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GE-TOFMS, The vahes of each measurement are shown at left.
The right graph shows means with 8D of the data at lefi, Open
bar; Huh-7 cclls, gray bar; JEH-1/4-3 cells.

T

Figure 82 Cytoplasmic ATP levels in HCV replicon cells
and IFN-treated cells. (Lefi) The HOV replicon cells JFH-1/4-
1, JFH-1/4-3 {genotype 24} and NKS.1/0-9 lg( notype 1b), and
parcutal Huh-7 cells were cultured for 72 h in the absence or
presence of 1,000 HU/Anl IFN-alpha,  Forty-eight hours adfter
wanstection with AT1.03, the Venus/CFP emission ratio of each
cell was caleulated from luorescent jmages acquived with the
confocal microscope FVI000. All data are prosented as means and
SD for at least 10 independent eells. (Right) HOV RNA dters in
cells corvesponding to the left panel were determined using real-
time quanttative RT-PCR. Data are presented as means and SD
for three independent samples. NTD indicates not detected.
N3]

Figure 83 Increase in ATP-enriched dot-like structures
in cells replicating SGR-ATeam. Huh-7 cells were vransfecred
with SGR-AT1.03, and analyzed in the same way as deseribed in
the Jegends for Figures 3 and 3B. The lower four panels ave five-
fold magnifications of the boxed arcas in independent cells. Scale
bars, 40 fun.

{TTE)

Figure 54 Visualization of the ATP level in cells
expressing replication-defective HCV polyprotein. {A} A
schematic ntation of the NS3-NS3B-ATL.03 plasmid

showit, The HGV polyprotein is indicated by the open boxes. The
ATcam gene was inscrted into the same site as that for N
ATeam and SGR-ATewm insertion as indicated in the legend for
Figure 4A. CAG, CAG promoter. (By Cells transfecred with
constructs encoding NS3A, NSSA-AT1.05, NS3-NS3B-AT1.03,
SGR or SGR-AT1.03 were anadyzed by immunoblotting with
ang-NS85A, anti-NSOB or ant-heta-actin antibodies. (C) Huh-7
cells were wansfected with NS3-NS5B-ATL.03, and analyzed in
the same way as deseribed in the legends for Figures 5A and 3B,
The upper panel Fluorescence) demonstrates signal ntensity from
a spectral channel with maximum intensity and represents the
ou pattern of NS3A-ATeam processed from NS3-NSLHB-
ATL03. The lower panels (Venus/CFP ratio} indicate the FRET

S0
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ratio and @ five-fold magnilication of the boxed area. Seale bar,
20 wm.

(TTF;

Figure 85 Relationship between ATP-enriched dot-like
structures and mitochondria. Hub-7 cells replicading SGR-
AT1.03 (right panelsj and parental cells (lefl panel} were analyzed.
Active mitochondria  were  labeled Mito'Tracker Red
CMXRos in living cells, and were analyzed in the swne way as
described in the legends for Figures 5A and 3B, using a reference
for the MitoTracker specirum. The lowest pancls of SGR-ATeam
cells indicate five-fold magnifications of the boxed arcas. Scale
bars, 26 wm.

(TTE)

Figure $6 Inhibitory effect of PSI-6130 on HCV RNA
replication. (A} Replicadion levels of SGR/lue-AT1 0"'} RNA i
wansfected cells were derermined by luciferase assay 3 days afier
wreamnent with PSI-6130 at the indicared concentrations Q).
The values shown were normalized for transfection efficiency with

with

luciferase activity determined 24 h postaransfection. All data are
presented as means and SD for three independent samples. (B)
Cell viahility was assessed using the MTT assay.

Iy

Acknowledgments

We are grateful 1o Minor Pobiume, Tudaki Suzaki, Teroyuki Nagamune,
Satoshi Yamaguchi, Yoshihary Masuwa, Hiroto Kamwbara, Tomoks

Date, Su Su Hmswe, Koichi Watashs, Takahive Masaky and Takanobu
Kuto for their excellent technical assistance and advice, well as o
Takehary Nagad for providing the mVenus expression vector and to
Arsushi Mivawaki for providing the mscCFLD expression vector, We thank
aur eoswnorkers for dheir helpful discussions. We also thank Mami Sasaki for
ler techuical assistance and Tomoko Mizoguchi for her sceretarial work.
We also thank the University of Tokyo Center for Nunoliio Iutegration
and the Departinent of Pd(h(ﬂug’\' in the National Tnstiute of Tnfections
i Japan, (or use of their confocal microscope.

as

Author Contributions

Conceived and designed the experimems: T, Ando, H. Twamura, T,
Wakita, T Suzuki. l’cri‘nmu d the experiments: L Ando, H. Aizaki.
Anadyzed the datac T Ando, H. lmamues, T, W) .mumha T, Wakita, T.
Suzuki. Conwibuied reagents/nea Janalysis tools: M. Tiamura, R

Suzaki, FL Alzaki. Wrowe the paper: T Ando, T, Suzuki.

