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peutic ultrasound (1.011 MHz) was irradiated from a device (Sono-
Pore KTAC-4000, NepaGene, Chiba, Japan) at intensity of 0.15 or
0.44 W/cm? (duty cycle of 25%) for 20 s immediately after addition
of Bubble liposomes into the sample.

2.7. Measurement of cell viability

The Trypan blue dye exclusion test was carried out by mixing
200 pl of the suspension of Hela cells with an equal amount of
0.3% Trypan blue solution (Sigma Chemicals) in PBS. After 5 min
incubation at room temperature, the number of cells excluding
Trypan blue was counted using a C-Chip disposable hemocytome-
ter (Digital Bio Technology Co., Gyeonggi, Korea) to estimate the
number of viable cells immediately after sonication.

2.8. Measurement of infectivity of chlamydiae

The 1.0 ml of chlamydial suspensions in SPG treated with ultra-
sound and/or nanobubbles was inoculated into triplicate cultures
of McCoy cells in order to estimate the infectivity immediately
after sonication. Chlamydial suspensions, 0.25 ml each, were added
onto the monolayer culture of McCoy cells. After centrifugation at
1000g for 60 min, the inoculum was decanted, and the cells were
washed with medium to remove the nonadsorbed chlamydiae,
and were then further incubated in 1.0ml of maintenance
medium.

2.9. Internalization of dextran-fluorescein conjugates

Dextran-fluorescein conjugates (3000 MW, anionic: Molecular
Probes, Inc., OR, USA) were soluble in 0.02 M Tris-HCI buffer (pH
8.0) at 10 pg/ml, and performed by filtration using 0.2 pm pore-
diameter sterile filters. Aqueous solutions of dextran were diluted
to 10 pg/ml with maintenance medium. The 50 pl of solution of
dextran conjugates instead of antibiotics were added into the
monolayer cultures of HeLa cells in a 24-well plate with lumox™
fluorocarbon film bottom. Ultrasound was irradiated for 20 s with
or without Bubble liposomes at 50 pg/ml. Cultures were rinsed in
PBS(—) solution and examined immediately after rinsing by fluo-
rescent microscopy (Leica Microsystems CTR4000, Wetzlar,
Germany).

2.10. Statistical analysis

Data from these study were analyzed using unpaired t-test
including Welch’s correction. Results were considered to be signif-
icant when the corrected p-value is less than 0.05, indicated as
p<0.05 in the manuscript and figure legends. Error bars shown
in the figures are standard deviations of duplicate samples in
experiments repeated at least three times.

3. Results

3.1. Cell viability of HeLa cells and infectivity of chlamydiae by
nanobubble-enhanced ultrasound

We first investigated whether nanobubble-enhanced ultra-
sound decreased the cell viability of HeLa cells and the infectivity
of chlamydia. As shown in Table 1, ultrasound at intensity of
0.44 W/cm? caused no significant effect, but ultrasound at inten-
sity of 0.15 W/cm? decreased slightly on cell viability. On the other
hand, the application of ultrasound also caused no significant effect
on chlamydial infectivity at both intensities of 0.15 and 0.44 W/
cm? (Fig. 2).

Table 1
Viable cell counts following exposure of HeLa cell to ultrasound.

Application of ultrasound Cytotoxicity: No. of viable

cells/well (% of control)

Control
(-) Sonication 7475 £ 1950
(—) Bubble liposomes (100)
Bubble
(-) Sonication 8940 + 950
(+) Bubble liposomes (120)
Ultrasound (0.15 W/cm?) 6290 + 950
(+) Bubble liposomes (84)
Ultrasound (0.44 W/cm?) 7865 + 950
(+) Bubble liposomes (105)
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Fig. 2. Infectivity of | iae by ed No signifi-
cant change in infectivity when cells were treated with bubble liposomes (Bubble
only) or ultrasound at intensities 0.15 W/cm? (Bubble +US(0.15)) and 0.44 W/em?
(Bubble + US(0.44)) in the presence of bubble liposomes.

3.2. Ultrasonic enhancement of antibiotic action on C. trachomatis-
infected HeLa cells

The MIC of DOX for C. trachomatis-infected HeLa cells was deter-
mined to be 0.03 pg/ml. Infected cultures were treated with DOX at
1/2 MIC (0.015 pg/ml) then sonicated with or without the addition
of Bubble liposomes (50 pg/ml). The results showed that ultra-
sound alone or Bubble liposomes alone did not decrease the forma-
tion of inclusions in infected cells administered with DOX (Fig. 3).
However, DOX at 1/2 MIC in combination with nanobubble-en-
hanced ultrasound significantly reduced the number of IFUs to
66 +39% and 15 +12%, respectively, at intensities of 0.15 and
0.44 W/cm?, compared with that administered with DOX at 1/2
MIC only (Control in Fig. 3).

