2o0/0//05/ A
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I. WRFErEHE
[#% 0 BHLAS AFID metronomic dosing {7 & % FEEPM/NBEEE LA FI A L 72 #HH) siRNA 7 U

NY AT OB & B ATRE~DIGH ] 12T 5% 1
0. FFEREOFITICET 2 —ER 8

M. FEREOFITY - BIRI » 9



FEAEFBNFNERME (ERERARMEERTFE)
WIEHT G &

[ 0 BHLH3 A& 0 metronomic dosing 12 & 2 FEENH/NBEEZAL 2 F) A L 7= 5 siRNA
T UNY —HEM OB L RABR~DOIGH] (BT A0
HEfERE AH EIL BERZRFERAAN (AL ABF5RER - HEEE

REE sIRNA ZEJ L LTRAT2HE. AENSRELZER - ZRMCHEETS 2 &
HETHD, REMDOEEZRE., siRNA OFIRNES IR AETH S, 100nm FBOKFE
EROTF 2 Y TIHIERENFALMNENRORB 2@E L UEBICEMTS, Larl, oE
BIHICE X 5720 CIEERE CRETE 2V, ZThE2HET DT, ¥+ U TORELT
TIEARARETH VBB D 3 RTHIZEM % ABBICELSEARLERD D Z LIZERDVVE,

HEEEIL2 1~ 2 2EEOMEIIBNT, SMRMEERETAASh TVWARA 7 vEE Y
IVCRABARIS-DOBRD B LEE LTS Z & TsiRNA » ¥ v U THEAEOEEAND
TS L OYEBMERTTE SN, Z 0 X 5 REENBITHEIC T L CHEE LFIEESHE M
BoNdZ L 2R LI, TNF-a = TGF-p HERIOHAIC LY+ / % U 7 OEE~DBIT
HRRETEZERMESNTVEN, ZRLOEFIIEMTIIBAINTEL T, BHEEA
TIXBRRA~DISATHRFTE 2V, —F, FRETHEA L S-1 XBRICRMRITI WV THREIR
AIhTEY, 20X ) REREHEAEDESZT T siRNA OPEREEL 5 5 AT,

SiRNA Z AW R ATRROBESZEBLL 5 28N B TH S,

A FFZEERY

sSiRNAZ A& & L THIAT A58, £0EEN
By 8oy - ERMICHET2Z EBREETHD
. FIEMOEEALKRE, siRNADEIRNE 51T
EETH B, 100nmBORFREFOT/ v U
TIXEBENFTA LE N K O %88 L CHES
BT A, LarL, WEREICEEAETCE
BRIREE TRETE 2V, ZhE2EKET B,
F¥ U T ORELTTIEIARTETHY ., BEEAD
SKRITHIZER 2 N BRI X2 LERD B,
REEEILBEIC, AR ERETHAINR TSR
A7 vty I DU RIBAEIS-DOEZEY IR L
BELHATAZ L TiRNA - % U THAED
FEFENBITHER K OIBMEOTIE & F i ED
KBEELRNEEDRERBEBONDIZ LE2HERLT
W3, AR IR AEFARAFIS- DO IRL
#E5REOEBEAB/NREZIIC OV TRE 21T
VY, siRNA - ¥ U TEESEDOBEERBITY - Ih#k
M D FEAMR W 253 < BF % 585 00 B 38 72 regimen 0D
W EFEME L THIERTTS,

HEBFRHMIC BT,

1. S-1OEAEBHERFSIZL AsiRNA « VR Y —
AEEEOEENSH OEAL
2. S-1 &siRNACURY —LBEEOHFAICLES
AN SIE S

oW TEELTRHMLE,

B. BFEFIE
(1) siRNA ## Y RV — AOEEBITHE - JEEN
LB '

BREICERKISHZ BT b, B PRI
FEMREX— REFVICBREL, ThiETLE
U7z, siRNA ##& U &Y — LB #MEI 58
LT, URY—LEHETNV L, REBIEE
R EERL, ThE8EtBERECEHET L
TR L 7=,
L R~ ZADER

BALB/c nuwnu HEfE~ 7 2 O LR FIZ DLD-1
HORRRREE (2 x 10° cells/100 uL) ZHFE L7, 5
A%, IEEARESH 100mm® IZE L=< T 2% in
vivo DEBRIZH WV,
L siRNA ## V A/ — L0 (£F01)

Cationic liposome (CL)iZ Bangham #:(Z X ¥ 355
U7z, [8E#EAL2S DOPE:POPC:CHOL:DC-6-14=
3:232 (BN ERBEDICIEEERBRERNT
RELE, Wi, WETHBE (Faatils) &
BREL, RRENICIEEERA BRI, 0
FEEHEBIZHNABE LT 9% A7 a—RBK
(pH 74) #Mz. BBEEEEZ2ITKM I,
MLV (multilamellar vesicle) %87, Z @ MLV %
TIJAPMY a—Ta B EDERL, RTFER
#3110 nm & 72 5 LUV (large unilamellar vesicle) %



FAE L 7=, CL ~® PEG {&ffiix. ®NA hA P —
valtEILEVITo, KA M Y —T 3 Uik
i, EARLRB YR —LEFBH, 9% A/ H
— AR IR LA X 72 mPEGa000-DSPE
%58 (DOPE, POPC, DC-6-14) #E(ZXf L TE
VEET 5%E 725 & 912 CL SIRIZERIN L, IR
&AL Fa_X—FFTI7C, 1 B, BIRE
IERNRBITo7, FE L7 PEG &4 CL DRI+
BRER OB —Z BN 1123 +£89 nm 201 +1.1
mV ThHo7z,

RN, Core-siRNA # FA%4 3 7= 12, siRNA
Wik E 0.2 mg/mL b 7o EBRHARKE DR
AV (siRNA/HA= 1/1 (weight ratio)) & . 0.2
mg/mL 7’1 ¥ I (PROBKEEZETHOIRA L.
ERTSHMA o Fa—a Lz, 20X,
JBAT5 (siRNA+HA) & PRO DEELLIZ, &KiF
LR OBRLS, 18 LEAELRE, KIZ
Core-lipoplex % #3237~ 92, PEG &4 CL &
W & Core-siRNA BB ZIRE L. 15 E#EH L
#%. 10 PMBETHE L, ZDLx, BATS
Lipid & siRNA O FE/VERIT, BB LRE OfER)
% 2000 |ZEE L Core-lipoplex Z A% L7,

IIL siRNA ## U R Y —L0FHE (20 2)

LVIAEERDDI D, A—Y Ry I Rl
% (PEG {&#fi cationic liposome & siRNA Z{EA&T
A121F) TH lipoplex AR L, EE~DOBITHE
WZDOWTRET EITo 7=,

PEG {&#fi cationic liposome (% DOPE:POPC:
CHOL:DC-6-14=3:2:3:2 (;&/V tb) DREEAERL T, I
CRRRICARB L=, Boniz) R —ADRTE
1349 110 nm T3 - 7z, Liposome ~ PEG &A%,
II LRERIZARAR A Y —va VETITo T,
B 7= PEG 1&ffi CL DRI TR OE — & BT,
1123+89nm 10201+ 1.1 mV Thot-,

PEG {1 lipoplex {X, PEG f&ffi CL & siRNA &
% N/P LEAS 381 725 X HITIRA L, 10 4%
L<BRTHZ L THRE L, AR L7 PEG Eff
lipoplex DRLFRK OB —F BALIE, 4503 £141.2
nm X N18.8+2.1mV Th-o7-,

IV. RI #5558 - #OEAER Y A Y — LA DO

RI E#H Y ARV —Lb  JREHE~—I—L LT
*H-CHE #% 5 (DOPE, POPC, DC-6-14)£ 0.5 pmol
H7= 0 720,000 dpm OH 7> M EREOX 2, JE
BHELZTEMRIED L ZITHRMLR, DIDEMY
R —Ah [BEEBRELZRIESHE, DD %58
(DOPE, POPC, DC-6-14) R E(Zxf LENET 1%
ERRBEHTEHMLE,

V. In vivo imaging system (Z & % siRNA #4# U &
— LD IEEBATHE O EHRIFHE

JESE AT 3% 100 mm® LA E(ZE# L7 DLD-1
WA A LT, -1 WRERARY VT
£V tegafur BT 6.9 mg/kg & 725 £ H ITRAKRE
L7, S-1 3% 56006 7 B, BEREG%E2TT
o7, B S-1 #5812, DD 7~k PEG 1E£fi
core-lipoplex % fi§E (DOPE, POPC, DC-6-14) #&
BT 25 mghkg & 725 & 912 200 pL TORBFENR &
DG L7, F0BE 6. 12, 24, 48, 96, 144
REf4% 12 Fluorescence Image Analyzer LAS-4000 IR
multi color (Fujifilm)% AT, A ¥ 77 » THt
BEnTlh-~v A025BERETOILICL
DIEEN~DERAETIMLI, = br— L
T. S-1 ® metronomic |WEZ S 2o Te~v 7 A
RV,
VL RI AV 7= siRNA ## ) R Y — A OIEEBATHE
O E ERYFHE

JEEAFEAA 100 mm® Bl (23 L7z DLD-1 8
BTz LT, VISRT L DIZS-1 28E
L. B&# S-1 #45 A2 *H-CHE 7 /U1t siRNA #
#YRY—2%[EE (DOPE, POPC, DC-6-14) #&
BT 25 mgkg 2725 & 912200 pL TORFEARK
DIE LT, 20 24 BRI KK 2 DI L V100
pL FRER U, E7206. AP, M. B, ERb
FER L, MR L OREEPOBRGEEZHIES
2T LT siRNA ## ) R Y — ADENBITH
3 L 7=,
(2) FUESERNR OB
I PEG & ffi siRNA # & U & Y — A (Bel-2,
Argonaute? (Ago2)tEH) siRNA &74/) & S-1 OHFA
BIEIZ & A TERES R OB

