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EIUHICH
bhbhOEBIBELIT A NVAREOBRIZE SR
Twh, HIV, SARS 74 VA, PUAL VIV UVHFTL NV
A, FLTRETIR/ 2o f VAL, 94 VARBRISEIR
HEMIZOXRELMBEL > TS, EFEOFFAEYSE
RPHBAEYEOESICEY, T4 NVABRKEOREPLR
EREPHEONE R 5T HELDBIT, TRIHRT S
7eHDRBIZOVTOMEDEHELWREZERIT T,
bhbh AHZ X LOBRFEWE, BARARELESR
BEVI 2ODORERE LD, ThHZBANICEH
BT LITEoT, T4 NVARKE ORI T B AER
WETRoTwd, BRARIINERENTEEICHD
LTRFBETIZDHIH, CORBICIFEI 222 L
75, ELPIFEINS BREESBREDHIZBNWT
FECEELZEZ2E-TWAE, BREERZ, Y40
ARHBEDOBRRE BB TRERTA AL R TS
v¥—7xzur (IFN) OELEXFEL, RETHOEKR
WEATR). BPTHIBRIFN X7 A4 VABRIIREL
T—BWIZSwWsh, AEOMIBICHY 4 VAEEEL D
by Eedbil, MECEAEOEHALFE LKMo
BH#AERET S CEBRBEORABOIT LI T Lh b,
TANVAZH T L EEEE LTPLON TR
TWwiEnZ 5,

L2L, BREEZRPED I HITT AV ARG R

AOAIVABRARER, DAIVABRIINELTCEHEEN, 185 -Dx0Y (IFN) PORE
YA PO VEEOEEEFBL, MIRICAYAILAEREDLST. COBRRRICHIIDDA
IWABREHEEBRIRVERCZENTULE. LU, TLR, ZUGEFRIG-I BEESN, <N
SOBMOER, TOEHFEHNVRICEHESHELEDDDHD. FIRFTIE, 1B IFN BELFORRR
RS, BAREICHITDMIBAND D 1 IV ABRETMEBICDOVVTERNRT .

> PKEY WORDS : BA%%& IBIIFN RIG-I MDA5 TLR

L, IRIFNEEFORBAFTELITR) O2iE, KV
HOFEFITHo72. TOHOEITT, TLR (toll-ike re-
ceptor), € L T RIG-I (retinoic acid inducible gene-
D PREShAZEITLY, BREERO Y 7 FVER
OFHBRRICHLOI L - TET,

R TIE, IRIFN BEEFORBAFEEEL YA VR
BEICRE LBREBERD Y 7 F VEBICOWT, &
FOMRERZ LW ORBRHRT 5.

I. I8YIFN%

IFN i A W AEME 3294 b A4 v ThHY, &
BOIFN-a LE—DIFN-g 9 6%5 I8, IFN-y 22H7%
HZO8, ZLCIFN-A25%25MBICHEEh S, HR
BEIZBOTHORNZREAZRZLTVEDII IR IFN
THhHI b, ARMTRIIBIFN FOICHEHTS. L
72 TUT, FRTIFN LB IBIFNOZ L2387,

YA VA EDRENRE 5L, IFN 5 FOEE)
FHEIh, #HEIZANICIFN 259%5 5. I I
IFN BEEMRO A% 67, K%z 8E U TRERMRO
IFN ZF@FICHEEL, TOoMRANFX L VIZFEELTY
A5Fuy ¥ —+F Jakl, Tyk2 ZEHALT5Z & T,
STAT1 (signal transducers and activators of transcrip-

tion 1), STAT2 DIEDF T Y V5BEE ) VELT 5.
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VY VB E N2 STATL, STAT2 X DNA#KGREEZ DD
IRF (IFN regulatory factor)-9 L &&3 52 & TiHtEA
3 B4R ISGF3 (interferon stimulated gene fanctor 3) %
KL, BICBITLCERL IFN FE&EET (IFN-stimu-
lated gene ; ISG) DEMEALEATRD. TDLEMTIZL2-E
AV T (A)EREEE, —EHRNAICE > THEE LIRS
a5 4 »FF—¥PKR (protein kinase dsSRNA depend-
ent) HEDT A NV ARIEMHIVER 2 b OBBEDEETF
HraIh, ThooERICK YMIBRICHY 1 VAR,
HEHHRIER 2 E3b 268050 (E1). A
IFN-3 BIZF O 7 0 £ — ¥ — 4RI 12 ATF/c-Jun,
IRF, NF-«xB OABYINEATHEAT S, Chb3E
DEERFIRIIONYEF V-2 L I EN5BEHEAE
EEB L, IFN-3 BIEFOBEEZBIFHET L. —HT
IFN-a #B{ZF D70 ¥€— % —4IRIZI IRF OFESEHA
FHEL, TORAHBIIHI2»H B2 (F1).
IRF773V—iZIMIFN 2883 5E5ERFL LT
FR3EN, IRFFI~IRFI FTHOIFEHEPLE B, £O%
#C IRF-3 & IRF-7 AIRHA® <, TR IFN OREH
HWEFRI LI LFOEEL DOV, IRF3IXIZLAL
DHRIZBVTHERBICERL T, —HTISG
TdH 5 IRF-7 IEERBIIBIT BB LANITEL, IFN
SEE, Jak-STAT BBEHLCHFBEhDE, 02t
26, IRF-7IZEE LT2 KM% IFN EEZHETS D

DTHY, IRF-3 18 IFN BIZTFOEEICHEAORT
ThoreiEZONTWE LHL, JvZ2T77hF3D2R
FHOIOEEOBIERY S, IRF-7 X IR IFN ORFHR
FlENREDOY AT —HFE LTRET S E W) EPR
BERTWAEY, EHRBICBIT S IRF3 L IRF71E, &
DUTREHROBBATHEEL TV 52, CEREHORFE
DY) VREREN) VBLE R A LICL EHES T,
2EBERET 559, 2BMMLL 72 IRF-3IIEMICBATL
T CBP/p300 L #&L72Db, IFN BEEFOTUE—S
—HRIEE LEELFHTSL. —HCTIRF75E28E
#Hix, #4315 CBP/p300 LB LEEEZTHI L3R
WEEZLRTWS,

II. TLRIC & ZMETS™ 1 L R ERRERE
S

TLR (TolHike receptor) 23 b IR (dendritic
cell ; DC) #7707 7 —J Lo REROMBOBLE
ERBALTVWABEERETH Y, MRRINOBEARS %
BRI IZBERELTACSFTHS. L FTRBAEL
HEO TLR B¥HESINTBY, £ TLR IR 2 5HmEMA
B4 (pathogen-associated molecular pattern ; PAMP) %
RikL, B3V 7T VB TERRERLERLT 5.
TLR EMREAFERICEET S VY vy FIYE— bR

DANWZARER TSI

! ! !

MAPK' TBK1/IKK  IKKa/KKB

| | |

ATF/c-Jun IRF-3/IRF-7 NF-«B
e

oAt o i e
PRDI &I PRD I

—f T
PRDV

moAIA
HRBRIETEHIE!

B1 IBIFNFR

DA WABRITTELT, IRF-3 L&D
BRFHINET B+ —BICL>TES
LN, IFN DESEHET . FEN
7 IFN [FHERSSIC RN, Repmpare
T THL BRORBAERICEBEDT
3. IFNSBEICIFNDSEET DS, Jak-
STAT SBEIC LD IFN BB THDS
BN, BECIAYAIIVEES IV
EHSEREDIEST.
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4L T PAMP O&#E L T2V, MBASIRO TIR (Toll/
IL-1 receptor) FAA %4 LT, MUK TIR FAAL ¥
b7 ¥ T 5 —5F MyD88 (myeloid differentiation
factor 88), TRIF (TIR-domain-containing adaptor pro-
tein-inducing IFN-8), TRAM (TRIF-related adaptor
molecule) , TIRAP (TIR-associated protein) 7 & & &&
L, Y7 FMEEEZTLEI)ETREREIS bhA %
IMIFN OBEEZFETE. 0D, 74 VAOKE
% PAMP & L CE#3 5D TLR3, TLR7/8, TLRY T
HH, ThEFN_EHRNA (dsRNA), poly(U) & ED
1 A$H RNA (ssRNA), $EAFNVLDNA (CpGDNA) %
FikT A, T/, o TLR PHBRBECRELTWE0IC
HLT, TO3DTLREBDBITZY FY—LIIR/ELT
BY, =V FYA b= RACL ST AT/ PAMP,
LI E L 2R3 5. TLR2 & TLR4 idfE 4 OME
DR & BT B2 TR, BHANVRIIA N
A 1 (herpes simplex virus-1) RFFREBFEFZLEY 4 VR
(respiratory syncytial virus) 7 &ED 7 A VA DIELEER
FOBBIZD PPbBIEPMboh TS, $£72, TLR4
By F IR0 2BEBLTCIFN OEEICEETA2
PHLNTWAED, ZITE, Y4 VABEEZAERL IFN
DELLFET S TLR3, TLR7/8, BXU TLRI iZow
T, TOIFN FERE2HEIH 5.

