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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 to 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 US 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 I 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-OVA13 (a kind gift from Dr. C.V. Harding,
Department of Pathology, Case Western Reserve University, Cleveland,
OH, USA), a cell type that recognizes SINFEKL: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 uM 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 M 2-ME
and 400 pg/ml GENETICIN (G418 sulfate, GIBCO, Invitrogen). All
culture media contained 50 U/ml penicillin and 50 pg/ml streptomycin
(Wako Pure Chemical Industries).

2.2. Generation of mouse 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/
mi penicillin, 50 pgfml 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 1,22-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 (v/v) 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 plc, UK).
After sizing, the liposomes were sterilized by passing them through a
0.45 pm pore size filter (MILLEX HV filter unit, Durapore PVDF
membrane, Millipore Corp., MA, USA). The size of the liposomes was
measured by dynamic light scattering (ELS-800, Otsuka Electronics
Co,, Ltd., Osaka, Japan). The average diameter of these liposomes was
between 150-200 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., Ltd., 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 succinimidy! ester (Molecular Probes, Invitrogen)
according to the instruction manual. DCs (1%10° 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/ml) and Alexa-OVA (50 pug/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: 3% 10 s (intervak:
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 NaNj 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 (NaNs). 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 NaNs. 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 x 10* cells) were analyzed by
gating out propidium iodide staining cells.

2.7. Assessment of MHC class I restricted OVA presentation

DCs (2.5%10° cells/500 pljwell (48-well plate)) were pulsed with
OVA alone (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
2.0 W/cm?, Time; 3% 10 s (interval: 10 s)) and/or BLs {240 pg/mi). 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
SHNFEKL: H-2K® complexes. The concentration of 1L-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 treatment of BLs and US
exposure

DCs (2.5x% 10 cells/500 pijwell (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 W/cm?, Time: 3x 10 s (interval: 10 s)).
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, Dojindo,
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 pL of 10% sodium dodecyl sulfate (SDS, Wako Pure
Chemical Ind. Co., Ltd. Osaka, Japan) containing 15 mM HCI. 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 (2.5x10° cells/500 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 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/500 pijwell) were pulsed with OVA alone

(100 pgfml) 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)) 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, the DCs (1x10° cells/100 pl) were intrader-
mally immunized into the backs of C57BL/6 mice twice at intervals
of one week. Seven days after the second immunization, E.G7-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 celis. All treated groups contained five mice.

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

E.G7-OVA cells (1% 108 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 (1x%10% 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(c)). 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. Intraceliular antigen delivery into DCs using BLs and US exposure. (a) Uptake of
Alexa-OVA into DCs. DCs were cultured in a glass bottom 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 iodide, The uptake of Alexa-OVA was observed
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 NaN; for 1hat 4 °Cto
inhibit the endocytosis pathway. After washing the cells, Alexa-OVA was added to the DCs
in OptiMEM containing10 mM NaNs, Then, the DCs were exposed 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 nuclei 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 endocytosis inhibition. After
washing the cells, the DCs were analyzed by flow cytometry.

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

3.2. MHC class I 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 I molecules, Thus, we examined whether antigen delivery
by BLs and US exposure resulted in the efficient presentation of
peptides on MHC class I molecules and the stimulation of CD8" T cells.
C57BL/6-derived OVA-specific T cell hybridoma CD8-0VA13 was co-
cultured with mouse bone marrow-derived DCs pulsed with antigen,
As shown in Fig, 2, CD8-OVA1.3 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 IL-2
was secreted by CD8-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 87+ 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,

34, 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 1
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 1 restricted OVA presentation after OVA delivery into DCs using a
combination of BLs and US exposure. DCs were pulsed with OVA alone or OVA in
conjunction with US exposure andfor Bls. 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
with (D8-OVA1.3 cells for 20 h. The concentration of IL-2 in the supernatants was
measured. Each data represents the mean+S.D. for triplicate measurements. *P<0.05
compared to the group treated 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
and/or 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.D. for triplicate measurements.

performed using the syngeneic lymphoma cell line EL-4 or its OVA
transfectant, E.G7-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 EG7-OVA. In contrast, immunization with DCs
pulsed with OVA following BL and US exposure resulted in strong
cytotoxicity against the OVA-expressing cell line E.G7-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 |
molecules, which results in strong induction of antigen-specific CTLs
in vivo. :

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 inoculated
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
tumor cells into mice, which had completely rejected the first
injection of tumer 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 E.G7-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 puised 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 1 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
II 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 I 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.

Sonoporation and microbubbles such as Optison have been
reported to be an effective gene delivery method using non-viral
vectors. In addition, peptide and protein delivery with microbubbles
and US exposure has been reported [28,29,41]. 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 exposure. DCs were pulsed with OVA under each condition and cultured. After
washing the cells, the DCs 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 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 a
cytotoxicity assay, using EL-4 or E.G7-OVA cells as the target in a flow cytometric assay.
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Fig. 5. Antitumor effect caused by immunization of DCs treated with antigen, BLs and US
exposure. C57BL/6 mice were immunized with DCs twice. Seven days after the second
immunization, E.G7-OVA cells were intradermally inoculated into the backs of the mice,
and 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 an individuat
mouse. 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, E.G7-OVA cells were re-injected into the mice, which had
rejected tumor cells following immunization with DCs treated with OVA, BLsand US in a
prior immunization {a). Normal 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.

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 cell
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 time 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 I 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 temporary 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
cytoso! of DCs by means of BLs and US exposure, were presented on
MHC class I 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. E.G7-OVA cells were intradermally inoculated into the backs of
C57BL{6 mice. On day 9, at a tumor size of 8-10 mm, OVA pulsed DCs were
intradermally injected 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 exposure. In these treated cells,
antigen was mainly taken up via the endocytosis pathway. Although
we have not confirmed MHC class ll presentation, the antigen would
presumably be presented on MHC class il 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 1 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 I 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 celis 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 TGF-B to suppress the host's immune system. It 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 I 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 tumors.
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Abstract

Purpose. The accelerating effect on thrombolysis by com-
bined use of 500-kHz low-frequency ultrasound (US),
recombinant tissue plasminogen activator (rt-PA), and
bubble liposomes (BLs) was verified in vitro.

Methods. A fibrin clot was formed by adding thrombin to
bovine plasma. It was enclosed in a pressurized container,
the pressure and temperature of which were maintained at
150mmHg and 37°C, respectively. Ultrasonic conditions
were set at a continuous wave, a frequency of 500kHz, an
intensity of 0.7W/cm? and a sonication time of 60s. We
derived the rate of reduction in clot weight from the
decreased clot weight and the weight before sonication. We
compared the rate of reduction in groups combining physi-
ological saline, rt-PA, BLs, and US.

Results. Only the rt-PA+US+BL group showed a signifi-
cantly accelerated thrombolytic effect compared with any
other group or with any combination of two factors in the
60-s period (0.001 < P < 0.027).

Conclusion. BLs have great potential to accelerate the
thrombolytic effect of rt-PA with low-frequency, 500-kHz,
continuous-wave ultrasound.

