. BLs (120 pg/mL) were added to cells followed by immediate US
exposure. The cells were incubated for 10 or 60 min and then fixed
with 4% paraformaldehyde for 1 h at 4 °C followed by staining with
antibodies for lamp-2 (green), a marker for lysosomes. The cells were
observed by CLSM. The areas within the dotted square are shown as
enlarged images. The scale bars represent 5 pm. The ratio of
colocalization of Cy3-labeled pDNA with lamp-2 was quantified. The
data are shown as means + SE (n = 50). *p < 0.05 (Mann—Whitney’s
U test).
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4a). We also evaluated the ratio of colocalization of pDNA and
lamp-2. In normal medium, the ratio of colocalization of pPDNA
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Figure 4. Effects of Ca® and ATP on intracellular localization of
pDNA and lysosome. (a, b) The 293T-Syn2 cells were treated with
AG73-PEG liposomes encapsulating Cy3-labeled pDNA (red) for 4 h
at 37 °C and then washed twice with Ca?**-free DMEM containing 10
mM EGTA to create Ca*'-depleted conditions. ATP was depleted by
pretreating cells for 30 min before US exposure with 1 ug/mL
antimycin A, 10 mM NaF, and 0.1% NaN,. BLs (120 ug/mL) were
added to cells followed by immediate US exposure. The cells were
incubated for 1 h, fixed with 4% paraformaldehyde for 1 h at 4 °C and
stained with antibodies for lamp-2 (green), a marker for lysosomes.
The cells were observed by CLSM. The areas within the dotted square
are shown as enlarged images. The scale bars represent S um. The
ratio of colocalization of Cy3-labeled pDNA with lamp-2 was
quantified. The data are shown as means = SE (n = S0). *p < 0.05
(Mann—Whitney’s U test).

and lamp-2 was decreased by the application of BLs and US. By
contrast, the decrease in the ratio of colocalization of pDNA
and lamp-2 could be abrogated by 10 mM EGTA and ATP
depletion (Figure 4b). These results suggest that BLs and US

exposure could decrease the ratio of colocalization of pDNA -

and lysosomes. Furthermore, Ca®* and ATP may be involved in
the escape of AG73-PEG liposomes from lysosomes. We also
confirmed the change of localization of pDNA with endosomes
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or lysosomes. When 293T-Syn2 cells were treated by AG73-
PEG liposomes with BLs and US exposure, a decrease in
colocalization of pDNA and endosomes was observed at 10
min after US exposure,9 whereas a decrease in colocalization of
pDNA and lysosomes was observed at 60 min after US
exposure (Figure 3). These results suggest that BLs and US
exposure might significantly affect endosomes, leading to the
decrease in colocalization of pDNA and endosomes. In
addition, the increase in the release of genes to the cytosol
from endosomes might decrease gene delivery from endosomes
to lysosomes.

On the other hand, it has been also reported that US
exposure could affect the transcription by oxidative stress or
activation of NFkB.>>*® It may be possible that an activated
transcription is involved in enhanced gene transfection. We
need more study to clarify the detailed mechanism concerning
transcription in the enhanced gene delivery by BLs and US
exposure. However, the endosomal escape of AG73-PEG
liposomes induced by BLs and US exposure was significantly
suppressed in Ca** or ATP-depleted condition (Figure 3).
Therefore, our results suggest that BLs and US exposure can
enhance at least the endosomal escape followed by gene
expression via Ca** and ATP.

Although Ca** and ATP were involved in enhanced
endosomal escape and gene expression efficiency of AG73-
PEG liposomes by BLs and US exposure, how Ca** and ATP
enhance the endosomal escape of carriers is still unclear. More
investigations into the detailed mechanism of enhanced
endosomal escape of AG73-PEG liposomes by BLs and US
exposure are required Moreover, endosomal acidification is
adjusted by Ca™, suggesting that the influx of Ca2+ by BL and
US exposure may affect endosomal acidification.*® This could
lead to the destabilization of endosomes and hydrogen pumps,
such as H*/K*-ATPase. However, Ca** and ATP are involved
in endosomal membrane fusion.””?® Therefore, an influx of
Ca®* by BLs and US exposure and ATP may affect endosomal
membrane fusion. Our study demonstrated the involvement of
Ca’* and ATP in enhanced endosomal escape and gene
expression efficiency of AG73-PEG liposomes by BLs and US
exposure. Significantly, BLs and US exposure enhanced
endosomal escape through biological effects rather than
physical effects. In fact, our results suggest that BLs and US
exposure could affect more endosomes than lysosomes. It is
expected that BLs and US exposure could be safer tools for the
enhancement of endosomal escape by setting the appropriate
US exposure conditions.