TLR3 &, “ANVADOEROBITHEL S dsRNA BI

poly(:C) #ZRL, [FNOELAZ2FETE, 7575
—%FTdh 5 TRIF 12 TLR3 L && L, TRAF3 (INFR-
associated factor 3) & NAP1 [NF-«B-activating kinase
(NAK)-associated protein 1] #4178, IKK (I«B
kinase) 7 7 3 ) —T# % TBK1 (TANK binding kinase
1) BLUIKKi #iEHALT 5. EH LS N7 TBK & IKKi
& 9 IRF-3 & IRF-7 %) VBt s h, 2BHEZBRL
BA~NBTLCIFN BEET0RE*HE 45 (K2).

—7%, TLR7/8 & TLR9 &, #h & ssRNA & CpG
DNA 28# 75, 2h5iEBH 12 pDC (plasmacytoid
DC) RBLTHEY, pDC 2k 2 KED IFN-« DEAE
KBS LTWwAY, TRIF¥ALTY 7P VEEET S
TLR3 Li387% b, TLR7/8 X TLROW T ¥/ % —5F
MyD88 L EEAE L CTFRICY ¥ F V&{55%T 5. IRF-
73 pDC BT A IR IFN OEAFEICERICEERK
HEP-THY, VY FICLZMEESIMBE,
MyD88, IRAK-4, IRAK-1, TRAF6, TRAF3 BL U
IRF-7 38aHEBRL, TLRO TR FA4 > &4
21119 IRF-7 i3, IKKa 2k U VBLES AT 2 Btk
EREL, BAKBTLTCIHIFN &EF0OEE21T%
519 (W2). ¥72, 2¥¥F Y E3YH—¥ TS TRAF
61L& B IRF-7 DY FF L5, IRF-7 OIEHALICLA
THEIEPBESRTVEY, FOAH=XAIEHS
o TWRWID,

TLR3 TLR7/8

ssRNA VAV WCDG DNA

TLR9

2 TLRI7ZU—CKBDMIVA
ERaRAE
TLR3|FHIRND dSRNA 2558 L, 75
TY—BFTHBTRFENUTIFN
DEEZFEEITSH. —H T, TLRI/B L
TLRY[FENZN ssRNA & CpG DNA
BRI, PITI—DFTHDMYD
88 EN LT IFN DESZHET S,
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[I. RIG-1T77=XU—ICKDHIEAY1ILA
ST

BN X HIZ, TLR3 i polyI:C) # RNA w4 VR
? dsRNA #2#&LC, IMIFN OEAZFI T L
BHLPE 272, L L, TLRIEBIIZZ Y Fy—24
WKRELTWwAZ E2n, Mlafth LIk ) & hi:
7 A4 v AH¥ dsRNA 2 BHRT 2 RBFETHY, MEA
THERINZ, b LRBRICI VERANCRB S A
2D ANWAD dsRNA ZRBEBET A LIITELVEEZ S
. 7, TLR3 v 7 7% bYABVT, SeV
(Sendai virus), NDV (Newcastle disease virus), VSV
(vesicular stomatitis virus) 7% & RNA %7 £ )V A BRI
RELZ TRIFN OEEARICELSA DR h o 19,

DEDZ Lrn, MRENTY A VAD dsRNA % #B#3

BEBFAVPEETLEEZ DR TV,

RNA NY B —¥TH5 RIG-TiT, #IRENTYA N
HR D dsRNA 283 2864k E LTEFRE I N,
RIG-1 13 C KW DEXD/H K v 7 A% &t RNA A\
A—E¥RXAL %, NEHKEIZ CARD (caspase recruit-
mentdomain) & Xidha K42 2ELDELTHD
EOHREBLEEY LTS (F3). siRNA 2H0nT
RIG-I DRRZ M L 78R, 74 VARREIZL % IRF-

CARD RD

RIG-I _/\rl RNA/.\Im—ﬁr%fw--
. R ' 925
MDAS [.I | mNanun—tExr | |

1 1025

LGP2 I' RNAAY H—t s_m_

678

1

IPS-1

T 540

3 RIG- 77XU—FF LTI T5—5FIPS-1

RIG-I& MDASIZFFRIC K LAWABEZ L THD, NARHBRUCCARD
M2 DFEL, CHRBEIC RNANUA—E RXAVHEFET D.
—735. LGP2 [F ANANUA—E RXAA VZHDH, NFKBRIC
CARD ZB1zBL). &z RIG-I & LGP2 (370D CHIKIC RD H%F
EL, YTHVEMRILTWVS. PHT9—5FTH5 IPS-113,
N>RERRIIC CARD & PRR%Z. CRIBRIIC TM RXA2ZEBLT
BO, ZOHIPS-1 B bV RUPHARICBET D
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3D 2 BHMLIB L U IFN BIZT 72 E OFBAHEE ¥ s
niz. 72, RIG-1Z2BEMICERL TV M8, FE
WY A VAERZRL, 202 kid, RIG-IAY
ANVABRRIIH T2 HRAEFSREIBTHECEES
REEW->TWDBZ E 2 ERT 5. RIG-T 2 MIICERSR
R0 cry 7otz o3, 74
ARFHBIZE Y VX Fri3ERILEhS, —F T,
CARD D&% 0 RIG-1 ERAZ MRICAMREHE LS
L, AN ABEEHE S LT IRF-3 A5G L & h, IFN-
BOFEHENFESN:. ZDOZEHS, CARDEALT
THRAVTFNIMEEENDLZE, BIURNAANY H—
ERX 4 U 2EDG CRWBERAHIE “ 24 & UTHEE
LTwaZ edFRdni mE0oumE T, RIG-IDC
K S Ly ¥ — F X 4 ¥ (repressor domain ; RD) #%
FEL, RD ZA LG FREEITE Y RIG-T 2 NEHE
KR TR LWL P L 257219, F72, ATPase
THDRNANY)A—EF AL VD ATP ETICER
ZEA L7 RIG-T K270A i, MIBIGAFRRL-BRF
IFUMAFTTATBL LR S, £ ED RIG-T
WATP LEET A ENTA VARPIIRE L2V 7 F
VOEBRACIZUETH A LA HE L7,

BEOZ Ex, 2FREEICL ) BEFEHRCHE
ELTWARIG-Tid, 74 VAH%EdsRNA 2283 5L
Z D ATPase IEMIC X D kS 2 £1L 3 ¥, CARD
BN L7V T NETHRANRELS, E0)TFVHHRE
ERTWwa, 3/, BEORETI, SREO=" VEML
&N7z ssRNA 2%, RIG-TICFZHRE W IFN B4 HE T2
ZERFEINSZTE, 0z kid, RIG-I2HIBEIZE
WT dsRNA 217 T% <, ssRNA 23T 228 4kE L
THMZLZRLTEY, FERHICHEKEN,

—7%, RIG-1 L HFA%E%RT MDAS &) 5F 0 EAE
L, RIGI 773V —5FL LTHEShZY, MDAS
XN FKIWHEIC CARD % 2[H< W3BELTHH, CHREMAEIC
RNANYA—EFAL vEHDEVT), RIG-TEFEI
I PZ-EEEZLTBY (K3), RIGILRUL w4V
ARG B LU dsRNA 2B LU CIFN OBEA 2587 5,
EO, /v 7Ty b ARHCLENICLY, RIG-
1 & MDAS & Ti3RB#T 5 RNA OBENRELZ LI EH
AEN2 (B 4)., RIG-11in vitro TEE S N7z dsRNA
2B L, MDAS iZpaly(I: C)%&&$ 2. T/, B
$%RNA YA VAHRIG-1 L MDAS L TRZ-THY,
RIG-T1X NDV, SeV 7% &% &#T 5 DIZH LT, MDA5



cDC, i L &
TLR3

poly(l : C)
Y3+ 4I2 SeV,NDV,VSViEE
| ]

pDC

4 HERENEOA VTS
HRADD A VA ZRHT 5 TLR
CHBERTHAES D RIG-I/MDAS (3, #E
ROBEICI>TEVAISN, BA%

TLR7/8,9

5' """\/\/\}\T\?\N "

9 /\/\/\/\/ @ VWA
dSRNA

o> *

=

TBK1/IKKi

IRF-3 D3&EE L

IFN OFFE8

BRICBLTEEEL TV, cDC P
WSSOI TlIE, BBICRIG-I/
MDAS & TLR3 IC& > T4V A0S
&N3. —H T, pDCICBVTIETLR
78 BLT TLRIN S LTHEELTW
d. Ffc, RIG-I & MDAS T892
AWADERED, RIG-I & SeV % NDV
BEDIAIAERZL, MDAS G
WFOAIARRERTD.

