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AER 3

EE7BR AR S (RREEME MAER
(ReFE) MIEMEE

MR R - BhERILsIRNAREER O MR & BB EFRBHEA O RN
WREAREE L & FEBRFERFEREZVFR H#E

WRES : AT, MRESEN « B3R ISRNAREERZHEREL. #
BEFESRENOINRZBIFT. SEER TMERERZARERE
ERITHBEFEEEE Y ) —ZAEMNT IV R — A% BN /zsiRNA
FTUNY—IZ LB RIGEEBEVEETH 2. BEHEREMT L /—X
BENTINVURY —LABHZANT., FPROMENEEOEBICES
T 5HRMEERTACAM-1) 1259 2siRNAE DEEH EREEETO
ANENRRSEDCLPSEREN R ETILI T RIZH T 3 KB RO Fh %
Tol, TOME, BEHERER<T ) —ZEMINTILY R — LBH %2
A5 Z &T, ICAM-1 siRNAZ R i B PN B2 #l fd - Kupfferfli fd 7 & D
B EEEHRENERMICEEZEIN, LPSEREFEZEETINITARS

WT, FEBHREDRERIET 5 I RSN

A. BIFEEM

K DR #E zin vivorkE L, NEWERWTE
TEhgias « M 2 & & U= B i FHEERRAT I DN IR
REE TV EMIERRIC L BRI EENEIRT /Y >N Y
BBIXUBRERRCERFAZRESI Y81
FHEEBUT, BIEODDSTA 71 T AWK
ROERICHEKT 5. TOEBRO-DITIL, ErOHM
RICEBER % 2ZT 2HNORBNRYRTH
0. BE, AP TR Y—BERMNERIITONT
W5, EDDOTEE, siRNAZ A WERRADDS
EEICXDEENRICEAT s2HMEN TN, 50D
EERAFPHFFINTWVS,

URY —LPERFREETAINART F—I
LBEER. BRERENE, £t #AEROES I,
SEEHTMRRR TOFEATCE FERICBWNT
x93, HEESID. HEZE/R T2 &8
DEBICAL. BEREERRE AT 25EHE 2%
BRICRBEINSG LD TFRELIEER T
AU RY—LAERFELR, TO%. £5 - Fk -
ML N TOEENZEEBANT - @b EiT0n,
M BRI BY I LB EE A DN TR R BRI R Th
Liz. /2 BEMHVR T Ly 7 ZAENTIURY
—LADGER & B F P (ultrasound; US YFREHZ & D=
MR TOMBELCE DLW BRTFREOKR
WZRRIH U 7.

ZDOED2ERZERE U TAMETII, HE
SAREZED TVIBHII L 25K FORE
RRFRICED<in vivoF B BTHICLSHRE
LzHASHOEHADDSEN %2, AlE L —XH%
<EFETOZRIIER DR T & 2siRNAKE X
WKINRLHEEED S, 3512, FEaEFERENEIT
IR (FE) MiEEENE L-BREEICK
LHBETREBITT 2HRBREEREEZ HIET,

EBIL. BFEREE~< ) —ZEHNTIID
Y — n(Man-PEG; gy bubble liposome) D%k &

AN S DB E KRBT XK SR DENE D
MRS R - BHRIZSIRNAD EERORFE &R
BREANQISBAVEETH %,

B. M A%

LHOUVEH DI E TIE. ICAM-1IZX75 3
SIRNAZ i W T A 1R & PR iR % 3R
ELEF ) AT 42 ORERUVF RN DODDSER
BETD>FETH-o7=. DDSEAEL T, ¥/
— ZEMNT I RY — L (Man-PEGye bubble
liposome) % AW, REHM/INTINVIUERY — A
(Bare-PEGy g9 bubble liposome) Zxt#8& L CTFHMmL
Too EEHMRELTIE B4 D75 A2 RDNAZA
Wz LLET O 4 (Biomaterials, 31 (30), 7813-7826
(2010) ) TRk 9 & 5 I . DSTAP: DSPC:
Man-PEG, 00-DSPE% E )L T7:2:1 DEI&G TRA L
ZH0ERAN, VRV —AZAKE, N—7) 410
TanN HAEHALR,

CEBAL. KT RREOMICENMEER, ¥
—ZBAP—F ) (RIWN— 48 X0 2E
BIkol. £7=, LPS/D-HS 7 b3 OBERA
BEICEDLPSHEREFRAET NI ZAZERL.
10 ug siRNA/~Y 7 A (CSTBL/6 R ™ A, 1719
g) OREETEAMRIVZEGL., 5 #RIITUA
MERER 5 ER20 mmd T O0—T72ANTREE
(US) B&& (frequency 1.045 MHz; duty 50%; burst rate
10 Hz; intensity 4.0 W/cmz; sonopore-4000 sonicator,
FYNT— 4B % 2 ST

Frig s ICAMI B OFFMEIY, ELISARE & E &R
PCRIEIZ X DT o7z REHYA M1 ELTIE
Mi{FTNFo, IFNy, IL-6{REEZELISATEIT X O ¢4 L
Joo FFEHEICEAL TIHX. IMIEALT, ASTIEE Z8IE
Uiz. E7o, FFEBYR 2ER UBEMETORE .
7> 72. siRNA (21 mer) iZ¥—>FHA UL D
AU, BFI0BE LRI 2172 - R, BEMIZIE.




LToRAZAETSHOEZANE., 5-GAA AGA
UCA GGA UAU ACA AdTdT-3" (2 > A ), 5’ -UUG
UAU AUC CUG AUC UUU CdTdT-3" (Z>Ft>
A#) . WB&Dscramble siRNAE L TId. LLFO%H
D%MWW/, 5-GUA CUG UAC CAC UCU CAA
AdTdT-3’ (# > A8) . 5’-CUG UUC CGC AUU UUA
AUUUATAT-3* (F > FE A8 .

HAREHIT, alexa-488% A\, ADDSH A %
5 1 KR%ICaI 57— YEREICL DIFEEE
M S HEIEEEMEZ2BEL . X SICHEIEEE
MIRRIZBIL T, RS BRI X O HER mE
AR HIRR & Kupffersfifl Z2 5B L 7=,

(fm BRI~ D BCE)

EYERZITOICH0,. RERETRES N
BMERGRREICK->TTO bV ZERL. &
BEEANE > TRBEZITZE EHIT. ERET
FRCiX 7O b )L 28573 5, @412, DNA ZED
BOERZTOHEEIFARIER LR, RERE
BLUOERFOLLZITTHREL TiTo /2.

C. WFoesse

FFIBIC BV 2 RIE R VIR & 72 ). SARAOALE
PHARFHICERL THEESIND I EMNREINT
VB, BRINBKERGOEEM, Heiin.
WNC T DFERBIIZRKICED ., T 2 THEH T,
RERIEDETNEMELTURRIB Y HFA R
(LPS)ZEENHREG L TIER L ZaEFRET NI
WML, X/ —RAEMHNTIN) R —LEBEHE
(US) BMHEDPERICL > TV /) — AZEEEBM
BT & 2 & P 2 #1821 ICAM-1 siRNA % %3
L BRRENR DM ZITH 2.

