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Skeletal muscle is a promising target tissue for the gene therapy of both muscle and non-muscle disorders. Gene
transfer into muscle tissue can produce a variety of physiologically active proteins 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 liposomes ‘‘Bubble liposomes’’ (BLs) .
We have further demonstrated 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 therapeutic genes (anti-inflammatory 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 secretion 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.
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Fig. 1. Bubble Liposomes
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Fig. 2. Mechanism of Gene Delivery System by Bubble Liposomes and Ultrasound
. oAt (Fig. 3). %7z, AHB AT ZAFAIZL>T, pDNA
pDNA+BLs e . "
pz " ‘. NAMBLorUS O35, EHTHETH S SiRNA bR <
8o 1E07 MNBEATELZEBHSNELTND, Y
o
2 2 1.E+06| 4. BELEFTAERCHETZBRHNDEERFTIN
%é 1.E+05| ) —DFEHR%
'Y N — N e
Rae— BEATERERDSE 21T, ERITH L Tea
ISHETCRBET 2 EMICH BRI SEAL, FE

Fig. 3. Transfection with Bubble Liposomes and Ultrasound
on Various Cell Lines
Solution of pDNA (pCMV-Luciferase) and Bubble liposomes were ad-
ded into cells. Immediately, ultrasound (Frequency: 1 MHz, Duty: 50%, In-
tensity: 2.5 W/cm?2, 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 with pPDNA (pCMV-Luciferase)
10 ug and Bubble liposomes 30 ug. Immediately, ultrasound (Frequency: 1
MHz, Duty: 50%, Intensity: 2 W/cm?, Time: 60 s) was exposed. Five days
after transfection, luciferase expression was determined. *p<0.01 vs. pDNA
with US. The Data are shown as mean=+S.D. (n=4).

SN/ (Fig. 6). TOHRBIL, Aa<id 4 HHH
WEFE L Tz, 52 EGFP 23— RLU %
7T A2 REMMEMANICFERROFIETEAR, %
FHVRFEBURIT &2 HOCEMB T T o & 2 A,
TS T Y 7 Ik 77 U 7= 35 72 EGFP B h
WT&E7/ (Fig. 7). ThooZ &iF, MRRNIC
BAINIZNTIVURY — L0, BEEBEIONE
T, REI<HEL, TSI FvyET—T 3
CHEENE L TERTEMBANEES S
bOEEZOND, T, BEOELGTEAREE
L ClgjA < -l 5T % Lipofectamin 2000 (-
ceEbhnY i) TR, FEAEEETEAENE
MBDLNBNoZENS, NTINVURY—LD



No. 11

1493

in vivo TOEWE HMEIREI N,

6. FBMETILADIEH

Kizhnbiud, NTWVURY—LZ2FHLEE
ERBEERELRETTUNY =2 AT L0 M2
SMETBHOIT, EEEBYET I ADILHZ A
=D THEHT 5.

6-1. BFHXETILY T ADELTAEE
S5KO6 DFREFITREIND X DITNTIVYRY — A
ZRIHT 28N OBEERELRTEANNREK
HERINZZEMNS, FROBASME GBASRL

Figure

10

17 27 (days)

(o8s/ugjoyd g0 X) S3UNOD UOJOYd

pDNA/BLs/US

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 IVIS imaging system (Xeno-
gen, CA, USA). pDNA (pCMV-Luciferase): 10 ug, Bubble liposomes: 30
ug, ultrasound exposure: (Frequency: 1 MHz, Duty: 50%, Intensity: 2 W/
cm?, Time: 60s) .
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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-
ed 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?2, Time: 60s) .
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Gene Transfer of IL-10 Plasmid into the Muscle of Collagen-induced Arthritis Model Mice by Bubble Liposomes and

Collagen-induced arthritis model mice were treated with Bubble liposomes and ultrasound-mediated intramuscular IL-10 gene transfer at days 21 after first im-
munization. (a) These photographs show the development of artritis in fore paw at days 49 after first immunization. (b) The development of artritis in fore and
hind paws were counted. For example, score 1 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+S.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
C57BL/6 mice were subcutaneously injected into right flank with B16. 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 are shown as mean+S.D. (n=6).