10, Moradpour D, Penin ¥, Rice CN[2007) Replication of heparits C vires. Na
Rev Microbiol 5: 435403

11 Dumont 3, Cheng W, Sercbroy ¥V, Berus REK, Tinoeo I Jr., et al, £2006) RNA
wanslocation and unwinding techanism of HOV N8I helic and its
voordinion by NTT. Naowe 43

12, Frick DN { 37 i h
poreniial drig target, Core Tsstes Mol Biol 90§20,

(9 Mipewart Y, Ilijikate M, Yamadi M, Hosaka M, Takabashi 1 et al. 2003
Hepatids € virts nor 1-soructaral proteins in the probble membranous
compartment function i viral genome aephmhm‘ J Biol Chem 278
OL-30308.

P Wekita T, Vieschmann T, Kaw T, Date T, Mivamato M, et al. (2003)

Preduciion of infectious hepatitis C vires in sssue eulutre o o cJoned vizal

senome, Sai Med 11 791-790,
. Mivamoto M, Kato T, Dae T, M
hetween subgenomic replicans of hep
(Conl NK3.1% Intervirology 490 37-43,
Mankourd §, Tedbury ¥R, (:rmmn S, Hughes MFE, Grifiin SD, et al. (2010
Euhanced hepatits Cvirns genome b e Hpdd accurulation mediaed
Ly inhibitan of AMP-activated protein Rimse. Proc Nool Acad S U S A 107
~H';31

Nakashima K, Takeuchi R, Chihara K, Hona H, Sada K 2011 Inbibiton of
Li patdds € virus replication throngh adenosine monophospharesactivaed
pratein kinase-tdependent and <independent pathwavs, Microhiol Innwnel 35

f

okaral N, Wakia T
s C viras genotypes 2a (fF

7478

March 2012 | volume 8 | Issue 3 | 1002561



319

Visualization of ATP in HCV-Replicating Cells

ai 1, Thass K, Park B8, Kubots M, Mikeshila K, e al | ¥
‘u‘l}u.\ flusearescenm protein with fast and officiens mamration for ("'[-hl(ﬂ{.v ioa

applications. Nat Biowechnol 20: 87 N
19 Applehy TC, Andersen R, Fedo

Polymerase In Viro: Nudeodde, Primer, and Template Paramerers. | Virol 77:
83516542
32, Khaupp K, Ford M], Rudgrok RW 1998) Varia
O. Pyle AM, Wang R, et ol 20113 influenza vires transeripdon. | Gen Vipol 791
Vigsuulizing '\T;"{'Lpulfirlﬂ RNA ravsloration by the NS3 1 wse from OV, 33 e V1, Gitford H, Brownolee GG [2008) lxv’r of i nucleaside
J Mol Tiol 105: 1159 triphospiste concenrations i the regulation of inflaenza virus replication and
20, Cheng W, f\numanm S(v, Mofin JR, Tinoco 1, Jr, Bastonane © 2011 wransoription. | Virel 820 6802-5910.
\xn?}c-mw pair unwinding and asynchronous RNA velease by the hepmids © M. F v, Lam AN (2000 Understinding helicases as 2 means of vims contral.

virus NS ]s::hc.z.st:. Sclence 353 17461749, ron Des 120 13151338,

ion in ATP requirement during

230 Beran RE, Lindenbach BD, Pyle AX 2008 The NS4A protein of hepatitis C 35 Guyer U, Hoglund A, Hoglud 8 Luban ] 200 \Tl’ﬂ’uumig rhfnzwz human
virus promotes RNA-coupled ATP hydrolysis by che NS83 helicase, J Vivel 83: immunodeficieney virns type 1 virion cors integrit
33 36, Li PP hoh N, Watanabe M, Shi Y, Lin P, et (Jq; Associaton of