The MIC of CZX for C. trachomatis-infected HeLa cells could not
be determined because intracellular pathogens are known to be
resistant to CZX, therefore, we tried to use considerably high con-
centrations of 0.125, 0.25, 0.5 and 1.0 pg/ml. Any of the concentra-
tions used did not show any effect against chlamydia when applied
alone but in combination with bubble-enhanced ultrasound, sig-
nificant IFU reduction was observed and most with 1.0 pg/ml
CZX (data not shown). Similar to the observed effect with DOX,
1.0 pg/ml CZX in combination with nanobubble-enhanced ultra-
sound also reduced the number of IFUs to 53 + 32% and 50 + 48%,
respectively, at intensities of 0.15 and 0.44 W/cm?, compared with
that administered 1.0 pg/ml CZX only (Fig. 4).
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Fig. 3. Ultrasonic enhancement of bactericidal activity of doxycycline (DOX) at 1/2
MIC on C. trachomatis-infected HeLa cells. Data represents % of control that is the
number of chlamydial inclusions treated with DOX at 1/2 MIC only (*p < 0.05).
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Fig. 4. Ultrasonic enhancement of bactericidal activity of ceftizoxime (CZX) at
1.0 pug/ml on C. trachomatis-infected HeLa cells. Data represents % of control that is
the number of chlamydial inclusions treated with CZX at 1.0 pug/ml only (*p < 0.05).
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Fig. 5. Effect of concentration of Bubble liposomes in addition with ultrasound
irradiation and antibiotics on C. trachomatis-infected HeLa cells. (A) Before
ultrasound irradiation, the infected culture was treated with DOX at 1/2 MIC. (B)
Before ultrasound irradiation, the infected culture was treated with CZX at 1.0 pg/
ml (*p<0.05).

Next, we examined the effect of the amount of Bubble lipo-
somes on nanobubble-enhanced ultrasound reduction of IFU. With
increased amount of Bubble liposomes, the synergistic effect of
ultrasound and DOX was significantly increased (Fig. 5A). Bubble
dose-dependent synergy was also observed with CZX and ultra-
sound (Fig. 5B).

3.3. Internalization of dextran—fluorescein conjugates by ultrasound

Finally, to examine whether ultrasound can facilitate intracellu-
lar uptake of large molecules, we sonicated HeLa cells in the pres-
ence of fluorescein-labeled dextran and afterwards examined the
cells by fluorescence microscopy. Approximately 10% of viable cells
were observed to have internalized the dextran molecules after
ultrasound irradiation at intensity of 0.44 W/cm? in the presence
of Bubble liposomes (Fig. 6). This observation showed that ultra-
sound can facilitate cellular uptake of large molecules.

4. Discussion

Previous reports have shown a synergistic effect between ultra-
sound and antibiotics in killing E. coli and P. aeruginosa [8]. The
purpose of this present study was to determine if the same syner-
gistic effect could be observed with C. trachomatis even if this is an
intracellular organism. The results of the MIC experiments and the
measurements of bactericidal activity against C. trachomatis show
that addition of nanobubble-enhanced ultrasound to DOX treat-
ment enhanced the effectiveness of DOX in eradicating C. tracho-
matis (Fig. 3). Dramatic reduction of IFUs to 15%12% was
observed at higher ultrasound intensity of 0.44 W/cm? (Fig. 3).
These findings could have important clinical applications because
the tissue concentration of antibiotics often became below the
MICs in actual clinical settings.

In a previous study, the duration of the illness in patients with
C. trachomatis-triggered reactive arthritis (ReA) was shorter in pa-
tients treated with lymecycline for 3 months than in a placebo-
treated group [13]. Other studies on the long-term treatment of
acute ReA with ciprofloxacin showed no advantage over placebo
treatment in the outcome of ReA [14]. So far, the optimal treatment
of ReA with antimicrobial drugs remains controversial. In addition,
it was recently reported that persistent chlamydial infection in-
duced ReA [15-17]. Most recent finding by Reveneau et al. have
shown that persistent chlamydial forms are more resistant to
DOX than acute forms because of the decreased antibiotic uptake
by host cells [18]. Therefore, a more effective treatment of persis-
tent chlamydial infections requires a method to increase antibiot-
ics uptake by the infected cells. On the other hand, advances in
ultrasound and nanobubble-enhanced ultrasound technologies
have raised the possibility of using ultrasound not only for diag-
nostic but also for therapeutic purposes. The combination of an
agent as nanobubbles and ultrasound exposure makes sonopora-
tion possible. Sonoporation is characterized by a transient change
in cellular membrane permeability mediated by ultrasound [19-
24]; the cavitation energy created by the bubble collapse is
thought to be the key mechanism [19]. Thereby, we confirmed that
the intracellular delivery of macromolecules such as dextran was
observed under the condition used in our experiments (Fig. 6). In
addition, ultrasound did not damage Hela cells or chlamydial
organisms in the presence of Bubble liposomes (Fig. 2 and Table
1). This may be due to the size of the bubbles such that cavitations
created are enough to deliver the drug to the cells but not “large”
enough to create fatal damage to the cell itself. However, to under-
stand the dynamic of the interactions between nanobubble, cell
membrane and ultrasound [25], further study is needed. Collec-
tively, our data suggest the possibility of using nanobubble-en-
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by ultrasound irradiation with Bubble liposomes. Upper images show the detection of fluorescein into HeLa cells by

fluorescence microscopy, and lower images show the condition of HeLa cells by light microscopy. After addition of dextran conjugates and Bubble liposomes on the cells,

ultrasound was irradiated for 20 s or not.