IRF-7 D&

IFN OFE8

BEaNFIANRAEBET B, ANty 4 VADRNA
@ 5'3K¥mid, VPg (virion protein, genome-linked) & X
BEhAEaNVFIANADBEFOI— FTEBEEN
BELTYEY, RIGIIRE 3 5EKE=) VEBORR
PHENTHWBEEZ BNS, Tid MDAS 3250811
TWaHDP? SHOBIICERERYN D25,

RIG-1 & MDAS 87 ¥ 7/ % —5F T % IPS-1 (IFN-

Cardif®) LEEHKATHILT, 2OV 7 FVIETHRIC
RESNBI DAL L2572 (B5). /v 27 T7o b
I AERCIEICLY, IPS-1 13 RIG-I/MDAS # 4
T2HRRECBWTLADREALR-T TV —5%
FTHHT EHHBP L2520, [PS-1'13 N K#HIZ CARD
b b (M3), EHAL S iz RIG-I/MDAS @ CARD

KETBHIELTY I VEIRET S, /2, IPS1DC

B promoter stimulator-1, 5% : MAVS®), VISAZ), KBANIIBEERB N A4 VSFEL, I rayFUT7H
~ RNA r;wa DNAI'74)bZ
‘ dsDNAVANVAWAN smpazs
FHD DNA Sk
>3 H5 RIG-I'77SU—IC&BHHIN
: ) S | gzt
TravRyP A LA DIERDBIE CHIIEN ICEE

’///”———;;%é&gr{:::;___* -"“““\\\\\
£300/CBP

. FNasF | p——

G501V RBNA IE, RBIG-1/MDA5(C
KO TEERSINIPS-1 #NUTIFN DO
S7FEEITDH. LGP2 (X RIG-1 1> IPS-1
BT DT EICELD, T ILEIF]
TEIRFEUTRELTVDEEZI SN
5. MBRBENICNS YA TIOY3VE
e dsDNA %, TBKIAKKi Z LT 1
B IFN DEEZEFEET SN, MiREAT
DNA 284 & UTEI<HFIFVERES
D ERD TULRLY.
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BIBELTOWAZ LA E ZoTVAE2, DI b
YR FADRIESY 7 F N OEHALCSETH B &
Erb, BRABICBISI b3y FY T OEEHS G
H&NhTW%, RIG-I/MDAS L #4 L7 1PS-1i3, TBKI
& IKKi # 4L C IRF-3 & IRF-7 % #E#{L L, I& IFN
DEXLFEETSH. F7:, IPS-112i3 CARD E#IZ PRR
(proline-rich region) & Xifh s Fx 4 UHEETS (D
3). IPS-1iZ PRR #4-LC TRAF3 (& T 52 Lick
b, TBK1/IKKi DiEBRILZ T oTWaY, E512, C
BIFRYT £ VA (hepatitis C virus ; HCV) DI EERE
B NS3/4A iF, #0705 7 —EHERIZE Y IPS-1% C
K TEIWF 3% & ¢, RIG-I/MDAS @ ¥ 7+ Vgl
BEHIZIRF3DOEHLZHELTWAILLHEL,L
o T35,

NI TRRTERLBY, V4 VARNA OB
& LTRIG-I/MDA5 & TLR ® 29D ¥ 2 5 ANEEHET
AHIITHAD, MBROBEICL->-TIALDY AT A
ZENTITTVBEILFHEHLP LR -5 TWBES (R4),
RIG-I/ v 779 b= A2 OB OKRE, XEIC
IFN-o Z 4T 5 pDC TiE TLR %, cDC Rciie3ruin
ZETRRIG-IRALTIHIFN DEERFBEL TV
ZEDRRENTV S,

RIG-17 7 3 Y —i2i3, RIG-I, MDAS5 ®II#Z LGP2
EVI)GFHPHEET S, LGP2IZRNAANY H—F F 24
Y%%HoTW5AD, RIG-14 MDAS L&\, NKEMIC
CARD %% o T\ (H3). LGP2 2/l BR%E
IEDBE, TANIESRITISE LUz IFN EA DT { 3905
a3, HITsIRNA 2 HVCTREBREEMEIT 5 &, IFN E4E
ZWML7z. $72, LGP2 @ dsRNA 284 2 @A,
RIG-I® MDAS L D {3V AL E R -T2 &
5, RIG-I/MDAS & EE%2HET 5 L TRORBHETF
ELTHREELTVSZ LAVRRE D (05). Lil—
F T, LGP2 #3IPS-1 L4 LT IKKi Db BET
HZET, IFNEEZHHFIL TR I LFRERSE SR
728, E 54T, RIG-T & FHIZLGP2 b CERMMIZ RD
ZboTBY, RDEFALTRIG-IEHKETHI LT, ¥
TFNEIHLTHwAEIEIMEINTEN®, LGP2IC
XML TNV A =X LDBELETH LI TH
%. WFRICHE X in vitro 2BV T, LGP2 i RIG-1/
MDA5 # At L7z ¥ 7 F MEIHT 52 8T, IFNEEY
THENVORBLETRIZLERLTEBY, JovrT7wy
YU AR ERTRAWTSEOLEBR R B EAT SE X
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ns.

T DNA 74 VX OBBITHBATERIhTwin
DEHHN? H®iE, HCODNA % &t “H§H DNA
A% TLRY JEEFMIC IFN BA 2 FET L Z LS 2L
% o7z, FEMN dsDNA iX TLR, RIG-I/MDAS5, IPS-
1 JERAER A0 TBK1/IKKi #AERIC T B IFN 3 X U %9
BHA M A4 VOBELFET S LH 500, HRERN
DNA ZBUDFOFEIBSRBENTEBY, FORE
WCHEEKSD-hB (H5),

BEHODDICE

bhbihil, BEECHHSh - REREHELLZ LT,
SESERTANACHMBE L LORENSHEFoTW
5. —F, WEALERICELEZET, BEIoRERY
RS HRELER T LI L THEER - TE 7. RIG-I/
MDAS DFERICL Y, Zhi TRBHTH - 7-MBAY
ANV ZBREDERBBOBNIIREITER, FOLMAGEH
ROz o0b5b. AEBHICBTE Y7 F VEE
EVANZAD S ORBERBEEOMBESELI LICLY,
BRRBRLRERE L ST SELEBIIHT HE8ED
FRARERLH 122 REEB LU FHEOHIICOLADTH
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B LiIX6 K LTRST 2RSS T Mk
EVSBHATFARERRNTHL I EIIHLT, &
REMCEST A HETRAEERICEAT 5.
MBS RE BEIEREELIIThTws, BR
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Toll-like receptors and RNA helicase family members [retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation associated gene-5
(MDAJ)] play important roles in the induction of interferon-p as a major
event in innate immune responses after virus infection. TRIF (adaptor pro-
tein of Toll-like receptor 3)-mediated and Cardif (adaptor protein of RIG-I
or MDAS)-mediated signaling pathways contribute rapid induction of
interferon-B through the activation of interferon regulatory factor-3 (IRF-
3). Previously, it has been reported that the hepatitis C virus NS3-4A serine
protease blocks virus-induced activation of IRF-3 in the human hepatoma
cell line HuH-7, and that NS3-4A cleaves TRIF and Cardif molecules,
resulting in the interruption of antiviral signaling pathways. On the other
hand, it has recently been reported that non-neoplastic human hepatocyte
PHS5CHS cells retain robust TRIF- and Cardif-mediated pathways, unlike
HuH-7 cells, which lack a TRIF-mediated pathway. In the present study,
we further investigated the effect of NS3-4A on antiviral signaling path-

- ways. Although we confirmed that PHSCHS cells were much more effective

than HuH-7 cells for the induction of interferon-p, we obtained the unex-
pected result that NS3-4A could not suppress the interferon-p production
induced by the TRIF-mediated pathway, although it suppressed the
Cardif-mediated pathway by cleaving Cardif at the Cys508 residue. Using
PH5CHS, HeLa, and HuH-7-derived cells, we further showed that NS3-4A
could not cleave TRIF, in disagreement with a previous report describing
the cleavage of TRIF by NS3-4A. Taken together, our findings suggest that
the blocking of the interferon production by NS3-4A is not sufficient in
HCV-infected hepatocyte cells.

Persistent infection by hepatitis C virus (HCV) fre-
quently causes chronic hepatitis [1,2], which progresses
to liver cirrhosis and hepatocellular carcinoma [3,4].
This is a serious health problem because approximately
170 million people are currently infected with HCV
worldwide [5]. To resolve the mechanism of persistent
HCYV infection, it will be necessary to better under-

Abbreviations

stand the virus life cycle and then to develop more
effective anti-HCV reagents. HCV is an enveloped pos-
itive ssSRNA (9.6 kb) virus belonging to the Flaviviridae
family {6,7]. The HCV genome encodes a large poly-
protein precursor of approximately 3000 amino acid
residues, which is cleaved co- and post-translationally
into ‘at least ten proteins in the order: core, envelope 1

CARD, caspase recruitment domain; E1, envelope 1; EGFP, enhanced green fluorescent protein; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HCV, hepatitis C virus; HEK293, human embryonic kidney 293; IFN, interferon; IRF-3, interferon regulatory factor 3; IKK-g,
inhibitor of kB kinase ¢; MDAS, melanoma differentiation associated gene-5; MyD88, myeloid differentiation factor 88; NS2, nonstructural
protein 2; RIG-I, retinoic acid-inducible gene I; siRNA, small interfering RNA; TBK, Tank-binding kinase 1; TLR, Toll-like receptor; TRIF,

TolHL1 receptor domain-containing adaptor inducing IFN-p.
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(E1), E2, p7, nonstructural protein 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B. These cleavages are
mediated by the host and virally encoded serine prote-
ase located in the amino-terminal domain of NS3. Ser-
ine protease activity of NS3 requires NS4A, a protein
consisting of 54 amino acid residues, to form a stable
complex with the NS3 [8-10].

Virus-infected cells trigger the innate immune
response by recognizing viral components, including
DNA, ssRNA, dsRNA and glycoproteins. This
response initiates signaling pathways leading to the
induction of protective cellular genes, including type-I
interferons [initially interferon (IFN)-f, and then IFN-
a] and proinflammatory cytokines that directly limit
viral replication. Within these signaling pathways,
Toll-like receptors (TLRs) and RNA helicase family
members play very important roles in the recognition
of the viral components [11,12].