Keywords ultrasound - thrombolysis - bubble - liposome

Introduction

As clot recanalization therapy for acuite myocardial infarct

and more recently for acute cerebral infarct, a thrombolytic

agent with a high affinity for clots, i.e., recombinant tissue -

plasminogen activator. (rt-PA), is intravenously adminis-
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tered.? For all acute ischemic conditions, the sooner blood
flow recanalization is achieved, the better the outcome.
Hence, as a measure to enhance the thrombolytic effect of
rt-PA, the combined use of ultrasound (US) was developed
with limited application in clinical practice. It has been
shown that monitoring with diagnostic transcranial Doppler
(TCD) ultrasound (US) at 2MHz with rt-PA treatment
increases the recanalization rate 2h after the procedure in
most acute ischemic stroke cases in which urgent ischemic
recanalization is indicated.> On the other hand, although
still at the in vitro/in vivo experimental stage, a study showed
that for ultrasonography in the range of some tens of kilo-
hertz, i.e., lower than the diagnostic megahertz range, 1 h of
radiation-accelerated thrombolysis yielded higher throm-
bolytic rates than the diagnostic US range did.* However,
the outcome was neurologically evaluated at 3 months and
improvement was still seen in only 20%-30% of cases.

As a technology to further improve the thrombolysis-
enhancing effects of this US treatment, the efficacy of
microbubbles (MBs), a US contrast medium, has also been
demonstrated clinically. A study showed that with rt-PA
administration, if additional contrast medium was adminis-
tered to acute cerebral infarct patients during TCD moni-
toring, the complete recanalization rate 2h after the
procedure was 40.8% for those co-administered rt-PA and
TCD, whereas adding MBs increased the rate significantly
t0 54.5%.°

For the latest treatment currently given to patients with
ischemic disease; i.e.; a combination of thrombolytic agents,
US, and MBs, the recanalization time is not yet clinically
satisfactory. In dealing with these problems, in terms of the
US conditions and MBs; the following technical challenges
remain. As to the US conditions, instead of the diagnostic
wavelength range, utilization of the range between some
tens and some hundreds of kilohertz, for which efficacy has
not been well documented in either in vitro or in vivo
studies, may be considered.*® Improvement in thrombolytic
recanalization rates and shortening of the recanalization
time are anticipated in the clinical setting with low-
frequency, low-intensity US. Moreover, enhanced efficacy
by employing additional MBs may be associated with clot
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surface invasion by bubble breakthrough. Currently, a
variety of imaging media are commercially available, but
their bubbles are several micrometers in diameter, and no
studies have examined the efficacy of applying bubbles with
a diameter of several hundreds of nanometers, which are
highly likely to penetrate clots.

This study, in an effort to achieve shorter thrombolysis
times, employed a 500-kHz continuous wave (CW) US,
which one of the present authors had been examining for
US conditions,” because this is the only condition for which
the efficacy and safety of the TCD method have been shown
in animal experiments. We employed perfluoropropane
(PFP)-enclosed bubbles, i.e., novel bubble liposomes (BLs)
based on the liposomes prepared by Suzuki et al.”"" Because
these BLs contain bubbles with a diameter of several hun-
dreds of nanometers, they may pass through 5-um fibrin
nets, thereby invading clots more effectively. For evaluation
of the thrombolytic time-shortening effect in particular, we
conducted an in vitro study of rt-PA, US, and BLs to assess
clot weight loss rates at 1min after application. Since the
effects of a conventional combination of rt-PA and US are
reportedly expressed approximately Smin after applica-
tion,"! we compared the efficacy in as little as one-fifth of
this time to clarify the efficacy of a shorter time period.

Subjects and methods
Preparation of BLs

We prepared BLs in accordance with the method proposed
by Suzuki et al.>® First, 2ml of liposome solution (NOF,
Japan) (lipid content 1 mg/ml) and 5ml of PFP (Takachiho,
Japan) were placed in a 5-ml vial that was then tightly
closed. Another 7.5ml of PFP was added and then irradi-
ated with 42-kHz US in an ultrasonic cleaner (2510J-DTH,
Branson Ultrasonics/Emerson Japan, Japan) to prepare the
BLs. The almost clear liposome solution became cloudy as
a result of this procedure. The particle size distributions of
these BLs and liposome solution were measured using a
dynamic light-scattering particle size distribution meter
(Zetasizer, Sysmex). At the same time, we observed BLs

Fig. 1a,b. Changes in the
luminosity of a bubble liposome
(BL) solution. The average
luminosity in the circle was
measured: a BLs before
sonication and b BLs after
sonication [continuous wave
(CW), 500kHz, 0.7 W/en?’, 60s].
1, BLs; 2, acrylic tube

using a light microscope (Eclipse 80i, NIKON) and a digital
finescope (VC7700, Omron).

Measurement of BL elimination rate and determination
of acoustic intensity

Figure la depicts BLs before US radiation and Fig. 1b
shows BLs after US radiation. Clear cellophane was spread
on the bottom of each cylindrical acrylic tube with an inside
diameter of 1cm, and 1ml of BL solution was infused. The
US used was a CW generated by a circular Lead Titanate
Ziroonate transducer (@ 10mm) (Honda Electronics,
Japan) at 500kHz and an acoustic intensity of 0.7 W/cm®
spatial peak temporal average (SPTA). The exposure time
was 60s (amplifier, high-speed power amplifier 4055, NF,
Japan; signal generator, Wave factory 1941, NF). From the
bottom of this cylinder, US radiation was used to measure
the mean luminance of BLs in the central part of the con-
tainer (Fig. 1, central circle) before and after exposure to
US radiation. The postradiation value was subtracted from
the preradiation value and then divided by the preradiation
value to determine the BL elimination rate (this technique
is hereinafter referred to as the scattering light simplified
measurement method). For different levels of the acoustic
intensity, each cylinder was measured five times to deter-
mine the mean value. The best acoustic intensity was thus
determined to be 0.7 W/cm?, based on the acoustic intensity
versus BL elimination curve, and this level was employed
in the study.

Verification of the thrombolysis effect

In this study, we used a fibrin clot prepared by treating
bovine plasma (Sigma-Aldrich, Japan) with 20pl of throm-
bin (1001U/ml) (Sigma-Aldrich). In order to minimize the
contact area, the clot was encapsulated in a pressurized
container using a pincette with a thin diffracted tip (Sun-

“craft, Japan) to prevent the fibrin clot from breaking. Then,

while measuring the pressure in the container using a
manometer (DG-100-102GP, Copal Electronics, Japan), it
was gradually pressurized with a 5-ml syringe to 150mmHg
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Fig. 2. Experimental system
for sonication: 7, 500-kHz
transducer; 2, sound-absorbing
foam; 3, container; ¢4, fibrin clot
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and 37°C. Then, US radiation was applied using the setup
shown in Fig. 2. The thrombolytic effect was evaluated by
the fibrin clot weight loss rates. Because the fibrin clot
should be weighed after the elimination of water content
around the clot, the fibrin clot was placed on a 50-um mesh
(PETS51-HC, Tanaka Sanjiro, Japan), and the water filtering
through the mesh was absorbed with absorbent paper
(Kimwipe Wiper S-200, Nippon Paper Crecia, Japan) for
measurement with an analytical balance (AB104-S, Mettler
Toledo, Switzerland) (minimum indication: 0.1 mg). Without
directly touching the clot so as to avoid losing water con-
tained in the fibrin clot, we simply replaced the absorbent
paper placed under the mesh. The weight loss rates were
determined as (pre-encapsulation weight — post-US radia-
tion weight)/pre-encapsulation weight. The time from fibrin
clot encapsulation to measurement of post-US radiation
weight was set at 3min. The US conditions were set as
determined above, i.e., CW, 500kHz, 0.7W/cm® (SPTA),
and 60s. The acoustic intensity was measured in a nonpres-
surized container using a needle-type hydrophone (HNC-
0400, ONDA, CA, USA). We used the following four types
of solutions: physiological saline (control group), physiolog-
ical saline solution prepared with BLs at 0.5mg/ml (BL
group), physiological saline solution prepared with rt-PA
(monteplase) at 1000IU/ml (rt-PA group), and physiologi-
cal saline solution prepared with rt-PA at 10001U/ml and
BLs at 0.5mg/ml (rt-PA + BL group).
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Evaluation method

