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RRENBLEURY —LEEEHFRERREETTTA
lCheEl, SRETHLL TRAEEZRE L.

zzBNC B A OFETH +ao 2 Ea btz % T
BN EEZEL T2,

BNCOEFNVTHHHABV I, MR IZBAL
TN B U HBY o @iil# 479 £ T¢Iz, HEI2
% OEBHHEL T O HIT A, TOBRIZIEICE
Mol Tady, MPFEERICIE, ORES [H
e, @uEREEERE, GERIHIEL - HMITRAEN{LEE,
O AR, MR~ EBALLETE, O
v Fv— LR, ©FENBTE OBESEEL
B, L&TORIEZIVIERT S, Jit, bhvbh
[ BNC OB E AT HBV ST 22 & %
Bzl TEh®, fiRoMmE LT BNCIZ
I LEEHBV OB T ABREOOP SOFEHR ST
WhHEELZTWD, —H, TNETHODDS Fv1)
TiL, EEVNVOEBETICESET 7oL
TORMBALIED SN TELD, MEAE L UM
PUBATREM RIS X 0, %ET 23R ofFHEIC
o, MMas, MEE MEE Ty Fy-—a,

H1E S B L & LR R

Bk 32 70 L TN ENRE 2 Sl b B
PEREE 5 Tvb, BNCIZOWThH, 4% BNC 3
Fl e RS T BIC %o T, BORMITEAEIRE 2
THRENRD L. FiC, WEROB LUODEHR
LT, HBV 2SR ET O~ T Vil o
FATY N v EDHBV RBMESAE L HE
L, WIZHBV M2 AE My EESIRT, £
DEMBNCBEAT B LEZTVWLRY, &4k
HBV BEMMEZAMIIRFAZTH Y, BNC Ol
NEEZ BT T 510, FPRSEEBRIZT)
EBBEBTH D, I, WEBEEROORBHEICEL
T, pre-SL#HM NI 20 7 3 / BRI ICHET
B BERLA TG VRS AYE pH ARTE \SIE AL 5 &
ZBNTWABY, TOFMRERBEIIO W TIZH
Lo Ty, 85612, BETFHRECBVLT
i, BANERBREETERESCLILEND S
B, BBEORT 2@8T 5121 ATP RER 888
Mg s ¥ 7 HPBE LTEY, BB0L) REKR
ST OBBEENETH L, LizdoT, BNCZH
WABEEREICBWTIE, HBVIKBI AT 4 ¥
NTEO XD RREINEART A = AL B 5
BLEFDH L. POk S, BNCICIHBERHT
EHG, BRTREBESLZ{BENTVS,
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VAN, EEHOREL R BYPERREIICT DR, S - BRI RE L, BCor
LB ELEIEET 2T ERTH L, TOTANRPES 7 LZIVIEE, b b IcEBHDRE
BIET2EALPES KT, EEROMIEEEEINENLTE, HhoRETEEROE VKT
Ko F 7 BB %2 2 % DDS (drug delivery system) % ) 727 2 AJRBIED S 2, AR TIE, &
b BIFFHT A V2 (HBV : hepatitis B virus) 7> 5 FE2E/IE7 A L AEDDS * v U 7CH 58
A FF 7 717 (BNC : bionanocapsule) DFAFE L IGHRBEHICOWTHEANT 2,

1. EU&I

Bea BN T 2B (Ko Leay, <
7'FF, £v,878, DNA, RNA) OFFstE
o, FEROEBAZEEZEDZY, BT
DR ULEDREIER) &REMT 2720, 7 BEHk
Wiz, @Y% aEoREH % BEICHIE (controlled
release) & 5T DRHF L e TEERINT
ETV3E, JZORAEES 2T L (DDS) #HL
SEBLDLLT, BEWCEREERTEL DS
SR = ®DDS ¥ v Y 7o ITwS, B
T DDS ¥ % Y P IZ &M, BEEE 50~150 nm
DF/RFTHY, EH (LEYPERE) LEs
BEERTEL LI FTVAvENRTWS, fAIE
VEV—4 (BEZBEOH L) I, W
WHIRBATE, MEHEDORA RIS
~EPR (enhanced permeation and retention) %0
ROJIC X 0 BT 2 ZHVENTL DDS X+ U 7
L THwens, LaL, 20% FclRiiito
R & B0 fEse, TS e 2 e
WER (RES : reticuloendothelial system) [2)TD
BEMEE 50T, VAEY—LEHZ PEG (poly-
ethylene glycol) TEHiL T, EHENTORENE S
WMol AT N AT HNTWB(3), TEAH A
TNALEE D PEG 72 £ 5 AL X L5 BIKER

&, TUVERNEHREPL OB ENIBUKEEAEL,
SHT S LR L > TAMRICEIAEEBHE LoD
WERICBEARE 2T L, BUKEESIcs 2 75 5
Vg EDMHEVEIA 2 GETRIC LT (4), U
BY = LRI NICHEILDDS F v 7, #HR
SECHERIEHIhCwE, BEHIcHEEs
N5H0PEG IgM Hifkic X b, DBEOBESICE Y
TIFPED T YT 7 v APEFICE k8%
(ABC (accelerated blood clearance) Z1HE) (5,6]
bEE ST, HEREIREEE 225405
5, MBEZREWNE LT AR Y v —T1, WA
PEI (polyethyleneimine) ® & % 1238\ IEEM%2H
T35 0%, HENHEAERICL Y EL DGR
(AFEE T siRNA %) LEEHREET 5 2
ERTES, LL, RUYe—ZHOHMEEn
WS WEEZET 2 Z Lok (BRNTFER)
DHHDSEL {, ERBORTMEMZ LI Lh 5
RESICE DRI NG R A H 5, JFEMHLE
NDFHEER IR IO T 2B b MBI 2> T
W3 (7], TANAOEIZIE, RES AR L >
WM M L <~V CREBNICER L CHE DY
S LERCIEFIBAT 250050, ZoWES
A U TR AT OB BB AR R~ & 3R 2 6%
TE 2 HRENENEL GDS (gene delivery system)
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Pre S1 (1 - 108 aa)

B & RS (1 - 20 aa)
EFFEREREEEE (21 - 47 aa)

Pre S2 (109 - 163 aa) :
RUTIVIRAEE TR (120 - 129 aa) |
12 (149 - 160 aa) :

$ (164 - 389 aa) ER-ER
JERl & 54 fEE (164 - 179 aa)

-------------------------------------------------------------------------------

Fig. 1 HBV & BNC

Fr U TP ELTCHWERAALDS, L LER, &
BTFEETHERICHINTWE T A VAT ¥ —
(FFI/I94ANR, PFIBERETANR, V¥4
TANA, LR AL AE)(8)IL, BETEAL
ROE S U CHEM - MRERREE2 R T 038
HTHI, TIUTEEDAND T A VAT ) LD
BFREAY 27 OFRRA L4, FFE, BKTIE
TR OFEEL Tw5(9,10), 20 k)i, BT
D DDS KiF—F—E»dH, AFETIx, HEOM
% RRT 3 DDS ¥ v Y 7 BNC & 2R
ZOWTHEMNT 5,