1-a ICAM-1iZ3}3 % siRNA BBFID Rk

‘ siRNA % B W RBEBREIIPW T, EMNEET

DORBMFZNEOEBDHIL5 T, off-target ZHRD
BHEEHERTHETH, siRNA EEFIOR @I ESE
THb. T I THHFE T, 100 ng/mL LPS 4LiE % H
L ARMENZHMRNRSEERZRANT, 3
FEXARCSID ICAM-1 siRNA W TN scrambled siRNA
(Fig. 1A) 12X 5 ICAM-1 OFRIRMFZIREZEEN
PCRIKIZK VRRE L 7,

LPS 4LED 24 BRIATICAFERMEEERZN L
BRI NI AT T a CAERILARETH
% Lipofectamine® 2000 DHEXE T 11 k)L IZHENE
SiRNAZ M AT7 227 a > URE L.

Z DR, Fig 1BIZRT X DIT 3 BEO ICAM-1
siRNA £ TIZ B TERE /S icam-1 mRNA D FEIEM#]
BRD 5. BT sequence 1 D siRNA IZBNWTHED
B ) icam-1 mRNA F 3 HIH]%h A
ARFEIZ B TEIR L 7= scrambled siRNA (25T,

2N, —H,

icam-1 mRNA OREHMHFRIIBD SN h>7%2T
&M 5 (Fig. 1B), off-target 3R IZ K 5 ICAM-1 FIEHH
#HTIR2<, BASERNEBGETF / v ¥ 98
THEIENRB I,

Lk, EHFEITHB T sequence 1 D siRNA iff
NZ EE2 scrambled siRNA Z2BAWTELF O 2T
-7,

A
sequence 1 sense: GAAAGAUCAGGAUAUACAACTAT
antisense. UUGUAUAUCCUGAUCUUUCITAT
sequence 2 sense CAGAGAAAGAUCAGGAUAUITAT
antisense: AUAUCCUGAUCUUUCUCUGATAT
sequence 3  sense. GUACUGUACCACUCUCAAAITIT
antisense: UUUGAGAGUGGUACAGUACITIT
scrambled sense: AAAUUAAAAUGCGGAACAGATAT
antisense: CUGUUCCGCAUUUUAAUUUATAT
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Fig. 1 ICAM—1Lﬁ‘?’éSIRNAE§l]T“f4‘J (A) &LPS

THRRL-THIAFERLFEARARMEDILIERRICE
I+ %icam-1 mMRNADQ ZRIDHTHR (B)

1-b MRERETIVAFOLENEMRICBITS
ICAM-1 BB MFZIR

F 9 in-vitro 12BN, LPS LEIC L D ICAM-1 %
B 358 WA 8E < U 2 mE R E ke iz xt
L. 2/ —RESINT U RY — b EBERBH
ZFJFA L72 ICAM-1 siRNA #ZiZ L 3 ICAM-1 ¥
WEIEhEZBRIF L /2. ICAM-1 siRNA ZAWTEE
WPISEHURY —LESEZER L=,

FORR, N—7NFaTanOHAENE
BOBBERRD S, VRV —LABAERANDBET
BEEHAOHAVERINGZ, /2. ICAM-1
SiRNA ZFWTER L &) R — LEREDY
BRI 2R T RGN REBHRE T, RE
#i/N T I D R — AIRNA BEEROR > ) —X
BN TV D R — I /siIRNA BEEDORFREN
RESMHIFNFN 1063 + 59 nm, 472 + 42
mV &Z0108.0 £ 62nm.49.7 = 6.2mV TH 7=,
Fz, RESHINT L) RY — L/SIRNA EEHERUY




> ) —=REMINT IV U RY — LJSIRNA A K DKL
FREVETEMMIIZNZIL 545129 nm, 49.8 £
7.8 mV &KX 547 £ 16 nm.47.0 £ 3.8 mV TdH > 7=,
N5 OESAHROMBILAEEOEIX. LLaTo
pDNA #EEICBITSHRA LB —HTZHDT
H5,

s >
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Fig. 2 5 RARFIEAEHIMIEER icam-
1 MRNARB D BIEF /975 20 DHBRICRIF
TEHEBFNOREE (A B) L% (O

RIZ,LPS LB D 24 BERRTIC R B E AL Z A
WT ICAM-1 siRNA Z#J{CE58 < o Z fF & N
MR REE L R, YA mENEMEIZS
7% icam-1 mRNA RBHIZ, <>/ —ZEHNT )

JRY — L/siRNA BEE OB MIRIMEF naked
ICAM-1 siRNA ENT IV R — AABE KR US)E
HEHATIWNRDY )R L — 3 ik, KEM
NTNIRY — A EBEFRUS)BFOHAHIZELS
ICAM-1 siRNA 2£iERF & B L T, v >/ — X &ff
NTNVUVRY—-LAEBEEBHEEZRARL
ICAM-1 siRNA ZZEIZL D BHLBAFICHHIEI NS
Z EAVRE N7z (Fig. 2A). BRERIT, v/ —RE
fINTINURY—AEBERUS)BHOMAIZE
% ICAM-1 siRNA ZICHWNTH, BHFRINEH
YRV —L/sRNA EREE, BT ) — A
BRI L SN E OMBEERIZEKIZEN, 2
FIMIIE N B B AR DOBAE NS I & %R
BLTWD, £/, 25 0O# 21T scrambled
sSiRNA TRBDENT . AFEKIZL S icam-1
mRNA FEHHI%) 21 ICAM-1 siRNA IZRE T3
ZEOMRBTER TSI ) —RAEMNTILY
BV — L/SIRNA EEK EBEHRUS)BHIZKLS
ICAM-1 siRNA EZEIZHE D icam-1 mRNA FEBRMH
$HET. BBEAREELLTAREINS
Lipofectamine® 2000 iZ L& L 7= (Fig. 2B). —K4. ¥
EE A TS MIlEERS. RS AT
733 AlgERARETH S Lipofectamine®
2000 IZPWTHERRD NN, v /) -2
8N T U RY — ASIRNA EE4E EBEHKUS)R
HICELBREZETREFEAERED SN Aho 7
(Fig. 20).

l-c ICAM-1 siRNA OFFIRNS 7kt

LPSHERUFATTIIZBNWT, RERIGHE
A HR IV OO M A K MR B ICICAM-1 72358
HBpEIN, FPROMENKHREOESE. [
in, MONCHBNREEFICEET S, o T,
in-vivo 1Z 3 W T i & PN 2 # A 2 R 89 72 ICAM-1
SIRNAEZZEZZER TS Z &4, ICAM-1FIMENC
HIOHREBBED-DICRARTHBD T, K
W2y ) —=REHNTIVURY — A ERBT R
17 &k % siRNAEZER DICAM-1 siRNA DT A 5
TR ERF L. 2 ) — BN T )Ry —
LGSRNABEAEAREBEHRUSBHAEAIZLD
Alexa-4881E3KICAM-1 siRNAZ 53E L. 1RRIRIC
A5 F—EERICL OB EREMEEIEEE
MRRICa®E L7z, ISICHEEEMEZ~ T 70O
F— XEH B ~ U 2 F480 ¥ & ¥ NI
CD146(LSEC)TifEk % F W= EE MR 2 BRI L D
Kupfferffifid & AP BN EMBIZOE L, TEh
DESHZ BT 5 Alexa-488 K D E IR E Z2HE L
/7o

FORER, X2 ) —REMNTINIRY—hLE
BT HUS)RBH ZFH L ZICAM-1 siRNAZEZIZ
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Fig. 3 ¥IRAAEHAFAEBIRATSL. BF
EERNEOFEAERSH

K0, XV —AZEEFEBMA T & % Kupfferifl
fi& & FF fn & PR I I 3 W T8 5 N B ICAM-1
SRNABITRIZ., ¥/ —AZBMRERBMET
HLHIFEEME LB L THEICEWI EMNHS
ME72o7z (Fig. 3) —H. REHNTIVRY—
L EBE W US) B DB A IZ &L 2ICAM-1 siRNA
EETIE, Y2/ —ARBERREAOFEICLS
ICAM-1 siRNABTROZRIIBDENT, <>/
— ZEMINT V) Ry — L EBEFHUS) RS Z B
Wz HETIE. ICAM-1EEMENTE D < FIRIER
EOERIMNE & 72 % FF i P R MR I R B 2 2R
H)72ICAM-1 SiRNAEENAHETH S Z EAVRS
Nniz.