hanced ultrasound to deliver antibiotic molecules into cells to
eradicate intracellular bacteria without causing significant damage
to the cells itself. This modality may become a new treatment
modality for Chlamydial infection.
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Ultrasound (US) has been utilized as a useful tool for diagnosis and therapy. US mediated drug and gene delivery is

paid to jon as a ive system. The
ducing disruption of and Ited in

of US and microbubbles generated microjet stream by in-
permeability of cell membrane. This phenomenon has been uti-

lized as driving force for drug and gene delivery. Recently, we developed ultrasound sensitive liposome (Bubble lipo-
some (BL)] containing perfluoropropane gas. US combined with BL could effectively transfer gene in vivo compared to

1 cationic lip

Using this method, we ded to obtain a th

ic effect in cancer gene therapy

with Interleukin-12 corded plasmid DNA. Therefore, it is expected that US combined with BL might be a useful non-

viral vector system. From this result, the fusion of li
lishment of advanced cancer therapy.
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Fig. 1. Comparison of Sonazoid and Bubble Liposome
Scheme (upper) and microscope (X400) (lower)
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Cells (1 X108 cells/500 ul) mixed with pCMV-Luc (5 ug) and Bubble liposomes (60 #g) were exposed or not to ultrasound (frequency, 2 MHz; duty, 50%;
burst rate, 2 Hz; intensity, 2.5 W/cm?; time, 10 ). The cells were washed and cultured for 2 days. Thereafter, luciferase activity was determined. Data are shown as
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(a) (b)

Plasmid DNA

‘ i.v. injection

108

10°

Luciferase activity (RLU/g tissue

Ultrasound exposure 10¢

(Transdermally)

Liver Kidney Heart Lung Spleen

Fig. 4. Liver Specific Gene Delivery by Bubble Liposomes and Ultrasound Exposure
(a) Gene delivery method: Lucifcrase corded plasmid DNA (100 ug) and Bubble liposomes (00 ug) were intravenously injected and ultrasound (1 MHz, 1
W/cm?, 1 min) was transdermally exposed toward liver. After | day of ultrasound exposure, luciferase cxpression in cach tissue was measured. (b) Luciferase ex-

pression in cach tissue,
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and L d

Fig. 5. Cancer Gene Therapy in Gene Delivery by Bubble Li

B6C3F1 mice were intradermally inoculated with 1 108 OV-HM cells into the flank. After 7 days of tumor inoculation, the tumors were injected with pCMV-

1L12 (10 ug) using Bubble liposomes (2.5 ug) and/or ultrasound (1 MHz, 0.7 W/cm?, | min), or Li 2000 as a

ion method. The

volume of the growing tumors was calculated by: (tumor volume; mm?) = (major axis; mm) X (minor axis; mm)?X0.5. The data arc represented as tumor volume
relative to the tumor volume on the first day of treatment (day 7 after tumor inoculation) . Each point represents the mean£$.D. (n=5). BL, Bubble liposomes;

US, Ultrasound; LF2000, Lipofectamine 2000.

#HAhTW3, LHL, IL-2O2EKSRE, &5
ERICEZEEROY RV ARSI TSBY, BlE
FOEBIL BFENREBRZ DI, SABMRE
B IL-12 #EAEEAHENS D, RIRTRL
kS, NTWVRY—LEBEHRHOHKA
12, MAMIAICHRL SREFEATES LN
ShERoTWS, TITEESE, NTIWUR
VA EBEROHRAICES IL-I2RRTIAIEK
DNA (pCMV-ILI2) OETF-8AIK &2 HAMHE
FHagERAL (Fig. 5). TOKR, NTNVUR
VA EBEHOPEMICED pCMV-IL12 Z2HAL
FRTHEEREEEENFSRABO SN —
%, Lipofectamine™ 2000 iZ & % #HZ FHATII,
13 & o EERENEHRIEBD Shaho k.
DEORERNBOINEOR, NTNURY-LE
BEROMARLIVYREL IL-2BETFHRER
L, BhFEERENENShnTHH LS
Aok ZOTEMS, NTIWURY—A LBE
R OPAER IL-12 RARGETFHERICBWTH
ABETA VARG §—ilsd T EMRRE NI,
6. &bVYIC