2. HBV h5EEZE 7 BNC

B4 DBFT 5 BNC I, BEED a2 —KTH
b MR RO L TR (IFEET) 28
ERITHBVEBRLILTVANAT ) L7 ) —DHH
22F /) RFThHB, HBV DL v o —7ICHdIA
INRETEY 378 (HBsAg: HBV surface
antigen) &, pre-S1 #Hif (108 aa) , pre-S2 I
(55 2a), BEUSHHEM (227 aa) 643 LYY
SNUE, pre-S2 B L OSHEENPSRE M V7
E, SHEHEOARP 6B LSV RIBD3OhLIE
BEns (Fig.1) (11), HEEME~OREEIIL
& VR 7B D pre-S1 FEIHD N FKigfHl 21-47 7 2/
R H b (12), MEREOZBENDEEZ N
U CRBE (R Be s3I FE L 72 N SRR
20 aa, FET), pre-S2 D C MM, B LS H
WO N REGANCFE T 2 ERETEEZ R L TE
RSN I B AT % (13,14), ¥ 512 Pre-S2 281,
i, RYTNT7 v EHEETBEML (PAR : poly-
albumin receptor) %A L (15]), MiEHT7 N7
VEARLEEL, Ry B EOEE (7
v =k 2L T RES Z[EET 2 &E 2 HS

EEZ TS (BfEh), 612 HBY OHICIE B
BFFRT 75 v 2EB LB T BYLEHBET 20
B Ry —7ERE (HBsAg BIEFEID & 358
T2 2807 IV BER) BWEETLI LD,
DDS ¥ ¥ U7 & L TOMETH 2 EAIEFEMESE
BE N B RS, 2k 9 iz, HBV 3
D DDS ¥ v U TICHELZRM (FlRRFEE, RES
[EhRERE, EAERM) 2ELTED, HL I3 HBsAg
PYRY —LICHEDAL Z LIz X ) HBV HSEDOHE
BINIER{LEE & RES FEBEEEZ b D EAERED
AR ) L7 Y —DHhZEF 2 R BNC Z Al L
7o (),

3. BNC OMRIREREEER

b bR RS AT, ERLATEESIER (pre-
S1, pre-S2, S D 3EATICHFE), PARRET S
HBsAg-L & v 3V B2 HMHFEETREAL THE N
B4 NAY ) 57 —DBNC 2%, BNC X
MY 80 nm DFRZES KT, WEIGEET-P%
HEEHATLIEPNTES (Fig1) (16-19), BNC
VEAE TR A 2 HEFEEREIC X b R - FELE N,
R OSFEIESY VRV ED 0% Ea 5o, B
W 5L & 5 AEH BNC % HHMER < 10 mg L RS
TE5, £/, RS ) LPOBREY VR0 HOD
AV IF—vavi3BRHBERM TS I LEE
EfPCRERELISA IC X HERLTEY, GMP
(good manufacturing protocol) ¥EJLDEIES & L
TRKEEENTRTH S, BE, HFEELZHAV2
A BNCEBEFREBCRAIN TS BRFRY 7
FrilEETHD, HEFBRATHEINLL Y
VoSN, ANEERE LT S SR 04 TR
XY ECEBLL, DiEEL— Xl BNC &L
THHENE, BNC1HFICIEH 114EoL & v



PR NEAREE SR Y B Y — L RICEES 8
7B UTHAIAEN, pre-S1 KU pre-S2 fHIH %
SRR U CHET 5, BNCIZIFHICEETH
b, 70 °C T 1 BREME L T OB bNT,
ST 5 2 Lok b 4°CT 14y U ERAE T
X5 ERMERL T 5, HRTZEY K2 T
T35 LI XD EBITKRIL, TR L8R
TE5,

4. BNC ~DQEEHIE A% & ER%E

BNC NER~DEYE A3 M4, BREEIC K
Dfr-7 (Fig.2A), GFP (green fluorescence pro-
tein) FHEELG TP LAED I VAL v EER
B2 X b BNCHICEAL, in vitro TEARIEIZ/E
FAEEs &, WROURY —LiERFEE T 5
9 DNA B AGKIE & Fh_C, BifZ DNA %7:1 100
B Lo FEAEERLZ09]), £, & F
e g %2 B ¥ 2 #fE <7 A 1L BNC 2
BEIRES T2 &, in vive CRIEEICRFRWIZE
HISET 2 2 LI Lz, 20K, avbo—ib
ELUTEELL 7o & P RIGEIEERIEE 12 RES
ny, /v A0FERER~D BNC OBTI3E
D oNlzipoi,

BNC

Fr
: "
e

o
o
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Yy —Ls
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POt

PR

Fig. 2 BNC ~0 3K A

CD L9, BNC LI - MR L,
B WIEA  BEFEAZREZR LR, EXREEL
RS X B EFE A AIEOB S b REEEIA
METhsb, 22T, BNC OFREBEIEEZFIAL,
BNC-URY — L EEERTVR ST 2 TEEZEZEL
7o (Fig.2B), BNCIZEEF2EE LI F 1 V&
DRV —LPHHAERAE LT A VBV RY — A
LEEERIER L, B 100~150 nm BEOF /i
T LTS h, KEFEDTHEEIC 25 72(20]),

BNC-U R Y —LBAEIE BNC OXY Ry —LHE
EHDIB%RETY in vitro IXB W EE2 R
L, EETEE BNC-Y RY —L2E8E&EITYRY —
L BRI e CTREE R 2B iR FEARE R L T,
7, FUEHI R XY ALES Y (Dox) @4 BNC-Y
Ky — AR, & FPERE SRS 2 E T
BT 2B WT, 4 mg/kg DIEHIE T Dox
HiE® Dox A& Y BV —5b & h bEOHIEEEE
ZRL021), £/, Dox @& BNC-YRY—LE
A%, RO Dox WE PEG LY BV — L BH
Doxil X ) & JEENICE W TERE Z BIFHMMER L,
R b Doxil IPEHLL 72,

—HBNCIE, UEY—ALRT TR K-t
LEAEZIHER Z E2ERL T3, B,
AU —ZFRICZHNENEGDS ¥ v U T ELT
AuvohnTnadys, RENL PEIO%E, £4FN
~NDBERECIICERT 27, MEERICE
BINCEET 3 7054 70 b v b IR R
&1 500, FRENBEOREIEETH -,
Xz lk, BNC Ly 7 =5 —RBIETLESHE
WL L 7z PEL AL, B 200 nm @ BNC-
PEL-DNA &2 F-IL72E 2 A, invitro TE
I S R B I N LS OB B AR &
T ERRHLE (Figs) (22],

30 -+ HuH7 28
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Fig. 3 BNC-PEI &% Hv 7z & b6 ok
FLAE

N/P i3 PEI OIEBMICH ST 5 BRI T8 /DNA
DEBEMICHFET 2 Y VIEFEEET, RLU, rela-
tive luminescence units; HuH7, FH@EMHIENE; A549,
iR B JE R o

%7z, AEAEE v MiEIEEEEE L 0
M HEMEESREE oM 2B T A2 E Y A
FIRES L7 & 25, b b IFEAIE h s i c R
B BB LT (Figd) . ZOERIE, BNC
23PEIIC HBV ICHRT 2 W LEEZ 5L, B
Bz PEIRFE O~ OEBZIHEIL 72 2 & 2 EWR
T 5,

5. BNC OEZRN{E
£CBNCIZ, & bFERERAZ: DDS ¥+
PELTHATH S Z ERBALD, Bi DU

>
S
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Fig. 4 BNC-PEI # &% w7 in vivo DDS i