1-d FFEEICHBVT 5 ICAM-1 FEHHIZ) R

RIZ, LPS/D-H 7 MY I VEBERHBRGITED
RERISOERICEL D ICAM-1 BEZFEIH-
RO/ L, 2 ) —ZEMNT VIR —LE

FHIES ZFIH L T ICAM-1 siRNA 2%ET %
Z L& S ICAM-1 FEMFEZIREFML 2. &
BB ALEZAWTY U RIZH L ICAM-1 siRNA
ZRE L7z 24 BTRIC LPSD-H S0 b &
RERENIR G- Uy 2D 3 BRI T & PR i 2
BipfE U CHIIEA icam-1 mRNA. 3 N RIRREE Fic
Bl 5 ICAM-1 HEEZFHE L 7=,

TORER, X2 ) —ABHNTIV)RY —L&

T US)IBE ZFIH L7z ICAM-1 siRNA %E3EIZ
IOFMENEMILICBNTESND icam-1
mRNA FEE &I, v ) — 2 &) R — L/SRNA
# AR, naked ICAM-1 siRNA ENT )V URY — A
BT A0ERDY )RV — a ik RESN
TV R — L/SIRNA A &8 (US) B4 B
FIIZ &% ICAM-1 siRNA p&3ERF & bk U CTHREIC
BWZ EAVRE Nz (Fig. 4A). E-MEKE ED
ICAM-1 % >N BFEIZDWTH ELISA HkiZ &
DI LZRER, <> ) —ZEMNTIV IR — 4

LPS stmulation
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FlERIRARE, BERESEOFRERALE
A EABRRIZE 11 HICAM-1 mRNA (A) & UIC
AM-1 22/ B RBROFE(B)

EBEHUS)BHITL D ICAM-1 siRNA Z%ET
5 ZET. BbEW ICAM-1 BEMFHENES
17z (Figs. 4B), E7z. FEROERIZ, VTS >
TO7 4 2 JETHRERI /- (data not shown),
—F. T35 O#ERII scrambled siRNA TI33R%H
5N, AHEIZKD icam-1 mRNA KN ICAM-1
FEHMIHIZN L ICAM-1 siRNA ICERTSZ &%
WMRIN. o T, /) —ZEHNT VY RY
— L/SiRNA A EBEFRUS)BHZFA L
ICAM-1 siRNA #EiELICEL - T, LPS FERAMAF
RETIIZBIT S ICAM-1 FIHH 23R
HIATEETH V. LPS FIMITEE T 2 RIER G ZE M
HITE D AREENTRB I Nz,

l-e HMBAANOIFHEREE, M NTRIEMEY
A A CEEEMFIZIR

LPS FEDHEFROREMNMCH VTR, il
BN MR LEIZ ICAM-1 DSFE L, ZHUTHEWEF
FEREZEDMEBNZENERZIN, TORBELE
I HRERSE & 0 67 P ER R OV BEERE AL IR F D 530
WNTRIEHES A1 MO D EEANFEIND, T
Z TR ) —AREHNT VD RY — LIIRNA BE
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Fig. 5 LPSEERMEFRET LI IAANRER
FlEiRARS . BEEBHEORRIZSTS
i18 MRNA (A) & &Umcp-1 mMRNADFE (B)

1k LB (US) RS ZFIH L7z ICAM-1 siRNA 12
&£ % ICAM-1 FHMHENLED . LPS/D-H 57 b
I UBHBHFRETIVNT ZTB T BIFHERD
FLEE P MBI R 237 L 7z, ICAM-1 siRNA
EIE 24 BERIC LPS/D-H 5 7 M9 2 &2 MEIEN
B5 L. 0 6 MEHICHEIC B 27 EREL
HEEF -8 mRNA N BEREALIER T mep-1
mRNA ZFHl L 7z,

NT. control naked sIRNA
e
Bare-PEGyu Man-PEG, naked SIRNA
Tipoplex ipoplex +BUUS
: s
7 7 et
e

Bare-PEG,y,, bubble
lipoplex + US

Man-PEG, g bubble
lipoplex + US

Man-PEG, g, bubble lipoplex
(scrambled siRNA) + US

£ /

Fig. 6 LPSHERMFREFITIAAGER
AEBIRARS ., BEEBRHEOMRIHT5
FHREEBOFE

TORER, OB EEELE LKL, v/ —
ZERINT IV ) IR — L EBF ik (US) B4 2 FI B
L7z ICAM-1 siRNA £ZEIC K> T, KA il-8 K&
U\ mep-1 mRNA FEEU R R bR RMITHHI SN S
Z LIS &7 o 7z(Fig. 5). %7z naphthol AS-D
chloroacetate %12 & 0 fKkMNIZIZTE L 7= 8FHERD
PR ICHMEBERR LR, <> ) — 2 EHIN
THVIRY —LEBFRUS)BHZHAHAL T
ICAM-1 siRNA Z&5E L7z ZRFIgIC BN T,
FHERREOREENRBEKN Z & RSN/ (Fig.
6).
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Fig. 7 LPSHERMEFRET I IAAEER
FENRASS . BERBRHEOLFHITS
TNFa. (A), IFNy (B), IL-6 (C) iR D EE




KIT T2 ) —ZEHINT N RY — L E B
(US)BRS 2 Fi U /= ICAM-1 siRNA 12 X% ICAM-1
FEBHIENT A D g HRAEME YA N A > ii
Z5H4fi L 7=. ICAM-1 siRNA 3%3E 24 BERAIC
LPSD- 57 b I EEREAZRESL. TO 12
R O MG P RIEMY 1 N A1 BEFEL 72
FER. MET TNF-o. IFNyKR N IL-6 BEIE< >
) —ZEMNT IR — L EBEF R US) R 2
FIF L T ICAM-1 siRNA Z3%3ET 5 Z & TRHE)
R END Z ENHE N ET2 07 (Fig 7)e
BRIy —ABEHNTIV )R — L EBER
WS 2 FH L 7z ICAM-1 siRNA BEEICHENE SN
% I 5 OfERIZ. scrambled siRNA TiEWTNd
PR 5 37870 o 7z (data not shown), /> T, ¥/
—ZEHINT IV RY — L EBEHHE(US)RE 2 F
A L7z ICAM-1 siRNA #3£12 L % ICAM-1 FE
HlizpE, LPS BERMEFRET IV YT ZITBT

WNTRIETED A N A1 2 EENEF IR S N
BT ENTREINIZ,

1-f FFEEEMm

LPS stimulation

E

®
8

8

Transaminase activity (IUL) 3>
» 3
8 8

o

naked SIRNA

ralad sPNA
lipoplex
m
9
Man-PEGqy, bubble lipoplex
(scrambled SIRNA) + US

lipoplex

Bare-PEG,q, bubble
lipoplex + US

Man-PEGqq, bubble
lipoplex + US.