AETIE, NTWVURY—LEBEFREFALL
BETFEAIDWTENLE. NTIVURY—LE
BEHONAILSRETHAR, EHMOBER
B CHRAICEETEATETSH S L, FAH5

ORETERICL D BEFEBHBLOSRETE
EETRTHo . FHEREEDFETANARY
Y=L AFLERBRD, ERENNDHMUFRY
METYALRAEE T 2HERBETFEAKEELT
MiEans. Thox, FWTRAMLLEED, #
(T 175 BFCHREE & 72 T W 3 SR RAVSEHR
FREMNY & —ARICBWTHRREN TR
heELOND.
Eﬁfbﬁ&tiﬁnﬁ7wUﬁV~AuU$
Vo AERERERE LENTVEATHD, YR
v — AR ICASICENEAES FREMTI L
#T%b.%@ﬂﬁbﬁ#otﬂ.:hi?tﬁ%
S QEFPERZRNT VY RY — AREICMEEE
meNi%FE@ML.m&%?WM%EﬁMW
BETBZET, NTVYRY —LOMBRIIAND
BEEBIHERICLOMRLTNS. Y S5,
ZOEBMUENT WY RY —LIEFTET—¥a >
FHET 5L RARK - REOREHZHEANS
W4T 2 & TMRERBLLFEEERTSI L
T THH EOMBLTVS, ZOXIIE, NT
WUBRY—LEBEHROHML, BICARICRET
&3AT6£HT&<,:hi?ﬂ%Hﬁ%TH%
MT%H#vtMﬁ@%M%ﬂﬁtb.é%K&ﬁ
AREEBHIC LD MBREBITAS XS BRER
MERS AT LOMEETFHREES.



1670

Vol. 130 (2010)

&1 NTWYRY—LANDNY ¥ TI—=FT1
SHRTITFA4TI—T T4 YT EOREILE B
PO I R R R i 1T & B R B TR ARG D
BRINMBOREZAHEDEIT TN =TT 1
Y EFIFATA LT, MERZEMA - FREIHE
FAIME & T HEAARR BT RN ARRY 2T LA
salgeic b L iFEhn s,

MR ARTBALENTVIRY —LIHT
BPER, FRALEFBEYEHERETITDN
FRETHY, WREFICTHAEVLEERTIC
FEWMT 3. T, FWRRFEBWTIBARNE
BRI EN - MR —E, EistAt>r
& —gURbs - MHRIRSEE, BEL B IRRRETSAHEE -
RREAEL, BRKFESE - MAERASEE, 1L
WH KA LR - TIREREEICR
WD =5k, ARRO—MIEYERIR : 8
IRAMARESBITIRBE, STRARIIR - 25
W (A), EFHE (B), EHXLRHEM - REE
Ess B iz BT 5 BT FROVRBIKIC &
DEITENLHETHS.

REFERENCES

1) Harata M., Soda Y., Tani K., Ooi J., Takiza-
wa T., Chen M., Bai Y., [zawa K., Kobayashi
S., Tomonari A., Nagamura F., Takahashi S.,
Uchimaru K., Iseki T., Tsuji T., Takahashi T.
A., Sugita K., Nakazawa S., Tojo A.,
Maruyama K., Asano S., Blood, 104, 1442~
1449 (2004).

2) Suzuki R., Takizawa T., Kuwata Y., Mutoh
M., Ishiguro N., Utoguchi N., Shinohara A.,
Eriguchi M., Yanagie H., Maruyama K., Int.
J. Pharm., 346, 143-150 (2008).

3) Yanagie H., Maruyama K., Takizawa T, Ishi-
da O., Ogura K., Matsumoto T., Sakurai Y.,
Kobayashi T., Shinohara A., Rant J., Skvarc
J., Ilic R., Kuhne G., Chiba M., Furuya Y.,

4)

5)

6)

n

8)

9)

10)

11)

12)

13)

14)

Sugiyama H., Hisa T., Ono K., Kobayashi H.,
Eriguchi M., Biomed. Pharmacother., 60, 43—
50 (2006) .

Hagisawa K., Nishioka T., Suzuki R., Takiza-
wa T., Maruyama K., Takase B., Ishihara M.,
Kurita A., Yoshimoto N., Ohsuzu F., Kikuchi
M., Int. J. Cardiol. (in press)

Un K., Kawakami S., Suzuki R., Maruyama
K., Yamashita F., Hashida M., Hum. Gene
Ther., 21, 65-74 (2010).

Negishi Y., Omata D., lijima H., Takabayashi
Y., Suzuki K., Endo Y., Suzuki R., Maruya-
ma K., Nomizu M., Aramaki Y., Mol.
Pharm., 1, 217-226 (2010).

Suzuki R., Namai E., Oda Y., Nishiie N.,
Otake S., Koshima R., Hirata K., Taira Y.,
Utoguchi N., Negishi Y., Nakagawa S.,
Maruyama K., J. Control. Release, 142, 245-
250 (2010).

Suzuki R., Oda Y., Utoguchi N., Namai E.,
Taira Y., Okada N., Kadowaki N., Kodama
T., Tachibana K., Maruyama K., J. Control.
Release, 133, 198-205 (2009).

Suzuki R., Takizawa T., Negishi Y., Utoguchi
N., Sawamura K., Tanaka K., Namai E., Oda
Y., Matsumura Y., Maruyama K., J. Control.
Release, 125, 137-144 (2008).

Negishi Y., Endo Y., Fukuyama T., Suzuki
R., Takizawa T., Omata D., Maruyama K.,
Aramaki Y., J. Control. Release, 132, 124-130
(2008).

Suzuki R., Takizawa T., Negishi Y., Utoguchi
N., Maruyama K., J. Drug. Target., 15, 531-
537 (2007).