REEAFEAA 100 mm® LA (23 L7 DLD-1
NAi<7 Rzt L, 1) PEG f&Afi siRNA ## Y R
Y —A(siBel2, siAgo2 b L<iFa hm—i &L
TsiGFP & 74) % siRNA &7T 10-80 pg/200uL 92
1 R CAFH s B~ ARFHIRL VRS L. [
BEIZ 2) S-1 % tegafur BT 6.9 mgkg T2 HERN
L 0 BEEITV, JEEAEE L FERELIZ OV
TR %EITo7-, & bIZ, PEG &4 siRNA & U
RY—LORMKES 2 AIC, DLD-1 XA~ Y
ANSEEAHHE L, EEZHIE L,
II. PEG f&£fi siRNA #5# U A — A(Bel-2, Ago2 12
#) siRNA &) & S-1 OFFRREIC LD TR h—
VAR
7R R ZOKE  DLD-1 BB A~ AN LR
H U7 @5 % 4% PFA ISR CREER. 30% A7 =



—AEEPTER L=, F D%, JEE% Tissue-Tek
O.C.T. Compound {Z /52 - B#E X 8. Cryostat (Leica
Microsystems, Solms, Germany) # HWTE X 5 um
DIEFE %1872, Z OIEFYE) Aiz % LT TUNEL
Qa7 o7, D%, Hoechest33342 K (5
ug/mlL) ZHEMUTERTI0H0MEA »Fo~X—F
THI L TERARITo ., TO%, BNTEKE
(Axiovert 200M) AWV TT R b—v A ZE
281 7=, 7. Analyze Software (AxioVision, Zeiss)
EROWTT AR b= 2O EIE % E &ML
7o
- M ERE ~DEE
WHMRICELT, 2 TOBYERRT 1 ha—
WVITFTBEEICRIT 28 ERZRSICL D
E - EABEZITTND, /-, SHEHEOREMHIZ
FoMY, ERCLVIRET HRG - BRETX
EMEVEBTEHHFERZRRL, Ak,

C. BEchER
(1) siRNA #i# U 2 Y — LA DIEEBITH « BN
EIN:

ZhETOMREMNG, S-1 % metronomic &5
THZ L > THEENDOMIRENRELL, £
&5 L7~ PEG{&ffiliposome DIEEEHENH
Zlzm k942 (liposome (Zx3 5 EPR 2hE 318
BmEN3) ZEBHALNIRSTWDE, T, F
2 1 EEDORE DL, Core-siRNA % PEG &
iU R —ATEM L7 Core-lipoplex (28T
t,, PEG BEfiV RV — A LRI S1 O
metronomic 5 & o THEEN~DOBITHERTT
EENBZ LR LE,

TRk 2 2FEEITBWTE, A2 ED2E R
B E LTA—Y Ry 7 AFEIC LD AR

(PEG & fffi cationic liposome & siRNA #{E&7T 5
724F) L. T @ PEG {&#f siRNA-lipoplex IZ%'3" %
S-1 BFRIC & D IEBABITIED FLEIC B L TR
#iTo%, TOLIRFEZL->THEBENS
lipoplex IXLEBIRIRITEEM K E | BIRAFRE X
415 & mononuclear phagocyte system (MPS)Z LL#
BIEL D AN 0T < M EEMEEW =0, R
B EPR ZNRIC & 2 JEEBITHESMEWENE S
nTna,

In vivo imaging {Z & % FEIO#E F. S-1 FEALEEE

(Control) & HE L S-1 ALEHTiZ. BEEBEIZRBW
THOED R BERR S . PEG E#fi siRNA-lipoplex
DIEEBITHERE EL TCWAENERTEE, R
WT RI AW EENFMEIT & 2 A,

Control & Hb& L T S-1 BHDIF 5 2,
siRNA-lipoplex DIEEZEBENERICHE VN &N
FERTE, £, T ? siRNA-lipoplex DEEE
O, fhoolERE (W, FHE. i =)
BB AN o7, LEL VD, PEGERS
U AR Y — bk & O'PEGEHS core-lipoplex & | THI T
22 B7r 5 PEG &£ siRNA-lipoplex T% S-1
EHRATAZLICEVEEBITHR EARD S
., EHITZOTLERITEESA OB T
AELDTLR2BERTHZENTEL,

KNT, HAIREVIZ S-1 O BEEIR 525 Peg
& A siRNA-lipoplex DIEBENDAAIZ S 2 5 BEIZ
DOWTRE 21T o 1o, BOLBMESEIC X 288N G,
S-1 DULE B BUKTFEIC . PEG &4 siRNA-lipoplex
DIEERSHPIERTHZENHEHLEMNE 2o,
F 72, HAAERIZOWT S, Control TIILLERRINE
BEOMESICEXBREDBRELRER (Ky FX
Ry MBFEEL TR, BEEOFLEHTREH
EVEBEENLhoT, LU, S AEICKY,
PEG 1&£fi siRNA-lipoplex 23 fE5E F LfHEIZ b 56
LTWHZ EehERINT, ZD0Z &b, §-1
BT & BEAGIE. BEOMWN S RANZ T TE
CTWabHDEBZLND, BRMLKIE., EES
HNhOEEFENEZBY EEN~L WO FA
WHiiATe, LU0 s, EENIIMEENS
<, ¥MBARERMTHDEDH, S-1 25F
T3 MK B EBEENE CEET H2DIXIRETH
HZLBTFREND, BEAMIMRECE/IX
S-1 BWELKHEBRTEMBRELD EEZ NI D,
FHADEMNEZ ZHBITICRY BROLNDZDE
LHRAIEND,

EHIZ, S-1 o5 AN E 2 5 Dil #i#; PEG
& siRNA-lipoplex DIEBEBATIC R T 2 REIC O
WTRHZIT o7, S-1 15 4 H B2 L PEG E4f
siRNA-lipoplex D JEFEAN3 AT D EMN H
Lhbiily, 7 BMERKRET 5 Z & THEEN
TORFBLBRIEEINHTEEIICRDE
EWBMol, TOZEND, 81 BEIZEST
JEBEN/NREDHRL TR ERE LV Rz
2BEOITIE, S-1 REHMERHIBELETH
DT EBHALMNIR T,

(2) FLUEBZHR DR
1. siBcl2 & S-1 DA

siBcl2 2 A PEG/& fificore-lipoplex (£H#&5) &
S-1 (metronomici &) L 2 MAGHOEHZ LI
L AHEEHRICOV TR ZITo T2,



BRA T U a—k LTI, siBeRBHPEGE
fificore-lipoplex% 1 B 33 & {Z5+8[8], siRNAE TI10
ug/200 pLF2REIRL DS L. —FS-1ittega
furET69 mghkegl 25 L5 IBAROKRE LT,
FORER, A7 n—RH5E(Control) & LLEX LT
siBcl2 & B PEG{E fficore-lipoplex & S-1 Bih ¥ 5T
IEENEN21.5%, 31.4% (DLD-18:F81%20H B)
DEEREMBIZIRE R LA, siB2EHPEG
{Effficore-lipoplex & S-1 ¢ 2 HHTH Z LizL»
T62.8% & BFICHWVEEREMHDIRAFT LN
7o ZOBFRZIFRIT. £ Eh 0 IRAI B D2
REHEMICELEZMRE (52.9%) IKHE~THI0%
LHRVERL TR Y HRNRYRTHDLLEF
Z 5,

O, IRREBROEEE AW TIEENT K b
VAKROLEEFMLIZE Z A, siBel2 BF
PEG f&#fi core-lipoplex B4 58 T3 10.5%. S-1
HMBERTII15.9%DT R h— AFHERRDL
N, THOHARERTIZ2.6% & BHEILH
WP R PV ABEPER SN,

IT. siAgo2 & S-1 OHEA

MR IIRIT RNAL IZBWTEL A% %
B 7% Argonaute2 (Ago2) % siRNA 2 & - T
knockdown T A FIZ X > THIRRENFE SN F
ZPHALMNILTWS, £Z T, DLD-1 #MERRICE T
% siAgo2 IZ X A MR RG], £ LT siAgo2 %
AR IZATALE L 7812 5-FU 2 4LET 5 Z & T,
MR RICED X S 2 Be L 500, BRAtE
fTotz, FERE LT, 5-FU 20FHTHZ LT,
siAgo2 BHMOZE & ¥ b B VMR RGN
BoNdZeNnFhote, ZOHAED ICS0 DE
fbiX. siRNA ZBIALE LTV 72V A (control) T
IZ 0.39ug/ml | control HLF! @D siRNA(Luciferase 15
#) siRNA) % ATALE L 72 % O Tl 0.43ug/ml, Ago2
) siRNA OFMLE S L7=H O TiZ 0.19ug/ml T
Holz, ZTNHDIZ EMb, Ago2 HERJ siRNA %
BB T D - & T, 5-FU (ZxbT 5 B HEH49 2.0
FRALTHZL2METHENTEE,

RR D & 51T in vitro (23T Ago2 BiaF%
knockdown 35 Z & G, DLD-1 @ 5-FU {Z*3 5
BSHNERY | BOMBERENSIZREZ T
CEER L, T ENDG, invivo IZBWTY
FERRIZEWHEREESE R TZ e NBRALNS,
% 2T, S-1 B IZ PEG &£ siRNA-lipoplex
2470, FIEESRIZOVWTRMN21To. %
DR, siBel-2 & FAFIC. HRABREEZTo-EE
D TERWHEEDIRNELNS Z & 2530