22, Hara H kM, Aasuds M, Shinkai-Ouchi ¥, Inoue Y, o al. (2008 vires £0 wpl with 7o-kiladalion hear shack pzmmds and viral wwor antdgens.
I.xml\unm( of creatine kinase B in hepatitis C virus genome replication trough J Virel B3 5744,

37, Denis B, ‘}‘;r\c‘ix - ;\,

23 ,\Iammah 2tk IOI\
thc meta ml‘(. :ﬂ(ls\‘ ation nf hr[m itis C vivas nucleoside 1 ior beta-D-2'- 38, % R
Deoey-2"-Maore-27-C ’ [%l’);; (r]is e wnh Increass d wmmhc ‘\H‘ dumm .qav;[:t-sm a bichunines
active 5 -triphosphate species, | Biol Chem 282: 2081229390, cence study with inracellular neilferase, Cell Death D:!Im P2 15901307,

24, Muskami B, Bao H, Ramesh M, MeBraver TR, \ﬂuui vr T, e 41! 34 o I Hung YP. Yellen G {2 genetically encaded fluorescent reporter of

Mechanizm of activadon of beta -D ,2 -41: I ATPADY ratio. Nat Methods 60 161-166.

hibition 40, Niwa H, Ymenamura K, Mivazaki, ] (e ’!h \'f“mcm R?Sectmn for Wgh-cepression
Chemother 31: ii!’v~709. ants with an Bl 108 395~

23, Maradpour 1, L‘nusa M, Gosert R, Yo Z, Blum HE, ¢t 1l 2004y !.m:rmm of A1, Sega T, Olashi Y, Usio ¥, 1 M, et al x(.;GB?:j Chiantitative
mreen (uorsseens protein into novsauctmal protein HA alloses direct wetabolome  analy: i capitlary clectrophoresis mass spectromeuy.

tons of funciional hepatis € virs replicadon comph:xc,s*x} Viral 78: 7400-7 '4{13 J Protcome Res 27 43515
26, Mhwaki T, Suznki R, Saeed M, Mo K, Masuda M, ot ad 2010 Production of 42, Maraguchi T, Shimi T, Kounjin T, Hashiguehi N, Firaoka Y (3002 Speciral
infections hoepusits C viras by using RNA ;mlvmcmw I-mediated tauscription. imaging forescence microscopy. Genes Cells 72 581"331;

e vive fmmeraction betwesss RGS$ and
: possihle mvalvement of Tipid rafl,

1 59 X shit M, Dassbim,
Shi 8T, Lee K], Aizadd H. Huang S8, Lai MMC (2003) Hepaiis C Viras RNA calmadolin visual
Replication Ocowrs on # Detergeni-Resistiat Membrane Tha Cofractionazes Biochom Biophws Res Lu,umuu
with Caveelin=2. ] Virol 77: 4160-1168. 41, Murakami K, Kimuara T, Osaki \f Nm l\ Mivarouea T, et al. (2008)
28, Gosert R, Egger 12, Lohmunn V, Barie e R, Blum HE, ot ol (2003 Virolagiral chavacterizaion of the hepatis € virus JF -1 st i Iymghorviic
Tdentificatons of the Hepatus C Virae T cpdicniion Complex i Hube? eell lmes. J Gen Vivel 80 1507-1502
Cells Harboving Subgencmic Replicons, J Virol 77: 34573492, 45, Iooue Y, Aizaki H, Hara I Masuda M, Ando T, er al. 2011 Claperonin

29, Pahuer AR, Jin C, Rend JO, Tden RY 2004) Bel-Zomedisted sltmragdons in TRIC/CCT paviicipates in yeplication of hepuitgs €0 virg genome via
endaplasmic cetdenlum Ca2+ analvzed with an 1mprrm: o genetvally eneaded futeraction with the viral NS3B protein, Vivelogy 4100 3547,

Tani H, Abe T, et al, (2009 Cochaperone

SeAUS AL ~17400. 46, Taguwa 5, Kambara H, Omend H,

it semisor, Proe Nad A

Kli Ummn P, Mirunda JG, Gorski JA, Palmer AE {:3()()‘ | Genetically encoded setivity of hmwoan basrate-indused oanseripr § fucilites heparits O virus
: jal diaributon of cdiular wne. | Biol Chem 281 replication teough an HepOedependent patbway, | Viesl 83 1042710436,

17. Takeuchi T, Katsume A, Tana Inoue K, et al, {1099 Real-time

51, Nosuguehi M, Ackormon M, Yon €, You 8, Padwanbhan R 2005) De Novo deteerion svsten fow prantifieation of Lepativs O vims genoe, Gasoroenteral-