Fig. 8 LPSEEREFRETILIIAAEGHEFE
WIRAIRS, BEREREOMFTHTDALT,
ASTELE (A)ERFREAEHY] 5 #15E(B) DT 4E

IHIEY Y ) —AEHNT IR —LEBE
T(US)BRS ZFIAI L7z ICAM-1 siRNA I L 5
ICAM-1 FEMHENZLES LPS FE AR OMH
HRE,. OFEP ST AT IF—EFEEE NI
Hematoxylin-Eosin (H&E) F¢falZ 3D < M2 RIRE
fEICZ ORF Lz, £~/ —ZEMIN TR
YA EBEHUSEHF ZHA Lz ICAM-1
SiRNA EREIZHEW, LPS/D-H 57 b Y3 U iFEA
HEFRETIN D AR L THLNZMmMEF 5
AT I F—CEEOMBIBIRERF T 52D
ICAM-1 siRNA 243 24 [$ff{%(Z LPS/D-H 5 7 h
2 EERERERS L. F 0 24 K% O Mg $ ALT,
AST EHZHE Lz, TOE. < ) — A&
NTNDRY —LEBERUS)RFZRHL T
ICAM-1 siRNA ZHEELZY DY ZIZBNT, MfE
H1ALT, AST fEHEARBBEZEICHFI S N5 Z &0
JRE N7z (Fig. 8A). E/2fFIE D H&E Fefai%Iz BAM
BB LUMER. LPS FERHEFRETIN IR
DORFIEIZ BV TIEF mERE DL, B mE
PN B S R D B ASTRD 5Tz — . v ) —
ZEMNT V) RY — L E@BFHUS)REFITED
ICAM-1 siRNA Z%E L2 U AR TIE EEED
EOBMEZLRBEEINT. KLUBOS T A
i & A4k D H&E e h 85 = #17=(Fig. 8B). LA
FEOHIRELD., 2 ) —AEHMHNT N IR —L&
B (US) RS ZFIH U7z ICAM-1 siRNA 2£E T
V. A A R IR BV B 2R 7 ICAM-1 76
BIHNAE S 7 R ER OFRRRPIIRT, M N RE P
YA MhA VEAOMBIZHEDE, LPS flici
WY % JiE RS 2SN BRITHIGITE 5 T EARM
Nz,

ZZETY ) —ABHNT NI RY—LE
B (US) ST & L 72ICAM-1 siRNARETEIZ
Eo T, RERISOETINEHELTARINS
LPSIZEA L 2 B A ET IR L TRWHR
ENRMFENDZEEHASNMILE. LML
B5. BRICBWTIZEEZ 723 O 473 5 THF
HIALEFIC K > TORIESRFE I NS /29D
) —ZEHINT IV R — L EEEF IR US)
S EFIH L7ZICAM-1 siRNAREEIC & 2 HiRIER
FEOMHRKICH T REE Z2Batd 27201213, 2%
HRRETTIVICHLTAEI TH DI EERTH
ERNBHDH, TIT. MELRFECCL). P AFI
ZhOVv7 I (DMN)FERME%. WO i
P (ischemia-reperfusion; IR)EFEEETIVT
TARBNTH, ¥ ) —2EHNT IR —
L ERBET WS ZFI A L7ZICAM-1 siRNAEEIT
K BHIRIER R DI Z1T 5 2.







B USRS ZFIH L 7ZICAM-1 siRNAEEEIZ
K BICAM-1REMHI S SEEEFL - EE
ETNIURAZBT B RERGAFRIEZ, MF
PRSI AT7IF—EEERIEICK DML /.
¥R & 75K 38 A ik % A\ /= ICAM-1 siRNAEE 24
P12 CClL,. DMN# G NIZIRALE 217V, £
D 24 BEEHOMIEFALT, ASTIEWEZHIE L /2.
TORR NWTHORMEFL - FEEETIVT
DZIZBNTH, ) —AEHHNT IV IR —
L EBFHEUS)BH ZFIH L /ZICAM-1 siRNAE
BIZK D MmiEFALT/ASTIE ME 23 & BEE 1T &I
IN/=(Fig. 10). AEDOHIR LD, <>/ — X
NTNVIVRY—LAEBEERFZAAL =
ICAM-1 siRNAREEEIT & 5 2tk K5 Rt H 1%h =
&, LPSFHEEBMERFR DB 5 THE A R EFL
ERUFEEIZH L THRHENDE T EWRINE,

D. 8

FETH, Y2/ —AEHNT VIRV —LE
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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 achievement of sufficient therapeutic effects by gene therapy. Here, we
succeeded in developing the gene transfection method using ultrasound (US)-responsive and mannose-
modified gene carriers, named Man-PEGyggp bubble lipoplexes. Compared with the conventional lipo-
fection method using mannose-modified carriers, this transfection method using Man-PEG2qg9 bubble
lipoplexes and US exposure enabled approximately 500~ 800-fold higher gene expressions in the
antigen presenting cells (APCs) selectively in vivo. This enhanced gene expression was contributed by the
improvement of delivering efficiency of nucleic acids to the targeted organs, and by the increase of
introducing efficiency of nucleic acids into the cytoplasm followed by US exposure. Moreover, high anti-
tumor effects were demonstrated by applying this method to DNA vaccine therapy using ovalbumin
(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.
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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.
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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-PEGz000
bubble lipoplexes (Fig. 1), by enclosing perfluoropropane gas into
mannose-conjugated PEG000-DSPE-modified cationic liposomes
(DSTAP: DSPC: Man-PEG000-DSPE (Fig. 1))/pDNA complexes. Then,
we evaluated the enhanced and cell-selective gene expression in
the APCs by intravenous administration of Man-PEG;q0p 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;qq¢ bubble lipoplex

v

NHZ-PEGm-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. CD8-0VA1.3 cells, T cell hybridomas with specificity for OVA 257 ~264-
kb, were kindly provided by Dr. CV. 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). CD8-0VA1.3 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 IU/mL penicillin, 100 pg/mL streptomycin and 2 mm
L-glutamine at 37 °C in 5% CO,.

2.2. pDNA

pCMV-Luc and pCMV-OVA were constructed in our previous reports [19,20].
Briefly, pCMV-Luc was constructed by subcloning the Hindlll/Xba | firefly luciferase
cDNA fragment from pGL3-control vector (Promega, Madison, W1, 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 DH5a, isolated and purified using a QIAGEN Endofree Plasmid Giga
Kit (QIAGEN GmbH, Hilden, Germany).

2.3. Synthesis of Man-PEG309o-DSPE and preparation of Man-PEG,ggg bubble
lipoplexes

Man-PEG2000-DSPE was synthesized in a one-step reaction by covalent binding
with NH3-PEG2000-DSPE (NOF Co., Tokyo, Japan) and 2-imino-2-methoxyethyl-1-
thiomannoside (IME-thiomannoside). IME-thiomannoside was prepared according
to the method of Lee [21]. Next, NH2-PEG2000-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-PEG300p-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 ratio of
94:6. The mixture for the construction of liposomes was dried by evaporation,
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 pum 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-PEGp00 bubble lipoplex containing NH,-PEG3000-DSPE and Man-PEGyggp bubble lipoplex containing Man-PEG;0p0-DSPE used in this study.
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potentials of liposomes and lipoplexes were determined by a Zetasizer Nano ZS
instrument (Malvern Instrument, Ltd., Worcestershire, UK).