L,

DWT, HALEBEROBEENICRIT 2 HELE
TR N—=V AL OFHEEIT 272, FERE LT,
PEG &/ siRNA-lipoplex HIRALE & S-1 BIHALE,
FLTERGEZHALEBLEZLDL TIET AR b
—VANRB I AEMICE R H DT EBHAL R
¥ 12 o7, PEG {E# siRNA-lipoplex BUHALEIZ &
WHBEINET R N—L AT, EEFALE
LIFIER UM E B S, S-1 BMALEIC &
DHEINET A M= REALIT. FIAEMLE L1F
LAY—HET, MEATT AR b—v R 2RI L
TWABZERALMNE ol —FTHARTIE,
ne, # LTOHEADEHFIZBWTT R b—T R
REECFEINRTWBDZ ENRgrosT,

D. B%

T E TO siRNA @ DDS Bf9EiE, siRNA % &
BEF/7F¥ U7 EVF) IWERKEY TRAZER
T Th ok, UL, /%y U 7T
JEEAABA~FET 20, BEN~OBITIREO
PLEENLERY N7 IZEFETH, &2A
0. NEERNOEKRFRIE Y —m W HEE
BERE 720 | EERE O E T siRNA Z5E
XH 5 LiEKRO DDS CixHETHD, Z D
TLEUEBTHCRFY YV TERETLHETT
AR+ THY, JEEN ZiITF) O=RTHZE
M AAEICEIL S HERDD L Bbh 2D,
fit > T, siRNA DZhERA) 7/ DDS DR E 2 E
H5ET, ¥x U T7TOREDHRLT, BERENOD
MUNBE B E ST siRNA OIEEBATH - EE
NIEBMEE -85 2 LiX, BF2 sIRNAT Y
NRY —HROBRERICORBEHDLEFZZHND,

FaxnEH LY S-1 @ metronomic EIZL D
EPR ZEOHEBRA N = A LB L TIEIRDO X S
[ZEZE LTV 5, S-1 @ metronomic 512 & - T,
A) BEFALE OWNEMIRBESE S, P
BaR ORIBEAIEA Y . L D IREEO BV ILE B
REh-zZ &, B) EEALERNVEREHLL, &
BN O LB MRS ST D L k>
Y. &bz O MBEIEORAMBRIMEE S 1.
MBS AR ZABHEM LI Z &, 7 CIEEROMK
INBENRESN D LEBEL TS, 08
2L LT, 29%5 L7~ PEG &£ liposome DfE
BEEEESEMLTHNBEO TRV EELT
WA, E. ZOHSE, KRFERD 400 nm Ll E
@ PEG {&#fi siRNA-lipoplex TH AL b TK Y F
JEx ¥ UTORFRIZERFLRVWERTH ST



BEMA RN TV B,

ZOERREFA LT, Bel-2 £/ siRNA (siBcl2)
B DML siAgo2 & B OB AKIS-1 A ED
B ARSI A 2 72, M siRNA & HIZ
ERBIEF% knockdown 33 Z & (2 & - THIKFE
PHETHLELHBELTEY ., 2O siRNA K77
TRFRRRFEDOBE L S-1 ORKTHB 5-FU kD
FIRRFEFHEAABAN - FARAICIERA LT, BERLE L
TRAWIEESERBONA D T2\t E
ZTDTHD, ERZ OHBEESEETIZ.
R 2 00HNEVICHRELRALELE D b
T [Double modulation therapy] & EZ/E N 5 ~X
HOTHD, BIOER., BEICS, BoH%E
AR TEEDRERE LN, ZOMAREOF A
EWERTHI LN TE I, HAEREDS £ T siRNA
% effector (MIBAMERAZRTEAD, b LI
modulator (effector DENE &2 B/ X HEAZRT
BEH) L LTORAVWAIHERERTH-7=, L
ML, BB DI I - Tid siRNA | effector &
modulator OW{ER 2 RBIBIEDZ L NTRETH
D, Fl, FIBAARNCEAL THIZ L A D effector
ELTHWADRBEE THIMN, AEDEICEL
2 Ti modulator & U THEESH B Z L RATRET
HHEZELHLNE R0, ARBTELNI-5
BiE, 48, siRNA IZRFBENHFERERK & LT
BIEE ZHLEDEEF LB ABRIEDORR
AT E—BRIIR L0 HFLTHA,

E. ##

F /XY VT EFALEABAROEE~D
FTUNY I T TITHZLENTE Y, Doxille
EORBDBERER THWONTWA, FIBARIDSE
B RN EA B ESEBENE I L CHEE
HEETHOIR L, siRNAIZF v U 70 b DR
HIZZ U<, F7-siRNABAE CIIM RS @M
ThdH7D, Fr IV TENMLTHREACEASH
2hE. TOHRERBETHZ LITTERY,
L7235 T, siRNADBEZ 2 RE T 25HmITT
JFx U T OSMBERIEEFET S, Z0OED, s
RNADENS R SERE LRI D 7-0I1201T, bE
BARIZBWTH /v U TEEROILEMEEZ® L
X, FONFAEREIRI TS Z EMRERICE
Eed, SSUIRBMRA - BHRA - BERAIERE
RETHECERIGAENTBY, Z0S-1: 08t

RiZk->T, & YIERFEREOMARICSIRNADEA
S, BHRBUC OB o722 EiX. siRNAZ H
WA AiEE [Double modulation therapy] D3

BICKESABT OH A TH S,

S, AHHABRIEORE regimen HiEILIZH &
Lo 5ROFBABERERFOERENNREE
BIZOWTELICREIT 2 & L b, AERIROER
KicH% BT BT, 5-FURZEMEZMELS 3
RF#EEZERNE L siRNA 2 F P17 o L, F06t
ARICE L TR %2175 FETH 5,

F. BELRER
2L

G HfRHER

1. mXFER

(1)Ishihara T., Maeda T., Sakamoto H., Takasaki N,
Shigyo M., Ishida T., Kiwada H., Mizushima Y.,
Mizushima T., Evasion of the accelerated blood
clearance phenomenon by coating of nanoparticles
with various hydrophilic polymers.
Biomacromolecules, 11, 2700-2706 (2010)

(2)Doi Y., Okada T., Matsumoto H., Ichihara M.,
Ishida T., Kiwada H., Combination therapy of
metronomic S-1 dosing with oxaliplatin-containing
PEG-coated liposome improves antitumor activity
in a murine colorectal tumor model. Cancer Sci.,
101, 2470-2475 (2010)
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160-166 (2010)
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Release, 142, 167-173 (2010)
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anticancer drugs to tumor vasculature using
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Matsumoto, H., Do, Y., Ishida, T., Kiwada, H.,

Tumor localization and therapeutic effect of
PEG-coated liposomal anticancer agent: Tumor
International
& Lipids,
Membrane Biophysics, Vancouver, Canada, Aug.
(2010)
Okada, T., Doi, Y., Abu Lila, A. Abu Lila., Ishida,
T., Kiwada,

fluoropyrimidine anticancer agent, dosing affects
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tumor accumulation of PEG-coated liposome.
International Liposome Research Days & Lipids,
Liposomes & Membrane Biophysics, Vancouver,
Canada, Aug. (2010)

Matsunaga, M., Nakamura, K., Doi, Y,
Moriyoshi, N., Ishida, T., Kiwada, H,

Development of new cancer treatment strategy

that combines siRNA-lipoplex with oral tegafur
anticancer drug S-1. International Liposome

Research Days & Lipids, Liposomes &

Membrane Biophysics, Vancouver, Canada, Aug.
(2010)
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Kiwada H., The effect of PEGylation of

siRNA-lipoplex on intracellular uptake quantity
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FEEL, BREILE. EENMNRERE
FIA L7z siRNA 7 U N Y — 2 2T L DBRFE,
B 32 EIAGEKE L EYOMEERY R D
A (E), 2010 4 11 A

AEEL, JEEA~O sRNA 7Y NY =V 2T
LDBBE~ZR L BEMDOBRN O~ 547
FIREFFRRHEN RS (F) ., 2010 &£
6 H

AHEEIL, EENERRRSEERE LY R
Y —2, DDS DBAZE, %26 BIEADD S#=x

(KFR). 2010 4F 6 A

) AMEIL, MEMELE, TV N —IZBT
% ABC H&, BT - TUNI—HERFE
10 R YT (FLKR) . 201056 A
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Metronomic chemotherapy has been advocated recently as a novel
chemotherapeutic regi lyethyl glycol (PEG)-coated lipo-
somes are well known to accumulate in solid tumors by virtue of
the highly permeable angiogenic blood vessels characteristic for
growing tumor tissue, the so-called “enhanced permeability and
retention (EPR) effect”. To expand the range of applications and
investigate the clinical value of the combination strategy, the ther-
apeutic benefit of metronomic S-1 dosing in combination with
oxaliplatin (l-OHP)-containing PEG-coated liposomes was evalu-
ated in a murine colon carcinoma-bearing mice model. -1 is an
oral fluoropyrimidine formulation and metronomic S-1 dosing is a
promising alternative to infused 5-FU in colorectal cancer therapy.
Therefore, the combination of S-1 with I-OHP may be an alterna-
tive to FOLFOX (infusional 5-FU/leucovorin (LV) in combination
with I-OHP), which is a first-line therapeutic regimen of a colorec-
tal carcinoma. The bination of oral ic S-1 dosing
with ir Imini ion of lif I I-OHP formulation
exerted excellent antitumor activity without severe overlapping
side-effects, compared with either metronomic S-1 dosing, free
I-OHP or liposomal |-OHP formulation alone or metronomic S-1
dosing plus free I-OHP. We confirmed that the synergistic antitu-
mor effect is due to prolonged retention of I-OHP in the tumor on
account of the PEG-coated liposomes, presumably via alteration
of the tumor microenvironment caused by the metronomic S-1
treatment. The combination regimen proposed here may be a
breakthrough in treatment of intractable solid tumors and an
alternative to FOLFOX in advanced colorectal cancer therapy with
acceptable tolerance and preservation of quality of life (QOL).
(Cancer Sci 2010; 101: 2470-2475)