Fechheimer M., Boylan J. F., Parker S.,
Sisken J. E., Patel G. L., Zimmer S. G., Proc.
Natl. Acad. Sci. USA, 84, 8463-8467 (1987).
Suzuki R., Oda Y., Utoguchi N., Maruyama
K., J. Control. Release. (in press)

Li T., Tachibana K., Kuroki M., Radiology,
229, 423-428 (2003).



YAKUGAKU ZASSHI 130(11) 1489—1496 (2010) © 2010 The Pharmaccutical Socicty of Japan 1489

—Review—

RTNYRY — L EBEREMHERE LILBRHAORETT Y NY - AT LR
BEE—, % BRI ET,« K 70 JuUL—H#,° it

Development of Gene Delivery System into Skeletal Muscles
by Bubble Liposomes and Ultrasound
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Skeletal muscle is a promising target tissuc for the gene therapy of both muscle and non-muscle disorders. Gene
transfer into muscle tissue can produce a variety of ph ically active p and may ultimately be applied to
treatment of many diseases. A variety of methods have been studied to transfer genes into skeletal muscle, including
viral and non-viral vectors. Recently, we have developed the polyethyleneglycol (PEG)-modified liposomes entrapping
echo-contrast gas known as ultrasound (US) imaging gas. We have called the lip “‘Bubble lip ** (BLs).
We have further d d that US-mediated eruption of BLs loaded with naked plasmid-DNA is a feasible and
efficient technique for gene delivery. In this study, to assess the feasibility and the effectiveness of BLs for the gene ther-
apy of disorders, we tried to deliver th ic genes (anti-infl; y cytokine; IL-10 or anti-angiogenic factor; hK1
-5) into skeletal muscles of arthritis or tumor model mice by the gene delivery system with BLs and US exposure. As a
result, their disease symptom was efficiently improved by the systemic secrction of therapeutic proteins. Thus, this Us-
mediated BLs technique for muscle gene transfer may provide an effective noninvasive method for arthritis or cancer
gene therapy in clinical use. In addition, it may be applicable for the gene therapy of other non-muscle and muscle dis-

orders.

Key words—ultrasound; Bubble liposome; gene delivery system; gene therapy
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Encapsulation of
Perfluoropropane

PEG-liposomes

Echo-contrast gas
(Perfluoropropane)

Bubble liposomes

us() | Us)

PEG-Liposome Bubble Liposomes
GAS() GAS(+)

Applications:
1) Echo-contrast reagent
2) Gene delivery tool

Fig. 1. Bubble Liposomes

IR b2 T 5 & L TN IS
L, FRIZF v ETF—2 3> (%) »4ELC, €
DERT J3 % R L TEDRRUE T 2N~ LA
TEHAN, EBUIETRYZNDHTNS. 5 2D
FEVE, BRI U 7B o B 4h 4 & < AT
fETH D, BE - MR T AT 5 )73k
LTI ISR TWS o UL, ZHETHY
ENTVBYA 7 ONTIIREFE 4-6 um LK T4
A ZXMKEWD, HREHE~NOBITHEELS,
WNRGIIGERY A ZEREARW, Ez, Kl
EMIASTER WY, EMRESE S e
OHH/EFT REPWENERINTND,
ZOXSRBEENS, INETITAEERBEANE - M
Rz - MRTEIC RN, BEEBHLARIC TR
TEDZENWE SN TNDRITY 1 X4 100-200
nm QARYTFL T a— )L EMURY — A
(PEG-Y IRV —A)PIZEEH L, PEG-UHRY —4
KBS HEEH ATH BN -7 A 07N 24
AUIENT N URY —L&HBL L (Fig. 1), &
i, MEREEAE LTS 2045257,
#EPHE i (1-3 MH2) % 0F 14 2 {5 R I 75 3549
WETFINY—=Y—=bELTHfEhd (Fig
2).30 oIz RY— LK, B BENET
TEMIFMEEG S TERZEMMSTTWS, B
L&D, NTIWURY =LA 7 0NTILORIE
ZRRLEBHROMRTFINY == Eixd

EHEZBNS,

3. NTRYRY —LEHALEBERDRGETT
DAV D &V

MEED <A 2 ONT INZBEFE IR 2175 ENT
WD F v EF— a VEEMNEL, Thz
BRI )) & B 3EY R T ORI G A LA

nNtTtws, 22T, £9, NTWURY—-LDF v
EF—a iz onTHRM Lz dBENTH
WENSNT I RY — AT EF IS (1-3 MHz2)
21D LY SV TV OBENEE SN

ZOZER, NTWYRY —LOREIES F v E
F—va iFHnECLaEtERBLTWS
(Fig. 1). RIZNT U IRY — 4 & 3 Y 0 ff
MIZEDF v EF—2 a P &M LR TFEAN
g ip % COSTHlcx U T/, Hik&
LT, NTWURY—=AENS T2 7—ERET
S A2 K DNA (pDNA) ZEEihizifmL, s
12 I (2 MHz, 2.5 W/cm?, 10s) {727z,

Lm%ﬂk%%%%%%ﬁ& ﬂim

“ k' CRORFA

REST— ~mmﬂ mmv;na 2001 43K
[IE v Y N— 7 K8 (Leaf Hu-
ang #1%). MTFHEBAEME L
DDS - GDS OWFFEM IS Iz REYs.