2.4. Harvesting of mouse peritoneal macrophages

Mouse peritoneal macrophages were harvested and cultured according to our
previous report [16). Briefly, the macrophages were harvested from mice at 4 days
after intraperitoneal injection of 2.9% thioglycolate medium (1 mL). The collected
macrophages were washed and suspended in RPMI-1640 medium supplemented
with 10% FBS, 100 IU/mL penicillin, 100 pg/mL streptomycin and 2 mm -glutamine,
and plated on culture.plates. After incubation for 2 h at 37 °C in 5% CO;, non-
adherent cells were washed off with culture medium, and the macrophages were
incubated for another 72 h.

2.5. In-vitro gene transfection

After the macrophages were collected and incubated for 72 h, the culture
medium was replaced with Opti-MEM | containing bubble lipoplexes (5 pg pDNA).
The macrophages were exposed to US (frequency, 2.062 MHz; duty, 50%; burst rate,
10 Hz; intensity 4.0 W/cm?) for 20 s using a 6 mm diameter probe placed in the
well at 5 min after addition of bubble lipoplexes. In the transfection using naked
PDNA and BLs, at 5 min after addition of naked pDNA (5 pg) and BLs (60 pg total
lipids) were added, and the macrophages were immediately exposed to US. US was
generated using a Sonopore-4000 sonicator (NEPA GENE, Chiba, Japan). Then,1 h
later, the incubation medium was replaced with RPMI-1640 and incubated for an
additional 23 h. Lipofectamine® 2000 (Invitrogen, Carlsbad, CA, USA) was used
according to the recommended procedures, and the exposure time of Lip-
ofectamine® 2000 was 1 h, which is the same exposure time in other experiments
using lipoplexes. Following incubation for 24 h, the cells were scraped from the
plates and suspended in lysis buffer (0.05% Triton X-100, 2 mm EDTA, 0.1 m Tris, pH
7.8). Then, the cell suspension was shaken, and centrifuged at 10,000g, 4 °C for
10 min. The supernatant was mixed with luciferase assay buffer (Picagene, Toyo Ink
Co., Ltd., Tokyo, Japan) and the luciferase activity was measured in a luminometer
(Lumat LB 9507, EG&G Berthold, Bad Wildbad, Germany). The luciferase activity
was normalized with respect to the protein content of cells. The protein concen-
tration was determined with a Protein Quantification Kit (Dojindo Molecular
Technologies, Inc., Tokyo, Japan). The level of luciferase mRNA expression was
determined by RT-PCR.

2.6. Inhibitory experiments of endocytosis in vitro

Endocytosis was inhibited by chlorpromazine (50 pm) as clathrin-mediated
endocytosis inhibitor [22], genistein (200 pm) as caveolae-mediated endocytosis
inhibitor [23] and 5-(N-ethyl-N-isopropyl)amiloride (EIPA, 50 pm) as macropino-
cytosis inhibitor [24]. Each endocytosis inhibitor was added to the macrophages at
30 min before the addition of lipoplexes.

2.7. Fluorescence photographs of pDNA in mouse peritoneal macrophages

To visualize the cellular association of pDNA by fluorescence microscopy
(Biozero BZ-8000, KEYENCE, Osaka, Japan), lipoplexes were constructed with
TM-rhodamine-labeled pDNA prepared by a Label IT Nucleic Acid Labeling Kit
(Mirus Co., Madison, WI, USA).

2.8. Evaluation of cytotoxic effects by MTT assay

The cytotoxicity was evaluated by MTT assay. Briefly, 3-(4,5-dimethyl-2-thia-
zol)-2,5-diphenyltetrazolium bromide (MTT, Nacalai Tesque, Inc., Kyoto, Japan)
solution was added to each well and incubated for 4 h. The resultant formazan
crystals were dissolved in 0.04 m HCl-isopropanol and sonicated for 10 min in a bath
sonicator. Absorbance values at 550 nm (test wavelength) and 655 nm (reference

gth) were ed and the results were expressed as viability (%).

2.9. In-vivo gene transfection

Four-week-old ICR female mice were intravenously injected with 400 pL bubble
lipoplexes via the tail vein using a 26-gauge syringe needle at a dose of 50 pg pDNA.
At 5 min after the injection of bubble lipoplexes, US (frequency, 1.045 MHz; duty,
50%; burst rate, 10 Hz; intensity 1.0 W/cm?; time, 2 min) was exposed transdermally
to the abdominal area using a Sonopore-4000 sonicator with a probe of diameter
20 mm. In the transfection using naked pDNA and BLs, at 4 min after intravenous
injection of BLs (500 pg total lipid), naked pDNA (50 pg) was intravenously injected
and US was exposed at 1 min after naked pDNA injection. At predetermined times
after injection, mice were sacrificed and their organs collected for each experiment.
The organs were washed twice with cold saline and homogenized with lysis buffer
(0.05% Triton X-100, 2 mm EDTA, 0.1 m Tris, pH 7.8). The lysis buffer was added in
a weightratio of 5 mL/g for the liver or 4 mL/g for the other organs. After three cycles
of freezing and thawing, the homogenates were centrifuged at 10,000g, 4 °C for

10 min. The luciferase activity of resultant supernatant was determined by luciferase
assay and the level of luciferase mRNA expression was determined by RT-PCR.

2.10. In-vivo imaging

At 6 h after transfection, anesthetized mice were administrated p-luciferin
(10 mg/300 pL PBS) (Promega Co., Madison, WI, USA). At 10 min after injection of
p-luciferin, organs were excised and luminescent images were taken by NightOWL
LB 981 NC instrument (Berthold Technalogies, GmbH, Bad Wildbad, Germany). The
pseudocolor luminescent images were generated, overlaid with organ images and
the luminescence representation was obtained using WinLight software (Berthold
Technologies GmbH, Bad Wildbad, Germany).

2.11. Separation of mouse hepatic PCs and NPCs

The separation of mouse hepatic PCs and NPCs was performed according to our
previous reports [19]. Briefly, at 6 h after in-vivo transfection using bubble lipoplexes
and US exposure, each mouse was anesthetized with pentobarbital sodium
(40~60 mg/kg) and the liver was perfused with perfusion buffer (Ca%*, Mg>*-free
HEPES solution, pH 7.2) for 10 min. Then, the liver was perfused with collagenase
buffer (HEPES solution, pH 7.5 containing 5 mm CaCl; and 0.05% (w/v) collagenase
(type I)) for 5 min. Immediately after the start of perfusion, the vena cava and aorta
were cut and the perfusion rate was maintained at 5 mL/min. At the end of perfu-
sion, the liver was excised. The cells were dispersed in ice-cold Hank’s-HEPES buffer
by gentle stirring and then filtered through cotton mesh sieves, followed by
centrifugation at 50g for 1 min. The pellets containing the hepatic PCs were washed
five times with Hank’s-HEPES buffer by centrifuging at 50g for 1 min. The super-
natant containing the hepatic NPCs was similarly centrifuged 5 times and the
resulting supernatant was centrifuged twice at 300g for 10 min. Then, the PCs and
NPCs were resuspended separately in ice-cold Hank's-HEPES buffer.

2.12. Isolation of mouse splenic CD11c™ cells

The isolation of mouse splenic CD11c™ cells was performed according to our
previous reports [25]. Briefly, At 6 h after in-vivo transfection using bubble lip-
oplexes and US exposure, the splenic cells were suspended in ice-cold RPMI-1640
medium on ice. Red blood cells were removed by incubation with hemolytic reagent
(0.15 M NH4Cl, 10 mm KHCO3, 0.1 mm EDTA) for 3 min at room temperature. The
CD11c* cells were isolated by magnetic cell sorting with anti-mouse CD11c (N418)
microbeads and auto MACS (Miltenyi Biotec, Inc., Auburn, CA, USA) following the
manufacturer’s instructions.