We compared groups using the ¢ test to confirm that
there were no differences in pre-US radiation -fibrin clot
weight between any of the groups. Then, for the control, rt-
PA, BL, and rt-PA + BL groups with and without US radia-
tion, i.e., a total of eight groups (control, rt-PA, BL, rt-PA +
BL, US, rt-PA + US, BL +US, and rt-PA + BL + US groups),
ten clots per group were statistically compared using the
t test.

Resuits
BL particle size distribution

The particle size distribution of liposomes and BLs deter-
mined by the dynamic light scattering method are presented
in Figs. 3a—c. Fig. 3a presents the particle size distribution of
the liposomes, showing a central diameter of approximately
120nm and a distribution range of 70-200nm. Figures 3b
and 3c present the analytical results for the BL particle
distribution at 0-2min and 2-4min after shaking by hand,
respectively. The distributions in the two groups were
between 50 and 100nm and between 200 and 400 nm at 0-
2min. At 2-4min, the distribution range widened and was
divided into one group at 50-200nm and another at more
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Fig. 4a,b. Photomicrographs of BLs. a Light hicroscopic view (x400) and b digital finescope view (x7000)
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Fig. 5. Relation between ultrasound (US) intensity (CW, 500kHz, 60s)
and rate of BL consumption: 62% at the maximum intensity 0.5 W/cm®
(n=3)

than 1um. This may be because the BL concentration fluc-
tuates within the observation range of 100um, and the dis-
tribution changes with time. This phenomenon is shown in
Figs. 3b and 3c.

Observations made with a light microscope and a digital
finescope are presented in Figs. 4a and 4b, respectively. The
prepared BLs were observed to vary in size and to change
over time. There were some micro-orders not measurable
with the dynamic light scattering method.

Occurrence of microcavitation

Figure 5 shows the BL elimination rate for various levels of
acoustic intensity using the scattering light simplified mea-
surement method. The higher the acoustic intensity, the
higher the BL elimination rate, and when the intensity
exceeded approximately 0.5W/cm?, the elimination rate
showed a roughly constant value. From these results, the
acoustic intensity for the experiments was set at 0.7 W/cm®.
This acoustic intensity was determined under nonpressur-
ized conditions.

Weight reduction rate

Figure 6a shows a prepared fibrin clot. The photograph was
taken with the fibrin clot placed on a 50-um mesh. The

elastic, yellowish-white, cylindrical fibrin clots were encap-
sulated in a pressurized container and radiated with US.
Figure 6b shows the fibrin clot after US radiation; the size
was clearly reduced.

Figure 7 shows that there were no differences in fibrin
clot weight among the groups before US radiation. Figure
8 shows the weight reduction rates for fibrin clots in each
solution with or without US radiation. Comparisons among
the control, BL, and BL + US groups revealed the mean clot
weight reduction rate and variances to be 24.2 + 3.6%, 24.9
+4.8%, and 25.8 + 3.2%, respectively, and when BLs were
administrated alone or with US radiation (500kHz), no
enhancement of thrombolysis was observed (P>0.05). A
comparison between the control and rt-PA groups revealed
weight reduction rates of 24.2 + 3.6% and 242 £ 2.8%,
respectively, with no significant difference (P = 0.30), and
exposure to US did not enhance the thrombolytic effect of
rt-PA. There were no differences in individual single-drug
effects or weights in relation to the two active elements.

However, compared with the other seven groups, the rt-
PA + BL + US group exhibited a significantly increased
weight reduction (29.2 % 3.0%, 0.001 < P < 0.027). There
were no significant differences among the other two groups
except for the rt-PA + BL + US group (0.25 < P < 0.99).
Based on these results, the significant enhancement of
thrombolytic rate observed for the 1t-PA + BL + US group
was the result of the three overlapping effects of the indi-
vidual treatments.

Discussion

In this study, a combination of rt-PA, BLs, and US increased
the thrombolytic rate of bovine fibrin clots after 1min. To
date, studies have reported the enhancement of thromboly-
sis with MBs, but herein it was shown that BLs may acceler-
ate thrombolysis when applied with rt-PA and US.

Siegel et al. reported that a combination of perfluoro-
carbon-exposed sonicated dextrose albumin (PESDA) and
percutaneous US radiation (37kHz, 160 Wmax., 60min)
resulted in 100% recanalization in a rabbit clot infarction



Fig. 6. A fibrin clot a before
sonication (7, fibrin clot; 2, 50-
um mesh; 3, absorption paper)
and b after sonication
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Fig. 7. Weight of clots before sonication. There were no differences in
the clot weights before sonication among the groups. Data are expressed
as mean £ SD (n = 10). PS, physiological saline; r-PA, recombinant
tissue plasminogen activator

model.”? They employed US at approximately one-tenth of
the frequency used in our experiments, and the mechanical
index (MI) was about 3.3 times greater (MI is actually
defined by the pulse wave, and so MI is not directly appli-
cable to CW, or a burst wave, but there is no other appropri-
ate index, and MI was thus applied). Although our BLs had
a lower MI than those of Siegel et al, adding rt-PA enhanced
the thrombolytic rate obtained at 1min.

Mizushige et al. also showed that a combination of rt-PA
and US radiation (CW, 10MHz, 1.02 W/cm?, 10min) in addi-
tion to MBs [dodecafluoropentane (DDFP)] yielded a clot
weight reduction rate of 49% in an in vitro study of human
white thrombi. Compared with their experimental condi-
tions, our frequency was 1/20 and the exposure time was
1/10, and because of clot variations we cannot compare our
results with theirs directly, but we did compare the weight
reduction rates: 29% for the rt-PA + BL + US group versus
49%. The superimposed effects of the three elements, rt-PA,
BLs, and US, may increase thrombolytic rates even at 10 min
after administration; such temporal changes will be exam-
ined further.
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Fig. 8. Comparison of the rates of decrease in fibrin clot weight under
various treatments: rt-PA (monteplase 10001U/ml), BLs (lipid 0.5mg/
ml), US (CW, 500kHz, 60s). Compared with any other group or with
any combination of two factors, the clot weight reduction was signifi-
cantly larger for the rt-PA+BL+US group (P <0.05). Data are expressed
as mean £ SD (n =10)

Spengos et al. conducted a study evaluating temporal
increases in thrombolytic rates using a flow model.'" The
starting point of increases in recanalization flow was 15min
for use of rt-PA alone, but this was shortened to Smin with
the combination of rt-PA and 1-MHz US exposure, and
increased thrombolytic rates were observed when rt-PA was
enhanced by US. However, even though they used the same
bovine fibrin clot that we did, no enhanced recanalization
flow was observed at 1min after application. We did not
evaluate such temporal changes but we did show that within
1min, while no thrombolytic effect was observed in their
study, the superimposed effects of the three elements,
including BLs, enhanced the thrombolytic rates in our
model.