TlE T Ol Bk 2 2 U7 BIER{L BNC DFl
HYHEEELEZTED, BNC D pre-S1 fHEICE F
N5t - IR 2 SR Lokl
BE2 R TEETERD T (FlF, ¥ 0H, X7
F FE) Ic@#aT 3 2 LT (FighA), FHARERE
ZRETAHHEICHENL T3, Yk, BET
TR pre-S 2 & pre-S2 FHIE % EGF (epidermal
growth factor) (Z{E#: L T EGF &R BNC %%
B BB, in vitro 1B WT & b FEE SRR~
DOESREEHE S, ECF 2R K2 EBHIT2
R EEEER A431 Mg~ DR EEEMNET 2
LI L2 (21), L LAETIE, FEMMLOE
WA BNC IR 79 2 2 P EEdnidn s 7,
£, B AR T O— MBI T
O BNC ORI FEGHEZE L CBHELLZ 05,
BNC OF#TcH 2 BHARBTPRE L boT, 22
T, BEOLOST L LU TAEDE WIHRICRE
L, BNC @ pre-51 2» 5 pre-S2 fHIZ# & @7 P
BREGHZE Protein A @ IgG Fe f5 &0 (Z $HI)
D2 (Z2Z) ITE#L 7 ZZ2-L % v 8 7R
BNC (zzBNC) %{E# 1 7z (Fig.5B) (21), 2zBNC
1%, BNC & /S WERN 40 nm EoF /Rt L
L CHFBENNCEEIZEETE, BNC LIZIFREE
DOFEENETRKEEREVAR TH >, £72, mBNC
& HBV @ & AT~ D& AGEEE TR D
B LE R pre-S1 MO ERATEETER (N
SRR 20 aa) ZEFFL T3 0T, BNC Rk
JRY =5 LDORELTRETH - %, JLECFRHL
HRERR L7 2BNC %, Z7UA—<2HEEHEL

Tee ) ARG T2 &, U —<BREIC
ZED wBNCOWERBL023), 7/, REHRGD
MENEHBICEEINE ER L7 F v IcERL,
M 7 PR, RREENCY - TR RIES Y
TEFINe YA, TRLFHEETFTLVI Y MIZBW»
T, ik 7 F v EFRERT L7 22BNC %2 &k
BET 5L, EHOPICERERMVICER L (I
5, HFEHE), RIS ) BRI REtE -2
DEAE LU GFP #ETORBICHED L =, —7H,
zzBNC O ZZ I 130 Y & VBEBEEL,
187 2 v RKistED NHS (N-hydroxysuccinimidyl
ester) {LE&WE AW RLEREIC LY, FUkStO
RIS T LEY, 2208, A—3v iR
TFRRE) ORROEG T A, Bz, B
IS I B AEEE C R & L A BESIEE © 81-6GlcNac %
BT 5 PHA-LA V7 F v FREBRR L /- BNC
1%, in wvitro & in vivo IZBWT H F1-6GleNac %
Y 2EEEE~ R L CERL 24), BEN
oY v NEELTERT 97 I ) BOoR—3 )
R7F R (Lyp-1 _7F F)(25,26) REHR L /-
7zzBNC I, b b FEMIE s o g~ 7 2z
BT, BOEWER CFP RILEET 0% ES THE
L7z, UL, d—3 77 F PR BNC
i, BOFEMMEBNC &K hA 75 —4 vy FELE
{, FEMEATF L LTERRLRTHY, o7
B LS EmkiEE cla T 2 R T E %
Ly, BLED X HIZ, BNCIZ in vivo 2BV TR
W N T A2 DDS ¥ U T L LTHE
Bbaniz,
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Fig. 5 BNC OFE1L

8. FIRTIFUTTy T A —LADOPE
PlED X9z, BNC I3RS S ~ %R
K FEAIERETE D LIIFCELY, EEAD
AL EPR A X ) ZEIVIER{LT % DDS
¥ ) TOREOERTH D, EBRICHEENIIEIYHY
DDS ¥ ¥ U 7 L ZEIVENE DDS ¥+ U 7 DlE
BB~ DEBEAICREN VI EbEINT
W5 (27), #THAIZ, BEBIAVIERTI DDS ¥ v
U7 O¥ERE R FICIEP TR, BNC 203
Bl 0F 770 b7 A—bOBFICEFLT
W5, DT 7 F U, TV EELILE
BENHEMEED ) v NI ZENICE
1L, B HLNEE %18 ) FUR R BN
(DCs : dendritic cells) 12NN A F vV ATHDIAE
FCRBERERBISE )z, — 0, REDT T %
W LT 79 v Tid, JiE DCs DMFOEAN
Ham OF /R kic LT, DCs ICRZERICEY
AENG L TE2TRBEEN T3, Lo, H#E
PYERYEL DDS ¥ v U 7% F\ T DCs ISRV I
PUR ZBEMIRE S, SoBRElEzE
T2 b TrFv) kb bEZT, BN
I, DCs DIMIEREICEET 2 FFENFUR (CDI1lc,
MHC class I, Z’> 7 U4 F GM1) 2F#%7 %
Pk % zzBNC TR I Te 7 ACEEIRD & £
51, BEENDCME~OEBEZIM Lz
A, #i CD1lc filE %2 AT % 22BNC 23N DC
ffE D 8 BB T zzBNC 2S£ L T\w72(28), X
12, BAMETANACKT 23722y b9 o F
v (D3HIE) LEAHEMH AT A=y 2 Y
R — & L CD1le Pulf R 22BNC ZRL& L,
v ACBEIRD» 5 E Lz & 2 A, FRERIES

£ b, MiEFOH D3 P RIENICEE STy
7o (Fig.6) o Tk I Ziaahstix, Bific DCs
NOTERA 7 FUEEES T Cld 7 ¢, zzBNC T X
AHUETFO BNC RENDEFLIZ L 3 avidity
DOEBIC X ZHEMR EEZ 5N 5(29),

3..

= o
= 92-
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7. £&EOH

HBV %##{il L 7= BNC (R 7V A% BNC) 3,
MR % RES ICHE SN B Z & L, P
ARSI D A £, HENZ DDS ¥ v
U7 ELTHREL /o, INETIZHAL I, BNC O
MR E AR HBV ICEHT 52 Z E 25202 L
TEH30), IoHMIENNEBALETIE, B
LT oREINLI Y FY — AL D
DZEBHEL TS, ITNETHODDS YU T
X, LV OEEREITICE S Ew s LT
DEHEANED ST E-—75T, MlENE X oE
RNEITRT OERIC L b, POET 3 EKOMEEIC
fe>C, Mpast, MhEmEE, MEE, v Py -2,
Bt 27 a LSOV CHlllaNENRE & ST B
WPEE->TETWVS, BNCIZOWTY, S8k
DEEICHlEN B = RIT T 2 03B D, HBV
DI ET O~ S VIR 7 u F A 7Y v i
£ HBV EEMEZEE LA L, RIKNTCP
(Na-taurocholate cotransporting polypeptide) 7
EOHBV BEAEZAEBLICH EEEINT, Z
OBEMBIZEAT 5 EE 2 Tw523(30), BNC
(H 5\ HBV) OHEANDEBAD A 5 =R L%



HICZgh o Ty, FBLld, pre-S1 M N
K 20 7 I ) BERERICHE T A B G S RS
B pH RENICTEEL T2 EEZ 6N T05ED, 2
DB BB I 2L TS P> T
v, ToI, BEFEEICRWTE, BNNLRE
BEFRFREIEILENDH LD, BEORTZ
T 51013 ATP (REFWN 2 BEIE Y v 7 ED
BE LTED, KBD L5 HERSTFO@EiEIL R
TH 5, iE->T, BNC ZHWEIEIBEZIZEBWT
X, HBVICEIF 2277 37D &) B8N
BT A D = AL B /{57 208038 5 L5 2T
D, HBV OB 5E2 5] E ik XA DDS
¥y U7, KRHEARDBNCEHHFEZED TS,
SE
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Start or End? One of the Biggest Mysteries is Finally Solved?
Keiji Ueda*

Division of Virology, Department of Microbiology and Immunology, Osaka University Graduate School of Medicine, Japan

Hepatitis B virus (HBV) is a small DNA virus, which was found a
half century ago. No useful and convenient in vitro infection system
for HBV has hampered detailed analysis of HBV life cycle, which leads
to development of HBV related diseases. Here, Yan et al. [1] reported
this November, 2012 that a sodium-taurocholate cotransporting
polypeptidealso called NTCP was areceptor for HBV and established an
HBV in vitro infection system using ordinary hepatocellular carcinoma
derived cell lines. This finding will shed light on total elucidation of the
HBYV life cycle and lead to development of new anti-HBV drugs.