IFN-B is induced by dsRNA, a common intermedi-
ate in many RNA virus infections, including HCV.
The viral dsRNA as well as the synthetic dsSRNA ana-
logue poly(I-C) are recognized by TLR3, which is
expressed on the cell surface or in endosome vesicles
[13,14]. On the other hand, it has been shown that
retinoic acid-induced gene I (RIG-I) and melanoma
differentiation-associated gene 5 (MDAS) also recognize
dsRNA molecules [15-17]. A recent study showed that
MDAS and RIG-I recognize different types of dsRNA:
MDAS recognizes poly(I-C), and RIG-I recognizes
in vitro transcribed dsRNA [18]. Very recently, it was

discovered that viral 5’-triphosphate RNA is the ligand .

for RIG-I {19,20]. Both MDAS5 and RIG-I contain
DexD/H-box helicase domains that serve as intracellu-
lar cytoplasmic dsRNA and S5-triphosphate RNA
‘receptors, respectively. [15-20]. After dsRNA is
recognized, the cytoplasmic domain of TLR3 recruits
- TIR-domain-containing adaptor inducing IFN-B
(TRIF) through a myeloid differentiation factor 88
(MyDS88)-independent pathway (TRIF-mediated path-
way) [21-23]. In contrast, the caspase recruitment
domains (CARDs) of MDAS or RIG-I recruit the
CARD adaptor inducing IFN-B, Cardif (also known

as IPS-1, MAYVS, or VISA), which was recently identi- _

fied as an adaptor protein located in the outer mem-
brane of mitochondria (this recruitment is known as
the Cardif-mediated pathway) [24-27].

The TRIF- and Cardif-mediated signaling pathways
rapidly induce IFN-B through the phosphorylation of
multiple cellular factors, including IFN regulatory fac-
tor-3 (IRF-3) and kinases, including the Tank-binding
kinase 1 (TBK-1) and inhibitor of B kinase & (IKK-¢)
[28-31]. Although IRF-3 is located in the cytoplasm in
an inactive state [28,29], phosphorylation (Ser385, 386,
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396, 398, 402, 405, and Thr404) of IRF-3 by TBK-1
and IKK-¢ induces dimerization and nuclear transloca-
tion of IRF-3, leading to transcriptional activation of
IFN-B [28-31].

Recent studies have found that several RNA virus
proteins could inhibit the early signaling activation
(TRIF- and Cardif-mediated pathways) leading to
IFN-B production [32,33]. Regarding HCV, Foy et al.
[33] found that NS3-4A serine protease blocked HCV-
induced activation of IRF-3 in the human hepatoma -
cell line HuH-7. Additional studies regarding this
finding have shown that NS3-4A blocks the Cardif-
mediated signaling pathway by cleaving the Cardif
molecule and blocking downstream IFN-B activation
[24,34,35], and that TBK-1, IKK-¢, and TRIF may
also be targeted for cleaving by NS3-4A [36-38]. With
respect to TRIF, NS3-4A was reported to cleave this
molecule in both an in vitro experiment using a reticu-
locyte lysate system and an in vivo experiment using
human embryonic kidney 293 (HEK293) and UNS3-
4A-24 osteosarcoma cells [36]. These studies suggest

_ that NS3-4A has the ability to inhibit both TRIF- and

Cardif-mediated signaling pathways.

On the other hand, we recently demonstrated that
HCYV proteins exhibited conflicting effects on the IFN-
production in non-neoplastic human hepatocyte
PHSCHS cells [39,40]): Core and NS5B synergistically
enhanced IFN-§ expression and this enhancement was
dependent on the RNA-dependent RNA polymerase
activity of NS5B, but NS3-4A significantly inhibited
the production of IFN-f induced by the combination
of Core and NS5B. Furthermore, Li et al. [41] recently
reported that PHSCHS cells retained robust and func-
tionally active TRIF- and Cardif-mediated signaling
pathways, unlike HuH-7 cells, which lacked the TRIF-
mediated pathway [41,42]. Therefore, using poly(I-C)
as an inducer of IFN-8, we investigated the effects of
NS3-4A on antiviral signaling pathways in PH5CHS
cells. Our results showed that the extracellular
TLR3/TRIF signaling pathway was not blocked by
NS3-4A because NS3-4A did not cleave TRIF, unlike
in the previous study [36].

Results

Human hepatocyte PH5CHB8 cells more readily
activate IFN-p transcription in response to dsRNA
compared to HuH-7 cells and their sublines

Recently, Li et al. [41] reported that PHSCHS8 cells
showed a better response to dsRNA, including IFN-§
induction, than other human hepatoma cell lines
(HuH-7, HepG2, and Hep3B). Therefore, using a dual
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luciferase reporter assay, we first confirmed that
PHS5CHS cells were much more effective at inducing
IFN-B than HuH-7 cells and HuH-7-derived cell sub-
lines (O [43], Oc [43], and OR6c¢ [44]) that can support
HCV RNA replication.

When the dsRNA analog, poly(I-C), was transfected
into cells using a liposome-mediated procedure (intra-
cellular dsRNA, T-pIC), PH5CHS cells showed a more
potent (> 25-fold) activation of the IFN-B gene pro-
moter than HuH-7 and HuH-7-derived cell lines
(Fig. 1A). Furthermore, when poly(I-C) was added to
the culture medium (extracellular dsRNA; M-pIC), a

Limited suppression of the IFN system by HCV NS3-4A

significant elevation (12-fold) of the IFN-B gene pro-
moter was observed in PHSCHS8 cells only (Fig. 1B).
These results were confirmed by quantitative RT-PCR
analysis of endogenous IFN-f mRNA induction in
cells treated with poly(I-C) (T-pIC, Fig. 1C; M-pIC,
Fig. 1D). In both T-pIC and M-pIC treatments, the
induction level of IFN-B mRNA was markedly higher
in PHSCHS cells than in O, Oc, OR6¢c, and HuH-7
cells (Fig. 1C,D). Next, we carried out quantitative
RT-PCR analysis of TLR3, TRIF, RIG-I, MDAS,
Cardif, and IRF-3 mRNAs to clarify their expression

levels in the steady state and the effects- of poly(I-C)
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Fig. 1. PH5CHS cells show high-level IFN-B production in response to dsRNA. (A) Dual luciferase reporter assay of the IFN-B gene promoter
using the various cells treated with T-pIiC. The following HuH-7-derived cell sublines were used: O, cloned cells [43} replicating genome-
length HCV RNA; Oc, cured cells which were created by eliminating genome-length HCV RNA from the O cells by IFN treatment; and
OR6¢, cured cells which were created by eliminating genome-length HCV RNA from the cloned OR6 cells {44] by IFN treatment. Cells
grown in 24-well plates were cotransfected with plFN-B-(-125)-Luc and pRL-CMV (internal control reporter} and cultured for 42 h, and then
poly(I-C} (1 ug) was transfected into the cells for 6 h before the reporter.assay as described in the Experimental procedures: The relative
luciferase activity was normalized.to the activity of Renilla luciferase (internal control). The lysate of cells without poly(l-C) treatment was
used as a control. Data are the means = SD from three independent experiments, each performed in triplicate. (B) Dual luciferase reporter
assay of the IFN-B gene promoter using the various cells treated with M-pIC. The dual luciferase reporter assay was performed as described
in (A) except that poly(l-C) was added to the medium (50 ugmL™") for 6 h before the reporter assay. (C) Quantitative RT-PCR analysis of
IFN-B mRNA in various cells treated with T-pIC. Poly(l-C) (1 ug) was transfected into the cells for 6 h before the sampling for RNA prepar-
ation. Total RNA extracted from the cells was subjected to real-time LightCycler PCR analysis using the primer set of IFN-B (202 bp). Data
are the means + SD from three independent experiments. To correct the differences in RNA quality and quantity between the samples, data
were normalized using the ratio of IFN-B mRNA concentration to that of GAPDH. The IFN-p mRNA levels were calculated relative to the level
in the O cells treated with T-pIC, which was set at 1.0. (D) Quantitative RT-PCR analysis of IFN-B mRNA in various cells treated with M-piC.
Poly(I-C) was added to the medium (50 ug'mL™" for 6 h before the sampling for RNA preparation. Quantitative RT-PCR analysis for IFN-B
'mRNA was performed as described in {C). The IFN-B mRNA level was calculated relative to the level in the O cells treated with M-piC,
which was set at 1.0.

FEBS Journal 274 (2007) 4161-4176 © 2007 The Authors Journal compilation © 2007 FEBS 4163



Limited suppression of the IFN system by HCV NS3-4A

treatment (T-pIC and M-pIC). In T-pIC treatment,
RIG-I and MDAS5 mRNAs were clearly induced in
PHS5CHS8 and HuH-7 cells, and TLR3 mRNA was
induced only in PH5CHS8 cells. Moreover, there was
no such induction in the other cell lines examined (sup-
plementary Table S1). In M-pIC treatment, TLR3,
RIG-I, and MDA5 were induced only in PH5CHS
cells (supplementary Table S1). The fact that these
mRNAs were induced at substantial levels only in
PHS5CHS cells treated with T-pIC or M-pIC suggests
that the elevation of these mRNAs is mediated by the
IFN-B induced by poly(I-C) treatment. In summary,
these results revealed that PHSCHS cells retain both
the Cardif- and TRIF-mediated pathways for IFN-B
production, whereas HuH-7 cells retain only the Car-
dif-mediated pathway, and that the HuH-7-derived
cells lines used are lacking in both pathways for IFN-p
production.