O xaliplatin (I-OHP), an innovative third generation plati-
num compound, has powerful anti-neoplastic competence
with no cross drug resistance with cisplatin and carboplatin''?
However., 1-OHP shows relatively low anticancer effectivity
when it is administered alone, because it shows poor accumula-
tion in tumor tissues due to a high plasma protein binding ratio
and high partitioning to erythrocytes, while in addition display-
ing periPher:ll neurotoxicity due to high protein binding in the
tissue.”"’ These features stand in the way of an effective continu-
ous treatment with 1-OHP. Oxaliplatin is frequently used for
treatment of advanced colorectal cancer when combined with
fluorouracil (5-FU) and leucovorin (LV) (FOLFOX).“"Sy
Chemotherapy using nanocarriers as a delivery system has
been developed to improve the success of clinical treatment of
solid tumors by achieving high accumulation of the chemothera-

coated) liposomes show prolonged circulating times and thereby
enhanced accumulation in solid tumors by virtue of the
increased vascular permeability observed in tumor angiogenic
blood vessels (the so-called ‘‘enhanced permeability and reten-
tion (EPR) effect’”).® Therefore, it is reasonable to assume that
PEG-coated liposomes may improve the pharmacokinetic fea-
tures of 1-OHP and enhance its anticancer efficiency. We and
other groups have shown therapeutic improvement of I-OHP by
encapsulation in PEG-coated targeted liposomes. =%

However. nanocarriers of various designs have repeatedly
shown insufficient delivery of their payloads to solid tumors.
One of the major limitations is insufficiency of the EPR effect
due to a disordered intratumoral microenvironment represented
for instance by hypovascularity. Recently, Kano et al.'®
reported that treatment with transforming growth factor-f type 1
receptor (TBR-1) inhibitor resulted in increased accumulation of
nanocarriers accompanied by a pronounced antitumor response
in a murine solid tumor model. ten Hagen and co-workers" ""'?
have reported a similar observation with tumor necrosis factor o
(TNF-a) in both rat and murine models. These approaches are
regarded as a breakthrough that can overcome the insufficient
EPR effect for nanocarriers in solid tumors. An obvious draw-
back of this approach is that TPR-1 inhibitor and TNF-« cannot
be readily applied because these compounds have not yet been
approved for clinical use worldwide.

Metronomic chemotherapy, which refers to the frequent
administration of chemotherapeutics at doses significantly below
the maximum tolerated dose (MTD) without prolonged drug-
free breaks. is a novel approach to the control of advanced can-
cer. 31 The therapy shows a potent anti-angiogenetic effect by
targeting genetically stable endothelial cells within the tumor
vascular bed, rather than tumor cells with a high mutation rate.
Drugs that can be administered orally, such as cyclophospha-
mide (CPA), capecitabine, UFT and S-1, would meet the
requirements of prolonged daily administration schedules.
Recently, we showed that metronomic CPA dosing augments in-
tratumoral  accumulation of co-administered doxorubicin
(DXR)-containing PEG-coated liposomes and this combination
exerted an excellent antitumor activity in a murine tumor model
without overlapping severe side-effects.">'®’ This favorable
therapeutic effect might be attributed to the following mecha-
nism: metronomic dosing with CPA makes the newly forming
tumor vessels leaky, and thereby enhances intratumoral accumu-
lation of PEG-coated liposomes.

Oxaliplatin administered together with infusions of 5-FU and
LV (FOLFOX) has become a standard treatment regimen for

peutic agent in tumor tissues but with limited ac ion in
healthy tissues. Polyethylene glycol (PEG)-modified (PEG-
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advanced colorectal cancer.®™ To extend our approach

described above, in the present study we evaluated 1-OHP/5-FU
synergy by combination of metronomic S-1 dosing (orally,
daily) with 1-OHP-containing PEG-coated liposomes (intrave-
ly. once a week) in a murine colorectal cancer model. S-1
consists of tegaful (a prodrug of 5-FU), 5-chloro-2, 4-dihydroxy-
pyridine (CDHP: an inhibitor of 5-FU degradation) and potas-
sium oxonate (Oxo: a reducer of gastrointestinal toxicity) at a
molar ratio of 1:0.4:1. S-1 is one of the most frequently used
drugs for oral administration in Japan and shows less toxic side-
effects than 5-FU.'""'” The biochemical modulation of S-1
leads to prolonged retention of 5-FU in the blood, which mimics
the pharmacokinetic profile of infusional 5-FU. Daily oral
administration with S-1 meets the concept of metronomic dosing
and is assumed to enhance intratumoral accumulation of PEG-
coated liposomes and I-OHP associated with the liposome.

Materials and Methods

Materials. Hydrogenated soy phosphatidylcholine (HSPC)
and 1, 2-dislcaroyl—sn-glycero—3<phosphoemanolamine-n-(meth-
oxy[polyethylene glycol]-2000) (mPEG000-DSPE) were gener-
ously donated by NOF (Tokyo, Japan). Cholesterol (CHOL) was
purchased from ‘Wako Pure Chemical (Osaka, Japan). S-1 and I-
OHP were generously donated by Taiho Pharmaceutical (Tokyo,
Japan). Dl (1, I’-dioctadecyl-3, 3, 3,3"-tetramethyl-indocarbo-
cyanine perchlorate) and DiD (1,1’-dioctadecyl-3,3,3",3"tetra-
methyl-indodicarbocyanine _perchlorate) were purchased from
Invitrogen (Paisley, UK). *H-Cholesterylhexadecyl ether (*H-
CHE) was purchased from Perkin Elmer Japan (Yokohama,
Japan). All other reagents were of analytical grade.

Preparation of I-OHP-containing PEG-coated liposomes. |-
OHP-containing  PEG-coated  liposomes, composed  of
HSPC/CHOL/mPEGa000-DSPE (2/1/0.2, molar ratio), were
prepared using a reverse-phase evaporation method as described
carlier.® Unencapsulated, free I-OHP was removed by dialysis
by means of a dialysis cassette (Slyde-A-Lyzer, 10000MWCO;
Pierce, Rockford, IL, USA) against 5% dextrose. Encapsulated
l-OHP was quantified using an atomic absorption photometer
(Z-5700; Hitachi, Tokyo, Japan). The phosyholipid concentra-
tion was determined by colorimetric assay.“m The particle size
of the liposomes was 180 £ 52 nm, as determined with a NI-
COMP 370 HPL submicron particle analyzer (Particle Sizing
System, Mountain View. CA, USA). The encapsulation effi-
ciency of 1-OHP was calculated by dividing the drug to lipid
ratio after the dialysis by the initial drug to lipid ratio and was
approximately 20%. These values are three times higher than
that reported recently by another group.

Animal and tumor cell. Male BALB/c mice, 5 weeks old,
were purchased from Japan SLC (Shizuoka, Japan). All animal
experiments were evaluated and approved by the Animal and
Ethics Review Committee of the University of Tokushima.

The Colon 26 (C26) murine colorectal carcinoma cell line
was purchased from Cell Resource Center for Biomedical
Research (Institute of Development, Aging and Cancer, Tohoku
University, Sendai, Japan). To develop tumor-bearing mice, C26
cells (2 x 10% were inoculated subcutaneously into the back of
BALB/c mice.

Combination therapy with S-1 and |OHP formulation.
Treatments began when the tumor volumes reached a volume of
40-60 mm?®. The day treatment began was defined as day 0. The
dosing schedule of each chemotherapeutic treatment was as fol-
lows:

1 Metronomic S-1 dosing: S-1 (6.9 mg tegafur/kg/dose) was

administered orally every day from day 0 to day 21.

2 Free or liposomal 1-OHP dosing: Free or liposomal 1-OHP

(4.2 mg/kg/dose) was intravenously administered at day 0, 7

and 14.

Doi et al.

3 Combination dosing (S-1 plus free or liposomal 1-OHP): S-1
(6.9 mg tegafur/kg per dose) was orally administered daily
from day O to day 21. Either free or liposomal 1-OHP
(4.2 mg/kg per dose) was intravenously administered at day
0,7 and 14.

Tumors were measured externally every third day. Tumor
volume was approximated by using formula A below. The anti-
tumor activity was determined by evaluating the change of the
relative tumor volume (formula B) and the tumor growth inhibi-
tion rate was calculated through formula C.

Tumor volume [TV, (mm?)] = 0.5 x Length x Width?® (A)

Relative tumor volume (RTV)

— Tumor volume on day n/Tumor volume on day 0 (B)
Tumor growth inhibtion rate [TGI, (%)]
= [1 — (mean RTV of treated group)/
(mean RTV of control group)] x 100 (C).

Effect of S-1 dosing on blood clearance and tumor
accumulation of KOHP encapsulated in PEG-coated lipo-
somes. Treatment with S-1 (6.9 mg tegafur/kg, daily, 7 days)
was started when the tumor volumes reached a volume of 40-
60 mm>. To evaluate blood clearance and tumor accumulation
of 1-OHP encapsulated in PEG-coated liposomes, the liposomal
l-OHP formulation (4.2 mg I-OHP/kg) was intravenously
injected right after the final S-1 administration. At 6, 12, 24, 36,
48, 72 and 120 h post-injection of I-OHP formulation, plasma
was collected, and then the mice were killed to remove the
tumor. Tumors were harvested and weighed. Thereafter, concen-
trated nitric acid was added to the tumor or plasma (100 pL),
which was then digested in a microwave oven (600 W for
25 min at 50°C ETHOS TC; Milestone general, Kanagawa,
Japan). The content of platinum (Pt) in the plasma and tumor
was measured using an ICP-MS (Agilent 7500 series; YOKOK-
AWA analytical systems, Tokyo, Japan). Europium was added
to the assay mixture and calibration standards, respectively. The
1-OHP concentrations were calculated from ion counts Pt using
the calibration method with internal standard correction. The
-OHP concentration in the tumor was expressed as pg 1-OHP
per g tissue. Pharmacokinetic parameters were calculated on the
basis of 1-OHP concentration using poly-exponential curve fit-
ting and the least-squares parameter estimation program SAAM
I1 (SAAM Institute, Seattle, WA, USA).