The achievement of enhanced thrombolytic rates in as
short a time as 1min may be largely attributable to the
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newly included BLs. For clots, single use of rt-PA or 500-
kHz low-frequency US or a combination of these two
modalities does not enhance thrombolysis after 1min.
However, adding BLs to these two elements enhanced
thrombolytic rates, i.e., shortened the thrombolysis time.

The enhanced thrombolytic rates achieved by BLs may
be due to the presence of nanosized particles, a character-
istic distinguishing BLs from other MBs. The particle size
distribution of BLs was measured using the dynamic light
scattering method, which was limited to a detection area
100um in diameter and was designed to be used for uni-
formly dissolved substances. The particle size distribution
of BLs measured with the dynamic light scattering method
changed with time, suggesting that the delicate condition
within the small detection range may fluctuate on an hourly
basis. It was suggested that BLs might contain very small
bubbles of approximately 120nm in diameter and larger
bubbles with diameters of 1-2um. However, cumulative
formation of microsized air bubbles via aggregation of very
small air bubbles of about 100um in diameter should also
perhaps be considered. We prepared BLs using the same
technique as that of Suzuki et al,, though their BLs were
approximately 3 um in size, whereas ours contained massive
bubbles. We will conduct further studies to ascertain why
this difference in bubble size. distribution occurred. In
addition, we will also compare our bubbles with other
bubbles. _

Because the pore space of the fibrin net in clots is
approximately 5Sum," BLs containing nanosized particles in
addition to microsized particles may pass through these
pores. However, as clarified by the experiments, even
though BLs alone permeated the fibrin net, no enhance-
ment of the thrombolytic rate was observed.

Francis et al. proposed that 1-MHz, 4-W/cm® US radia-
tion reversibly extended the fibrin structure, facilitating
rt-PA penetration.” However, the present experiment
employed US conditions different from those in their report,
and because of the one-half frequency and one-sixth acous-
tic intensity used herein, only slight fibrin structure exten-
sion may have occurred.

Tachibana, using electron micrography, reported how
microjets generated on the elimination of MBs were hitting
cell surfaces.' Even in the absence of an extended fibrin
structure due to this physical phenomenon, microjets gener-
ated around the fibrin clot by cavitation may have enhanced
infiltration of BLs and rt-PA into the fibrin clot.

As a result, the superimposed effects of the three
elements (BLs containing submicrosized particles, US-
generated microjets and microvibration, and rt-PA) appear
to have yielded enhanced clot thrombolytic rates.

The present study used thrombin-fibrin clots. In clinical
practice, we see atherothrombosis and platelet thrombus in
addition to thrombin clots, and whether results similar to

those described here would be obtained with these clots is
unknown.. The efficacy against these types of clots needs to
be examined further.

Conclusion

We confirmed that bubble liposomes with rt-PA and low-
frequency US increased thrombolytic rates even in a. very
short time, i.e., in as little as 1 min.
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SNARK, a member of the AMPK-related kinases, has been involved in the cellular stress responses but its
precise mechanisms remain unclear. Subcellular localization of SNARK protein was identified. Unlike
cytoplasmic localizing AMPKao, SNARK was predominantly localized in the nucleus. SNARK was constitu-

tively distributed in the nucleus even when SNARK was activated by metabolic stimuli such as AICAR and
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glucose-deprivation. Conserved nuclear localization signal (NLS) was identified at the N-terminal portion
(58KKAR"). Deletion and point mutation of this part resulted in the cytoplasmic translocation of mutant
proteins. Furthermore, GFP fused with the SNARK fragment containing ®KKAR"! translocated to the
nucleus. A microarray analysis revealed that the nuclear localizing SNARK altered transcriptome profiles
and a considerable part of these alterations were canceled by the mutation of NLS, suggesting the ability

of SNARK to modulate gene expression dependent on its nuclear localization.

© 2008 Elsevier Inc. All rights reserved.

Introduction

AMPK (AMP-activated protein kinase) is a well-known cellular
energy sensor. AMPK is activated in response to various metabolic
stresses [1]. Once activated, AMPK phosphorylates a variety of sub-
strates to increase catabolic pathways and decrease anabolic path-
ways, resulting in the maintenance of cellular energy balance [2].
AMPK is a heterotrimeric enzyme composed of an a-catalytic sub-
unit, and B- and y-regulatory subunits [3,4]. Two isoforms of the a-
subunit have been identified. AMPKo1 constitutively resides in the
cytoplasm, whereas a portion, but not all, of the activated a2-sub-
unit translocates to the nucleus [5-8].

Human kinome information predicted that 12 kinases are closely
related to AMPK [9,10]. SNARK (SNF1/AMPK-related kinase, also
known as NUAK2) is a member of the AMPK-related kinases [11].
SNARK was originally isolated as an ultraviolet B (UVB)-induced
gene in rat karatinocytes. Similar to AMPK, the kinase activity of
SNARK is up-regulated by metabolic stresses [12]. Furthermore,
Snark-deficient mice exhibited mature-onset obesity and related

- metabolic disorders [13]. These findings suggest the potential rele-

vance of SNARK in cellular.responses against metabolic stresses.
In this study, we attempted to identify the subcellular localiza-
tion of SNARK. We found that SNARK was consistently localized in

* Corresponding author. Address: Cancer Physiology Project, Research Center for
Innovative Oncology, National Cancer Center Hospital East, Kashiwa, Chiba 277-
8577, Japan. Fax: +81 4 7134 8676. :

E-mail address: hesumi@east.ncc.go.jp (H. Esumi).

0006-291X/$ - see front matter © 2008 Elsevier Inc, All rights reserved.
doi: 10.1016/j.bbrc.2008.10.143

the nucleus. We also found that SNARK was activated by AICAR as
well as glucose-deprivation. We further identified the responsible
nuclear localization signal (NLS) of SNARK. Finally, transcriptome
profiles of wild-type and NLS mutant SNARK expressing cells were
compared to identify the impact of the nuclear localization of
SNARK upon the regulation of mRNA levels of potential down-
stream genes.