No. 11

1495

E TR HMERIEMZMRET 2BERERIKDO 1 D&
LT, ZTOAHMZRETEEZHDEEZ LGNS,
ULNUTa s, BiWziagi sy > N7 8 ORGTHE
ETBT R, BRICKS TR, EENRVESEe
MERICPBNWTHEHIERL 2 AEEES >N BN
ERL, T EERAERZ5IEEIIR/NGE
Z6N5. FlAE, SREOXD BHFREEY 1 N
A PMEFEY NI EE W REBEICS
WTit, EMo2aERICE> T, ZEHOK T2
SIERIL, ZNATHFREYEIC DI 5B
M MEREEZFRIBTLED I EREBBHIN
%.

TN A, S8, WERY N EHOEET
FRARy 5 —%2 T RT DT ETRERORENMZ
I2bO0—IVTHZEREEFWMESELY NIE
IR~ DR ZE T 55 2 & T, BahD
BIBRIRE 2 IRA > MBRENATREE /2% EHIR S N
%.

8. &HVYIC

BETLENEEL, REBEEBELATORRCE
BTN OESITEY, ZOEHZEFMEL TA
BETOBEBTIHRENOHRENES E-> TS, EE
DR L2 HBIETOERICHLT, #HET 5B
TEYEALEZD, REEMADT7 > F L AZEA
LZ0DT5HEMEZINTNS, LML, Wih
DBBFITBNTSH, RS EARMNNEEL THD
THRBENREEETES, TOLDRET, NI
URY =LK D2 BEHNOBERELRTT YN
V=2 AT L1, FRHEBRFEEEZSNS. FEA
T U7 BAE RN AIRELSNC S, RO E % 5
k92 Z EMuTRE L7 dUE, RYWE-O TRt R s
EDWRBICHHEMHEAEHZILRTESDHDEEDN
L. BRISHICBEL T, X585 RO
ROSNDM, AWFEEED, TOREHND &b
ZEERHMFELW,

BEE ARTHI L ZUZERCRIE, EITHEEE
FER I AR IR A B E E AR AR AEY
FFEE AU —REE A, SR seitdk & DI
HEO—IREL TITONZHDTH S, WFEETTIC
TWHNTEN 2B EBE QLA T (R Il thig
+, AmEmEEL, BERETEL REETEL,
PEEEEL) ITE#T 5. £k, AMRRTICT

o JITE N 72 BERTK 2 Bl 2 B0 JE i A B0 - ILAR L 5
ek, WHAKEEE R > & — KRBWE O AR - B
BHEEE, BERBAICET 2NN CEE %
THW 2 18 B RS2 R AR A B - SIAETCRRSE/E,
Ty NN =W - RIEZK, 8iARFE R RITHRHS
%, 51T, AMHEIIMIITEGEAH T RILF — -
PEERAMR A PR (NEDO) (Industrial Tech-
nology Research Grant Program (04A05010)), X
BERUFE - BT (18650146), FLEHFZE (B)
(20300179) DIFEENRICE D EKITSNADBDTH
D, ZZIXHEERLIHEEZRLET.

REFERENCES

1) Nishikawa M., Huang L., Hum. Gene. Ther.,
12, 861-870 (2001).

2) Niidome N., Huang L., Gene Ther., 9, 1647
1652 (2002) .

3) SuzukiR., Takizawa T., Negishi Y., Hagisawa
K., Tanaka K., Sawamura K., Utoguchi N.,
Nishioka T., Maruyama K., J. Control.
Release, 117, 130-136 (2007) .

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

5) Negishi Y., Sekine S., Endo Y., Nishijima N.,
Suzuki R., Maruyama K., Aramaki Y., AIP
Conf. Proc., 1215, 299-302 (2009) .

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

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

8) Tachibana K., Tachibana S., Jpn. J. Appl.
Phys., 38, 3014-3019 (1999).

9) Mitragotri S., Nat. Rev. Drug Discov., 4, 255—
259 (2005).

10) Lawrie A., Brisken A. F., Francis S. E., Cum-
berland D. C., Crossman D. C., Newman C.
M., Gene Ther., 1, 2023-2027 (2000).

11) Taniyama Y., Tachibana K., Hiraoka K.,
Namba T., Yamasaki K., Hashiya N., Aoki
M., Ogihara T., Yasufumi K., Morishita R.,
Circulation, 105, 1233-1239 (2002) .



1496 Vol. 130 (2010)

12) Maruyama K., Ishida O., Kasaoka S., Taki- J. Control. Release, 98, 195-207 (2004) .
zawa T., Utoguchi N., Shinohara A., Chiba 13) Cao R., Wu H. L., Proc. Natl. Acad. Sci.
M., Kobayashi H., Eriguchi M., Yanagie H., USA, 96, 5728-5733 (1999) .