In conclusion, our study focused on Ca** and ATP and
investigated the particular mechanism of enhanced endosomal
escape and gene expression of AG73-PEG liposomes by BLs
and US exposure. When cells were treated in Ca**- and ATP-
depleted conditions, endosomal escape and gene expression of
AG73-PEG liposomes were not enhanced by BLs and US
exposure. These results suggest that both Ca** and ATP are
necessary for enhanced endosomal escape and gene expression
of AG73-PEG liposomes by BLs and US exposure. These
findings may contribute to the development of useful gene
transfection methods to achieve efficient gene transfection by
improving endosomal escape.
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Melanoma has an early tendency to metastasize, and the majority of the resulting deaths are caused by metastatic
melanoma. It is therefore important to develop effective therapies for metastasis. Dendritic cell (DC)-based cancer
immunotherapy has been proposed as an effective therapeutic strategy for metastasis and recurrence due to prime
tumor-specific cytotoxic T lymphocytes. In this therapy, it is important that DCs present peptides derived from
tumor-associated antigens on MHC class 1 molecules. Previously, we developed an innovative approach capable
of directly delivering exogenous antigens into the cytosol of DCs using perfluoropropane gas-entrapping liposomes
(Bubble liposomes, BLs) and ultrasound. In the present study, we investigated the prevention of melanoma lung
metastasis via DC-based immunotherapy. Specifically, antigens were extracted from melanoma cells and used to
treat DCs by BL and ultrasound. Delivery into the DCs by this route did not require the endocytic pathway. The de-
livery efficiency was approximately 74.1%. DCs treated with melanoma-derived antigens were assessed for in vivo
efficacy in a mouse model of lung metastasis. Prophylactic immunization with BL/ultrasound-treated DCs provided
a four-fold decrease in the frequency of melanoma lung metastases. These in vitro and in vivo results demonstrate
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Liposomes

that the combination of BLs and ultrasound is a promising method for antigen delivery system into DCs.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Melanoma is the most devastating form of skin cancer and repre-
sents a leading cause of cancer death. Relative to the tumor mass,
melanomas have an early tendency to metastasize; indeed, the ma-
jority of melanoma deaths are caused by metastatic disease. As a re-
sult, the prognosis for melanoma is poor. In fact, the 5-year survival
rate of patients with localized melanomais up to 90%; in contrast, pa-
tients with metastasized melanoma have 5-year survival rates of only
20% [1,2]. Additionally, melanoma is usually resistant to standard
chemotherapy, and the response rate for any single agent or combi-
nation of agents ranges from 5% to 45% {3,4]. Based on these data,
there is a clear need to develop effective therapy for metastasized
melanoma. There are various therapeutic methods for metastatic can-
cer, such as surgical treatment, chemotherapy, radiotherapy, and

Abbreviations: BL, Bubble liposome; CTL, cytotoxic T-lymphocyte; DC, dendritic
cell; FITC, fluorescein isothiocyanate; MHC, major histocompatibility complex; MW,
molecular weight; PBS, phosphate-buffered saline; TAA, tumor-associated antigen;
US, ultrasound.
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immunotherapy. Of these methods, immunotherapy may be the
most promising because of the possibility of preventing systemic me-
tastasis and recurrence in the long term [5-9].

Dendritic cells (DCs), which are unique antigen-presenting cells
capable of priming naive T cells, have been used as vaccine carriers
for cancer immunotherapy [6,10]. To induce an effective tumor-
specific cytotoxic T-lymphocyte (CTL) response, DCs should abun-
dantly present epitope peptides derived from tumor-associated anti-
gens (TAAs) via major histocompatibility complex (MHC) class I
molecules and MHC class Il molecules [11]. In general, exogenous an-
tigens (such as TAAs in DCs) are preferentially presented on MHC
class Il molecules [12,13]. On the other hand, the majority of peptides
presented via the MHC class I molecules are generated from endoge-
nously synthesized proteins that are degraded by the proteasome
[12]. Therefore, in order to efficiently prime TAA-specific CTLs, it is
necessary to develop a novel antigen delivery system that can induce
MHC class I-restricted TAA presentation on DCs. Several researchers
have studied antigen delivery tools based on the cross-presentation
theory of exogenous antigens in DCs [14-19]. Proposed antigen delivery
carriers have included liposomes [15,16], poly(y-glutamic acid) nano-
particles {17], and cholesterol pullulan nanoparticles [18]. All of these
carriers deliver the antigens into DCs via the endocytic pathway, induc-
ing the leaking of exogenous antigens from the endosome into the cyto-
sol. Finally, it is thought that the antigens leaked into the cytosol are