2.13. Quantitative RT-PCR

Total RNA was isolated from separated cells using a GenElute Mammalian Total
RNA Miniprep Kit (Sigma-Aldrich, St. Louis, MO, USA). Reverse transcription of
mRNA was carried out using a PrimeScript® RT reagent Kit (Takara Bio Inc., Shiga,
Japan). Real-time PCR was performed using SYBR® Premix Ex Taq (Takara Bio Inc.,
Shiga, Japan) and Lightcycler Quick System 350S (Roche Diagnostics, Indianapolis,
IN, USA) with primers. The primers for luciferase and gapdh cDNA were constructed
as follows: primer for luciferase cDNA, 5'-TTCTTCGCCAAAAGCACTC-3’ (forward) and
5'-CCCTCGGGTGTAATCAGAAT-3’ (reverse); primer for gapdh, 5'-TCTCCTGCGACTT-
CAACA-3' (forward) and 5'-GCTGTAGCCGTATTCATTGT-3' (reverse) (Sigma-Aldrich,
St. Louis, MO, USA). The mRNA copy numbers were calculated for each sample from
the standard curve using the instrument software (‘Arithmetic Fit Point analysis’ for
the Lightcycler). The results were expressed as the ratio of luciferase mRNA copy
numbers to the housekeeping gene (gapdh) mRNA copy numbers.

2.14. Tissue distribution of radio-labeled pDNA

Lipoplexes constructed with 32P-labeled pDNA ([a-32P]-dCTP, PerkinElmer, Inc.,
MA, USA) [26] were injected intravenously into mice. At predetermined times after
injection, blood was collected from the vena cava under pentobarbital anesthesia.
Then, mice were sacrificed and the organs were collected, rinsed with saline and
weighed. The tissues were dissolved in Soluene-350 and the resultant lysates were
decolorized with isopropanol and 30% H;03, and then neutralized with 5 N HCI. The
radioactivity of 32P-labeled pDNA was measured in scintillation counter (LSA-500,
Beckman Coulter, Inc., CA, USA) after addition of Clear-Sol I solution.

2.15. M

ement of t activity in the serum

At predetermined times after transfection, the serum was collected from the
anesthetized mice. Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activities in the serum were determined using Transaminase ClI-Test Wako Kit
(Wako Pure Chemical Industries Ltd., Tokyo, Japan) according to manufacturer’s
instructions.
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2.16. Antigen presenting assay

The evaluation of antigen presentation on MHC class | molecules in the splenic
dendritic cells was performed by in-vitro antigen presentation assay using CD8-
OVA1.3 cells, which are T cell hybridomas with specificity for OVA. The CD11c” cells
isolated from immunized mice were plated in a 96-well plate at various cells
numbers and co-cultured with CD8-OVA1.3 cells (1 x 103) for 20 h. The antigen
presentation on MHC class [ molecules was evaluated by IL-2 secreted from activated
CD8-0VA1.3 cells measured by a commercial IL-2 ELISA Kit (Bay bioscience Co., Ltd.,
Hyogo, Japan).

2.17. Evaluation of OVA-specific cytokine secretion from the splenic cells

At 2 weeks after the last immunization, the splenic cells collected from i

51Cr was measured in a gamma counter. The percentage of 51Cr release was calcu-
lated as follows: specific (lysis (%) = [(experimental 51Cr release — spontaneous >!'Cr
release)/(maximum >'Cr release — spontaneous >'Cr release)] x 100). The
percentage of OVA-specific S1Cr release was calculated as (% of >'Cr release from E.
G7-OVA cells) — (% of 5Cr release from EL4 cells).

2.19. Therapeutic effects

C57BL/6 mice were immunized three times biweekly. At 2 weeks after last
immunization, E.G7-OVA cells and EL4 cells were transplanted subcutaneously into
the back of mice. The tumor growth and survival of mice were monitored up to 80
days after transplantation of E.G7-OVA cells and EL4 cells.

2.20. istics

nized mice were plated in 96-well plates and incubated for predetermined times at
37 °C in the presence or absence of OVA (100 pg). IFN-y and IL-4 in the culture
medium were measured by the commercial ELISA Kit, respectively (Bay bioscience
Co., Ltd., Hyogo, Japan).

2.18. OVA-specific CTL assay

At 2 weeks after the last immunization, the splenic cells harvested from
immunized mice were plated in 6-well plates and co-incubated with mitomycin C-
treated E.G7-OVA cells or EL4 cells for 4 days. After co-incubation, non-adherent
cells were collected, washed and plated in 96-well plates with target cells (E.G7-OVA
cells or EL4 cells) at various effector/target (E/T) ratios. The target cells were labeled
with 3'Cr by incubating with Na3'CrO4 (PerkinElmer, Inc., MA, USA) in culture
medium for 1 h at 37 °C. At 4 h after incubation, the plates were centrifuged and the
resultant supernatant of each well was collected and the radioactivity of released
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small-sized microbubbles for in-vivo administration [12]. Firstly, 3.2. In-vivo gene transfection properties by Man-PEGzqop lipoplexes
we developed mannose-conjugated PEGygpo-modified lipids

(Man-PEG2000-DSPE (Fig. 1)) to prepare the APC-targeted small- Since the degradation of pDNA by nuclease in the blood is one of
sized microbubbles and determined the in-vitro and in-vivo the critical factors in the in-vivo gene transfection by intravenously
transfection characteristics of mannose-conjugated PEGzq00- administration of lipoplexes, we investigated the stability of Bare-
modified lipoplexes (Man-PEGyopo lipoplexes) containing PEGa000 lipoplexes and Man-PEGyogp lipoplexes against nucleases.
Man-PEGaopo lipids. The particle sizes and zeta potentials of Following electrophoresis of naked pDNA and lipoplexes after incu-
Man-PEG;000 lipoplexes and non-modified PEGyqgo-lipoplexes bation with DNase 1, although naked pDNA underwent the degrada-
(Bare-PEG2q00 lipoplexes) were approximately 150 nm and tion by DNase I, lipoplexes did not undergo the degradation and
+40 mV, respectively (Supplementary Table 1). In mouse retained the complex forms (Supplementary Fig. 2). Then, we inves-
cultured macrophages expressing mannose receptors abun- tigated the gene expression characteristics of Man-PEG2000 lipoplexes
dantly, the level of gene expression obtained by Man-PEGzg0o in the liver and spleen, which are the targeted organs of mannose-
lipoplexes were significantly higher than those by Bare-PEG2000 modified carriers [27]. In this study, liver was separated in the
lipoplexes (Fig. 2A and B). Then, the level of gene expression parenchymal cells (PCs) and non-parenchymal cells (NPCs), and
obtained by Man-PEGygqo lipoplexes was suppressed to same spleen was separated in the dendritic cells (CD11c" cells) and other
extent as that by Bare-PEGypgp lipoplexes in the presence of an cells (CD11¢™ cells). As shown in Fig. 2C and D, following intravenous
excess of mannan (Fig. 2A). Moreover, this level of gene administration of Man-PEG20q0 lipoplexes, selective gene expression
expression obtained by Man-PEGyggo lipoplexes was also sup- was observed in the hepatic NPCs and the splenic CD11c¢" cells, which
pressed to same extent as that by Bare-PEG2o00 lipoplexes in the are the APCs expressing mannose receptors abundantly [28—30].
presence of chlorpromazine (Fig. 2B), which is the inhibitor of

clathrin-mediated endocytosis [22]. These results agreed with 3.3. In-vitro gene transfection efficiency by Man-PEGzgp0 bubble
the results of cellular association of pDNA (Supplementary lipoplexes and US exposure