Effect of S-1 dosing on biodistribution of PEG-coated lipo-
somes. Treatment with S-1 (6.9 mg tegafur/kg, daily, 7 days)
was started when the tumor volumes had reached a volume of
40-60 mm”. To assess the biodistribution of PEG-coated lipo-
somes, “H-CHE-labeled liposomes (25 mg total lipid/kg) were
intravenously injected right after the final S-1 administration. At
24 h after liposome injection, samples (tumor, blood [100 pL],
heart, lung, liver, spleen, kidney) were collected. Tissue samples
were washed and weighed after removing excess fluid. Radioac-
tivity in the samples was assayed as described prsviously.‘zz’

Effect of $-1 dosing on tumor accumulation and distribution of
PEG-coated liposomes. Treatment with S-1 (6.9 mg tegafur/kg.
daily, 7 days) was started when the tumor volumes had reached
a volume of 40-60 mm”. In order to assess the effect of S-1 dos-
ing on intratumoral accumulation of PEG-coated liposomes,
Dil- or DiD-labeled PEG-coated liposomes (25 mg phospholip-
ids/kg) were intravenously injected right after the final S-1
administration. At defined time points (6, 12 and 24 h) after
injection, fluorescence imaging was performed with Fluores-
cence Image Analyzer LAS-4000 IR (Fujifilm, Tokyo, Japan).
The fluorescence images were acquired with a 1/100 s exposure
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time. For the intratumoral liposome distribution study, at 24 h
post-injection, the tumors were harvested and snap-frozen in
Optical Cutting Compound (OCT) compound (Sakura Fintechni-
cal, Tokyo, Japan) with dry-iced acetone. Sections of frozen
samples (5 pm thick) were directly observed using a fluores-
cence microscope (Axiovert 200 M: Zeiss, Oberkohen, Ger-
many). Three tumors per group were studied. Thirty images
from 10 randomly selected sections per tumor (three images
from one section) were analyzed using AxioVision software
(Zeiss).

Statistics. All values are expressed as the mean + SD. Statis-
tical analysis was performed with a two-tailed unpaired r-test
using GraphPad InStat software (GraphPad Software, La Jola,
CA, USA). The level of significance was set at P < 0.05.

Results

Tumor growth suppressive effect of metronomic S-1 dosing
plus |1-OHP-containing PEG-coated liposomes. As shown in
Figure 1, free I-OHP showed relatively low antitumor activity
compared with other treatments and the TGI was only 19.0%.
Metronomic S-1 dosing showed a higher tumor growth suppres-
sive effect than free I-OHP (36.5%, TGI). Liposomal I-OHP
showed even a much higher tumor suppressive effect (52.9%,
TGI) compared with free I-OHP, and the therapeutic efficiency
was very similar to that of conventional combination therapy
(metronomic S-1 dosing plus free 1-OHP) (57.7%. TGI). Metro-
nomic S-1 dosing plus liposomal I-OHP showed by far the stron-
gest tumor growth suppressive effect (87.0%, TGI) of all
treatments. This result indicates that metronomic S-1 dosing
combined with 1-OHP-containing PEG-coated liposomes pro-
duces a superior tumor growth suppressive effect in a murine
colorectal tumor model.

To assess toxicity of each mono- or combination therapy,
change of bodyweight and blood cells (white cells, red cells and
platelets) were determined. Only combination chemotherapy of
metronomic S-1 dosing plus I-OHP formulations showed a slight
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8 .| o toHPIliposome
2 -o-S-1+|-OHP lipasome
o
2 30 _
K-
]
% 20
* |k
1o _k/*—P’L_I
0 L
0 7 14 21
Day post-initiation of therapy
Fig. 1. Antitumor effect of mono- or combination chemotherapy in

colorectal tumor-bearing mice. Control (non-treated, [)); S-1 dosing
(daily, W); free I-OHP (weekly, A); S-1 dosing (daily) plus free
oxaliplatin (I-OHP) (weekly) (A); -OHP-containing polyethylene glycol
(PEG)coated liposomes (weekly, O); S-1 dosing (daily) plus I-OHP-
containing PEG-coated liposomes (weekly) (®). Data represent
mean = SD (n = 5). *P < 0.05.
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suppression of bodyweight increase. However, there was no sig-
nificant difference between S-1 plus free [-OHP and S-1 plus
liposomal 1-OHP (data not shown). In addition there were no
significant changes in blood cell counts between each mono-
and combination therapy (data not shown).

Effect of metronomic S-1 dosing on clearance and tumor
accumulation of |-OHP associated with PEG-coated lipo-
somes. The plasma clearance of I-OHP in S-1 treated mice was
very similar to that in control mice: the t; ., in S-1 treated mice
amounting to 18.5 h and the t;,» in control mice to 18.1 h. In
the tumor without S-1 treatment, I-OHP concentration reached
the maximum level (approximately 1500 ng/g tissue) at 24 h
after injection, and then precipitously decreased (Fig. 2). In the
S-1-treated tumor, 1-OHP concentration reached the maximum
level, similar to the control, at 24 h after injection, being
retained at this level until 48 h and then gradually decreasing
(Fig. 2). The area under the concentration—time curve (AUC) of
I-OHP in the S-1-treated tumor was approximately 1.4-fold
higher than that in the control tumor; 131.6 (ug/g tissue h) in
S-1-treated tumor vs 96.2 (jig/g tissue h) in the control. These
results indicate that the S-1 treatment prolonged the retention of
I-OHP within the tumor tissue.

Effect of metronomic S-1 dosing on biodistribution and tumor
accumulation of PEG-coated liposomes. To gain more insight
into the underlying mechanism of the improved tumor suppres-
sive effect (Fig. 1) and in the prolonged I-OHP retention within
the tumor (Fig. 2), we investigated the effect of metronomic S-1
dosing on the biodistribution and tumor accumulation of
co-administered PEG-coated liposomes. The effect of daily
metronomic S-1 dosing (for 7 days) on the biodistribution of
PEG-coated liposomes was investigated with a radio-labeled
liposome. The S-1 treatment yielded significant enhancement of
accumulation of PEG-coated liposomes (1.3-fold) in tumor at
24 h following administration (Fig. 3). Interestingly, in the S-1-
treated mice, there appeared to be a discrepancy between the
tumor accumulation of I-OHP (Fig. 2) and liposomes at 24 h
following administration. Although the mechanism is uncertain,
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2 -o- S-1treated
£
£ 1500
e
5
s
g 1000
3
E
3
S
& 500
0
0 20 40 60 80 100 120
Time after administration (h)

Fig. 2. Effect of S-1 dosing on tumor accumulation of oxaliplatin

(I-OHP) delivered by polyethylene glycol (PEG)-coated liposomes.
Oxaliplatincontaining PEG-coated liposomes were intravenously
administered into tumor-bearing mice that were pre-treated with or
without S-1 dosing for 7 days. At various time points, tumor tissue
was collected and then |-OHP in the tissue was determined. Data
represent mean = SD (n = 3). *P < 0.05 vs control.
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Fig. 3. Effect of 5-1 dosing on biodistribution of polyethylene glycol
(PEG)-coated liposomes. Biodistribution of PEG-coated liposomes was
determined at 24 h following intravenous injection in tumor-bearing
mice pretreated with or without S-1 dosing for 7 days. Data represent
mean = SD (n = 3). *P < 0.05.

1-OHP that leaked from the liposome and then bound to
plasma proteins and partitioned to erythrocytes might affect the
platinum concentration in the tumor. In addition, the treatment
did not affect accumulation of PEG-coated liposomes in the
major organs (Fig. 3). This observation indicates that the S-1
treatment does not affect the biodistribution of PEG-coated lipo-
somes and the permeability of blood vessels towards the lipo-
somes already existing in normal tissues.

In addition, in vivo imaging studies indicated a similar ten-
dency of intratumor accumulation of PEG-coated liposomes as a
function of time following injection (Fig. 4). Both the control
and S-l-treated mice showed time-dependent augmentation
of PEG-coated liposome accumulation. These findings indicate
that PEG-coated liposomes accumulated in tumor tissue due to
the EPR effect, and S-1 treatment facilitated the EPR effect
towards PEG-coated liposomes, resulting in further accumula-
tion of PEG-coated liposomes in solid tumor.

To investigate the intratumoral distribution of PEG-coated
liposomes, a histological analysis was carried out. Fluorescence
associated with PEG-coated liposomes was observed in the sec-
tion of both control and S-1-treated tumor (Fig. SA). The num-
ber and size of fluorescence spots in the section of S-1-treated
tumor were substantially larger than those in the section of the
control tumor, indicating that the S-1 treatment enhanced lipo-
some distribution in tumor tissue. The area density of fluores-
cence in the tumor section indicated that the sections of S-1
treated tumor contain a much larger amount of PEG-coated lipo-
somes than the section of control tumor (Fig. 5B).

Discussion

In the foregoing section we showed that the combination of oral
metronomic S-1 dosing with oxaliplatin (I-OHP)-containing
PEG-coated liposomes exerts improved antitumor activity in a
murine colorectal tumor model without causing severe side-
effects, as compared with conventional combination therapy
(metronomic  S-1 dosing plus free 1-OHP) (Fig. 1). This
improvement resulted from enhanced accumulation of I-OHP-
containing PEG-coated liposomes and prolonged retention of I-
OHP in the tumor induced by metronomic S-1 treatment
(Figs 2-5). The FOLFOX regimen (5-FU/LV plus 1-OHP) has
frequently been used for treatment of advanced colorectal cancer
in the clinic.*> However, extended periods of infusional 5-FU
(~48 h) have the disadvantage of increased inconvenience and
morbidity of patients related to the use of a portable infusion
pump and a central venous catheter. Daily oral administration of

Doi et al.
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——T T (AU)

Fig. 4. In vivo optical imaging of tumor accumulation of polyethylene
glycol (PEG)-coated liposomes. Tumor-bearing mice, pretreated with
S-1 dosing for 7 days, received an intravenous injection of DiD
(1,1‘—dioctadecyl-3,3,323’-tetramethyl—indodicarbocyanine perchlorate)-
labeled PEG-coated liposomes. At 6, 12 and 24 h post-injection, in vivo
optical images were recorded. AU, arbitrary unit.