Materials and methods

Plasmid construction. The FLAG-tagged SNARK protein-express-
ing plasmid vector, pFLAG-SNARK has been described else-
where[14]. pFLAG-SNARK-(2-447) was constructed by PCR
amplification of the DNA sequences coding FLAG-tag and 2-447
amino acid sequences of SNARK using pFLAG-SNARK as a template
and primers containing a 5’ EcoRl site (SNK-D1-F) and a 3’ Xhol site
(SNK-D2-R). The PCR product was digested with EcoRI and Xhol
and was cloned into pcDNA3.1(~) (Invitrogen). Other deletion mu-
tant-expressing vectors were constructed as well. The PCR primers
used to amplify the SNARK fragment were as follows: SNK-D1-F
and SNK-D1-R for pFLAG-SNARK-(2-370), SNK-D1-F and SNK-
CD(-)-R for pFLAG-SNARK-(2-169), SNK-D2-F and SNK-D2-R for
PFLAG-SNARK-(78-447), SNK-CD(—)-F and SNK-D3-R for pFLAG-
SNARK-(311-628), and SNK-D3-F and SNK-D3-R for pFLAG-
SNARK-(390-628). pSNARK-(1-169)-GFP was constructed by PCR
amplification of the 1-169 amino acid coding sequence of SNARK
using primers containing a 5’ Sacll site (NLS-GFP-F3) and a 3’ Nhel
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site (NLS-GFP-R3). The PCR product was digested with both en-
zymes and was cloned into pQBI25 (MP Biomedicals, Irvine, CA).
Point mutant (3AAAR”") was also generated using two-step PCR.
S8AAAR”! was constructed using primers SNK-KKAR-F2 and SNK-
KKAR-R2 as the internal primers. 3xF-EcoRl and 3xF-Xbal were
used as the secondary 5~ and 3'-primers for all point mutants.
The resulting amplified products were subcloned into p3xFLAG-
CMV (Sigma). Mutated DNA was sequenced over their full-length
to verify that they carried only the intended mutation using 3100
Sequencing Analyzer (Applied Biosystems). All the PCR primers
used above are provided as Supplementary Table 1.

Cell culture. Hela and PLC/PRF/5 cells were purchased from the
American Tissue Culture Collection and were maintained in Dul-
becco’s modified Eagle’s medium (DMEM, GIBCO) supplemented
with 10% fetal bovine serum and antibiotics. Cells were cultured
in a humidified chamber at 37 °C in 5% CO; in the air.

Transfection and establishment of stable cell lines. Cells were
seeded on a 6-well plate at a density of 2 x 10° cellsjwell and were
transfected with 4 pg of plasmid DNA using 10 pl of Lipofect-
amine2000 (Invitrogen) in 500 pl of Opti-MEM I (Invitrogen) ser-
um-free medium and cultured for 48 h. For the selection of cells
stably expressing a neomycin-resistant gene, the cells were trans-
fected with pcDNA3.1-based plasmids and grown for 2 days. Then,
1 x 10° cells were seeded on ¢10 cm culture dishes and grown in
the medium containing 1000 pg/mL of G418 for 14 days. The
G418-containing medium was replaced every 2 days. Individual
clones were picked up with incised and sterilized pieces of filter
paper and were transferred to 96-well culture plates followed by
consecutive transfer to larger culture plates or dishes.

Fluorescent and indirect immunofluorescent microscopy. The cells
were seeded on ¢35 mm glass-bottomed dishes (Matsunami). For
the indirect immunofluorescent microscopy, the cells were fixed
in acetone-methanol (1:1) for 10 min at room temperature. The
cells were blocked with 2% BSA in PBS for 1 h at room temperature.
The cells were incubated with anti-FLAG M2 antibody diluted
1:500 in blocking solution for 1 h at room temperature followed
by incubation with anti-mouse Alexa Fluor 488 secondary anti-
body (Molecular Probes) diluted 1:1000 in blocking solution for
1h at room temperature. Nuclear DNA was counterstained with
PI (Molecular Probes) in blocking solution. The cells were observed
using a confocal microscope system (LSM5 PASCAL; ZEISS).

Preparation of cellular extracts. The cells were lysed in SDS lysis
buffer (1% SDS, 1 mM NazVQ,, 10 mM Tris-HCl, pH 7.4). Nuclear
and cytoplasmic extracts were prepared using the NE-PER Kit (Pierce)
according to the manufacture’s instructions. The protein concentra-
tions were determined using a BCA protein assay kit (Pierce).

Immunoblot assays. Ten micrograms of total proteins was loaded
onto a 10% SDS-PAGE and electrophoresed. The separated proteins
were transferred to polyvinylidene difluoride membranes (Milli-
pore) using a semi-dry transfer. The membranes were blocked
for 2 h at room temperature with 5% nonfat dry milk in PBST buffer
(PBS containing 0.1% of Tween 20) and incubated with primary
antibody overnight at 4 °C. The membranes were incubated with
the secondary antibody conjugated to horseradish peroxidase for
1 hat room temperature, The bands of interest were detected using
an ECL chemiluminescence reagent (GE Healthcare). Anti-FLAG M2
and anti-SNARK antibodies were from Sigma, anti-C23 antibody
was from Santa Cruz, and anti-HSP90 antibody was from Cell
Signaling.

Microarray analysis. PLC/PRF/5 cells were transfected with the
empty vector p3xFLAG-CMV, the wild-type SNARK expression vec-
tor, or the ®®AAAR”! expression vector, and incubated for 24 h. Each
of total RNA samples was prepared in duplicate. Total RNA was iso-
lated using RNeasy Kit (QIAGEN). Total RNA yield was quantified
by spectrophotometric analysis and quality was verified on gel
electrophoresis. Total RNA (3 pig) was used in the first-strand cDNA

synthesis with T7-Oligo (dT) primer and SuperScript II reverse
transcriptase (Life Technologies). The second-strand cDNA synthe-
sis was done using One-Cycle cDNA Synthesis Kit (Affymetrix). The
double-stranded cDNA was purified using sample cleanup modules
and served as a template in the subsequent in vifro transcription
reaction for complementary RNA (cRNA) amplification and biotin
labeling. The biotinylated cRNA (20 pg) was fragmented and
hybridized with pre-equilibrated HG-U133 Plus 2.0 Affymetrix
GeneChip for 16 h at 45 °C. HG-U133 Plus 2.0 Affymetrix GeneChip
contains more than 54,000 probe sets representing approximately
38,500 genes (estimated by UniGene coverage). After the hybrid-
ization cocktails were removed, the chips were washed and
stained. The chips were scanned with a ChipScanner 3000 (Affyme-
trix) to detect hybridization signals. Scanned image output files
were visually examined in order to detect major chip defects and
hybridization artifacts, and then analyzed with Affymetrix Gene-
Chip Operating software (GCOS). GCOS generates a detection p va-
lue from probe pair intensities and assigns a present {P), marginal
(M), or absent (A) call to each probe set. We applied the default cut-
off value of 0.04 (i.e., a p value under 0.04 indicates a P call). The
normalized data were analyzed with Microsoft Excel and Gene
Spring GX 7.3 software {Agilent Technologies).

Autophosphorylation and GST-SAMS phosphorylation assay. PLC/
PRF/5 cells were transfected with the empty vector p3xFLAG-
CMV, the wild-type SNARK expression vector, or the *®AAAR”’
expression vector, and incubated for 24 h. The cell lysates and
the 6% polyethylene glycol (PEG6000) precipitates were prepared,
as described previously [15]. PLC/PRF/5 cells stably expressing
SNARK were treated with 1 mM AICAR or glucose-deprivation
and cultured for 1h. Cells were lysed and immunoprecipitated
using anti-FLAG M2 Affinity Gel (Sigma). An autophosphorylation
assay was performed with the PEG precipitates. The precipitates
were incubated for 15min at 30°C in kinase assay buffer
(15 mM Hepes, pH 7.0, 100 mM Nacl, 1% Triton X-100, 10% glyc-
erol, 15 mM MnCl,, 15 mM MgCl,, and 0.3 mM DTT) with 10 uCi
of [y-**P)ATP [16]. The precipitates were also used for the kinase
assay using SAMS peptide fused to glutathione S-transferase
(GST-SAMS). GST-SAMS was prepared, as described previously
[15]. The precipitates were incubated for 15 min at 30 °C in kinase
assay buffer with 20 pg of GST-SAMS and 10 pCi of [y->2P]ATP.
These samples were subjected to 10% SDS-PAGE. Radioactivity
was detected by autoradiography using FLA-7000 (Fujifilm).