It is now a half century since hepatitis B virus (HBV) was identified
by Blumberg et al. [2]. This virus is a small DNA virus whose genome
is partially double stranded circular DNA and is only 3.2 kb in size. The
viral genes are compactly organized and four genes; core, S, polymerase
and X are identified [3].

There are about 360 million people infected with the virus
worldwide, forming one of the biggest infectious diseases and one of
the most serious health programs of human being [4]. HBV infection
causes not only severe acute hepatitis including fulminant hepatitis
that is highly lethal, but also chronic hepatitis leading liver cirrhosis
and hepatocellular carcinoma especially through vertical infection.
Treatment against HBV infection consists of interferon therapy and
anti-viral drugs. The interferon therapy is, however, very limited
and not as effective as that against hepatitis C virus (HCV) infection
[5]. And furthermore, anti-HBV drugs, all of which are nucleoside
analogues, were developed as anti-human immunodeficiency virus
(HIV) drugs not as anti-HBV ones and the HBV polymerase specificity
and peculiarity were not considered. Needless to say, both viruses have
a reverse transcription process of their replication cycles and thus
reverse transcriptase activity work in a similar way, i.e., their activity
center is composed of an MYDD motif [3]. These kinds of anti-viral
drugs always lead to generation and expansion of mutants that escape
their effectiveness.

As mentioned, exploitation and development of new really effective
drugs against HBV considering its viral life cycle and gene functions is
one of the most important issues for human health. But we have not
had very useful HBV infection system in vitro and in vivo to study detail
viral life cycle and its pathogenesis. Hepadnaviruses are highly species
specific and tissue specific and HBV never infects present hepatocyte-
originated human hepatocellular carcinoma cell lines such as HepG2.
Although there are several animal hepadnaviruses; avians (duck
hepatitis B virus (DHBV) and heron hepatitis B virus (HHV)), rodents
(woodchuck hepatitis virus (WHV) and ground squirrel hepatitis virus
(GSHV)) and primates for HBV [6,7], it is not easy to hatch and raise
these kinds of animal and to prepare primary hepatocytes from these
animals.

As for in vitro infection systems, two systems are available at
present; one is primary human hepatocytes (PHH) or tree shrew
(Tupaia belangen) (8] which is also susceptible to HBV as human
and chimpanzee and another is HepaRG [9], a cultured human
hepatocellular carcinoma (HCC) cell line established from HCV
caused HCC. These in vitro systems facilitate our knowledge about how
HBYV infects hepatocytes, but still not good enough because of their
commercialism, invariability is dependent on the lot and takes cost for
preparation and time to induce infectivity.

J Infect Dis Ther
ISSN: JIDT, an open access journal

A recent splendid report by Yan et al. may improve such
inconvenience to study HBV [1]. For long time, we have been searching
for HBV receptors and several molecules including those from the
DHBV system were nominated as HBV receptors but they had never
contributed establishment for HBV infection systems in vitro, though
many data have suggested that the ligand on the HBV side for the
receptor must be in the preS1 region [10-12]. This time, Yan et al. [1]
successfully pulled down an HBV receptor, a sodium taurocholate
cotransporter polypeptide called also NTCP or NTCP-1, with a photo-
activating preS1 peptide using Primary Tupaia Hepatocytes (PTH).
Many researchers had been trying to elucidate HBV receptors with the
same kind methods including phage libraries screening with the preS1
region; synthetic peptides or the protein purified from E. coli, insect
cells and yeast expression/purification system etc., and wonder why
such a molecule has not been picked up until now.

Yan et al. [1] showed that NTCP expression was low in common
HCC cell lines but high in PHH and PTH, and that introduction of
NTCP expression raised the competency of HBV in these unsusceptible
cell lines and knockdown of NTCP in PTH lowered the susceptibility.

Thus, a tip of the mystery has been finally solved by Yan et al. {1].
Though this must be re-evaluated by the other researchers, the finding
will shed light on total elucidation of the HBV life cycle and lead to
development of new anti-HBV drugs.
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Introduction

Hepatitis C virus (HCV) is well known as a major causative
agent of chronic liver disease including cirrhosis and hepatocel-
lular carcinoma and is thought to persistently infect 170 million
patients worldwide [1]. HCV belongs to the genus Hepacivirus of
the family Flaviviridae and possesses a viral genome that is
characterized by a single positive strand RINA with a nucleotide
length of 9.6 kb [2]. The single polypeptide coded by the genome
is composed of 3,000 amino acids and is cleaved by host and viral
proteases, resulting in 10 proteins, which are classified into
structural and nonstructural proteins [3]. The viral genome is
transcribed by a replication complex consisting of NS3 to NS5B
and host factors [4]. NS3 forms a complex with NS4A and
becomes a fully active form to cleave the C-terminal parts of the
nonstructural proteins. The advanced NS3/4A protease inhibi-
tors, telaprevir and boceprevir, have been employed in the
treatment of chronic hepatitis C patients infected with genotype 1
[5]. Sustained virologic response (SVR) was reportedly 80% in
patients infected with genotype 1 following triple combination
therapy with pegylated interferon, ribavirin, and telaprevir [6],
although the therapy exhibits side effects including rash, severe
cutaneous eruption, influenza-like symptoms, cytopenias, depres-

PLOS ONE | www.plosone.org

sion, and anemia [7]. In addition, there is the possibility of the
emergence of drug-resistant viruses following treatment with those
anti-HCV drugs [8] Thus, further study is required for develop-
ment of safer and more effective anti-HCV compounds.

Several recent reports indicate that silbinin [9], epigallocate-
chin-3-gallate [10], curcumin [11], quercetin [12] and proantho-
cyanidins [13], which all originate from natural sources, have
exhibited inhibitory activity against HCV replication in cultured
cells. Caffeic acid phenethyl ester (CAPE) is an active component
included in propolis prepared from honeybee hives, and has a
similar structure to flavonoids (Fig. 1A). CAPE has multi-
functional properties containing anti-inflammatory [14], antiviral
[153], anticarcinogenic [16], and immunomodulatory activitics
[15]. CAPE also inhibits enzymatic activities of endogenous and
viral proteins [17-19] and transcriptional activity of NF-kappaB
[14,20]. In addition, CAPE could suppress HCV replication
enhanced by using the NF-kappaB activation activity of morphine
[21], although it has been unknown which of moieties including
CAPE is responsible for ant-HCV activity. Furthermore, it is not
clear whether chemical modification of CAPE could enhance anti-
HCV activity or not. In this report, we examined the effect of

December 2013 | Volume 8 | Issue 12 | 82299
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Figure 1. Effect of CAPE on viral replication in the replicon cell
line of genotype 1b. (A) Molecular structure of CAPE. (B) Huh7/Rep-
Feo cells were incubated for 72 h in a medium containing various
concentrations of CAPE. Luciferase and cytotoxicity assays were carried
out by the method described in Materials and Methods. Error bars
indicate standard deviation. The data represent results from three
independent experiments. (C) Protein extract was prepared frorn Huh7/
Rep-Feo cells treated for 72 h with the indicated concentration of CAPE
and it was then was subjected to Western blotting using antibodies to
NS3 and beta-actin.

doi:10.1371/journal.pone.0082299.g001

CAPE derivatives on HCV proliferation to develop more effective
and safer anti-HCV compounds.