S-1 can mimic the pharmacokinetic profile of infusional 5-FU
and overcome the problems related to infusional 5-FU treatment.
In fact, Yamada et al.®> recently reported in a Phase I/IT trial
that the combination of S-1 with free 1-OHP (SOX) is a prefera-
ble alternative to the FOLFOX regimen in metastatic colorectal
cancer. In contrast to cisplatin, I-OHP has no renal toxicity, only
mild hematological and gastrointestinal toxicity, while neuro-
toxicity is the dose-limiting toxicity.®** The selective delivery
of 1-OHP to tumors by PEG-coated liposomes raises the possi-
bility of reducing the side-effects of I-OHP in the FOLFOX and
SOX regimens. Accordingly, the proposed combination regimen
(i.e. addition of S-1 dosing to 1-OHP-containing PEG-coated
liposomes) may be an alternative to FOLFOX and SOX in
advanced colorectal cancer therapy.

Accumulation of nanocarriers into solid tumor after sys-
temic administration is thought to involve the following three
processes: (i) distribution through the vascular compartment;
(ii) transport across the angiogenic vascular wall (extravasa-
tion from neo-vasculature); and (iii) diffusion within the tumor
interstitium.®® It is generally believed that the major target of
metronomic chemotherapy is endothelial cells of the growing
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Fig. 5. Effect of S-1 dosing on intratumoral distribution .of
polyethylene glycol (PEG)-coated liposomes. Tumor-bearing mice,
pretreated with S-1 dosing for 7 days, received Dil (1, 1-dioctadecyl-3,
3, 3,3-tetramethyl-indocarbocyanine perchlorate)-labeled PEG-coated
liposomes. At 24 h post-injection, the section of tumor was examined
with fluorescence microscopy. (A) Intratumoral distribution of PEG-
coated liposomes. Red spots represent liposomal distribution. Bar,
100 um. Original magnification, x200. (B) Mean fluorescence intensity
per microscopic area. Data represent mean = SD. *P < 0.05.

vasculature in the solid tumor. Ooyama et al.*” recently dem-
onstrated that metronomic S-1 dosing damages endothelial
cells of tumor vasculature. Loss of the endothelial lining of
vessels may make tumor vasculature much leakier. On the
basis of our current and previous results,'® we conclude that
the therapy enhances the EPR effect towards PEG-coated lipo-
somes in the following manner: the therapy causes blood ves-
sels in the tumor to become more leaky, resulting in enhanced
extravasation of PEG-coated liposomes from the vasculature
into the interstitial space of the tumor (Figs 3.4). Moreover,
metronomic therapy with S-1 may also exert a cytotoxic effect
on viable tumor cells and stromal cells and thus bring about a
decrease in the number of both cell types and, consequently, a
decrease in the tumor interstitial pressure and enlargement of
tumor interstitial space, which, in turn, will allow deeper pen-
etration of the extravasated PEG-coated liposomes (Fig. 5). A
similar observation was recently reported by Nagano et al ;2%
paclitaxel-induced tumor cell death enhanced the penetration
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and distribution of virus vector and microspheres in tumor
tissue.

In addition to intratumoral accumulation of PEG-coated lipo-
somes, the liposome distribution to major organs was investi-
gated. Metronomic S-1 dosing did not affect accumulation of
the liposomes in major organs and blood clearance of the lipo-
somes (Fig. 3). This finding suggests that S-1 treatment does not
affect normal vasculature pre-existing in normal tissues, but
only the vasculature in tumors, although the mechanism by
which S-1 changes only tumor vascular permeability remains
unclear. This clearly relates to a safety issue in the proposed
combination therapy. In addition, it appears that S-1 treatment
does not affect the essential phagocytic uptake activity of hepa-
tic and splenic macrophages, because the treatment did not
affect blood clearance of PEG-coated liposomes. Daemen
et al.*” have previously reported that injection of DXR-loaded
PEG-coated liposomes has a toxic effect on liver macrophages,
both in terms of specific phagocytic activity and cell numbers. It
is known that defects in the phagocytic uptake mechanism of
macrophages can enhance metastatic growth, as reported in
numerous animal studies.*” The cytotoxic effect of 1-OHP-con-
taining PEG-coated liposomes on macrophages has not been elu-
cidated yet. Hence, further experiments are in progress to
ascertain the alteration of the tumor microenvironment (such as
vascular permeability and compressive mechanical force of
growing tumor cells) induced by metronomic S-1 dosing and
cumulative toxicity of combination therapy of S-1 with I-OHP-
containing PEG-coated liposomes.

Anticancer chemotherapy using nanocarriers has shown
marked therapeutic effects in many tumor models; however,
nanocarriers do not always accumulate effectively in solid
tumors, probably due to barriers generated by the tumor micro-
environment. Recently, a number of approaches have been intro-
duced that render chemotherapeutics associated with a
nanocarrier more efficient. Iyer et al.®" demonstrated that
hypertension induced by infusion of angiotensin-II (AT-II)
increased the blood flow volume and generated a pressure gradi-
ent between the intra- and extravascular space in tumor tissue,
resulting in increased extravasation from the tumor vessel of an
anticancer agent associated with a nanocarrier. They assumed
that the selective accumulation in a solid tumor can be attributed
to the absence of a vascular smooth-muscle layer in tumor vas-
culature. This approach also did not increase the amount of
nanocarrier accumulating in healthy organs because of vasocon-
striction and tighter endothelial gap junctions of the vasculature.
Kano ez al."'® demonstrated that low-dose treatment with trans-
forming growth factor-B type 1 receptor inhibitor resulted in fur-
ther enhanced accumulation of PEG-coated liposomes and
micelles to a solid tumor. Seynhaeve et al"? showed similar
results with low-dose TNF-o¢ administration. Our approach also
has a potential to achieve enhanced accumulation of PEG-coated
liposomes in solid tumors. Hence, the approach that actively
causes alteration of the tumor microenvironment by treatment
with vaso-active agents or anticancer agents may become a
breakthrough in improved delivery of anticancer agents associ-
ated with nanocarriers.
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Gene therapy is largely dependent on the development of efficient delivery vehicles. To prolong their
circulating time, PEGylation of the surface of a delivery vehicle is frequently applied. However, we have
reported previously that anti-PEG IgM produced by intravenous injection of PEG-coated liposome is
responsible for enhanced clearance of second dose PEG-coated liposomes, which is known as the
“accelerated blood clearance (ABC) phenomenon.” A similar phenomenon has been observed with PEG-
coated pDNA-lipoplexes (PDCLs) upon their repeated injection. But the effect of the sequence of pDNA in
PDCLs on inducing the ABC phenomenon has not been thoroughly investigated. Here, we focus on CpG motifs
in pDNA, which are known to have a potent immune-stimulatory activity. PDCLs with non-CpG pDNA
(PNDCL) diminished the anti-PEG IgM response, resulting in significant accumulation of a second dose in
tumor tissue, comparable to that of a single injection, but not in enhanced accumulation in liver. In addition,
PDCL induced proliferation of IgM™* splenic cells including B cells. These results suggest that the CpG motif is
a major cause of the induction of the ABC phenomenon when PDCLs are repeatedly injected. Immunogenicity
is a relevant point of concern for non-viral delivery systems. Our results indicate that the use of non-CpG
pDNA may allow meaningful repeated dosing of pDNA formulations without the induction of a strong
immune reaction and thus may have important implications for therapeutic use of liposomal formulations of

nucleic acids.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy has been proposed as a promising strategy for
treating genetic and acquired diseases, but convincing therapeutic
results have been limited thus far, predominantly because of a lack of
sufficiently efficient and safe delivery system [1,2]. Although viral
vectors are highly efficient, there are justified concerns about their
safety related to immunogenicity and random incorporation of the
delivered gene into the host genome. On the other hand, non-viral
vectors, despite their relatively low transfer efficiency, are attractive
alternatives to viral vectors because of their safety, versatility and ease
of preparation and scaling-up.

Cationic liposomes present one of the most useful non-viral vector
systems [3]. pDNA/cationic liposome complexes (pDNA-lipoplexes)
can bind efficiently to the cell surface via charge-charge interactions,
followed by internalization into the cells and subsequent gene

* Corresponding author. Tel.: +81 88 633 7259; fax: +81 88 633 7260.
E-mail address: hkiwada@ph.tokushima-u.ac.jp (H. Kiwada).

0168-3659/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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expression in vitro, However, therapeutic success of pDNA-lipoplexes
in the clinical situation, requiring for example systemic delivery, is
jeopardized due to short blood circulation times. Surface modification
of pDNA-lipoplexes with polyethylene glycol (PEG)-conjugated lipid
(PEGylation) is frequently applied to prolong circulation time of
lipoplexes [4]. It is believed that the PEG on the liposomal surface
attracts a water shell, resulting in the reduced adsorption of opsonins
and thus the recognition of the lipoplexes by the cells of the
mononuclear phagocyte system (MPS) [5,6]. The PEG-coated pDNA-
lipoplexes (PDCLs) thus obtained possess long circulation properties,
and therefore can accumulate efficiently in solid tumors | 7] because of
the enhanced vascular permeability and retention effect in growing
tumors [8].