Results and discussion
SNARK was distributed predominantly in the nucleus

To determine the subcellular localization of SNARK, a plasmid
vector expressing FLAG-tagged SNARK were transfected into a hu-
man hepatocellular carcinoma-derived cell line PLC/PRF/5. Exoge-
nous proteins were detected using indirect immunofluorescence.
The majority of SNARK was localized in the nucleus (Fig. 1A). A
similar nuclear distribution of exogenous SNARK protein was also
seen in a human cancer-derived cell lines Hela (Fig. 1A). To con-
firm the subcellular localization of endogenous SNARK, subcellular
fractionation was carried out followed by detection of SNARK by
Western blot. Endogenous SNARK was also mainly present in the
nuclear fraction of both PLC/PRF/5 cells and Hela cells (Fig. 1B).
€23 and HSP90 were used as markers of the nuclear and cytosolic
fractions, respectively.

SNARK was constitutively distributed in the nucleus

To ask whether the subcellular localization of SNARK is altered
by various stimuli, SNARK overexpressing cells were treated by
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Fig. 1. Subcellular localization of SNARK. (a) Confocal microscopy of PLC/PRF/5 cells
transiently expressing FLAG-SNARK. Green, FLAG-tagged proteins immunostained
with anti-FLAG M2 antibody. Red, Nuclei visualized by counter-staining DNA with
Pl Original magnification, 630x. (b) Immunoblot of the cytosolic and nuclear
fractions from PLC/PRF/5 cells. Equal amounts (10 pg) of nuclear (N), cytosolic {C),
and total (T) extracts from PLC/PRF/5 were analyzed by 10% SDS-PAGE. €23 and
HSP90 were used as markers of the nuclear and cytosolic fractions, respectively.

1 mM AICAR, a representative AMPK activator, and glucose-depri-
vation which is known to activate SNARK [12]. As expected, over-
expressed SNARK showed enhanced . activity against SAMS
peptides (Fig. 2A). Subcellular fractionation and Immunofluores-
cent detection of SNARK demonstrated that most of SNARK stay
in the nucleus under these stimuli (Fig. 2B and C).

Identification of a functional nuclear localization signal in SNARK

To explore the mechanism of the preferential nuclear localiza-
tion of SNARK, potential NLS motifs were searched among the ami-
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* Fig. 2. The association between the activation and localization in SNARK. (a) In vitro kinase assay of SNARK stimulated by AICAR and glucose-deprivation, The
- immunoprecipitants of FLAG-SNARK were prepared from lysates of SNARK expressing PLC/PRF/5 cells treated with 1 mM AICAR or glucose-deprivation for an hour and used
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no acid sequences of SNARK. The minimum requirement for a
monopartite NLS is Lys-Lys/Arg-X-Lys/Arg (K-K/R-X-K/R) [17,18].
Three candidate sequences, 58KKAR”?, 37°KKSR*78, and 45°KKPR4>?
were predicted based on the amino acid sequences of human
SNARK. To identify the functional NLS in SNARK, a series of con-
structs expressing deletion mutants with FLAG-tag were prepared
(Supplementary Figure 1a). The expression of each mutant was
confirmed using immunoblotting (Supplementary Figure 1b). The
subcellular localization of the series of transiently expressed mu-
tant proteins was determined using immunofluorescence. FLAG-
SNARK-(2-447), FLAG-SNARK-(2-370), and FLAG-SNARK-(2-169),
which contain ®8KKAR”?, exhibited apparent nuclear localization,
whereas FLAG-SNARK-(78-447), FLAG-SNARK-(311-628), and
FLAG-SNARK-(390-628), each of which lacked 5®KKAR”!, were
localized predominantly in the cytoplasm (Fig. 3). These results
suggest that ®®KKAR”! functions as a NLS motif in SNARK. On the
other hand, the presence or the absence of 375KKSR®’® and
450KKPR?5? did not affect the localization of mutant proteins.

To determine whether ®KKAR! functions as a NLS, site-direc-
ted mutagenesis of this motif was performed. The first two core ly-
sine residues of S®KKAR7' were altered to alanine (SAAAR”Y)
(Supplementary Figure 2a). The expression of this mutant was con-
firmed by Immunoblotting (Supplementary Figure 2b). The result-
ing mutant protein exhibited a significantly altered localization.
The ®8AAAR”!-mutant was mainly Iocalized in the cytoplasm and
small part of proteins remained in the nucleus (Fig. 4A). The distri-
butions of wild-type and ®®AAAR”*-mutant SNARK proteins were
evaluated in at least 300 transfected cells. Wild-type SNARK was
dominantly: localized in the nucleus in about 90% of the cells,
whereas ®®AAAR”*-mutant was localized mainly in the cytoplasm
and partially in the niucleus (Fig. 4B). Thus, *®KKAR’" was necessary
for the localization of SNARK in the nucleus. Since the kinase activ-
ity of ®AAAR”'-mutant was as high as that of wild-type SNARK, ki-
nase. activity of SNARK was not indispensable for the nuclear
localization (Fig, 4C). .

To further confirm the NLS functlon the N-terminal 169 amino
acid-length fragment of SNARK containing 8KKAR?! was fused to
GFP (Supplementary Figure 2c). The expression of this mutant
was confirmed by Immunoblotting (Supplementary Figure 2d).
SNARK-(1-169)-GFP. was localized predominantly in the nucleus,

FLAG

Merge

to perform a kinase assay with GST-SAMS as substrate. Upper panel indicates in vitro Kinase assay, and lower panel indicates anti-FLAG immunoblot, respectively. (b)
Immunoblot of the cytosolic and nuclear fractions from PLC/PRF/S cells. Equal amounts (10 pg) of nuclear {N), cytosolic {C), and total (T) extracts from PLC/PRF/[5 treated with
indicated stimuli were analyzed by 10% SDS-PAGE. C23 and HSP90 were used as markers of the nuclear and cytosolic fractions, respectively. (c) Confocal microscopy of cells
expressing FLAG-SNARK. PLC/PRF/5 cells expressing FLAG-SNARK were treated with indicated stimuli. Green, FLAG-SNARK immunostained with anti-FLAG M2 antibody. Red,

nuclei visualized by counter-staining DNA with PI. Original magnification, 630x.



W. Kuga et al. / Biochemical and Biophysical Research Communications 377 (2008) 1062-1066 1065

Merge

FLAG Pi
H
-
- HE
-

(390-628)

Merge

FLAG P!