Results

Effect of CAPE on HCV RNA replication in HCV
subgenomic replicon cells

CAPE is composed of ester of caffeic acid and phenethyl alcohol
(Fig. 1A). We examined the effect of CAPE (compound 1) on both
viral replication and cell growth in the HCV subgenomic replicon
cell line Huh7/Rep-Feo. The replicon cell line was treated with
various concentrations of compound 1. The replication level of the
HCV RNA was measured as an enzymatic activity of luciferase,
which is bicistronically, encoded on the replicon RNA. Compound
1 suppressed HCV RNA replication at concentrations from 1.3 to
40 pM in a dose-dependent manner, but did not affect cell

PLOS ONE | www.plosone.org

Anti-HCV Activity of CAPE Derivatives

viability. (Fig. 1B). HCV NS3, which is a viral protease, was
decreased at the protein level by treatment with CAPE in a dose-
dependent manner, corresponding to the viral replication, whereas
beta-actin was not changed in the replicon cell line (Fig. 1C).
Based on the calculation using a dose dependency of CAPE,
compound 1 exhibited an ECsq value of 9.0 pM and a CCj; value
of 136.1 uM, giving a selectivity index estimate (SI) of 17.9
(Table 1). These results suggest that treatment with CAPE inhibits
HCV replication in HCV subgenomic replicon cells.

Structure-activity relationship of CAPE analogues

To clarify the structure-activity relationship of CAPE analogues,
we examined the effect of hydroxyl groups on the aromatic ring
(catechol moiety), the alkenyl moicties on alpha, beta-unsaturated
esters, and the ester parts as follows (Figure S1).

We tested whether commercially available CAPE-related
compounds 2 to 6 (Fig. S1) affected HCV replication (Table 1).
All these compounds showed weaker inhibitory activity than
CAPE (1), but are not toxic. Gompound 2, which is the acid
component of CAPE, showed a slightly lower value of EC5y than
compound 3, which is the compound 2 derivative replaced a
hydroxyl group with a methoxyl group of catechol moiety, while
compound 4, which is the derivative lacking two hydroxyl groups
within catechol moiety, exhibits a higher value of ECsq than
compounds 1 and 2. These data suggest that the catechol moiety
of CAPE is required for ant-HCV activity. Interestingly,
compounds 5 and 6, which are natural products including
polyhydroxylated acid moieties in the ester parts, showed much
weaker inhibitions than compound 1 and exhibits low Clog P
values. The position of hydroxyl group or/and the structure of the
ester part may affect the inhibitory activity and/or hydrophobicity.

We next examined the effects of caffeic acid ester compounds 7
to 11, which include various lengths of alkyl side chains, on HCV
replication (Table 2 and Figure S2). The EC5q values decreased in
the order methyl ester (compound 7), n-butyl ester (compound 8),
n-hexyl ester (compound 9), and n-octyl ester (compound 10),
suggesting that elongation of the n-alkyl side chain increased the
inhibitory activity. However, the ECsy value of n-dodecyl ester
(compound 11) was higher than that of compound 10. Thus, n-
octyl ester (compound 10) showed the lowest ECsq value and the
highest SI among the tested compounds shown in Tables 1 and 2.
Compounds 7 to 11 gradually increased own Clog P values,

Table 1. Effect of CAPE (1) and related compounds 2-6 on
HCV replication.

ECs0 ®
Compound (Number) i)

€Cso P (UM SI © dog P9

86.1x63 >320 >3.7 4.56

cinnamic acid henethyl
ester (4)

osmarinic acid (6) >320

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

c: Selectivity index (CCso/ECso).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t001
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corresponding to length of n-alkyl side chain (Fig. 2A). Com-
pounds 10 and 11 exhibit ECs, values of 2.7 and 5.9 uM,
respectively, SI values of 29.6 and 9.80, respectively, and Clog P
values of 4.90 and 5.96, respectively, suggesting that high
hydrophobic property of n-alkyl side chain decreases ant-HCV
activity. The appropriate Clog P value of caffeic acid ester
containing unsaturated side chain may be around 5.

Dihydrocaffeic acid methyl ester (compound 12) showed less
activity than caffeic acid methyl ester (compound 7) regardless of
values of Clog P value and CCsy, suggesting that the alpha, beta-
unsaturated part attached to ester affects the anti-HCV activity
level (Table 3 and Figure S3).

We further examined the effect of the hydroxyl groups on the
aromatic ring on HCV replication (Table 4 and Figure $4). The
ECsq values of O-methylated caffeic acid n-octyl esters {com-
pounds 13 and 14) were higher than that of compound 10.
Compounds 15 including 3, 4-di-O-methylated caffeic acid n-octyl
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ester exhibited higher EC5q than values of compounds 16, 13 and
14. However, addition of a third hydroxyl group to 3, 4, 5-
trihydroxy derivative (compound 16) of compound 10 resulted in
a reduction of anti-HCV activity. Furthermore, Clog P values of
compound 10, 13, 14, 15 and 16 were not correlated with ant-
HCV activity (EC5q value) (Fig. 2B). These results suggest that the
catechol moiety plays an important role in anti-HCV activity, and
that the 4-hydroxy moiety is more important for the activity than
the 3-hydroxy moiety.

Thus, compound 10, which exhibits the lowest ECsq value and
the highest SI value, is the most effective compound among CAPE
analogues used in this study.

Effect of CAPE derivatives on virus production

The structure of compound 10 is shown in Fig. 3A. Treatment
with compound 10 reduced HCV replication and NS3 protein in
a dose-dependent manner at a higher and-HCV level than

Q, "
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© 3 @8 3{\\/\‘3"*3
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Figure 2. Correlation between the inhibitory effect on HCV replication and Clog P of CAPE analogues. Values of x-axis indicate ECsy
values of CAPE analogues, while values of y-axis show Clog P values. (A) Correlation between the inhibitory effect on HCV replication and Clog P of
CAPE analogues (Compound 7-11). (B) Correlation. between the inhibitory effect on HCV replication and Clog P of CAPE analogues {Compound 10

and 13-16).
doi:10.1371/journal.pone.0082299.g002
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Table 2. Effect of caffeic acid esters 7, 9-14, including 1, on
HCV replication.

Anti-HCV Activity of CAPE Derivatives

Table 3. Effect of caffeic acid esters 7and & on HCV
replication.

ECs0  (WM) CCso ° (uM) SI°  Clog P ¢

Compound No. R

13.5£2.1 39.0x1.1 29 279

“490

2.7%01 71.7£85 266

136.1+1.9 17.9 330

1 (CHy),Ph  9.0£0.7

The basic structure and side moieties are shown in Figure S2.