Fig. 1), and suggest that Man-PEGgop lipoplexes are taken up

into the cells via clathrin-mediated endocytosis following the Although Man-lipoplexes showed the APC-selective gene
interaction with mannose receptors. transfection properties in vivo, this level of gene expression was
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*p < 0.05; *"p < 0.01, compared with N.T. Each value represents the mean + SD (n = 4).
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low compared with our previous reports [1,19,25]. To enhance the
level of gene expression by sonoporation method, we developed
Man-PEGaoo bubble lipoplexes (Fig. 1) by enclosing US imaging gas
(perfluoropropane gas) into Man-PEGyooo lipoplexes. The lipid
composition of lipoplexes is important for the stable enclosure of
US imaging gas. Following optimization of lipid composition,
lipoplexes constructed with the saturated lipids only, which have
a high melting temperature (Ty,), were enclosed US imaging gas
stably (Supplementary Table 2). Following enclosure of US imaging
gas in lipoplexes, lipoplexes became cloudy and their particle sizes
were increased (from 150 nm to 550 nm, approximately)
(Supplementary Fig. 3A and Table 3). Then, since the zeta potentials
of bubble lipoplexes were lower than that of bubble liposomes and
same as that of lipoplexes (Supplementary Tables 1 and 3), it is
considered that pDNA is attached on the surface of bubble lipo-
somes. Moreover, the stability against nucleases observed in Man-
PEG2000 lipoplexes (Supplementary Fig. 2) was maintained after
enclosure of US imaging gas into lipoplexes (Supplementary
Fig. 3B).

The level of gene expression obtained by Man-PEG2n00 bubble
lipoplexes and US exposure was 500-fold higher than that by Man-
PEGao00 lipoplexes in mouse cultured macrophages expressing
mannose receptors abundantly, and also higher than that by non-
modified bubble lipoplexes (Bare-PEG3qgo bubble lipoplexes, Fig. 1)
and US exposure or conventional sonoporation method using
naked pDNA and BLs (Fig. 3A). This enhanced gene expression was
observed when bubble lipoplexes and US exposure were used for
in-vitro gene transfer (Fig. 3B). The cellular association of pDNA
obtained by transfection using Man-PEG;g0o bubble lipoplexes and
US exposure was also 10-fold higher than that by Man-PEGz000
lipoplexes, and also higher than that by Bare-PEGpop bubble
lipoplexes and US exposure or conventional sonoporation method
using naked pDNA and BLs (Fig. 3C and Supplementary Fig. 4A).
Moreover, this level of gene expression obtained by Man-PEGz000
bubble lipoplexes and US exposure was comparable to that by
Lipofectamine® 2000, which is widely used as a gene transfection
reagent (Fig. 3D). On the other hand, the cytotoxicity by Man-
PEG2000 bubble lipoplexes and US exposure was lower than that by
Lipofectamine® 2000 (Fig. 3E).

3.4. Intracellular uptake properties of pDNA by Man-PEGz000
bubble lipoplexes and US exposure

The gene expression obtained by Man-PEG;qpp bubble lip-
oplexes and US exposure was significantly suppressed in the
presence of an excess of mannan (Fig. 4A). Therefore, the interac-
tion with mannose receptors on the cell membrane is involved in
the gene transfection by Man-PEG;gg bubble lipoplexes and US
exposure, similar to the gene transfection by Man-PEGyggp lip-
oplexes. On the other hand, unlike Man-PEGyopo lipoplexes
(Fig. 2B), the gene expression obtained by Man-PEG;gpo bubble
lipoplexes and US exposure was not suppressed in the presence of
chlorpromazine (Fig. 4B), which is a clathrin-mediated endocytosis
inhibitor [22]. These results agreed with the results of cellular
association of pDNA (Supplementary Fig. 4B), and indicated that
pDNA delivered by Man-PEG000 bubble lipoplexes was directly
introduced into the cytoplasm without mediating endocytosis by
the gene transfection using Man-PEG;0gp bubble lipoplexes and US
exposure.

3.5. In-vivo gene transfection efficiency by Man-PEG20p0 bubble
lipoplexes and US exposure

As shown in Fig. 5A and B, the level of gene expression
obtained by Man-PEGzgqo bubble lipoplexes and US exposure was
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Fig. 4. Effects of mannan and chlorpromazine on gene expression by Man-PEG,000
bubble lipoplexes and US exposure in vitro. (A) The level of luciferase expression
obtained by Bare-PEG,00p bubble lipoplexes with US exposure and Man-PEG;00 bubble
lipoplexes with US exposure (5 ug pDNA) in the absence or presence of 1 mg/mL mannan
at 24 hafter transfection. **p < 0.01, compared with the corresponding group of mannan.
(B) The level of luciferase expression by Bare-PEG2000 bubble lipoplexes with US expo-
sure and Man-PEG2ggo bubble lipoplexes with US exposure (5 jig pDNA) in the absence or
presence of 50 uM chlorpromazine at 24 h after transfection. Each value represents the
mean + SD (n = 4).

500~800-fold higher than that by Man-PEGgoo lipoplexes, and
also higher than that by Bare-PEG,ggp bubble lipoplexes and US
exposure or the conventional sonoporation method using naked
PDNA and BLs in the liver and spleen, which are the targeted
organs of mannose-modified carriers [27]. This enhanced gene
expression in the liver and spleen was observed when bubble
lipoplexes and US exposure were used for in-vivo gene transfer
(Fig. 5C and D). Moreover, this gene expression obtained by Bare-
PEG2000 bubble lipoplexes with US exposure or Man-PEGyg00
bubble lipoplexes with US exposure in the liver and spleen
remained higher than that by Bare-PEGppo lipoplexes or Man-
PEG2000 lipoplexes for at least 48 h, respectively (Fig. 5E and F). In
addition, the gene expression was also enhanced in the US-
exposed organ specifically following gene transfection by direct US
exposure to the targeted organ after intravenous administration of
Man-PEGzpp0 bubble lipoplexes (Supplementary Fig. 5). On the
other hand, the increase of gene expression by bubble lipoplexes
and US exposure was not observed in other organ such as lung,
kidney and heart (Fig. 5G and H).
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Fig. 5. Enhancement of mannose receptor-expressing cells-selective gene expression by Man-PEG;ggo bubble lipoplexes and US exposure in vivo. (A, B) The level of luciferase
expression obtained by naked pDNA, naked pDNA + BLs with US exposure, Bare-PEG;qg lipoplexes, Bare-PEG,gq0 bubble lipoplexes with US exposure, Man-PEG;qqp lipoplexes and
Man-PEG;0 bubble lipoplexes with US exposure (50 ug pDNA) in the liver (A) and spleen (B) at 6 h after transfection. Significant difference; **, 'p < 0.01. (C, D) The level of
luciferase expression obtained by Man-PEGa0o lipoplexes and Man-PEGaooo bubble lipoplexes with or without US exposure (50 jg pDNA) in the liver (C) and spleen (D) at 6 h after
transfection. **p < 0.01, compared with Man-PEG;00 lipoplex, 'p < 0.01, compared with Man-PEG300 lipoplex + US, 'p < 0.01, compared with Man-PEGs00p bubble lipoplex. (E, F)
Time-course of luciferase expression in the liver (E) and spleen (F) after transfection by Bare-PEGa000 lipoplexes, Man-PEGao00 lipoplexes, Bare-PEGa000 bubble lipoplexes with US
exposure and Man-PEG,gpp bubble lipoplexes with US exposure (50 pg pDNA). Each value represents the mean + SD (n = 4). **p < 0.01, compared with Bare-PEG,00g bubble
lipoplex + US, 'p < 0.05; "'p < 0.01, compared with Bare-PEG200o lipoplex. (G) In-vivo imaging photographs of luciferase expression in the isolated organs at 6 h after transfection by
Man-PEG,00 lipoplexes and Man-PEG,g00 bubble lipoplexes with US exposure (50 ug pDNA). (H) The level of luciferase expression in each organ at 6 h after transfection by Bare-
PEG2000 lipoplexes, Man-PEG;o00 lipoplexes, Bare-PEGo00 bubble lipoplexes with US exposure and Man-PEG;000 bubble lipoplexes with US exposure (50 ug pDNA). **p < 0.01,
compared with the corresponding group of Bare-PEG,0go lipoplex, !'p < 0.01, compared with the corresponding group of Man-PEG o lipoplex. *'p < 0.01, compared with the
corresponding group of Bare-PEGa00p bubble lipoplex + US. Each value represents the mean + SD (n = 4).