Fig. 3. Subcellular localization of FLAG-tagged deletion mutants of SNARK. Confocal microscopy of PLC/PRF/5 cells expressing FLAG-tagged SNARK deletion mutants showing
subcellular localization. Green, wild-type and deletion mutants of SNARK immunostained with anti-FLAG M2 antibody. Red, Nuclei visualized by counter-staining DNA with

PI. Original magnification, 630x.
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Fig. 4. ldentification of a functional NLS in SNARK. (a) Confocal microscopy of cells expressing ®*AAAR?'-mutant SNARK. Green, wild-type and mutant SNARK immunostained
with anti-FLAG M2 antibody. Red, nuclei visualized by counter-staining DNA with PL Original magnification, 630x. (b) Bar graphs {mean & SE; n =3) representing the
localization of FLAG-SNARK and FLAG-%AAAR! determined in over 300 cells transfected with each plasmid. N; predominantly nuclear localization; N/C, nuclear/cytoplasmic
localization; C, predominantly cytoplasmic localization. (c) In vitro kinase assay of SNARK or *®AAAR'-mutant SNARK. The PEG precipitants of SNARK and ®®AAAR”'-mutant
SNARK were prepared from lysates of transiently transfected PLC/PRF/5 cells and used to perform a kinase assay with GST-SAMS as substrate. Upper panel indicates an
autophosphorylation assay, middle panel indicates in vitro kinase assay, and lower padel indicates anti-FLAG immunoblot, respectively. (d) Expression of the probe sets up-
regulated more than 1.5-fold and down-regulated less 0.67 by SNARK. Relative expression in the wild-type or ®AAAR”'-mutant SNARK expressing cells standardized by the

expression in vector-transfected cells was visualized.

whereas GFP without the NLS was distributed in both the nucleus
and the cytoplasm (Supplementary Figure 2e).

The NLS motif that we identified above is conserved among all
reported orthologs, including those in chimpanzee, cattle, mouse,
rat, and chicken (Supplementary Figure 2f).

In these results, SNARK constitutively resided in the nucleus
and was activated by AICAR and glucose-deprivation. AICAR and

glucose-deprivation increase the cellular AMP:ATP ratio [1]. AMPK
and AMPK-related kinases are believed to be activated by in-
creased AMP:ATP ratio through direct activation mechanism of
allosteric effect and/or indirectly activated by phosphorylation at
threonine residue in the activation loop by upstream kinases,
LKB1, CaMKK, and TAK1 [19]. CaMKK and TAK1 are to be localized
in the cytoplasm, but LKB1 is localized in both nucleus and cyto-
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plasm [20-22]. Therefore SNARK might be phosphorylated by LKB1
in the nucleus. It is possible that SNARK might form a complex
with LKB1 or other AMPKK in the nucleus, but this remains to be
determined.

The gene expression alterations by overexpressed SNARK

As SNARK was localized in the nucleus, we considered that
SNARK might regulate cell cycle or gene expression. There was
no significant difference in cell growth between PLC/PRF/5 cells
stably expressing SNARK and vector control (data not shown). To
evaluate that SNARK modulates gene expression in the nucleus,
we compared the gene expression profiles of SNARK overexpress-
ing PLC/PRF/5 cells to NLS mutant SNARK (®3AAAR”"} expressing
PLC/PRF/5 cells and vector-transfected PLC/PRF/5 cells. Among
54,000 probe sets on the HG-U133 Plus 2.0 Affymetrix GeneChip,
20,308 probe sets were assigned for “present” in all the samples
from vector, wild-type and 5®AAAR”'-mutant SNARK transfected
cells.

First, to assess whether SNARK modulates gene expression, we
compared the expression profiles of SNARK overexpressing cells
with those of vector-transfected cells. We identified 945 (739 up-
regulated and 206 down-regulated) probe sets with more than
1.5-fold change in expression. This indicated that SNARK altered
the gene expression. Second, to identify that SNARK functions as
a transcriptional modulator in the nucleus but not the cytoplasm,
we examined the expression profiles of ®8AAAR”! overexpressing
cells compared with those of vector-transfected cells (Fig. 4D).
Among the 739 up-regulated probe sets by overexpressed SNARK,
only 187 probe sets increased more than 1.5-fold in AAAR”! over-
expressing cells. In parallel, among the 206 down-regulated probe
sets by overexpressed SNARK, only 67 probe sets decreased more
than 1.5-fold in ®®AAAR”! overexpressing cells. Similarly we iden-
tified 108 (76 up-regulated and 32 down-regulated) probe sets
with more than 2.0-fold change in SNARK overexpressing cells
compared with vector-transfected cells (Supplementary Table 2).
Among the 76 up-regulated probe sets by overexpressed SNARK,
only eight probe sets increased more than 2.0-fold in 58AAAR”!
overexpressing cells compared with vector-transfected cells. On
the other hand, among the 32 down-regulated probe sets by over-
expressed SNARK, only 13 probe sets decreased more than 2.0-fold
in ®8AAAR”! overexpressing cells compared with vector-transfec-
ted cells. Thus, overexpressed SNARK altered the gene expression
profiles more than 58AAAR”!. This result implied that SNARK in
the nucleus but not the cytoplasm had a remarkable impact on
the gene expression.

In this study, SNARK is localized in the nucleus and affects gene
expression profiles. These results indicate that SNARK can work as
a transcriptional modulator working in the nucleus in response to
stress. Among 76 probe sets with more than 2.0-fold increase in
PLC/PRF/5 cells overexpressing SNARK, nine probe sets also de-
tected more than 2.0-fold increase in a human pancreatic cancer
cell line PANC-1 under glucose-deprivation (our unpublished data).
This concordance of induced genes between the overexpression of
SNARK and glucose-deprivation well consists with the activation of
SNARK under glucose-deprivation.

The present study demonstrates for the first time, to our knowl-
edge, the alteration of gene expression profiles by SNARK. This
information may be the platform to elucidate the molecular mech-
anism and the physiological signification of SNARK.
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ARTICLE INFO ABSTRACT
Artic{e history: Chronic deprivation of nutrients is rare in normal tissues, however large areas of tumor are nutrient-
Received 8 January 2009 starved and hypoxic due to a disorganized vascular system. Some cancers show an inherent ability to

Available online 21 January 2009 tolerate severe growth conditions, Therefore, we screened chemical compounds to identify cytotoxic

agents that function preferentially in nutrient-deprived conditions. We found that AG1024, a specific
inhibitor of insulin-like growth factor-1 receptor tyrosine kinase (IGF-1R), showed preferential cyto-

| Keywords: toxicity to human pancreatic cancer cells in nutrient-deprived conditions relative to cells in nutri-
; :gf:j: Kinase inhibitor ent-sufficient conditions. The cytotoxicity of 1-OMe-AG538 (another specific inhibitor of I1GF-1R
AC1024 kinase) was also enhanced in nutrient-deprived cells, In addition, AG1024 and I-OMe-AG538 potently
]

inhibited IGF-1R activation to nutrient-deprived cells. In contrast, conventional chemotherapeutic
drugs, as well as inhibitors of PDGFR and EGFR kinases, elicited weak cytotoxicity. These data indicate
that nutrient-deprived human pancreatic cancer cells have increased sensitivity to inhibition of IGF-1R
activation, IGF-1R inhibitors offer a promising strategy for anticancer therapeutic approaches that are

Nutrient starvation
Pancreatic cancer

oriented toward tumor microenvironment,

@ 2009 Elsevier Inc. All rights reserved.

Patients diagnosed with pancreatic cancer, an aggressive dis-
ease with the lowest 5-year survival rates of all cancers, develop
metastases rapidly and die within a short period of time after diag-
nosis [1,2]. Pancreatic cancer is largely resistant to almost all
known chemotherapeutic agents, including 5-fluorouracil, paclit-
axel and doxorubicin; surgery is the only current treatment modal-
ity that offers any prospect of potential cure. Clearly, there is a dire

need for new therapeutic alternatives that improve clinical out--"

come for pancreatic cancer patients.