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

¢t Selectivity index (CCso/ECs0).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.1002

compound 1 (Figs. 3B and C), but not effect enzymatic activities of
firefly and Remila luciferases (Fig. 3D) and IRES-dependent
translation (Fig. 3E), suggesting that inhibition of HCV replication
by compound 10 is not due to offtarget effect. We evaluated the
inhibitory effect of compound 10 on three different subgenomic
replicon cell lines (1b: N strain, Conl strain, 2a: JFH-1 strain) and
one full genome replicon cell line (1b: O strain). Compound 10
inhibited the viral replication of all replicon cell lines at similar
level, and exhibited the lowest EC5q value of 1.0 pM and an SI
value of 63.1 by using Conl replicon cells (Table 5). We next
examined the effect of compound 10 on virus production by using
HCVec, since subgenomic replicon mimics HCV replication, but
not the whole viral cycle. The Huh7 OKI1 cell line, which is highly
permissive to the HCV JFHI strain [22], was infected with
HCVcce and then treated with compound 16 at 24 h post-
infection, The supernatant was harvested 72 h post-infection from
the culture supernatant and then the RNA that prepared from the
supernatant was estimated by real time qRT-PCR. Figure 3F
shows that treatment with compound 10 reduced HCV viral
production (ECs59=1.8%0.4 uM) in a similar way to the data
obtained by using a replicon cell line. To clarify whether or not
compound 10 inhibited HCV replication via interferon-signaling
pathway, we analyzed ISRE activity and the expression of
interferon stimulated gene (ISG) by using reporter assay and
RT-PCR, respectively. The replicon cells were harvested at 48 h
posi-treatment. There were no significant effects of compound 1, 6
and 10 on ISRE-promoter activities, while interferon alpha 2b
significantly enhanced it as a positive control (Fig.4 A). The data of
the RT-PCR analysis showed that the transcriptional expressions
of ISGs including Mx1, MxA, IFIT4, ISG15, OASI, OAS2, and
OAS3 were induced with interferon alpha 2b, but not with
compound 1, 6 and 10 (Fig. 4B). These data suggest that the
CAPE derivatives have an inhibitory effect on virus production
and replication, irrespective of interferon signaling induction.

Synergistic effect of caffeic acid n-octyl ester on
interferon and direct-acting antiviral agents

To estimate the effects of drug combinations on anti-HCV
activity, we examined the antiviral activity of compound 10 in
combination with IFN-o 2b, telaprevir (NS3 protease inhibitor),
danoprevir (NS3 protease inhibitor), daclatasvir (NS5A inhibitor)
or VX-222 (NS5B polymerase inhibitor). Conl LUN Sb #26
replicon cells were treated with compound 18 in combination with

PLOS ONE | www.plosone.org

Compound

No. ECso * (M) CCso (M) si© clog P©

140.7£3.4 1.8 1.02

iz 77.0+1.6

Chemical structures of both compounds are shown in Figure S3

a: Fifty percent effective concentration based on the inhibition of HCVY
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability.

c: Selectivity index (CCso/ECs0). .

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t003

each anti-HCV agent at various concentration rations for 72 h.
The effect of each drug combination on HCV replication was
analyzed by using CalcuSyn. An explanatory diagram of
isobologram was shown at a right end of lower panels of Fig. 5A
as described in Materials and Methods. As shown in the resulting
isobologram, all plots of the calculated ECyq values of compound
10 with IFN-alpha 2b, daclatasvir, or VX-222 are located under
the additive line, while the plots of compound 18 with telaprevir,
or danoprevir are located above the additive line and closed to the
additive line (Fig. 3A). Additionally, we determined the degree of
inhibidon for each drug combination was analyzed as the
combination index (CI) calculation at 50, 75 and 90% of effective
concentrations by using CalcuSyn. An explanatory diagram was
shown at a right end of lower panels of Fig. 5B as described in
Materials and Methods. On the basis of the CalcuSyn analysis, the
combination of compound 10 with daclatasvir exhibited strong
synergistic effect on inhibition of HCV replication in the replicon
cells (Fig. 5B, upper middle). The combination of compound 10
with VX-222 exhibited an additive to synergistic effect, suggesting
that it trends toward synergistic (Fig. 5B, upper right), and with
IFN-alpha 2b exhibited an antagonistic to synergistic effect,
suggesting that it trends toward synergistic (Fig. 5B, upper left). In
contrast, the combination of compound 1§ with telaprevir resulted
in antagonistic effect (Fig. 5B, lower left), and with danoprevir
resulted in an antagonistic to additive effect, suggesting it trends
toward antagonistic (Fig. 5B, lower middle). These calculated data

Table 4. Effect of octyl esters 10 and 13-16 on HCV
replication.

CCso ®
{(ui) sie

ECso ®
(ub)

Compound

Ne. R, R% R® dog P4

603x16 59 535

2724%69 44

5.82

The basic structure and side moieties are shown in Figure S4.

a: Fifty percent effective concentration based on the inhibition of HCV
replication.

b: Fifty percent cytotoxicity concentration based on the reduction in cell
viability. -

c: Selectivity index (CCs/ECsq).

d: Determined with ChemDraw software (Chem Bio Office Ultra, 2008).
doi:10.1371/journal.pone.0082299.t004
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Figure 3. Effect of compound 10 on the viral replication in the replicon cell line and HCVcc. (A) Molecular structure of compound 10. (B)
Huh7/Rep-Feo cells were incubated for 72 h in a medium containing various concentrations of compound 10. Luciferase and cytotoxicity assays were
carried out by the method described in Materials and Methods. Error bars indicate standard deviation. The data represent three independent
experiments. {C) Protein extract was prepared from Huh7/Rep-Feo cells treated for 72 h with the indicated concentration of compound 10 and it was
then subjected to Western blotting using antibodies to NS3 and beta-actin. (D) Huh7 cell line was transfected with pEF Fluc IN encoding firefly
luciferase or pEF Rluc IN encoding Renilla luciferase. Both transfected cell lines were incubated with DMSO (Control) or 40 ug/ml compound 10.
Firefly or Renilla luciferase activity was measured 72 h post-treatment. Luciferase activity was normalized with protein concentration. Error bars
indicate standard deviation. The data were represented from three independent experiments. (E) Schematic structure of RNA transcribed from the
plasmids was shown (Top). The bicistronic gene is transcribed under the control of elongation factor 1o (EF10) promoter. The upstream cistron
encoding Renilla luciferase (RLuc) is translated by a cap-dependent mechanism. The downstream cistron encodes the fusion protein (Feo), which
consists of the firefly luciferase (Fluc) and neomycin phosphotransferase (Neo'), and is translated under the control of the EMCV or HCV IRES. Huh7
cell fine was transfected with each plasmid and incubated for 72 h post-treatment with DMSO (control) or 40 ug/ml of compound 10. Firefly and
Renilla luciferase activities were measured. Relative ratio of Firefly luciferase activity to Renilla luciferase activity was represented as percentage of the
control condition. Error bars indicate standard deviation. The data were represented from three independent experiments. (F) Huh7 OK1 cell line was
infected with HCVcc derived from JFH-1 strain and then treated with several concentrations of compound 10 at 24 h post-infection. The resulting
cells were harvested 72 h post-infection. The viral RNA of supernatant was purified and estimated by the method described in Materials and Methods.
Error bars indicate standard deviation. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0’
doi:10.1371/journal.pone.0082299.g003
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Figure 4. Effect of CAPE derivatives on the interferon-signaling pathway. (A) Plasmids plSRE-TA-Luc and phRG-TK were co-transfect into
Huh7 OK1 cells. The transfected cells were cultured with 1, 10, 100, or 1000 U/mL of interferon-alpha 2b, and compounds 1, 6 and 10. Treatment
with DMSQ corresponds to ‘0°. After 48 h of treatment, luciferase activities were measured, and the value were normalized against Renilla luciferase
activities. Error bars indicate standard deviation. The data represent three independent experiments. (B) Huh7 replicon cell line of genotype 1b was
treated with 1, 10, 100, or 1000 U/mL of interferon-alpha 2b, and compounds 1, 6 and 10 for 48 h. Treatment with DMSO corresponds to the control.
The mRNAs of Mx1, MxA, IFIT4, ISG15, OAS1, OAS2, OAS3, and GAPDH as an internal control were detected by RT-PCR.

doi:10.1371/journal.pone.0082299.g004

of combination tests suggest that daclatasvir, IFN-alpha 2b, and
VX-222 synergistically, but telaprevir and danoprevir antagonis-
tically, inhibit HCV replication in combination with compound
10.