1491

No. 11
'
'
'
'
E '
3 E '
fiUS probe Ultrasound
exposure
— QO
Bubble liposomes ' - scillation of
] E pes: Bubble liposomes
o) |
& . Plasmid DNA | Vet stroam by
+ cavitation
/ :
SIRNA —» 2 & %\ :
l
cell @ E
| Transient pore
'
Fig. 2. Mechanism of Gene Delivery System by Bubble Liposomes and Ultrasound
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Fig.3. Tr with Bubble Lip and Ultrasound
on Various Cell Lines
Solution of pDNA (pCMV-Luciferase) and Bubble liposomes were ad-
ded into cells. Immediately, ultrasound (Frequency: | MHz, Duty: 50%, In-
tensity: 2.5 W/cm?, Time: 10s) was exposed. Two days after transfection,
luciferase expression was determined.
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Fig. 4. Gene Delivery System into Muscle by Bubble Liposomes and Ultrasound
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Fig. 5. Luciferase Expression in Muscle Transfected with
Bubble Liposomes and Ultrasound
Mice were injected into tibialis muscle wnh pDNA (pCMV-Luciferase)
10 p1g and Bubble Ii 30 pg. (Freq y: |
MHz, Duty: 50%, Intensity: 2 W/em?, Time: 603) was exposed. Five days
after transfection, luciferase expression was determined. *p<0.01 vs. pDNA
with US. The Data arc shown as mean£8.D.(n=4).
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Fig. 6. In vivo Luciferase Imaging in Muscle Transfected
with Bubble Liposomes and Ultrasound

Mice were treated with Bubble liposomes and ultrasound-mediated in-
tramuscular luciferase gene transfer. After the transfection, in vivo luciferase
expression was monitored at 0-27 days using an (VIS imaging system (Xeno-
gen, CA, USA). pDNA (pCMV-Luciferase): 10 ug, Bubble liposomes: 30
g, ultrasound exposure: (Frequency: | MHz, Duty: 50%, Intensity: 2 W/
cm?, Time: 605).

(a)

Arthritis score

-

JRE S AV LA, R b TR 4R 0 0 1 MHz, 50% duty
cycle, 605) 12T, HikiEtky 1 bha 2 ELTH
SNTHA L0 ML T#I—-RLETIAIE
DNA % 01 5 —4 2 FEMEB R E T < AT
LT, BT Eils, FofHEENEL .
ZOY, M TO IL-10 & > \7 O FRB %
oL, BLE 1ABETRY S, Thid, 3
HEE E QR AR LTV, & S IHEI%HTR
2L, 2aT7LEEDS, BELMEROW
HAERe SN/ (Fig. 8). H7z, HERFHIMATIC

Lo Th, [HEIZOHEFTIT M D B R B
oMtnEnSh, ZoZEl}, NTVYRY -
Azdo T, BFHEHA T8 A S N LA S 2E

pDNA pDNA/BLs/US
Fig. 7. EGFP Expression in Muscle Transfected with Bubble
Liposomes and Ultrasound

Mice were treated with Bubble liposomes and ultrasound-mediated in-
tramuscular EGFP gene transfer. After 5 days of transfection, the transfect-
¢d muscle was sectioned and analyzed by fluorescent microscopy. pDNA
(pEGFP-N3): 10 ug, Bubble liposomes: 30 ug, ultrasound exposure: (Fre-
quency: 1 MHz, Duty: 50%, Intensity: 2 W/cm?, Time: 605).

Saline

Empty IL-10

BLs/US

Fig. 8. Gene Transfer of IL-10 Plasmid into the Muscle of Collagen-induced Arthritis Model Mice by Bubble Liposomes and

Ultrasound

Collagen-induced arthritis model mice were treated with Bubble liposomes and ultrasound-mediated intramuscular 1L-10 gene transfer at days 21 after first im-

show the

(a) These

of artritis in fore paw at days 49 after first immunization. (b) The development of artritis in forc and

hind paws were counted. For example, score | or 2 indicates moderate symptom. In contrast, score 3 or 4 means severe arthritis. In the case of the treated group of
IL-10 plasmid, the arthritis severity was significantly attenuated as compared with the treated group of saline or empty vector. *p< 0.05 vs. saline or empty vector.