Parental PHSCH and PH5CH clones other than
PH5CHS also exhibit IFN-p response toward
poly(l-C) treatment

PHSCHS is one of eight cell lines that were previously
cloned from parental PHSCH cells to examine HCV
susceptibility in vitro [45]. Therefore, we used a dual
luciferase assay to examine the effects of poly(I-C)
treatment on the IFN-f gene promoter in PH5CH cells
and these cloned cell lines. When T-pIC treatment was
employed, the parental cells and all the cloned cell
lines exhibited good IFN-B response, and the activa-
tion level in PH5CH2 and PHSCHS6 cells was higher
than that in PHSCHS cells (Fig. 2A). However, when
M-pIC treatment was used, the IFN-B response in the
cloned cells and the parental cells was less than 50%
of that in PHSCHS cells (Fig. 2B). From these results,
we concluded that PHSCHS is the best cell line for the
study of the dsRNA-induced antiviral signaling path-
ways.

M-plC tfeatment activates IRF-3 through the
TLR3/TRIF signaling pathway

To confirm that the TRIF-mediated pathway is activa-
ted in M-pIC treatment, and to determine if its activa-
tion is mediated by the TLR3 but not the TLR4
signaling pathway, we examined whether or not activa-

tion of IRF-3 by M-pIC treatment is specifically medi- -

ated by the TLR3 signaling pathway using TLR3-,
TLR4-, and TRIF-specific small interfering RNA (si-
RNAs) [46,47]. Quantitative RT-PCR analysis revealed
that the TLR3, TLR4, and TRIF mRNAs were dras-
tically decreased (more than 70% reduction) in the

H. Dansako et al.
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Fig. 2. IFN-B responses of parental PH5CH and PH5CH cloned cells
by dsRNA treatment. (A} Dual luciferase reporter assay of the IFN-p
gene promoter using parental PH5CH and PH5CH cloned celis trea-
ted with T-pIC. The T-plC treatment and the dual luciferase reporter
assay were performed as described in Fig. 1A. The IFN-B gene
promoter activity level was calculated relative to the level in the
PHSCHS cells, which was set at 100. (B} Dual luciferase reporter
assay of the IFN-B gene promoter using parental PHS5CH and
PHSCH cloned cells treated with M-pIC. The M-pIC treatment and
the dual luciferase reporter assay were performed as described in
Fig. 1B. The relative level of the IFN-B gene promoter activity was
calculated as described in (A).

PHSCHS cells transfected with TLR3, TLR4, and
TRIF siRNAs, respectively, but not in the PH5CHS
cells transfected with the GL2 siRNA used as a con-
trol (Fig. 3A). We also confirmed that IRF-3 mRNA
was not decreased in PHSCHS cells transfected with
any of these siRNAs (Fig. 3A). Under this condition,
we performed a luciferase reporter assay using an
IFN-B gene promoter in PHSCHS8 cells treated with
M-pIC. The activation of the IFN-B gene promoter
was greatly suppressed (by more than 80%) in
PHS5CHS cells transfected with TLR3 or TRIF siRNA,
but not in the PHSCHS cells transfected with GL2 or
TLR4 siRNA (Fig. 3B). This result suggests that the
activation of IRF-3 by M-pIC treatment is mediated
by the TLR3/TRIF signaling pathway. We obtained
further evidence by examining the status of the phos--
phorylation and dimerization of IRF-3. The results
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Fig. 3. Extraceliular dsRNA treatment activates IRF-3 through the TLR3/TRIF signating pathway in PHSCHS8 cells. {A) Down-regulation of
TLR3, TLR4, and TRIF mRNAs by transfection of TLR3, TLR4, and TRIF siRNAs, respectively. PH5CHS8 cells were transfected with dsRNA
duplexes targeting TLR3, TLR4, TRIF or luciferase GL2. After 3 days, the expression levels of TLR3, TLR4, TRIF, and IRF-3 mRNAs were
determined by the quantitative RT-PCR as described previously [67). (B) Dual luciferase reporter assay of the IFN-B gene promoter using
siRNA-transfected PH5CHS cells treated with M-pIC. The poly(l-C) treatment and the dual luciferase reporter assay were performed as des-
cribed in Fig. 1. (C) Phosphorylation and dimerization analyses of IRF-3 in the siRNA-transfected PHSCHS cells treated with poly(l-C). The
poly(l-C) treatment was performed as described in Fig. 1. The lysate of cells transfected with GL2, TLR3, TLR4, or TRIF siRNA was pre-
pared, and subjected to Native-PAGE as described in the Experimental procedures. The phosphorylation and dimerization of IRF-3 were ana-

lyzed by immunoblotting using anti-phospho-IRF-3 (Ser386) serum and anti-IRF-3 serum, respectively.

obtained by M-pIC treatment revealed that both the
phosphorylation and dimerization of IRF-3 were
almost completely abrogated in the cells transfected
with TLR3 or TRIF siRNA, but not in those trans-
fected with the GL2 and TLR4 siRNAs (Fig. 3C, right
panel). Such a suppression of IRF-3 activation was
not observed by T-pIC treatment (Fig. 3C, left panel),
suggesting that the activation of IRF-3 by T-pIC treat-
ment is mainly mediated by the Cardif-mediated signa-
ling pathway [16].

HCV NS3-4A blocks the Cardif-mediated signaling
pathway, but not the TRIF-mediated signaling
pathway

Several studies [24,33,36,48-50] have demonstrated
that NS3-4A blocks IFN-B induction by inhibiting the

FEBS Journal 274 (2007) 4161-4176 © 2007 The Authors Journal compilation © 2007 FEBS

nuclear translocation of IRF-3 in HuH-7 cells harbor-
.ing HCV replicons and HCV (JFHI strain of geno-
type 2a)-infected HuH-7 cells. However, it has also
been reported that HuH-7 cells possess weak or defect-
ive dsRNA-induced antiviral signaling pathways
[41,42] (Fig. 1). Therefore, we examined whether or
not NS3-4A can block - the induction of IFN-B by
poly(I-C) in PH5CHS cells that retain dsRNA-induced
signaling pathways. The results were quite different
between T-pIC treatment and M-pIC treatment. First,
in T-pIC treatment, the results showed that NS3-4As
(the 1B-1 and HCV-O strains of genotype 1b) could
drastically inhibit the enhancement of the IFN-B gene
promoter activity, and that this suppressive effect of
NS3-4A was dependent on its serine protease activity,
because the NS3-4A/S1165A mutant lacking the serine
protease activity did not exhibit the suppressive effect,

4165



Limited suppression of the IFN system by HCV NS3-4A H. Dansako et al.

A pIFN-B(-125)-Luc B pIFN-B(-125)-Luc
2 £ 2
E 2
@ [
o 8
(1] (1]
= ‘5 10
s s
2 g
5 s
@ [
c , T o
TpiIC - + + + o+ o+ o+ o+ 4+ MpicC - + + 4+ + 4 A
NS - - 34A 3 4A 344A s??sgAw::?z‘;A 3-4A NS - © 34A 3 4A 3+4Agiesawiszen A
(Strain) ey ©) (Strain) (18-1) )
C
. D
120 140
9 .
£ 100 T & 120 ,
T <
[3 =
o 80 £ 100
N : E
£ @
3 E 80
—-— s - .
[ [«]
3 5 O
>
g 20 . 2 40
5 2
2 5
T o ; o — T 20
T-piC - + + + + o
34A  34A
NS - - 34A  S1165a W1s28A 0! e - :
(Strain) (1B-1) M-piC + + +
: ) ) aqpn 34A 34
NS S1165A W1528A
(Strain) (1B-1)

Fig. 4. NS3-4A blocked the Cardif-mediated signaling pathway, but not the TRIF-mediated signaling pathway. The poly(l-C) treatment, dual
luciferase reporter assay, and quantitative RT-PCR analysis were performed as described in Fig. 1. The pCX4bsr expression vectors encoding
NS3-4A, NS3, or NS4A from the 1B-1 strain and NS3-4A from the HCV-O strain were used for the transfection. The pCXdbsr expression vec- .
tor encoding the NS3-4A/S1165A mutant (1B-1 strain) lacking serine protease activity or the NS3-4A/W1528A mutant (1B-1 strain} lacking
RNA helicase activity was also used for the transfection. The lysate of PH5CHS cells transfected with the pCX4bsr vector was used as a
control (NS-). {A) Effect of NS3-4A on the IFN-B gene promoter activated by T-pIC treatment. (B) Effect of NS3-4A on the IFN-B gene promo-
ter activated by M-pIC treatment. (C} Effect of NS3-4A on the-[FN-p mRNA induction by T-pIC treatment. PH5CHS cells stably expressing
the NS3-4A or NS34A mutant (S1165A or W1528A) from the 1B-1 strain were subjected to T-pIC treatment. PHSCHS cells infected with
pCX4bsr retrovirus were used as a control (NS-). The IFN-B mRNA level was calculated relative to the level in the control PHSCHS cells trea-
ted with T-piC, which was set at 100. (D) Effect of NS3-4A on the IFN-B mRNA induction by M-piC treatment. PHSCHS cells that were the
same as in (C) were subjected to M-pIC treatment. The IFN-Bp mRNA level was calculated relative to the level in the control PHGCHS cells
treated with M-pIC, which was set at 100.