0168-3659/% - see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
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presented on MHC class I molecules. As an alternative, we have sought to
use an antigen delivery system that does not rely on the endocytic
pathway.

Multiple papers have reported the use of microbubbles for
ultrasound-mediated gene and drug delivery [20-26]. In this delivery
system, microstreams and microjets, which are induced by disruption
of nano/microbubbles exposed to ultrasound, promote the transfer of
extracellular materials into cells by opening transient pores in the cell
membrane [27,28]. Previously, we described ultrasound-mediated
antigen delivery in DCs using Bubble liposomes (BLs) containing per-
fluoropropane, an ultrasound imaging gas {29]. Using this system, a
model antigen (ovalbumin) could be delivered into the cytosol of
DCs independent of the endocytic pathway. This technique provided
direct entry of the exogenous antigens into the MHC class I presenta-
tion pathway, resulting in the priming of exogenous antigen-specific
CTLs. We proposed that this system could facilitate the delivery of
crude antigens (such as tumor lysates and extracts) because such
substrates could enter cells via a transient pore. In the present
study, we used fluorescein isothiocyanate (FITC)-dextran as a sub-
strate to characterize antigen delivery by BLs and ultrasound. Addi-
tionally, we assessed the possible application of BLs and ultrasound in
DC-based immunotherapy in an in vivo model of melanoma. Specifically,
we delivered tumor-extracted antigens into DCs using BLs and ultra-
sound, and investigated whether these treated DCs protected mice
from lung metastasis.

2. Materials and methods
2.1. Cells

B16/BL6 cells, a C57BL/6-derived melanoma cell line, were cul-
tured in RPMI 1640 (Sigma Co., St. Louis, MO, USA) supplemented
with 10% heat inactivated fetal bovine serum (FBS, GIBCO, Invitrogen
Co., Carlsbad, CA, USA), 50 U/ml penicillin, and 50 pg/ml streptomycin
(Wako Pure Chemical Industries, Osaka, Japan).

2.2. Generation of mouse bone marrow-derived DCs

DCs were generated from bone marrow cells, as described else-
where [30]. Briefly, bone marrow cells were isolated from C57BL/6
mice and were cultured in RPMI 1640 supplemented with 10% FBS,
50 uM 2-mercaptoethanol (Sigma Co., St. Louis, MO, USA), 50 U/ml
penicillin, 50 pg/ml streptomycin, and 40 ng/ml mouse granulocyte-
macrophage colony-stimulating factor (GM-CSF, PeproTech Inc.,
Rocky Hill, NJ, USA). 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 Co., Tokyo, Japan) and 1,2-distearoyl-sn-glycero-
3-phosphatidyl-ethanolamine-methoxypolyethyleneglycol (DSPE-PEG
(2 k)-OMe (NOF Co.)), 94:6 (mol:mol), were prepared by reverse
phase evaporation. BLs were prepared from the liposomes and perfluor-
opropane (Takachiho Chemical Industrial Co., Ltd., Tokyo, Japan) as
reported before [31,32]. 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 vials were placed in a bath-type sonicator
(42 kHz, 100 W; BRANSONIC 2510J-DTH, Branson Ultrasonics Co., Dan-
bury, CT, USA) for 5 min to form the BLs. In this method, the liposomes
were reconstituted by sonication under the condition of supercharge
with perfluoropropane in the 5-ml vial container. At the same time, per-
fluoropropane would be entrapped within lipids as micelles (composed
of DSPC and DSPE-PEG(2k)-OMe), so forming nanobubbles. The lipid

nanobubbles were encapsulated within the reconstituted liposomes,
the sizes of which were increased from ~150-200 nm to ~500 nm.