Discussion

CAPE is an active component of propolis, which possesses
broad-spectrum biological activities [14~19]. In this study, CAPE

PLOS ONE | www.plosone.org

suppressed HCV RNA replication in a dose-dependent manner
(Fig. 1A and B). Treatment with CAPE inhibited HCV replication
with an EC5o 0of 9.0 pM and an SI of 17.9 in Huh7/Rep-Feo cells
(Table 1). The treatment of the replicon cell line with CAPE did
not induce expression of the IFN-inducible gene (Fig. 4),
suggesting that the inhibition of HCV replication by CAPE is
independent of the IFN signaling pathway.
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Table 5. Anti-HCV activity of compound 10 in replicon cell lines of genotypes 1b and 2a.

Cell line Replicon type Strain (Genotype) ECso ® (uM) CCso © (M) st

Huh7 RepfFeo-b
Con1 LUN Sb #26
Huh7 Rep/Reo-2a

OR6 Full genome O (1b) 1.5+04 61.7+0.6 411

(1b)

Cont (1b)

63.1£3.1

a: Fifty percent effective concentration based on the inhibition of HCV replication.

b: Fifty percent cytotoxicity concentration based on the inhibition of HCV replication.
c: Selectivity Index (CCso/ECso).

doi:10.1371/journal.pone.0082299.t005

We also cxamined the effect of CAPE derivatives on HCV In conclusion, we showed that CAPE and its analogue possess a
replication. Our data suggest that the n-alkyl side chain and significant inhibitory effect against HCV replication. The length of
catechol moiety of the CAPE derivative are critical in its ant- n-alkyl side chains and the catechol moiety of CAPE are critical to

HCV activity (Tables 2 and 3). The EC3; value of the derivative its inhibitory activity against HCV replication. The most effective
decreased dependently on the length of the n-alkyl side chain until derivative among the tested compounds was caffeic acid n-octyl
reaching octyl ester length (Table 2), while longer chains than octyl ester, which exhibited an EC5q value of 1 pM and an SI value of
ester of a derivative led to an increase in the EC5q value and Clog 63.1 in the replicon cell line of genotype 1b strain Conl.
P value. Compound 10, Caffeic acid n-octyl ester, exhibited the Treatment with caffeic acid n-octyl ester reduced the viral
highest anti-HCV activity among the tested compounds with an replication of genotype 1b and 2a at a similar level and inhibited
EC5 value of 2.7 uM and an SI value of 26.6. Cyclosporine A and viral production of HCVce. Treatment with caffeic acid n-octyl
its analogues could suppress the viral replication of genotype 1b at ester could synergistically enhance the ant-HCV activities of IFN-
a higher level than that of genotype 2a [23]. Interestingly, o 2b, daclatasvir, and VX-222, but neither telaprevir nor

compound 1@ could inhibit HCV replication of genotype 1b and danoprevir. Further investigation to clarify the mechanism of
2a at a similar level, irrespective of expression of the interferon- anti-HCV activity and further modification of the compound to
inducible gene (Fig. 4). CAPE and its derivatives may therefore improve anti-HCV activity will lead to novel therapeutic strategies
possess a mechanism different from cyclosporine A and its to treat chronic hepatitis C virus infection.

analogues with respect to anti-HCV activity.

CAPE has been reported to be an inhibitor of NF-kappaB Materials and Methods
[14,20]. Lee et al. reported that the catechol moiety in CAPE was
important for inhibition of NF-kappaB activation [24]. The data ~ Compounds
shown in Table 3 suggest that the catechol moiety in CAPE is Boldface numbers in this text indicate the compound numbers
critical to the anti-HCV activity of compound 1. Previous studies shown in Tables. All chemical structures of compounds used in
have implicated the inhibition of NF-kappaB in anti-HCV activity. ~ this study are shown in figure S1. CAPE (1), caffeic acid (2), ferulic
Treatment with an extract prepared from Acacia confusa [25] or acid (3), and chlorogenic acid (5) and were purchased from Sigma-
San-Huang-Xie-Xin-Tang [26] could suppress HCV replication Aldrich (St. Louis, MO, USA). Cinnamic acid phenethyl ester (4)
and inhibit NF-kappaB activation. However, Chen et al. reported was from Tokyo Chemical Industry (Tokyo, Japan). Rosmarinic
that curcumin-mediated inhibition of NF-kappaB did not  acid (6) was from Wako Pure Chemical (Tokyo, Japan). Caffeic
contribute to and-HCV activity [11]. Furthermore, treatment acid n-octyl ester (n-octyl caffeatc) (10), 3-O-mcthylcaffeic acid n-
with N -(Morpholine-4carbonyloxy)-2(maphthalene-1-yl) acetimi- octyl ester (n-octyl-3-methylcaffeate) (13), 4-O-methylcaffeic acid
damide could activate NF-kappaB and downstream gene expres-  n-octyl ester (n-octyl-3-methylcaffeate) (14), and 3, 4-O-dimethyl-
sion in the same Huh7/Rep-Feo replicon cell line as the cell line caffeic acid n-octyl ester (n-octyl-3, 4-methylcaffeate) (15) were
used in this study and exhibited potent inhibition of HCV from LKT Laboratories (St. Paul, MN, USA).

replication without mterferon signaling [27]. These reports Caffeic acid esters 7, 8, 9, and 11 were synthesized by preparing
support the notion that CAPE derivatives do not mainly target caffeic acid chloride followed by treatment with corresponding
NF-kappaB activity as part of their anti-HCV activity. alcohols [29]. Dihydrocaffeic acid ester 12 was prepared by

Several host proteins have been reported to regulate function of ~ hydrogenation of 7. Compound 16 is a newly synthesized ester.
NS5A, leading to supporting HCV replication (review in [2,28] ). Spectroscopic data of known esters 7-9, and 11 prepared here
Daclatasvir exhibited potent synergistic effect on ant-HCV were identical to those reported [30-32] Interferon alfa-2b (IFN-o.
activity in combination of compound 10 (Fig. 5). And-HCV 2b) was obtained from MSD (Tokyo, Japan). Telaprevir and
activity of compound 10 might associate with intrinsic functions of ~ daclatasvir were purchased from Selleckchem (Houston, TX,
host factors that interact with NS3A. NS3 protease inhibitors USA). Danoprevir and VX-222 were from AdooQ BioScience
exhibited antagonistic effect in combination of compound 10 (Irvine, GA, USA).