although the NS3-4A/W1528A mutant lacking RNA
helicase activity did (Fig. 4A). In addition, we con-
firmed that NS3 alone or NS4A alone did not exhibit
the suppressive effect, but coexpression of NS3 and

were also obtained in the other cloned cell lines,
PHSCH3 and PH5CH6 (data not shown), and in
HeLa cells (supplementary Fig. S1). The results of the
reporter assay were confirmed by quantitative RT-

NS4A did, suggesting that the NS3/4A complex in
trans [51] also can block IFN-B induction. In M-pIC
treatment, however, we found that NS3-4As
(strains 1B-1 and O) could not suppress the induction
of the IFN-B gene promoter (Fig. 4B). Similar results
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PCR analysis of endogenous IFN-f mRNA induced
by T-pIC or M-pIC treatment in PH5CHS cells. We
found that the NS3-4A and NS3-4A/WI1528A
mutants, but not the NS3-4A/S1165A mutant, could
suppress the induction of IFN-B mRNA following
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T-pIC treatment (Fig. 4C), but none of these NS3-4As
could suppress the induction of IFN-B mRNA follow-
ing M-pIC treatment (Fig. 4D).

We next examined the effects of NS3-4A on the
phosphorylation and dimerization of IRF-3 in
PH5CHS8 cells. We observed that both T-pIC and
M-pIC treatments induced the phosphorylation at
Ser386 and Ser396 of IRF-3, and formed the dimeriza-
tion of IRF-3 (Fig. 5A,B, lanes 1 and 2), and that
NS3-4A remarkably inhibited the phosphorylation and
dimerization of IRF-3 in the cells treated with T-pIC,
depending on its protease activity (Fig. 5A). However,
the phosphorylation and dimerization of IRF-3
induced by M-pIC treatment was not inhibited by
NS3-4A (Fig. 5B). From these results, we concluded
that, in PHS5CHS cells, NS3-4A could not block the

A (Strain)

NS
T-piC

IRF-3

phospho-IRF-3
(Ser386)

phospho-IRF-3

(Ser396)
B (Strain)
NS
Fig. 5. Effect of NS3-4A on phosphorylation
and dimerization of IRF-3 in PH5CHS cells M-PIC
treated with intracellular or extracellular
dsRNA. PH5CHS8 cells that were the same
IRF-3

as in Fig. 4C were used. The poly(l-C) treat-
ment was performed as described in Fig. 1.
(A) Effect of NS3-4A on phosphorylation and
dimerization of IRF-3 in the PH5CHS cells
treated with T-pIC. The phosphorylation and
dimerization analyses of IRF-3 were per-
formed as described in Fig. 3C. Anti-phos-
pho-IRF-3 (Ser396) serum was also used for
the analysis. (B) Effects of NS3-4A on phos-
phorylation and dimerization of IRF-3 in the
PHBCHS cells treated with M-pIC. The phos-
phorylation and dimerization analyses of
IRF-3 were performed as described in {A).

(Ser386)

(Ser396)

Limited suppression of the IFN system by HCV NS3-4A

TRIF-mediated signaling pathway, although it could
block the Cardif-mediated signaling pathway.

NS3-4A blocks the Cardif-mediated pathway
by cleaving Cardif

NS3-4A is able to cleave the Cardif [24,34,35] and
TRIF [36] molecules, resulting in the blocking of
dsRNA-induced antiviral signaling pathways: How-
ever, .our finding that IFN-f production was not
suppressed by NS3-4A in cells treated with M-pIC
seemed to contradict the finding of a previous study
[36] in which NS3-4A-mediated cleavage of TRIF
inhibited dsRNA-activated signaling through the
TLR3 pathway. Therefore, we evaluated whether or
not NS3-4A could impair the functional ability of
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TRIF as well as Cardif in PHSCHS cells. First, we
confirmed the effect of NS3-4A on the activation of
the IFN-B gene promoter by the Cardif exogenously
expressed in PHSCHS cells. The results of the lucif-

erase reporter assay revealed that NS3-4As (strains

1B-1 and HCV-O) completely suppressed the activa-
“tion (200-fold induction) of the IFN-$ gene promoter
by Cardif, and that this suppression was dependent on
the serine protease activity of NS3-4A (Fig. 6A). This
result was supported by the results of the dimerization
analysis of IRF-3 (Fig. 6B). Next, we confirmed that
wild-type Cardif, but not the Cardif mutant (C508A
- located in the C-terminal region), was cleaved by the
NS3-4As (strains 1B-1 and HCV-0), and that this
cleavage was dependent on its serine protease activity
(Fig. 6C). These results are in agreement with previous
studies in which NS3-4A blocked the intracellular
dsRNA signaling pathways through cleavage at the
Cys508 residue of Cardif [24,34,35]. )
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Fig. 6. NS3-4A blocks Cardif-mediated pathways by cleaving Cardif.
(A} Effect of NS3-4A on the IFN-B gene promoter activated by the
ectopic expression of Cardif in PH5CHS8 cells. PH5CHS cells were
cotransfected with the pCX4bsr expression vector encoding NS3-4A
or its mutant S1165A or W1528A, as described in Fig. 4, and the
pCXdpur expression vector encoding myc-Cardif. The lysate of
PH5CHS8 cells transfected with the pCX4bsr and pCX4pur vectors
was used as a control (NS-). The dual luciferase reporter assay was
performed as described in Fig. 1A. (B) Effect of NS3-4A on IRF-3
dimerization induced by the ectopic expression of Cardif in PHSCHS8
cells. The enhanced green fluorescent protein {EGFP)-IRF3 expres-
sion vector was used for the cotransfection in PH5CHS cells with
the myc-Cardif and NS3-4A (wild-type or its mutant S1165A or
W1528A) expression vectors. The lysate of PH5CHS cells transfect-
ed with the pCXdbsr and pCX4pur vectors was used as a control
(NS-). The dimerization analysis of IRF-3 was preformed as des-
cribed in Fig. 3C using anti-EGFP serum. (C) Cardif is cleaved by
NS3-4A in PH5CH8 cells. PH5CHS8 cells were cotransfected with
the myc-Cardif (wild-type or its mutant C508A) and NS3-4A expres-
sion vectors (wild-type or its mutant S1165A or W1528A). Produc-
tion of the myc-Cardif and NS3 in these cells was analyzed by
immunoblotting using anti-myc and anti-NS3 sera, respectively. The
PHSCHS8 cells transfected with the pCX4bsr and pCX4pur vectors
were used as a control (NS-). B-actin was used as a control for the
amount of protein loaded per lane. The black and white arrowheads
indicate Cardif and the cleaved Cardif, respectively.

NS3-4A does not block the TRIF-mediated
pathway because it lacks the ability to cleave TRIF

Because we demonstrated that NS3-4A blocked the
intracellular dsRNA signaling pathways through clea-
vage of Cardif in PH5CHS8 cells, we performed the
same analysis regarding TRIF exogenously expressed
in PH5CHBS cells. The results of the luciferase reporter
assay using the IFN-B gene promoter revealed that
NS3-4As (strains 1B-1 and HCV-O) could not sup-
press the activation (1000-fold induction) of the IFN-f
gene promoter by TRIF (Fig. 7A). This result was also
supported by the results of the dimerization analysis of
IRF-3 (Fig. 7B). Furthermore, we demonstrated that
the exogenously expressed TRIF was not cleaved by
NS3-4As (strains 1B-1 and HCV-O) (Fig. 7C). These
results indicate that NS3-4A could not block the
TRIF-mediated signaling pathway, and suggest that
NS3-4A did not suppress the M-pIC-induced produc-
tion of IFN-f because NS3-4A did not have the ability
to cleave TRIF.

To confirm the results obtained in PHSCHS cells,
we examined the status of Cardif and TRIF molecules
expressed exogenously in the O cells replicating
genome-length HCV-O RNA efficiently and their
cured Oc cells. The results revealed that Cardif was
cleaved in the O cells but not in the Oc cells
(Fig. 8A,B), and that the cleavage of Cardif occurred
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when . N83-4As (strains 1B-1 and HCV-O) were
expressed in the Oc cells (Fig. 8B). From these results,
we confirmed that NS3-4A could cleave Cardif in the
O and Oc cells. In contrast, TRIF was not cleaved in
either O or Oc cells (Fig. 8C). We further confirmed
that TRIF was not cleaved in the O cells transfected
with TLR3 siRNA, indicating that the resistance of

TRIF to NS3-4A is not related to the presence of

TLR3 (Fig. 8C). We also performed the same analysis
using HeLa cells, and obtained results (supplementary
Fig. S2) similar to those obtained in PHSCHS cells
(Figs 6C, 7C and 8). In addition, we observed that,
like TRIF, exogenously expressed MDAS and RIG-I
were not cleaved by NS3-4A in PH5CHS cells (data
not shown). Taken together, the above results indicate
that NS3-4A cleaves the Cardif molecule, resulting in
interruption of the Cardif-mediated pathway, but NS3-
4A is not able to cleave the TRIF molecule, and thus

the TRIF-mediated pathway is not suppressed by

NS3-4A.