2.4. Extraction of antigens from B16/BL6 cells

The extraction of antigens from B16BL/6 cells was performed by a
butanol extraction method [33]. B16/BL6 cells were washed twice
with phosphate-buffered saline (PBS) and then incubated with PBS
containing 2.5% (v/v) 1-butanol. The solution was collected and cen-
trifuged twice at 1600 xg at 4 °C. The supernatant was dialyzed
with water using a Spectra/Por Dialysis Membrane (MWCO: 10,000;
Spectrum Laboratories, Inc., Rancho Dominguez, CA, USA). The dialy-
sate then was centrifuged at 1600 xg at 4 °C, and the resulting super-
natant was freeze-dried.

2.5. FITC-dextran or B16/BL6-extracted antigen delivery following inhibition
of the endocytic pathway in DCs

B16/BL6-extracted antigens were labeled with Alexa Fluor 633
Succinimidyl Esters (Invitrogen Co., Carlsbad, CA, USA) (Alexa-B16/
BL6). DCs were pretreated with OptiMEM (Invitrogen Co.) containing
10 mM NaNj3 for 1 h at 4 °C to inhibit the endocytic pathway [34,35].
After washing the cells, BLs (120 pg) and FITC-dextran (Sigma Co.) or
Alexa-B16/BL6 were added to the DCs in OptiMEM containing 10 mM
NaNs. The DCs were exposed to ultrasound (frequency: 2 MHz, duty:
10%, burst rate: 2.0 Hz, intensity 2.0 W/cm?, time: 3x10s (interval:
105s)) using a Sonopore 4000 (6-mm diameter probe; Nepa Gene
Co. Ltd., Chiba, Japan), then washed with PBS containing 10 mM NaNs.
The delivery efficiency of FITC-dextran or Alexa-B16/BL6 delivery was
analyzed by flow cytometry [36].

2.6. Immunization with antigen-loaded DCs following BLs and
ultrasound

DCs (2.5 x 105 cells) were pulsed with antigens (50 pg) exposed to
ultrasound and/or BLs (120 pg) in a 48-well plate; the contents of 10
wells then were collected, pooled, and seeded into 1 well of a 6-well
plate. After 1 h of incubation at 37 °C, the DCs were washed with me-
dium and cultured for 24 h at 37 °C. The cells were washed with PBS,
and the DCs (1x10%cells/100 ) then were injected intradermally
into the backs of C57BL/6 mice twice with a one-week interval.

2.7. B16/BL6 experimental lung metastasis model

C57BL/6 mice were immunized twice with DCs as described
above. Seven days after the second immunization, B16/BL6 cells
(1x 105 cells/100 pl) were injected into the tail vein. The mice were
sacrificed two weeks after the tumor cell injection, and the lungs
were harvested and fixed in neutral buffered formalin (10%). The
number of B16/BL6 colonies present on the surface of each set of
lungs was determined by visual inspection using a stereoscopic dis-
secting microscope [37].

2.8. Statistical analysis

Differences in the number of lung metastatic colonies between the
experimental groups were compared using non-repeated measures
analysis of variance (ANOVA) with post-hoc Dunnett's test.
3. Results
3.1. FITC-dextran delivery into DCs by BLs and ultrasound

In BL/ultrasound antigen delivery, extracellular antigens are delivered

into cells via the formation of transient membrane pores. Therefore, this
technique is expected to deliver antigens into DCs as a function of both
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pore size and molecular substrate size. In the present study, we used
various molecular weight (MW) FITC-dextran molecules as model
antigens and assessed the delivery efficiency of FITC-dextran into
DCs. (Fig. 1(a~c)). In DCs treated with FITC-dextran (MW 4000)
alone, the mean fluorescence intensity was 4-fold higher than non-
treated DCs (Fig. 1(a)). On the other hand, upon treatment with
FITC-dextran, BLs, and ultrasound, the mean fluorescence intensity
was 2-fold higher than that with FITC-dextran alone. We also observed
similar phenomena upon treatment with other sizes of FITC-dextran
(MW 20,000 and 70,000) (Fig. 1(b), (c)). In addition, to assess the effect
of molecular size on delivery efficiency, the fluorescence intensity was
compared among FITC-dextrans (MW 4000, 20,000 and 70,000) deliv-
ered with BLs and ultrasound (Fig. 1(d)). The percentages of FITC-
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Fig. 1. Effect of molecular size on delivery into DCs using BLs and ultrasound. DCs were
incubated with FITC-dextran, exposed to ultrasound in the presence of BLs, and washed
with PBS. Delivery efficiency of FITC-dextran was analyzed using flow cytometry. Endo-
cytosis by the DCs was inhibited by the inclusion of 10 mM sodium azide in all solu-
tions and washes. Panels (a) to (c): Experiments were performed with FITC-dextran
at a molecular weight of 4000, 20,000, or 70,000, respectively. Panel (d): Molecular
weight dependency was analyzed following treatment with the combination of BLs
and ultrasound. The percentages of M1 gated cell were quantified as follow: MW:
4000: 86.0%, MW: 20,000: 87.3%, MW: 70,000: 77.4%. The mean of fluorescent intensi-
ties were quantified as follow: MW: 4000: 24.5, MW: 20,000: 22.4, MW: 70,000: 16.5.