(Fig. 5). The inhibitory effect of compound 18 might be mediated
by the activation.of an unknown endogenous protease that is  Chemistry of 3,4,5-Trihydroxycinnamic acid n-octyl ester

nonspecifically suppressed by NS3 protease inhibitors. Further 3,4,5-Trihydroxycinnamic acid n-octyl ester (16) was prepared
study to clarify the mechanism by which compound 10 suppresses by condensation of corresponding benzaldehydes with malonic
HCV replication might contribute to identification of a novel host acid n-octyl monoester [33]. A solution of malonic acid n-octyl
factor as a drug target for development of the effective compound monoester (432 mg, 2 mmol), 3,4,5-trihydroxybenzaldehyde
supporting an effect of other ant-HCV drugs, (462 mg, 3 mmol) and piperidine (0.2 mL) in pyridine (2 mL)
PLOS ONE | www.plosone.org December 2013 | Volume 8 | Issue 12 | e82299
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Figure 5. Synergistic effect analyses for the combination of compound 10 with IFN-o 2b, daclatasvir, VX-222, telaprevir, or
danoprevir. The Huh7 cell line, including the subgenomic replicon RNA of genotype 1b strain Con1, was treated for 72h with combinations of
compound 10 and IFN-o 2b, daclatasvir, VX-222, telaprevir, or danoprevir. Luciferase assay were carried out as described in Materials and Methods. (A)
The calculated ECqp values for combination were plotted as the fractional concentration (FC) of compound 10 and one of IFN-o. 2b, daclatasvir, VX-
222, telaprevir, and danoprevir on the x and y axes, respectively. Synergy, antagonism and additivity are indicated in a representative graph as a right
end of lower graphs and are described in Materials and Methods. (B) Combination indexes of compound 10 with {FN-u 2b, daclatasvir, VX-222,
telaprevir, or danoprevir at the EC50, EC75, and EC90 values were measured at various drug rations. Synergy, antagonism and additivity are indicated
in a representative graph as a right end of lower graphs and are described in Materials and Methods.

doi:10.1371/journal.pone.0082299.g005

was heated at 70°C for 1 h. The reaction mixture was
concentrated under a vacuum to give a residue, which was
dissolved in CHCl5-IPA (3:1, v/v) and then washed with 10% HCI
and water. The organic layer was dried over NaySO, and
evaporated to give a residue, which was purified by silica gel
column chromatography using AcOEt-hexane (1:1, v/v) as eluent
to give the corresponding n-octyl ester (85 mg, 13.8%) as a pale
powder. FT-IR vmax (KBr): 3389, 3239, 2923, 1675, 1627,
1606 cm™'. '"H NMR (400MHz, CD;OD) &: 0.86 (3H, t,
J=7.2 Hz), 1.20-1.40 (10H, m), 1.65 (2H, quintet, 7=6.4 Hz),
4.11, (2H, t, 7=6.4 Hz), 6.16 (2H, d, 7=15.6 Hz), 6.55 (2H, s),
7.40 (2H, d, 7=15.6 Hz). 13C NMR (100 Hz, CD;OD) &: 14.4,
23.7,27.1,29.8, 30.3, 30.4, 32.9, 65.6, 108.5, 115.3, 126.6, 137.5,
147.1, 169.4. CI MS m/z 309 (M™+H). High-resolution CI MS
caled. for C7Hy505 M™+H) for 309.1702. Found: 309.1686.

Replicon cell lines and virus infection

The Huh7/Rep-Feo cell line, which harbors the subgenomic
replicon RNA composed of HCV IRES, the gene of the fusion
protein consisting of neomycin phosphotransferase and firefly
luciferase, EMCV IRES and a nonstructural gene of genotype 1b
strain N in order in Huh7 cell line, was previously established [34].
Thus, the luciferase activity corresponds to the level of HCV RNA
veplication. The cell line was maintained in Dulbecco’s modified
Fagle medium containing 10% fetal calf serum and 0.5 mg/mL
G418 and cultured in absence of G418 when they were treated
with compounds. The Lunet/ConlLUN Sb #26 cell line, which
harbors the subgenomic replicon RNA of the Conl strain
(genotype 1b), was described previously [35]. The OR6 cell line,
which harbors the full genomic replicon RNA of the O strain
(genotype 1b), was described previously [36]. The HCV replicon
cell line derived from the genotype 2a strain JFH1 was described
previously [37]. The viral RNA derived from the plasmid pJFH1
was transcribed and introduced into Huh70K1 cells according to
the method of Wakita et al. [38]. The virus was amplified by the
several times passages. The cells were infected with the virus at a
muldplicity of infection (moi) of 1 and then weated with each
compound at 24 h post-infection. The culture supernatants were
harvested 72 h post-treatment to estimate the viral RNA as
described below.

Determination of luciferase activity in HCV replicon cells

The replicon cells were seeded at 2x10* cells per well in a 48-
well plate 24 h before treatment. Compounds were added to the
culture medium to give various concentrations. The resulting cells
were harvested 72 h post-treatment and lysed with cell culture lysis
reagent (Promega, Madison, WI). The luciferase activity of each
cell lysate was estimated using a luciferase assay system (Promega).
The resulting luminescence was detected by a Luminescencer-JNR
AB-2100 (ATTO, Tokyo, Japan).

Determination of Cytotoxicity in HCV replicon cells
The replicon cells were seeded at a density of 1x10% cells per
well in a 96-well plate and then incubated at 37°C for 24 h.

PLOS ONE | www.plosone.org

Compounds were added to the culture medium to give various
concentrations and were then harvested 72 h post-treatment. Cell
viability was measured using a dimethylthiazol carboxymethoxy-
phenylsulfophenyl tetrazolium (MTS) assay with a CellTiter 96
aqueous one-solution cell proliferation assay kit (Promega).

Western Blotting

Western blotting was carried out by the method described
previously [39]. The antibodies to NS3 (clone 8G-2, mousemo-
noclonal, Abcam, Cambridge, UK), and beta-actin were pur-
chased from Cell Signaling Technology (rabbit polyclonal,
Danvers, MA, USA) and were used as the primary antibodies in
this study.

RNA analysis

Total RNAs were prepared from cells by using the RNAqueous-
4PCR kit (Life Technologies, Carlshad, CA). Viral RNA were
prepared from culture supernatants by using the QIAamp Viral
RNA mini kit (QJAGEN, Hilden, Germany). The viral RNA
genome was estimated by the qRT-PCR method described
previously [40]. RT-PCR was carried out by the method described
previously [41] which was slightly modified at the PCR step. The
PCR samples were incubated once for 10 min at 95°C for an
initial activation step of the AmpliTaq Gold DNA Polymerase
(Life Technologices), and then subjected to an amplification step of
30 repeats of the cycle consisting of three segments as follow:
0.5 min at 95°C, 1 min at 55°C and 1 min at 72°C. The primers
used in this study were as follows: Mx1: 5'-AGCCACTGGACT-
GACGACTT-3’ and 5'-GAGGGCTGAAAATCCCTTTC-3';

MxA: 5'-GTCAGGAGTTGCCCTTCCCA-3" and 5'-ATT-
CCCATTCCTTCCCCGG-3;

IFIT4: 5'-CCCTTCAGGCATAGGCAGTA-3' and 5'-
CTCCTACCCGTCACAACCAC -3'; ISG15: 5'-CGCAGAT-
CACCCAGAAGAT-3" and 5'-GCCCTTGTTATTCCTCAC-
CA-3';

OASI: 5'-CAAGCTCAAGAGCCTCATCC-3' and 5'-TGG-
GCTGTGTTGAAATGTGT-3";

0OAS2: 5'-ACAGCTGAAAGCCTTTTGGA-3' and 5'-GCA-
TTAAAGGCAGGAAGCAC-3;

OASS: 5'-CACTGACATCCCAGACGATG-3' and 5'-GAT-
CAGGCTCTTCAGCTTGGC-3';

GAPDH: 5-GAAGGTGAAGGTCGGAGTC and 5'- GAA-
GATGGTGATGGGATTTC-3’

Effects on activities of internal ribosome entry site (IRES)
and luciferases

Huh7 OK1 cells were transfected with pEF.Rluc. HCV.IRES .-
Feo or pEF.Rluc. EMCV.IRES Feo [39]. These transfected cells
were sceded at 2x10% cells per well in a 48-well plate 24 h before
treatment, treated with DMSO or compound 10, and then
harvested at 72 h post-treatment. The firefly luciferase activities
were measured with a luciferase assay system (Promega). The total
protein concentration was measured using the BCA Protein Assay
Reagent Kit (Thermo Scientific, Rockford, IL, USA) to normalize
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