Discussion

In the present study, we demonstrated that parental
PHSCH cells and their clones retained both TRIF-
and Cardif-mediated pathways as antiviral dsRNA
signaling pathways, and confirmed that the PHSCHS
cell line was far more useful for the study of antiviral
pathways than HuH-7 or the cell lines cloned from it.
From the results of the present study and a previous
study [41], we considered the possibility that immortal-
ized hepatocyte cells possess the functional TRIF- and
Cardif-mediated signaling pathways. Based on this

Fig. 7. NS3-4A does not block the TRIF-mediated pathway because
it lacks the ability to cleave TRIF. (A} Effect of NS3-4A on the IFN-B
gene promoter activated by the ectopic expression of TRIF in
PH5CHS celis. PH5CHS cells were cotransfected with the pCX4bsr
expression vector encoding NS3-4A or its mutant S1165A or
W15628A, and the pCXdpur expression vector encoding myc-TRIF.
The lysate of PHS5CH8 cells transfected with the pCX4bsr and
pCX4pur vectors was used as a control (NS-). The dual luciferase
- reporter assay was performed as described in Fig. 1A. (B) Effect of
NS3-4A on IRF-3 dimerization induced by the ectopic expression of
TRIF in PH5CHB cells. The dimerization analysis of IRF-3 was per-
formed as described in Fig. 6B except that the myc-TRIF expres-
sion vector was used in place of the myc-Cardif expression vector.
(C) TRIF is not cleaved by NS3-4A in PHSCHS cells. PHECHS cells
were cotransfected with the myc-TRIF and NS3-4A (wild-type or its
mutant S1165A or W1528A) expression vectors. Production of
myc-TRIF and NS3 in these cells was analyzed by immunoblotting
using anti-myc and anti-NS3 sera, respectively, as described in
Fig. 6C. The black arrowhead indicates the noncleaved TRIF.

Limited suppression of the IFN system by HCV NS3-4A

assumption, we examined IFN-B production in three
other immortalized human hepatocyte cell lines,
NKNT-3 [52], IHH10.3 [53], and IHHI12 [53], after
treatment with poly(I-C). However, the results revealed
that none of these immortalized cell lines responded to
both M-pIC and T-pIC treatments. Therefore, we sug-
gest that PHSCH and the cell lines cloned from it are
uniquely suitable for the comprehensive study of anti-
viral TRIF- and Cardif-mediated signaling pathways.
We failed to obtain evidence that NS3-4A was able
to cleave TRIF as reported by Li et al. [36]. In our
study (Fig. 7C), there was no evidence of the cleavage
of the TRIF molecule in NS3-4A-expressed PHSCHS

A pIFN-B(-125)-Luc
> 1200
3
S
Q
g 800
kS
El
®
2 400
s
Q
[+
0
3-4A 3-4A
NS ~— = 34A  g5ii65a wisoaa O9A
(Strain) (1B-1) (0)
- Myc-TRIF
B - Myc-TRIF
(Strain) (1B-1) (0)
34A  34A
NS - T 3-4A  gie5a wiszea 39A

IRF-3
« dimer
Anti-
EGFP

<« monomer

Myc-TRIF

(1B-1) (0)
3-4A 3-4A
3-4A 511654 wis2ea 3-4A

(Strain)
NS - -
150-
" 100-

75~
kDa
50—

37-

NS3

B-actin

FEBS Journal 274 (2007) 4161-4176 ® 2007 The Authors Journal compilation ©® 2007 FEBS » 4169



Limited suppression of the IFN system by HCV NS3-4A

A O cells
Myc-
Myc- .
- Chrait Gardit
75 -
kDa
50 —
37—
NS3 !
B-actin
B ' Oc cells
-_ Myc-Cardif Myc-Cardif
C508A
(Strain) (18-1) _(0) (181) (0)
NS = = 34A 34A = 34A 34A
75
kDa
50
a7
NS3
B-actin
c O cells Oc cells

siRNA GL2 GL2 TLR3 TLR3 = = - -

Myc- _  Myc-
TRIF

Myc-
TRIF

Myc-
TRIF

100 - g

75 —
kDa

50

37

NS3

B-actin

cells. Nor did we observe any cleavage of TRIF by the
NS3-4A expressed in the Oc cells, which exhibited
almost no-response to the T-pIC and M-pIC treat-
ments (Figs 1 and 8C), or the HeLa cells, which exhib-
ited a good response to the T-pIC and M-pIC
treatments (supplementary Figs St and S2). We further
observed that TRIF was not cleaved in the O cells, in
which the HCV NS protein precursor was efficiently
processed by NS3-4A (Fig. 8C). Regarding the cellular

localization of NS3-4A, it has recently been reported

that the localization of NS3-4A expressed transiently
in HuH-7 cells was the same as that in genome-length

H. Dansako et al.

Fig. 8. TRIF is not cleaved in genome-length HCV RNA replicating
cells. (A) Cardif is cleaved in the O cells replicating genome-length
HCV-O RNA efficiently. The O cells were transfected with the
myc-Cardif (wild-type or its mutant C508A) expression vector.
Production of the myc-Cardif and NS3 in the O cells was analyzed
by immunocblotting as described in Fig. 6C. The black and white
arrowheads indicate Cardif and the cleaved Cardif, respectively. (B)
Cardif is cleaved by NS3-4A in the cured Oc cells. The Oc cells
were cotransfected with the myc-Cardif (wild-type or mutant
C508A) and NS3-4A expression vectors. The production of the
myc-Cardif and NS3 in these cells was analyzed by immunoblotting
as described in Fig. 6C. The black and white arrowheads indicate
Cardif and the cleaved Cardif, respectively. (C) TRIF is not cleaved
in the O cells. The O and Oc cells were transfected with the myc-
TRIF expression vector. The O cells transfected with GL2 or TLR3
siRNA were also used for the analysis. Production of myc-TRIF in
these cells was analyzed by immunoblotting as described in
Fig. 6C. The black arrowhead indicates the noncleaved TRIF.

HCV RNA replicating cells, and that NS3-4A was
localized not only on the endoplasmic reticulum, but
also on mitochondria [54]. From these findings, we
suggest that NS3-4A is unable to cleave TRIF in
cultured human cells.

Although amino acid sequences (PSSTPC/SAHLT,
cleavage at Cys372; the P6 residue is underlined) sur-
rounding the NS3-4A trans-cleavage site in TRIF [36]
resemble those (DLEVVT/STWVL for NS3-4A;
DEMEEC/ASHLP for NS4A/4B; DCSTPC/SGSWL
for NS4B/5A; EDVVCC/SMSYS for NS5A/5B; the
P6 residue is underlined) in the NS proteins from the
1B-1 and HCV-O strains and that (EREVPC/HRPSP,
cleavage at Cys508; the P6 residue is underlined) in
Cardif, only the TRIF site lacks the acidic P6 residue
that is conserved and important in viral cleavage sites
[55}. Accordingly, we examined whether or not a TRIF
mutant (P to E at the P6 residue) is cleaved by NS3-
4A in PHS5CHS cells. However, no cleavage of the
TRIF mutant was observed (unpublished data). To
clarify why TRIF is not cleaved by NS3-4A, further
analysis will be necessary.

Although the results obtained in the present study
suggest that the suppression of IFN-B production by
NS3-4A is limited in human hepatocyte cells, it has
recently been reported [56] that HCV can block the
dsRNA-induced signaling pathway via the NS3-4A-
independent pathway in addition to the NS3-4A-
dependent pathway. However, because HuH-7 cells
infected with the HCV genotype 2a clone (JFH1) were
used in that study, it is not clear whether or not the
TRIF-mediated pathway is also inhibited by the NS3-
4A-independent pathway. To clarify this point, it will
be necessary to study an HCV infection system using
human hepatocyte cells in which both the TRIF- and
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Cardif-mediated pathways are functional, such as
PHS5CHBS cells.

We clearly demonstrated that Cardif was cleaved by
NS3-4As of 1B-1 and HCV-O strains obtained from
healthy HCV carriers [57]. Although we observed that
this cleavage was dependent on the protease activity of
NS3-4A (Fig. 6), the correlation between the inhibitory
effect of NS3-4A on the Cardif-mediated signaling
pathway and the protease activity of NS3-4A remains
unclear. Furthermore, we have no evidence that all
NS3-4As derived from patients with HCV are able to
cleave the Cardif molecule. To clarify these issues,
further comparative analysis among HCV strains
obtained from patients with different hepatic disease
conditions will be needed. In addition, in the present
study, we observed that the bands corresponding to
the cleaved Myc-Cardif became extremely intense in

PH5CHS cells (Fig. 6C). This phenomenon has been -

observed in previous studies [24,34,49]. Although these
previous studies did not explain what caused this phe-
nomenon, we speculate that the cleaved Myc-Cardif is
transferred to the cytosolic (soluble) fraction, although
noncleaved Myc-Cardif remains in the membrane
(insoluble) fraction. To clarify the reason for this phe-
nomenon, several experiments may be needed.

In summary, we show that NS3-4A could not cleave
TRIF, but could cleave Cardif, in PH5CHS cells pos-
sessing functional TRIF- and Cardif-mediated antiviral
signaling pathways, and suggest that the disruption of
the IFN-B production system by NS3-4A is not
sufficient in HCV-infected hepatocyte cells. This infor-
mation will be useful for understanding the roles of
NS3-4A in persistent HCV infection.