positive cells (M1 gated) were not affected by molecular weight, deter-
mined as 86.0% (MW: 4000), 87.3% (MW: 20,000}, and 77.4% (MW:
70,000). On the other hand, the fluorescence intensity decreased as
the molecular weight increased. The mean of fluorescence intensities
were 24.5 (MW: 4000), 22.4 (MW: 20,000), and 16.5 (MW: 70,000).

3.2. B16/BL6-extracted antigen delivery into DCs by BLs and ultrasound

Having demonstrated that the combination of BLs and ultrasound
could deliver extracellular molecules of varying sizes, we sought to
demonstrate that antigens extracted from B16/BL6 cells could be de-
livered into DCs by the same technique. Therefore, we assessed the
delivery efficiency using Alexa Fluor 633-labeled antigens derived
from B16/BL6 cells (Alexa-B16/BL6). As shown in Fig. 2, the DCs trea~
ted with antigens or the DCs treated with antigens and either BLs or
ultrasound had fluorescence intensity profiles similar to those of
untreated DCs. Flow cytometry confirmed this resemblance, with
the percentages of Alexa-B16/BL6-positive cells (M2 gated) deter-
mined as 5.7% (antigen only), 6.5% (antigen and BLs), and 7.3% (anti-
gen and ultrasound). In contrast, DCs treated with the combination of
all three factors (antigens, BLs, and ultrasound) had an elevated fluo-
rescence intensity profile compared with the other groups. Flow cy-
tometry revealed that the percentage of Alexa-B16/BL6-positive
cells was 74.1%.

3.3. Reduction in B16/BL6 lung metastasis following immunization with
treated DCs

We employed an in vivo B16/BL6 experimental lung metastasis
model to determine the anti-metastasis efficacy of DCs treated with
tumor antigens delivered using BLs and ultrasound. C57BL/6 mice
were immunized twice with bone marrow-derived DCs that were ei-
ther untreated (no antigen exposure) or into which antigens had
been delivered by one of four regimens (antigen alone; antigen+
BLs; antigen + ultrasound; or antigen + BLs + ultrasound). As shown
in Fig. 3(a), immunization with DCs that had been exposed to no an-
tigen, antigen alone, or antigen with BLs or ultrasound weakly sup-
pressed tumor metastasis. In contrast, immunization with DCs that
had been exposed to antigens delivered via BLs and ultrasound re-
duced lung metastases four-fold, a decrease that was statistically sig-
nificant (P<0.05) compared to the other groups. These numbers were
consistent with the results of macroscopic inspection of lungs from
the mice by stereoscopic microscopy, as shown in Fig. 3(b).

4. Discussion

The combination of ultrasound and microbubbles/nanobubbles
has been reported to be an effective non-viral gene delivery method
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Fig. 2. Intracellular Alexa-B16/BL6 delivery into DCs using BLs and ultrasound. DCs were
incubated with Alexa-labeled B16/BL6 extract, exposed (as indicated) to ultrasound
and/or BLs, and washed with PBS. Delivery efficiency of Alexa-B16/BL6 was analyzed
using flow cytometry. Endocytosis by the DCs was inhibited by the inclusion of 10 mM so-
dium azide in all solutions and washes. The percentages of M2 gated cell were quantified
as follows: Alexa-B16/BL6: 5.7%; Alexa-B16/BL6 + BLs: 6.5%; Alexa-B16/BL6 + ultrasound
7.3%; Alexa-B16/BL6 + BLs + ultrasound: 74.1%.
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Fig. 3. Reduction of B16/BL6 lung metastasis following immunization with B16/BL6-
treated DCs. DCs were treated with B16/BL6-extracted antigens and cultured as de-
scribed in Materials and methods. C57BL/6 mice were immunized with the DCs twice
with a one-week interval. One week after the second immunization, B16/BL6 cells
were injected into the tail vein; after another two weeks, animals were sacrificed and
lungs assessed for metastases. (a) Counts of lung metastatic colonies (means + SDs;
n==6). *P<0.05 (ANOVA, comparing all DC-immunized groups). (b) Images of lung
by stereomicroscope.