3.6. Targeted cell-selective gene transfection properties by Man-

was similar to that by Man-PEGgqp lipoplexes, although the level of
PEG2000 bubble lipoplexes and US exposure in vivo

gene expression in the NPCs and PCs was markedly higher. On the
other hand, selective gene expression in the NPCs was not observed
We investigated the mannose receptor-expressing cell selec- by Bare-PEG;000 bubble lipoplexes and US exposure.

tivity of gene expression by transfection using Man-PEG3qqo bubble In the spleen, the level of mRNA expression in the CD11c™ cells,
lipoplexes and US exposure. In the liver, the level of gene expres- which are the splenic dendritic cells expressing mannose receptors,
sion in the hepatic NPCs expressing mannose receptors was was significantly higher than that in the CD11c™ cells following
significantly higher than that in the hepatic PCs following gene transfection by Man-PEG,p0p bubble lipoplexes and US exposure
transfection by Man-PEGgpo bubble lipoplexes and US exposure (Fig. 6B). On the other hand, selective gene expression in the
(Fig. 6A). This difference in gene expression between the NPCs and CD11c” cells was not observed by Bare-PEG;qgp bubble lipoplexes
PCs obtained by Man-PEGygpo bubble lipoplexes and US exposure and US exposure.
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Fig. 6. Hepatic and splenic cellular localization of luciferase expression by Man-
PEG2000 bubble lipoplexes and US exposure. (A) Hepatic cellular localization of lucif-
erase ion at 6 h after ion by Bare-PEGyqpo lipoplexes, Man-PEG;n00
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lipoplexes with US exposure (50 pg pDNA). **p < 0.01, compared with the corre-
sponding group of PCs. (B) Splenic cellular localization of luciferase mRNA expression
at 6 h after transfection by Bare-PEG,000 lipoplexes, Man-PEG;gop lipoplexes, Bare-
PEG2000 bubble lipoplexes with US exposure and Man-PEG;po0 bubble Ij with

and Man-PEGg00 bubble lipoplexes constructed with radio-labeled
PDNA were intravenously administrated, and then mice were sub-
jected to external US exposure. As shown in Fig. 7, in the case of both
bubble lipoplexes, the retention time of pDNA in the blood was
slightly reduced and the distribution of pDNA delivered by bubble
lipoplexes was significantly increased by US exposure in the liver and
spleen (Fig. 7). Moreover, the amount of pDNA distributed in the liver
and spleen by Man-PEG;g00 bubble lipoplexes and US exposure
(Fig. 7A) was higher than that by Bare-PEGpgp bubble lipoplexes and
US exposure (Fig. 7B). On the other hand, no increase of pDNA
distribution followed by US exposure was observed in the lung.

3.8. The liver toxicity by Man-PEGz000 bubble lipoplexes and US
exposure

We examined ALT and AST activities in the serum to investigate
the liver toxicity by gene transfection using Man-PEGzop0 bubble
lipoplexes and US exposure. ALT and AST activities in the serum
were increased by gene transfection using Bare-PEGz0g0 lipoplexes
and Man-PEG2oqo lipoplexes. On the other hands, the increase of
ALT and AST activities was not observed by gene transfection using
Bare-PEGygpp bubble lipoplexes and Man-PEGypgo bubble lipo-
plexes with US exposure (Fig. 8).

3.9. Antigen presentation on MHC class | molecules in immunized
splenic dendritic cells

To investigate the DNA vaccine effects by Man-PEG;o00 bubble
lipoplexes and US exposure, we prepared Man-PEGzpp0 bubble
lipoplexes constructed with pDNA expressing OVA as a model
antigen. Firstly, to investigate the antigen (OVA) presentation on
MHC class I molecules in the splenic dendritic cells (CD11c™ cells)
by Man-PEG;qgp bubble lipoplexes constructed with pCMV-OVA
and US exposure, the splenic CD11c* cells isolated from once-
immunized mice were co-incubated with CD8-OVA1.3 cells, which
are T cell hybridomas with specificity for OVA. Following

of IL-2 to the activation of T cells, the IL-2
secretion from activated CD8-0OVA1.3 cells co-incubated with the
CD11c* cells isolated from mice immunized by Man-PEGyq00
bubble lipoplexes and US exposure was the highest of all (Fig. 9A).
This result indicates that DNA vaccination by Man-PEG;qgp bubble
lipoplexes constructed with pCMV-OVA and US exposure can
induce significantly high CD8*-T lymphocyte activation.

3.10. Antigen-specific cytokine secretion from immunized splenic
cells

We evaluated the OVA-specific cytokine secretion from the
splenic cells immunized by Man-PEG3000 bubble lipoplexes con-
structed with pCMV-OVA and US exposure. Following optimiza-
tion of immunization schedule, it was shown that a 2 week
interval was necessary to achieve the same level of gene expres-
sion as former transfection in the spleen (Supplementary Fig. 6)
and at least three times immunization was necessary to effective
anti-tumor effects by DNA vaccination using this method

US exposure (50 pg pDNA). **p < 0.01, compared with the corresponding group of
CD11c™ cells. Each value represents the mean + SD (n = 4).

3.7. In-vivo distribution properties of pDNA by Man-PEG290 bubble
lipoplexes and US exposure

Next, to elucidate the mechanism of enhanced in-vivo gene
expression using Man-PEG;go0 bubble lipoplexes and US exposure,
we investigated the effecton the tissue distribution of pDNA followed
by gene transfection. In this study, Bare-PEGzggo bubble lipoplexes

( 1 y Fig. 7). Therefore, the immunization to mice was
performed according to the protocol shown in Fig. 9B. As shown in
Fig. 9C, in the presence of OVA, the highest amount of IFN-y (Th1
cytokine) was secreted from splenic cells harvested from mice
immunized with Man-PEG2g00 bubble lipoplexes and US exposure.
On the other hand, no secretion of IFN-y was observed in any of
the groups in the absence of OVA. Moreover, the secretion of IL-4
(Th2 cytokine) was not increased in any of the groups both in the
presence or absence of OVA (Fig. 9C). These results suggest that
immunization by Man-PEGgq0 bubble lipoplexes constructed with