Sytnliests of Newnive-Strand RNA by Dengne Virns RNA-Depeadent RNA oy T ¢ 2,

" PLoS Pathogens | www.plospathogens.org 13 March 2012 | Volume 8 | Issue 3 | 21002561




320

Contents lists available at Sciverse 8

Virology

Jjournal homepage: vwwww. elsevier.com/! oeate/yviro

Trans-complemented hepatitis C virus particles as a versatile tool for study of

virus assembly and infection

Ryosuke Suzuki **, Kenji Saito, Takanobu Kate~ Masayuk; Shirakura”,
Hideki Aizaki* Yumx Kanegae “ Yoshxhal u i\&'tsuura

Daisuke Akazawa “, Koji Ishii”,
 Izumu Saito *, Takaji Wakita *, Tetsuro Suzuki

* Department of Virology 11, Netional Institute of Infectious Diseases, 1+23-1 Toyesss Shinjuku-ku, Tekyo 162-8640. Japan
¥ Infhuenza Virus Research Center, National Institute of Infectious Diseases, rokss‘?os 0011, japan

€ Institute of Medical Science, University of Tokvo, Tokyo 108-8639, japan
4 Research Instirute for Microbial Disenses, Osaka University, Osaka 565-0877,

Bpan -

* Deparoment of Infectious Diseases, Hamanatsu University School of Medieine, 1-20-1 Hundayama, Higashi-ku, Hamamarsu, Shizuoka 431-3192, Japan

ARTICLE INFO ABSTRATT

Article history:

Received 30 March 2012
Retorned to author for revisions
23 April 2012

Accepted 25 May 2012

In this study, we compared the entry processes of trans-complemented hepatitis C virus particles
(HCV1cp), cell culture-produced HCV {HCVece) and HCV pseudoparticles {(HCVpp). Anti-CD81 antibody
reduced the entry af HCVicp and HCVee to almost background levels, and that of HCVpp by
approximately 50% Apolipoprotein E-dependent infection was observed with HCVtep and HCVeg, but
not with HCVpp, suggesting that the HCVicp system is more relevant as a model of HCV infection than
HCVpp. We improved the productivity of HCVeep by introducing adapted mutations and by deleting

;’:i;_J\’;’VOF'ﬂ’-‘?»' sequences not required for replication from the subgenomic replicon construct. Furthermore, blind
u c;ﬂq) passage of the HCVtep in packaging cells resulted in a novel mutation in the NS3 region, N1586D, which

Trans-packaging

Single-round infection ! -+
assembly and infection.

contributed Lo assembly of infectious virus. These results demonstrate that our plasmid-based system
for efficient production of HCVtep is beneficial for studying HCV life cycles, particularly in viral

% 2012 Elsevier Inc. All rights reserved.

Introduction

Over 170 million people worldwide are chronically infected
with hepatitis C virus (HCV), and are at risk of developing chreuic
liver diseases (Moofnagie, 2002). HCV is an enveloped virus of the
family Faviviridue, and its genome is a positive-strand RNA
consisting of the 5-untranslated region (UTR), an open reading
frame encoding viral proteins (core, E1, E2, p7, NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) and the 3'-UTR (Suzuli of ai, 2007).

Host-virus interactions are required during the initial steps of viral
mfectlon [t was prcvmusly repmted that CD81 (Bt 1 al, 20033,

% ot al, 1998), scavenger receptor class
20023, claudin-1

and occludin
X O Ploss e al. ) are critical
molecules fm‘ HCV entzy mto cells, (DSI interacts thh HCV E2 via a
second extracellular loop (Barte al, 2007, by Hew ot a 3
and its role in the intermalization process was confinmed (C

it el al, 2008). It has also been shown that mfecnous

= Corleapmudme author. Fax: +81 3 5285 1161,
** Corresponding author. Fax: +81 53 435 2338,
E-mail eddresses: ryosuke@nib.go jp (R, Suzuki),
tesuzuki@hama-med.acjp (T, Suzuki).