Tumor microenvironment exerts an importantinfluence on can-
cer physiology. The disorganized vascular system in a tumor often
results in large areas of tumor starved for nutrients and oxygen. Pan-~
creatic cancers in'‘particular, which are characterized as hypovascu-
lar tumors, show an inherent ability to tolerate severe growth
conditions. Certain human pancreatic cancer cell lines, including
PANC-1, AsPC-1, BXPC-3 and KP-3, exhibit marked environmental
tolerance and can survive for prolonged periods of time in nutri-
ent-deprived conditions. Because tolerance of these cancer cells to
nutrient starvation has been associated with the activity of protein
kinase B (PKB)/Akt [3], it has been hypothesized that agents that
diminish such tolerance could function as anticancer agents [4-7].

Insulin-like growth factors-1 (IGF-1) and -2 (IGF-2) are involved
in the pathophysiology of a wide range of human neoplasias due to

* Corresponding author. Fax: +81 55 922 6888,
E-mail address: imomose@bikaken.or.jp (1. Momose).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi: 10.1016/1.bbrc.2008,01.065

the mitogenic and antiapoptotic properties mediated by their
type 1 receptor (IGF-1R) [8). IGF-1R is a tetrameric transmem-
brane receptor tyrosine kinase composed of two o and § sub-
units. The extracellular o subunit is responsible for ligand
binding, whereas the B subunit consists of a transmembrane do-
main and an intracellular tyrosine kinase domain [9,10]. Ligand
binding activates the intrinsic receptor tyrosine kinase, resulting
in trans-B subunit autophosphorylation and stimulation of PI3K-
AKT-TOR and RAF-MAPK signaling pathways. In addition to cell
proliferation, activation of IGF-1R has been reported to stimulate
cell survival, transformation, metastasis and angiogenesis {11},
Targeted inhibition of IGF-1R signaling has been shown to result
in impressive anti-neoplastic-activity in many in vitro and in vivo
models of common human cancers. IGF-1R small interfering
RNAs {12], anti-receptor antibodies [13,14], a IGF-1-like compet-
itive peptide antagonist {15}, a dominant-negative IGF-1R [16~
18] and small-molecule IGF-1R tyrosine kinase inhibitors
[19,20] have all been found to interfere with cell growth and
proliferation. IGF-1R is therefore regarded as an attractive poten-
tial target in the development of new drugs to treat malignant
tumors.

In this study, we screened chemical compounds to identify
agents that preferentially reduce the survival of nutrient-deprived
human pancreatic cancer PANC-1 cells. The screen identified IGF-
1R inhibitors, which function as cytotoxic agents preferentially
on human pancreatic cancer cells in nutrient-deprived conditions.
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Materials and methods

Materials, Antibodies used in Western blotting included anti-
IGF-1RB (sc-713), anti-Erk 1 (sc-93) and anti-phospho-Erk (sc-
7383) from Santa Cruz Biotechnology (Santa Cruz, CA); anti-a-
tubulin (T5168) from Sigma-Aldrich (St. Louis, MO); and anti-Akt
(#9272), anti-phospho-Akt (Ser 473) (#9271), anti-phospho-Akt
(Thr 308) (#9275) and anti-phospho-~IGF-1R (#3021) from Cell Sig-
naling Technology (Denvers, MA). Recombinant human IGF-1 was
from R&D Systems (Minneapolis, MN). AG1024, AG1296, AG1478
and 1-OMe-AG538 were obfained from Calbiochem (Madison,
‘WI1). Doxorubicin hydrochloride, fluorouracil, paclitaxel and mito-
mycin C were from Sigma. The SCADS inhibitor kit I consisting of
79 chemical inhibitors with ~60 different targets was kindly pro-
vided by the Screening Committee on Anticancer Drugs (Japan).

Cells and culture. Human pancreatic cancer cell lines PANC-1,
Capan-1, MIA Paca-2, BxPC-3 and PSN-1 were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown at 37 °C with 5% CO, in Dulbecco’s modified Eagle medium
(DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA), 100,000 U/L
penicillin G, and 100 mg/L streptomycin. Nutrient starvation was
achieved by culturing the cells in nutrient-deprived medium
(NDM) as previously described [3-7}. Briefly, the composition of
the NDM was as follows: 265 mg/L CaCl,-H,0, 400 mgjL KCl,
200 mg/L MgS04.7H,0, 6400 mg/L Na(l, 163 mg/l. NaH,P04-2H.0,

0.1 mg/L Fe(NO3)3-9H,0, 5 mg/fL phenot red, 100,000 U/L penicillin
G, 100 mg/L streptomycin, 25 mmol/L. HEPES buffer (pH 7.4), and
MEM vitamin solution (Invitorogen, Carlsbad, CA); the final pH
was adjusted to 7.4 with 10% NaHCOa.

Preferential cytotoxicity in nutrient-deprived conditions, PANC-1
cells (2.5 x 10 celisjwell} in 96-well plates were cuitured in
DMEM for 24 h. The cells were washed with PBS and the medium
was replaced with either fresh DMEM or NDM. Test samples were
added to the well and cells were cultured for 24 h. Cytotoxicity was
determined using the MTT assay [21]. '

Preparation of cell lysate and Western blotting. PANC-1 cells
(5 x 10%) in 35-mm dishes were incubated in DMEM for 24 h.
The cells were washed with PBS and the medium was replaced
with either fresh DMEM or NDM. AG1024 or |-OMe-AG538 was
added to each dish and the cells were incubated for 1 h prior to
stimulation with 50 ngfml IGF-1 for 10 min. The cells were washed
twice with ice-cold PBS containing 100 um Na3VO,4 and then lysed
in a lysis buffer (20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM
EDTA, 50 mM NaF, 50 mM B-glycerolphosphate, 1 mM NazVO,,
pH 7.5, and 25 pgfml each of antipain, leupeptin, and pepstatin).
Equal amounts of protein extract were separated by SDS-poly-
acrylamide gel electrophoresis, transferred onto Immobilon polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA) and
probed with anti-IGF-1R, anti-phospho-IGF-1R, anti-Akt, anti-
phospho-Akt (Thr 308), anti-phospho-Akt (Ser 473), anti-Erk 1,
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Fig. 1. Effect of AG1024 on survival of PANC-1 cells in nutrient-deprived conditions. (A) Structure of AG1024,. (B) Effect of AG1024 on PANC-1 cell viability in normal medium,
DMEM (@) and nutrient-deprived medium, NDM (O). PANC-1 cells incubated in DMEM for 24 h, The cells were then washed with PBS and the medium was replaced with
cither fresh DMEM or NDM. The indicated concentrations of AG1024 were added to each well and the cells were incubated for 24 h. Cell viability was determined using the
MTT assay. () Flow cytometric analysis of AG1024-treated PANC-1 cells. PANC-1 cells were cultured with 0.3 uM AG1024 in DMEM or NDM for 12 h. The cells were stained
with annexin V-FITC and propidium iodide according to instructions for the apoptosis detection kit and then analyzed using a flow cytometer. (D) Effect of conventional
anticancer drugs on survival of PANC-1 cells in nutrient-deprived conditions. PANC-1 cells were incubated with indicated concentrations of doxorubicin, 5-fluorouracil and

paclitaxel in DMEM (@) or NDM (Q) for 24 h,