Experimental procedures

Cell culture

Non-neoplastic human hepatocyte PH5CH-derived cloned
cells, including PHSCHS8 cells, which are susceptible to
HCV infection and supportive of HCV replication [45),
were maintained as described previously [58]. HuH-7 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplémented
with 10% fetal bovine serum. The O cells replicating gen-
ome-length HCV RNA were cultured in DMEM with 10%
fetal bovine serum and G418 (300 pgmL™}; Geneticin, Invi-
trogen) as described previously [43]. The Oc and ORG6c
cured cells, which were created by eliminating genome-
length HCV RNA from O cells {43] and OR6 cells [44] by
IFN treatment, respectively, were also cultured in DMEM
with 10% fetal bovine serum.

Limited suppression of the IFN system by HCV NS3-4A

Construction of expression vectors

Retroviral vectors pCX4bsr and pCX4pur {59], which con-
tain the resistance gene for blasticidin and puromycin,
respectively, were used to construct the various expression
vectors. pCX4bsr/NS3-4A(1B-1), pCX4bsr/NS3(1B-1) and
pCX4bsr/NS4A(1B-1) were constructed according to the
previously described method [60). The DNA fragments enco-
ding NS3-4A, NS3, and NS4A derived from the HCV 1B-1
strain belonging to genotype 1b (accession no. AB0802999)
[61] were subcloned into the EcoRI and Notl sites of
pCX4bsr. To construct pCX4bsr/NS3-4A(0), the DNA
fragment encoding NS3-4A derived from the HCV-O strain
belonging to genotype 1b [43] were also subcloned into the
EcoRI and Norl sites of pCXdbsr. pCXd4bsr/NS3-4A
(1B-1)/S1165A and pCX4bsr/NS3-4A(1B-1)/W1528A were
constructed by PCR mutagenesis with primers containing
base alterations according to the previously described
method [62]. To construct pCX4pur/myc-Cardif, the DNA
fragment encoding Cardif (IPS-1/MAVS/VISA, accession
no. DQ181928) was amplified from ¢cDNAs obtained from
PHS5CHS cells by PCR using KOD-plus DNA polymerase
(Toyobo, Osaka, Japan). The primer sequences containing
the Sphl (forward) and Norl (reverse) recognition sites for
Cardif were designed to enable expression of the Cardif
ORF. The obtained DNA fragment was subcloned into the
Sphl and No sites of pCX4pur/myc, which can express
myc-tagged protein, according to the previously described
method [39]. To construct pCX4pur/myc-TRIF, the EcoRI-
Notl fragment of pCXpur/myc-TRIF encoding myc-TRIF

"~ ORF [39] was subcloned into the EcoRI and Nofl sites

of pCXdpur. To construct pEGFP-C1/IRF-3, the DNA
fragment encoding IRF-3 (accession no. NM_001571) was
amplified by PCR as described above. The primer sequences
containing the Xhol (forward) and HindIII (reverse) recogni-
tion sites for IRF-3 were designed to enable expression of the
IRF-3 ORF. The obtained DNA fragment was subcloned
into the Xhol and HindIII sites of pEGFP-C1 (Clontech,
Mountain View, CA, USA), and the obtained pEGFP-
C1/IRF-3 was used for IRF-3 dimerization analysis. The
nucleotide sequences of these constructed expression vectors
were confirmed by Big Dye termination cycle sequencing
using an ABI Prism 310 genetic analyzer (Applied Biosys-
tems, Foster City, CA, USA).

Poly(l-C) treatment

Poly(I-C) (GE Healthcare Bio-Sciences Corp., Piscataway,
NJ, USA) was added to the medium at 50 pgrmL~!
(M-pIC), or 1 ug of poly(I-C) was complexed with Lipofec-
tamine™ 2000 (Invitrogen) for transfection (T-pIC). Cells
were assayed for poly(I-C)-induced responses 6 h after
exposure by either route.
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Luciferase reporter assay

For the dual luciferase assay, we used a firefly luciferase
reporter vector, pIFN-B-(-125)-Luc [63], containing the
IFN-B gene promoter region (125 to +19). The reporter
assay was carried out as previously described [40]. Briefly, a
total of 0.3 x 107 cells were seeded in a 24-well plate, 24 h
before transfection. Then, 0.1 pg firefly luciferase reporter
vector, 0.2-04 ug HCV protein expression plasmid
(pCX4bsr series), and 0.2 ng pRL-CMV (Promega, Madi-
son, WI, USA) as an internal control reporter were trans-
fected into the various cell lines. To maintain the efficiency
of transfection, up to 0.4 ug of pCX4bsr was added instead
of HCV protein expression vectors. In some cases, 20 ng of
pCX4pur/myc-Cardif or pCX4pur/myc-TRIF were added
as the effector plasmid. The cells were cultured for 48 h,
and then a dual luciferase assay was performed according
to the manufacturer’s protocol (Promega). In some cases,
the cells were cultured for 42 h and then poly(I-C) was
added to the medium or transfected into the cells for 6 h
before the reporter assay. Three independent triplicate
transfection experiments were conduced to verify the repro-
ducibility of the results. Relative luciferase activity was
normalized to the activity of Renilla luciferase (internal
control). A manual Lumat LB 9501/16 luminometer (EG &
G Berthold, Bad Wildbad, Germany) was used to detect
luciferase activity.

Western blot analysis

Preparation of cell lysates, SDS/PAGE, and immunoblot-
‘ting were performed as described previously [64]. Anti-NS3
(Novocastra Laboratories, Newcastle, UK), anti-myc
(PL14; Medical and Biological Laboratories, Nagoya,
Japan) or anti-B-actin serum (AC-15; Sigma, St Louis, MO,
USA) was used in this study as a primary antibody. Immu-
nocomplexes were detected by a Renaissance enhanced
chemiluminescence assay (Perkin-Elmer Life Sciences,
Boston, MA, USA).

IRF-3 dimerization analysis

Preparation of cell lysates and native-polyacrylamide gel
electrophoresis were performed as described previously [65).
After the separation of proteins, immunoblotting was per-
formed as described above. Anti-IRF3 serum (FL-425;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used for the detection of the endogenous IRF-3 dimeriza-
tion. Anti-phospho-IRF-3 (Ser386) serum (IBL, Gunma,
Japan) and anti-phospho-IRF-3 (Ser396) serum (Upstate
Biotechnology, Lake Placid, NY, USA) were used for
detection of the phosphorylated IRF-3. The dimerization of
exogenous IRF-3 was detected by anti-EGFP monoclonal
serum (JL-8; Clontech).
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Preparation of PH5CHS cells stably expressing
HCV proteins

PHSCHS cells were infected with retrovirus pCX4bsr enco-
ding various HCV proteins, as described previously [64].
pCXdbsr/NS3-4A(1B-1), pCX4bsr/NS3-4A(1B-1)/S1165A,
and pCX4bsr/NS3-4A(1B-1)/W1528A were used to obtain
the PH5SCHBS cells stably expressing NS3-4A(1B-1), the NS3-
4A(1B-1)/S1165A mutant lacking the serine protease activity
[51], and the NS3-4A(1B-1)/W1528A mutant lacking the
helicase activity [66], respectively. At 2 days postinfection,
PHSCHS cells were changed with fresh medium containing
blasticidin (20 pgmL™"), and the culture was continued for
7 days to select the cells expressing HCV proteins.

Real-time LightCycler PCR.

Total cellular RNA was extracted using an Isogen extrac-
tion kit (Nippon Gene, Toyama, Japan). Before reverse
transcription, the RNA was treated with RNase-free
DNase I (TaKaRa Bio, Ohtsu, Japan) to completely remove
the genomic DNA as described previously [40]. Real-time
LightCycler PCR was performed according to a method
described previously [67]. The sequences of sense and anti-
sense primers for TRIF (accession no. AB093555) were
5-AAGCCATGATGAGCAACCTC-3" and 5-GTGTCC
TGTTCCTTCCTCCAC-3’. The séquences of sense and
antisense primers for RIG-I (accession no. NM_014314)
were 5-AATGAAAGATGCTCTGGATTACTTG-3’ and
- TTGTCTCTGGGTTTAAGTGGTACTC-3". The seq-
uences of sense and antisense primers for MDAS (acces-
sion no. NM_022168) were 5-AAGTCATTAGTAAA
TTTCGCACTGG-3" and 5-TCATCTTCTCTCGGAAAT
CATTAAC-3. In addition, we used primer sets for I[FN-8
[40], TLR3 (39], TLR4 (39], Cardif [24] and GAPDH [40].

RNA interference

siRNA duplexes targeting the coding regions of human
TLR3 [39], TLR4 (Dharmacon, Lafayette, CO, USA; cata-
log no. M-008088-00), TRIF (Dharmacon; catalog no.
M-012833-00), and luciferase GL2 [68] (Dharmacon) as a
control were chemically synthesized. PHSCHS cells were
transfected with the indicated siRNA duplex using Oligo-
fectAMINE (Invitrogen). Total RNA was extracted at
3 days after transfection, and real-time LightCycler PCR
was performed to examine RNA-mediated interference effi-
ciency as described above.
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