The data are shown as mean:£8.D.(n=10).
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Fig. 9. Gene Transfer of hK1-5 Plasmid into the Muscle of Tumor Model Mice by Bubble Liposomes and Ultrasound
CSTBL/6 mice were subcutancously injected into right flank with BI6. At 7 days after injection, when tumor volume become approximately 50 mm?, intravas-
cular hK1-5 gene transfection into skeletal muscle by Bubble liposomes and ultrasound was performed. At 15 days, each tumor volume was measured. “p<0.05 vs.

saline or empty vector. The data arc shown as mean+5.D. (1=6)
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Development of a gene delivery system to transfer the gene of interest selectively and efficiently into
targeted cells is essential for achi of sufficient t effects by gene therapy. Here, we
succeeded in developing the gene transfection method using ultrasound (US)-responsive and mannose-
modified gene carriers, named Man-PEG;qg0 bubble li C d with the c ional lipo-
fection method using mannose-modified carriers, this transfection method using Man-PEGz000 bubble
gm’;‘:’r:srer ipopl. and US exp enabled approxi 500~800-fold higher gene expressions in the
Bubble lipoplexes ‘antigen presenting ce_lls (‘APCs) se.lectively in viv_o. Th'is enhanced gene expression was ccntribgted by the
Ultrasound exposure lmprovement of delivering efficiency of nucleic acids to the targeted organs, and by the increase of
Mannose receptors introducing efficiency of nucleic acids into the cytop by US exp Moreover, high anti-
Antigen presenting cells tumor effects were demonstrated by applying this method to DNA vaccine therapy using ovalbumin
DNA vaccine therapy (OVA)-expressing plasmid DNA (pDNA). This US-responsive and cell-specific gene delivery system can be

widely applied to medical treatments such as vaccine therapy and anti-inflammation therapy, which its
targeted cells are APCs, and our findings may help in establishing innovative methods for in-vivo gene
delivery to overcome the poor introducing efficiency of carriers into cytoplasm which the major obstacle

associated with gene delivery by non-viral carriers.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the post-genome era, the analysis of disease-related genes has
rapidly advanced, and the medical application of the information
obtained from gene analysis is being put into practice. In particular,
the development of effective method to transfer the gene of interest
selectively and efficiently into the targeted cells is essential for the
gene therapy of refractory diseases, in-vivo functional analysis of
genes and establishment of animal models for diseases. However,
a suitable carrier for selective and efficient gene transfer to the tar-
geted cells is still being developed. Although various types of viral
and non-viral carriers have been developed for gene transfer, they
are limited to use by viral-associated pathogenesis and low trans-
fection efficiency, respectively. For the cell-selective gene transfer,
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of Pharmaceutical Sciences, Kyoto University, 46-29 Yoshida-shimoadachi-cho,
Sakyo-ku, Kyoto 606-8501, Japan. Tel.: +81 75 753 4545; fax: +81 75 753 4575.

E-mail address: hashidam@pharm kyoto-u.ac,jp (M. Hashida).

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials 2010.06.058

many investigators have focused on ligand-modified non-viral
carriers such as liposomes [1—4], emulsions [5], micelles [6] and
polymers [7], because of their high productivity and low toxicity. On
the other hand, since the gene transfection efficiency by non-viral
carriers is poor, it is difficult to obtain the effective therapeutic effects
by gene therapy using non-viral carriers. Moreover, in the gene
transfection using conventional ligand-modified non-viral carriers,
since the carriers need to be taken up into cells via endocytosis
following by interaction with targeted molecules on the cell
membrane, the number of candidates which are suitable as ligands
for targeted gene delivery is limited.

Some researchers have attempted to develop the transfection
method using external stimulation, such as electrical energy [8],
physical pressure [9] and water pressure [10], to enhance the gene
transfection efficiency. Among these, gene transfection method
using US exposure and microbubbles enclosing US imaging gas,
called “sonoporation method”, have been focused as effective drug/
gene delivery systems [11-14]. In the sonoporation method,
microbubbles are degraded by US exposure with optimized inten-
sity, then cavitation energy is generated by the destruction of
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microbubbles. Consequently, the transient pores are created on the
cell membrane, and large amount of nucleic acids are directly
introduced into the cytoplasm through the created pores [13,15,16].
However, the in-vivo gene transfection efficiency by conventional
sonoporation method administering the nucleic acids and micro-
bubbles separately is low because of the rapid degradation of
nucleic acids in the body [17], the large particle size of conventional
microbubbles [15] and the different pharmacokinetic profiles of the
nucleic acids and microbubbles. Moreover, to transfer the gene into
the targeted cells selectively by sonoporation method in vivo, the
control of in-vivo distribution of nucleic acids and microbubbles,
which are separately administered, is necessary.

In our previous report [16], we have demonstrated the effective
transfection by combination-use method using our mannosylated
lipoplexes composed of Man-C4-chol: DOPE [1], and conventional
Bubble liposomes (BLs) [12] with US exposure. However, this
combination-use method is complicated because of the necessity
for multiple injections of mannosylated lipoplexes and BLs; there-
fore, it is difficult to apply for medical treatments using multiple
transfections. In addition, the difference of in-vivo distribution
characteristics between mannosylated lipoplexes and BLs might be
decreased its transfection efficacy. Therefore, it is essential to
develop the US-responsive and cell-selective gene carriers con-
structed with ligand-modified gene carriers and microbubbles.