However, we and others have reported that an intravenous
injection of PEG-coated liposomes causes a second dose of material,
injected a few days later, to lack the long-circulating characteristics of
the first dose and to extensively accumulate in the liver [9,10]. This
phenomenon is known as the “accelerated blood clearance (ABC)
phenomenon.” Based on earlier results [11,12], we have proposed the
following tentative mechanism of this phenomenon: anti-PEG IgM,
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produced in the spleen in response to a first dose, selectively binds to
the PEG of the second dose of liposomes injected several days later
and subsequently activates the complement system. This, in turn,
leads to opsonization of the second dose of liposormes by C3 fragments
and, as a consequence, to enhanced uptake of the liposomes by the
Kupffer cells in the liver.

The ABC phenomenon involving anti-PEG IgM production is an
important factor to be considered in designing an efficient delivery
system of genes or nucleic acids. Judge et al. | 7] have recently reported
that PEG-coated lipid nano-particles encapsulating pDNA greatly
enhance anti-PEG IgM production when compared with PEG-coated
pano-particles without encapsulated pDNA, and that, as a consequence,
gene expression relating to pDNA in tumor tissue was strongly
diminished following its second injection. However, the mechanism
underlying the enhancing effect of pDNA on anti-PEG IgM response and
the accelerated blood clearance of the second dose of PEG-coated lipid
nano-particles encapsulating pDNA has not been elucidated yet. Here,
we focus on CpG motifs in the pDNA-sequence, which can activate the
toll-like receptor 9 (TLR9) signaling pathway in immune competent
cells and induce the production of a variety of inflammatory cytokines
and interferons [13]. In addition, CpG motifs have a strong adjuvant
effect which contributes to the increased immunogenicity [14]. In view
of these considerations it would not be surprising if the presence of CpG
motifs in pDNA formulations would act as a potent stimulator of the IgM
response. In the present study, we investigated the effect of CpG motifs
in pDNA-sequence on anti-PEG IgM production induced by PEG-coated
pDNA-lipoplexes and the contribution of splenic B cells to the anti-PEG
IgM responses caused by PEG-coated pDNA-lipoplexes.

2. Materials and methods
2.1, Materials

2—distearoyl-sn-glycero-3—phosphoethanolamine-n-[methoxy (po
lyethylene glycol)-2000] (mPEGa000-DSPE), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and dioleoylphosphatidylethanola-
mine (DOPE) were generously donated by NOF (Tokyo, Japan). A cationic
lipid, 0,0'-ditetradecanoyl-N-(a-trimethyl ammonio acetyl) diethano-
lamine chloride (DC-6-14) was purchased from Sogo Pharmaceutical
(Tokyo, Japan). Cholesterol (CHOL) was of analytical grade (Wako Pure
Chemical, Osaka, Japan). All lipids were used without further purifica-
tion. 3H-Cholesterylhexadecyl ether (*H-CHE) was purchased from
PerkinElmer Life Science (MA, USA). All other reagents were of analytical
grade.

2.2. Preparation of pDNA

pEGFP-N1 which contains CpG motifs (4733bp, 321 CpG points
(13.56%)) was purchased from Clontech (CA, USA). pCpG-mcs
(3066bp) which lacks CpG motifs was purchased from Invivogen
(CA, USA). pEGFP-N1 and pCpG-imcs were amplified in E. coli strain
DH5c and GT115, isolated by using EndoFree Plasmid Maxi Kit
(Qiagen, Hilden, Germany). The level of endotoxin in the DNA
preparation was always <0.1 endotoxin unit/ug DNA as measured
by the Limulus amoebocyte lysate assay (BioWhittaker, MO, USA).

2.3. Animals and cells

Male Std-ddY mice aged 4-5 weeks (20-25 g), male BALB/cCr Slc
mice aged 4-5 weeks (20-25 g) and male BALB/c Sle-nu/nu mice aged
5-6 weeks (20-25g) were purchased from Japan SLC (Shizuoka,
Japan). Mice were maintained under pathogen-free conditions. All
animal experiments were evaluated and approved by the Animal and
Ethics Review Committee of the University of Tokushima.

Mouse sarcoma, sarcoma 180 (S-180) cells were injected intraper-
itoneally and maintained in the peritoneum of ddY mice. Mice were
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sacrificed at 2 weeks after intraperitoneal inoculation of S-180 cells
and the ascitic fluid containing S-180 cells was collected. Cells were
washed 3 times by phosphate buffered saline (PBS), and the prepared
cell suspension was used for subsequent experiments.

2.4. Preparation of cationic liposomes

Cationic liposomes were composed of DC-6-14:POPC:CHOL:DOPE
(10:30:30:30, molar ratio). Liposomes were prepared as previously
described [15]. Briefly, the lipids were dissolved in chloroform, and
after evaporation of the organic solvent, the resulting lipid film was
hydrated in 9% sucrose to produce multilamellar vesicles (MLVs). The
MLVs were sized by repeated extrusion thorough polycarbonate
membrane filters (Nucleopore, CA, USA) with consecutive pore sizes
of 400, 200 and 100 nm. The mean diameters and zeta potentials of
the resulting liposomes were determined using a NICOMP 370 HPL
submicron particle analyzer (Particle Sizing System, CA, USA). The
mean diameter and zeta potential for cationic liposomes were
934 nm and +20.4 mV (n=3), respectively. The lipid concentration
of the liposomes was determined by using a Cholesterol E-test Wako
kit (Wako Pure Chemical, Osaka, Japan) and approximately 25 mM.

2.5, Preparation of PEG-coated pDNA-lipoplexes (PDCLs) and

 PEG-coated “empty” cationic liposomes (PCL)
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For the formulation of pDNA-lipoplexes, pDNA (10 pg) and cationic
liposomes (1 prmol, phospholipids) were mixed at 3.82 (+/—) charge
ratio and incubated for 20 min at room temperature. For PEGylation, a
post-insertion technique was employed [16,39]. Briefly, mPEG2000-DSPE
(5 mol% of total lipid) in 9% sucrose solution was added into either
pDNA-lipoplex or cationic liposome solution. The mixture was vortex-
ing and gently shaking for 1 hat 37 °C.Under the condition, almost 100%
of MPEG.000-DSPE added could be incorporated into preformed pDNA-
lipoplexes [16]. The mean diameter was 315.3 nm for PEG-coated
pDNA-lipoplexes (PDCLs), 309.9 nm for PEG-coated non-CpG pDNA-
lipoplexes (PNDCL) and 108.1 nm for PEG-coated cationic liposomes
(PCL) (n=3). The mean zeta potential was + 145 mV for PDCLs,
+13.1 mV for PNDCL and +20.5 mV for PCL (n=3). To determine the
biodistribution of PEG-coated lipoplexes, cationic liposomes were
labeled with a trace amount of *H-CHE (40 uCi/umol of phospholipids)
as a non-exchangeable lipid phase marker.

2.6. Biodistribution of single and second dose in tumor-bearing mice

S-180 cells (2% 10° cells) were implanted subcutaneously in the
dorsal skin of ddY mice. On day 2 after tumor inoculation,
pretreatment was given. For the pretreatment, either PDCL, PNDCL
(5 umol phospholipids and 50 pg pDNA/mouse, approximately
125 pmol phospholipids and 1.25 mg pDNA per kg of body weight,
respectively) or saline was intravenously administered into mice via
the tail vein. On day 7 after tumor inoculation (5days after the
pretreatment) when the tumor had reached a diameter of 4-5 mm
but no necrotic areas were apparent, radio (*H-CHE)-labeled test dose
(PDCL or PNDCL, 5pmol phospholipids and 50 pg pDNA/mouse,
respectively) was intravenously administered into the treated mice
via the tail vein. At 24 h after the injection, the mice were sacrificed.
Blood samples were withdrawn by heart puncture, and then tumor
tissue as well as normal tissues including liver, kidney and lung were
collected from the mice and weighed after withdrawing the blood
samples. Radioactivities in blood and tissues were assayed as
described previously [17].

2.7. Detection of anti-PEG IgM

A simple ELISA procedure as described previously [15] was
employed to detect anti-PEG IgM in the serum. Briefly, 10 nmol of
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MPEG2000-DSPE in 50l ethanol was added to 96-well plates. Lipid-
coated plates were allowed to air dry completely for 2 h. The plates were
then blocked for 1 h with Tris-buffered saline containing 1% BSA and
were subsequently washed three times. Diluted serum samples (1:100)
(100 i) were then applied in the wells, incubated for 1 h and washed.
Horseradish peroxidase (HRP)-conjugated antibody (100 ul, 1 pg/ml,
Goat anti-mouse IgM IgG-HRP conjugate; Bethyl Laboratories, TX, USA)
was added to the wells. After 1 h incubation, the wells were washed
three times. The coloration was initiated by adding 100 ul of o-
phenylenediamine (1 mg/ml) (Sigma, MO, USA). After 15 min incuba-
tion, the reaction was stopped by adding 100 ul of 2 N H;S04 The
absorbance was measured at 490 nm using a microplate reader
(Wallac1420 ARVOsx, PerkinElmer Life Science). All incubations were
performed at room temperature.

2.8. In vivo B-cell proliferation (BrdU incorporation assay)

To assess in vivo B-cell proliferation, mice were given drinking
water containing BrdU (Sigma) at 0.8 mg/ml, which was made fresh
and changed daily. One day after the start of BrdU administration,
either PDCL, PNDCL (5 pmol phospholipids and 50 ug pDNA/mouse)
or PCL (5 pmol phospholipids/mouse) was intravenously adminis-
tered via the tail vein. Two days later, the spleen was removed. Spleen
single-cell suspensions were prepared as described previously [15].
Briefly, spleen slices were pressed through a Cell Strainer (100 um,
Becton Dickinson, NJ, USA) and cells were subsequently washed by
PBS (pH 7.4, Nissui Pharmaceutical, Tokyo, Japan). Red blood cells
were lysed by treatment with 5 mL of ammonium chloride lysis buffer
(0.15 M NH,Cl, 10 mM KHCO3 0.1 mM Na4EDTA, pH 7.2) for 5 min on
ice and subsequently washed.