for whole cells. This technique also has been applied for peptide and
protein delivery [38-40]. In a previous study, we proposed the use
of this technique for the delivery of novel antigens into DCs for cancer
immunotherapy [29]. Entry into cells is believed to reflect the

presence of transient pores in the cell membrane, permitting extra-
cellular molecules direct access to the cytosol [21,28,41]. The present
study confirmed that antigen was delivered into DCs by the combina-
tion of BLs and ultrasound, with delivery observed despite inhibition
of the endocytic pathway. Thus, BLs appear to play a role similar to
that of microbubbles for ultrasound-mediated substrate delivery.
The present study also demonstrated an inverse correlation between
the size of the substrate (MW of FITC-dextran) and the efficiency of
delivery (fluorescence intensity). These results are consistent with a
dependence of antigen delivery on pore size, which in turn depends
on the degree of sonoporated cell membranes by BLs. The effect of
pore size is expected to limit the delivery of larger molecules. However,
this effect should not prevent the application of BL/ultrasound methods
for antigen delivery, given that we were able to demonstrate the immu-
notherapeutic potential of the technique in an in vivo mouse model of
lung cancer metastasis. As shown in the present work, we still observed
delivery (albeit at a reduced level) even for a molecule (FITC-dextran)
with a MW of 70,000. FITC-dextran is a bulky polymer with a straight
chain; by comparison, most proteins are tightly packed, with a resulting
decrease in apparent size. Therefore, various antigens of a range of sizes
should still be able to be delivered into DCs using the BL/ultrasound de-
livery system.

Melanoma is generally considered a highly immunogenic cancer,
and several melanoma-associated antigens (e.g., MAGE, MART-1,
gp-100) have been identified [8,42]. However, we thought that it
was important to establish an antigen delivery system that was suit-
able for various extracts containing unknown TAAs, since such a tech-
nique would be applicable for the induction of a variety of CTL clones
[6]. In the present study, we tested BL/ultrasound delivery with TAAs
obtained (via butanol extraction) from B16/BL6 cells. The use of buta-
nol extraction is especially appealing because this method has been
shown to solubilize a subset of hydrophobic proteins [33] that
would presumably include various known and novel TAAs. Antigens
delivered to the cytosol of DCs are expected to induce MHC class |
presentation by these DCs, in turn inducing antigen-specific CTLs
[12]. In the present work, the utility of BL/ultrasound delivery of a
crude extract was demonstrated for the B16/BL6 antigens both in
vitro (Fig. 2) and in vivo (Fig. 3).

The in vivo assay described here tested the efficacy of B16/BL6 an-
tigens in reducing lung metastasis. Specifically, DCs were exposed to
antigens in the presence of BLs and ultrasound, and the treated cells
were used for prophylactic immunization of mice. Immunization sig-
nificantly decreased lung metastasis, indicating that the treated DCs
induced a B16/BL6-specific anti-tumor immune response. Given the
poor prognosis seen with metastases {3,4], and the challenge of pre-
venting systemic metastasis in the long term, such a therapeutic
strategy for metastatic cancer is desperately needed. From this per-
spective, DC-based cancer immunotherapy is an attractive option:
this approach should induce systemic and specific immune responses
via antigen presentation, and while also controlling metastasis and
recurrence in the longer term via immunological memory [6]. Math-
eoud et al. reported that immunization of DCs has a potency to reduce
the metastasis in therapeutic model (by post-immunization) [43]. To
induce more effective immune responses, we are optimizing about
antigen delivery for DCs by BLs/ultrasound. After optimization, we
will attempt to prevent metastasis in therapeutic model. The combi-
nation of BLs and ultrasound is expected to induce effective immune
response in DC-based cancer immunotherapy by delivering various
TAAs into DCs for potential clinical applications.
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