Taking these into considerations, we examined the gene trans-
fection system for effective DNA vaccine therapy using physical
stimulation and ligand-modification. First, we developed US-
responsive and mannose-modified gene carriers, Man-PEG2000
bubble lipoplexes (Fig. 1), by enclosing perfluoropropane gas into
mannose-conjugated PEG,g00-DSPE-modified cationic liposomes
(DSTAP: DSPC: Man-PEG;000-DSPE (Fig. 1))/pDNA complexes. Then,
we evaluated the enhanced and cell-selective gene expression in
the APCs by intravenous administration of Man-PEGyggp bubble
lipoplexes and external US exposure in mice. Finally, we examined
high anti-tumor effects by applying this method to DNA vaccine
therapy using OVA-expressing pDNA.

2. Materials and methods
2.1. Mice and cell lines
Female ICR mice (4~5 weeks old) and C57BL/6 mice (6~8 weeks old) were

purchased from the Shizuoka Agricultural Cooperative Association for Laboratory
Animals (Shizuoka, Japan). All animal experiments were carried out in accordance

Bare-PEG;ggp bubble lipoplex

NH -PEG,,-DSPE

with the Principles of Laboratory Animal Care as adopted and promulgated by the US
National Institutes of Health and the guideline for animal experiments of Kyoto
University. CD8-OVA1.3 cells, T cell hybridomas with specificity for OVA 257 ~264-
kb, were kindly provided by Dr. C.V. Harding (Case Western Reserve University,
Cleveland, OH, USA) [ 18]. EL4 cells (C57BL/6 T-lymphomas) and E.G7-OVA cells (the
OVA-transfected clones of EL4) were purchased from American Type Culture
Collection (Manassas, VA). CD8-OVA1.3 cells and EL4 cells were maintained in
Dulbecco's modified Eagle’s medium and E.G7-OVA cells were maintained in RPMI-
1640. Both mediums were supplemented with 10% fetal bovine serum (FBS),
0.05 mm 2-mercaptoethanol, 100 [U/mL penicillin, 100 pg/mL streptomycin and 2 mm
L-glutamine at 37 °C in 5% CO,.

22. pDNA

pCMV-Luc and pCMV-OVA were constructed in our previous reports [19,20].
Briefly, pPCMV-Luc was constructed by subcloning the Hindlll/Xba I firefly luciferase
cDNA fragment from pGL3-control vector (Promega, Madison, WI, USA) into the
polylinker of pcDNA3 vector (Invitrogen, Carlsbad, CA, USA). pCMV-OVA was con-
structed by subcloning the EcoRI chicken egg albumin (ovalbumin) cDNA fragment
from pAc-neo-OVA, which was kindly provided by Dr. M. Bevan (University of
Washington, Seattle, WA, USA) into the polylinker of pVAX I. pDNA were amplified in
the E. coli strain DH5u, isolated and purified using a QJAGEN Endofree Plasmid Giga
Kit (QJAGEN GmbH, Hilden, Germany).

2.3. Synthesis of Man-PEG2000-DSPE and preparation of Man-PEGzpo0 bubble
lipoplexes

Man-PEG209¢-DSPE was synthesized in a one-step reaction by covalent binding
w:th NH3-PEG2000-DSPE (NOF Co Tokyo, Japan) and 2-imino-2-methoxyethyl-1-
ide (IME-thi ide was prepared according
to the method of Lee [21]. Next, NH;—PEGmm-DSPE and IME-thiomannoside were
reacted, vacuum dried and dialyzed to produce Man-PEG2000-DSPE, and then, the
resultant dialysates were lyophilized. To produce the liposomes for bubble lip-
oplexes, DSTAP (Avanti Polar Lipids Inc., Alabaster, AL, USA), DSPC (Sigma Chemicals
Inc,, St. Louis, MO, USA) and Man-PEG3000-DSPE or NH2-PEG2000-DSPE were mixed
in chloroform at a molar ratio of 7:2:1. For construction of BLs, DSPC and methoxy-
PEG2000-DSPE (NOF Co., Tokyo, Japan) were mixed in chloroform at a molar ratm of
94:6. The mixture for the of li was dried by
vacuum desiccated and the resultant lipid film was resuspended in sterile 5%
dextrose. After hydration for 30 min at 65 °C, the dispersion was sonicated for
10 min in a bath sonicator and for 3 min in a tip sonicator to produce liposomes.
Then, liposomes were sterilized by passage through a 0.45 pm filter (Nihon-Milli-
pore, Tokyo, Japan). The lipoplexes were prepared by gently mixing with equal
volumes of pDNA and liposome solution at a charge ratio of 1.0:2.3 (-:+). For
preparation of BLs and bubble lipoplexes, the enclosure of US imaging gas into
liposomes and lipoplexes was performed according to our previous report [16].
Briefly, prepared liposomes and lipoplexes were added to 5 mL sterilized vials, filled
with perfluoropropane gas (Takachiho Chemical Industries Co., Ltd., Tokyo, Japan),
capped and then pressured with 7.5 mL of perfluoropropane gas. To enclose US
imaging gas into the liposomes and lipoplexes, the vial was sonicated using a bath-
type sonicator (AS ONE Co., Osaka, Japan) for 5 min. The particle sizes and zeta
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Fig. 1. Structure of Bare-PEG;oqo bubble lipoplex containing NH;-PEG290o-DSPE and Man-PEG2qg0 bubble lipoplex containing Man-PEG2000-DSPE used in this study.