IgM-expressing splenic B cells were stained with FITC-conjugated
anti-mouse IgM (Goat anti-mouse IgM-FITC conjugate; American
Qualex Antibodies, CA, USA) for 1h at room temperature and
subsequently washed. For staining BrdU incorporation, cells were
fixed with 4% paraformaldehyde for 20 min at room temperature,
permeabilized with 0.2% Triton-X for 15 min on ice and treated with
1U of DNase/ml for 1 h at 37 °C and subsequently washed for each
procedure. Cells were then incubated with Phycoerythrin (PE)-
conjugated anti-mouse BrdU (Goat anti-mouse BrdU-PE conjugate;
Santa Cruz Biotechnology, CA, USA) for 1 h at room temperature and
subsequently washed. Cells were analyzed by using a flow cytometer,
Guava EasyCyte Mini (Guava Technologies, CA, USA).

2.9. Statistical analysis

All values are expressed as the mean= S.D. Statistical analysis was
performed with a two-tailed unpaired Student's ¢ test using GraphPad
InStat software (GraphPad Software, CA, USA). The level of significance
was set at p<0.05.

3. Results

3.1. Anti-PEG IgM production induced by a single injection of either PCL,
PDCL or PNDCL

We, determined the effect of the presence of pDNA in the PEG-
coated lipoplex on anti-PEG IgM production. Anti-PEG IgM production
was assessed on day 5 after a single injection of either PEG-coated
“empty” cationic liposome (PCL) or PEG-coated pDNA-lipoplexes
(PDCLs), by which time the ABC phenomenon is markedly manifest
[18]. We confirmed that a low-dose single injection of PCL caused a
significant induction of anti-PEG IgM production (Fig. 1). Consistent
with our earlier observations [19], the level of induction was reversely
related to the dose of PCL: the higher dose the lower the induction.
PDCLs also induced substantial production of anti-PEG IgM at low
dose, but here no decline in response was observed upon increasing
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Fig. 1. Anti-PEG IgM production induced by a single injection of either PCL or PDCL. PCLs
or PDCLs were intravenously injected at the indicated doses. Five days later, blood was
withdrawn from each treated mouse and serum was collected. The sera collected from
the naive mice were used as controls (dose 0). PCL did not contain pDNA. Anti-PEG IgM
was detected with ELISA as described in Materials arid methods. Each value represents
the mean £ 5D (n =4). *p<0.05, **p <0.01, ***p <0.005.

the dose. Apparently, pDNA in the lipoplexes strongly stimulated the
immune system to produce anti-PEG IgM.

Fig. 2 presents the results of experiments in which we studied the
effect of CpG motifs in the pDNA entrapped in the PCL, on anti-PEG
IgM production. On day 5 after a single injection of either PDCL or
PEG-coated non-CpG pDNA-lipoplex (PNDCL), anti-PEG IgM in serum
was determined. Clearly, PNDCL with non-CpG pDNA caused a much
lower the anti-PEG IgM response than PDCL with CpG-containing
pDNA. It is well known that CpG motifs in pDNA are a potent immune
stimulator [14]. Hence, it is likely that the CpG motifs in pDNA were a
major cause of the enhanced anti-PEG IgM production at the higher
dose of PDCLs, as presented in Fig. 1.

3.2. Effect of prior dosing on biodistribution of test doses of PDCL
or PNDCL

The biodistribution of radio-labeled test doses of PDCL or PNDCL
was investigated with or without pre-dosing 24 h after injection. As
shown in Fig. 3, without pre-dosing there were no significant
differences between PDCL and PNDCL in the fractions of injected
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Fig. 2. Effect of CpG motifs in pDNA on anti-PEG IgM production induced by PEG-coated
pDNA-lipoplexes. Experimental conditions were identical to those in Fig. 1 except that
PDCLs or PNDCLs were injected.
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dose remaining in blood and accumulating in all organs including
tumor. This indicates that the CpG motif in pDNA by itself does not
affect the biodistribution of PEG-coated lipoplexes in mice.

After pre-dosing, however, significant differences were observed
between biodistribution of the second test doses of the two types of
particle. Again, tumor-bearing mice received aradio-labeled test dose of
either PDCL or PNDCL, but now after first having received a pre-dose of
the same particles 5 days earlier. Test-dose radioactivity in blood, major
organs and implanted tumor was determined 24 h after injection. After
pre-dosing, blood clearance and biodistribution of the second PDCL dose
were markedly altered (Fig. 3). The amount remaining in blood was less
than half of that found without pre-dosing, while accumulation of PDCLs
in liver and spleen was significantly enhanced and that in tumor
substantially reduced. A prior injection of PNDCL, on the other hand, did
not at all affect the biodistribution of a second test PNDCL dose. These
results suggest that the CpG motifs in the pDNA in PDCLs, are the major
cause of the enhanced blood clearance of test-dose particles, resultingin
substantially reduced accumulation in tumor tissue.

3.3, Anti-PEG IgM production in T-cell-deficient (nude) mice

We recently reported that an intravenous injection of PEG-coated
“empty” liposomes or PEG-coated siRNA-lipoplex caused anti-PEG
1gM production in a T-cell-independent manner [15,18]. To study the
contribution of T cells to anti-PEG IgM production, T-cell-deficient
(nude) mice received either PCL, PDCL or PNDCL. As shown in Fig. 4,
anti-PEG IgM production was detected in all pretreated nude mice.
This indicates that T cells do not play an important role in the anti-PEG
1gM production, Interestingly, anti-PEG IgM production induced by
PCL (both doses) or PNDCL (only higher dose) was significantly
enhanced in nude mice compared to in naive mice. It would appear
that T cells in naive mice rather attenuate the production of anti-PEG
IgM in a dose-dependent manner.

3.4, Proliferation of IgM-expressing splenic B cells in vivo

In our earlier studies, we showed that spleen plays an important
role in the production of anti-PEG IgM [11,18]. Because it is well
known that B cells secrete IgM while extensively proliferating in
spleen [20-22], we assumed that CpG motifs in pDNA might act as “B-
cell mitogen,” resulting in enhanced proliferation of splenic B cells.
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Fig. 3. Effect of prior dose on biodistribution of test doses of PDCL or PNDCL. At day 5
after the pretreatment with either PDCLs or PNDCLs (5 wmol phospholipids and 50 pg
pDNA/mouse), 34-CHE labeled PDCLs or PNDCLs (5 pumol phospholipids and 50 pg
pDNA/mouse) were intravenously injected. At 24 h after injection, 3H activity in each
tissue and blood was determined as described in Materials and methods. “1st” means
without pretreatment. “2nd” means with pretreatment. Each value represents the
mean +SD (n=4). * p<0.05.
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Fig. 4. Anti-PEG 1gM production in T-cell-deficient (nude) mice. Either PCL, PDCL or
PNDCL was intravenously injected into (A) BALB/c mice or (B) BALB/c nude mice. Five
days later, blood was withdrawn from each mice and serum was collected. The sera
collected from the naive (non-treated) mice were used as controls. Anti-PEG 1gM was
detected with ELISA as described in Materials and methods. Each value represents the
mean 5D (n=4). *p<0.05, ***p<0.005.

Therefore we determined BrdU incorporation and IgM expression in
splenic cells by means of double immunofluorescent staining and flow-
cytometric analysis at day 2 after a single injection of either PCL, PDCLor
PNDCL (5 pmol phospholipids/mouse) (Fig. 5). The treatments with
PCL, PDCL and PNDCL induced BrdU incorporation by IgM™ splenic cells,
as compared to saline treatment. As expected, among these treatments,
PDCLs showed the highest BrdU incorporation by IgM™ splenic cells,
indicating that PDCLs did trigger proliferation of IgM-expressing splenic
B cells. It appeared that CpG motifs in pDNA of PDCLs play a role as “B-
cell mitogen,” resulting in proliferation of splenic IgM-expressing cells,
presurnably splenic B cells.

4. Discussion

The use of non-viral vectors for gene therapy has many advantages
over viral vectors such as safety, productivity and simplicity [1.2].
However, for in vivo use, repeated injections of such vectors will be
required to compensate for their low transfection efficiency relative to
viral vectors [23,24]. PEG-coated non-viral vectors have substantial
advantages in prolonging blood circulation of drugs, including nucleic
acids such as pDNA, oligodeoxynucleotide (ODN) or small interfer-
ence RNA (siRNA). However, we have reported earlier that an
intravenous injection of PEG-coated “empty” liposome causes a
second dose of PEG-coated liposome, injected a few days later, to
lose its long-circulating characteristics and to accurnulate extensively
in the liver [10] as a result of induction of anti-PEG IgM production by
the first dose of PEG-coated “empty” liposomes [12,15]. This
phenomenon is known as the “ABC phenomenon” [9]. Judge et al.
recently reported that PEG-coated lipid nano-particles encapsulating
pDNA cause an acute loss of prolonged blood circulation of a second
dose due to enhanced anti-PEG IgM production |7]. However, the
influence of the sequence of the encapsulated pDNA in the PEG-coated
lipoplexes, namely the occurrence of CpG motifs, on the anti-PEG IgM
response has not been thoroughly investigated yet.

In the present study, we showed that encapsulation of pDNA
containing CpG motifs in PEG-coated cationic liposomes further
facilitated the induction of anti-PEG IgM production (Fig. 1) while the
use of non-CpG pDNA instead of pDNA with CpG motifs rather
diminished the anti-PEG IgM production (Fig. 2). These findings
clearly indicate that CpG motifs in pDNA play a key role in the
induction of anti-PEG IgM production by intravenous injection of PEG-
coated pDNA-lipoplexes and that the encapsulation of immune-