0042-6822f% - see front matter © 2012 Elsevier Inc. All rights reserved.
htep:f{dx.doi.org/10.1016/1.virol.2012.05.033

HCV particles produced in cell cultures (HCVcc) exist as apohpopxo-
tein E (ApoL)-enriched lipoprotein particles (Clung
that ApoE is important for HCV infectivity (©
Investigation of HCV had been hampered by dzfﬁcu tces in
amplifying the virus in vitro before development of robust cell culture
sysrems based on JFH-1 isolates {findenbach cr al, 2005, Wakits
et al., 200%; Zhong ot al, 2005), Retrovirus-based HCV pseudoparudcs
(HCVpp), in which cell entry is dependent on HCV glycoproteins, have
been used to study virus entry (Barosch or al, 2003a; Heu o al,
103). Vesicular stomatitis virus (VSV}-based pseudotypic viruses
bearmg HCV E1 and E2Z and replication-competent recombinant VSV
encoding HCV envelopes have also been available as surrogate
models for studies of HCV infection (i e oal, 2001 Tand

15 Viasald ot al., }(; 0; Steinmann e .
These tmns-complemented HCV particles (HCVtcp) are infectious,
but support only single-round infection and are unable to spread.
Establishment of flexible systems to efficiently produce HCVicp
should contribute to studying HCV assembly, in particular encapsi-
dation of the viral genome, and entry to cells with less stringent
biosafety and biosecurity measures. Although single-round infection
can be achieved by using the HCVcc system with receptor knock-out

Please cite this article as: Suzuki, R, et al.,

Trans-complemented hepatitis C virus particles as a versatile tool for study of virus
assembly and infection. Virology ;201 2), http://dx.doi.org/10.1016/j.virol.2012.05.033




cells, the single-round HCVce system is not suitable for studying
virus entry. We previously described plasmid-based production of
HCVee and HCVtep (Masaki er al, 2010). Here, we demonstrated
that HCVicp production can be enhanced by introducing the
previously reported cell-culture adaptive mutations and by deleting
sequences not essential for replication in the subgenomic replicon
construct. By providing genotype- ¥e~derived core-to-p7 in addition
to intragenotypic viral proteins, chimeric HCVicp were generated.
Furthermore, blind passage of HCVtcp in the packaging cells resulted
in the identification of a novel cell culture-adaptive mutation in NS3
that enables us to establish the efficient preduction of HCVtcp with

structural proteins from various strains. Taken together, our system

for producing single-cycle infectious HCV particles should be useful
in the study of entry and assembly steps of the HCV life cycles. This
technology may also have potential to-Befthe basis for the safer
vaccine development,

321

R Suzuki et ol. / Virclogy # (8318} ex—gux

Results

Enhancement of HCVicp production by adaptive mutations in E2, p7
and NS2 and by deleting sequences not essential for replication from
replicon construct

In our HCVtecp system, the RNA polymerase 1 (Pol [)-driven
replicon plasmid, which carries a dicistronic subgenomic luciferase
reporter replicon of JFH-1 strain with a Pol 1 promoter and
terminator (pHH/SGR-Luc), as well as a plasmid containing core-
NS2 ¢DNA under the CAG promoter (pCAGC-NS2) were used
{(Masaki et ol 201G) In an effort to improve the yield of HCVtep
production, cell culture-adaptive mutations in E2 (N417S), p7
{(N765D) and NS2 (Q1012R) which were previously selected from
serial passage of HCVee (Russell et al., 2008) were introduced into
the core-NS2 expression plasmid . 1A) {residues are numbered

A i !,.‘*.__)\‘ i i
pcaceNsziFHe el L T T ]
‘ Core E1 B2 p7 NBZ

3
PCAGC-NS2iFHTam [cact | T X *

NG1TS N7850 QI012R

- o
PHH/SGR-Luc @g‘ﬂﬁﬁm [ [ (Pali D)
4 EMCY ngmooga 4B NSSA NSSB
IRES )
PHHISGR-LUG/GND  (Por 1P [ F 15 | [T 1T T oo HpaiD
B 10
[] payz
.:;j* 81 {71 Days
23 s} Day 4
@ o7
’rié N ‘ Day 8
g7 A
o 2l
0 e
pCAGC-NS2/FH1 + - - -
pCAGC-NS2/FHTam - + - +
pHH/SGR-Luc + + + -
pHHISGR-LUG/GND - - - +
C &
= 5
£5 @
S& a
o o
52
2 3
110 102 10°
- g
Fold dilution =

Fig, 1. HCVicp production by two-plasmid transfection. A} Schematic representation of plasmids is shhnwn,. HC\{’ polypmteing d'erivcd from JFH~} are Ezdicgted by v\r.'hvi
bc?xes. HCV UTRs are indicated by bold lines. The internal ribosomal entry site from encephalomyocarditis virus (EMCV IRES) is denoted .as gs;ay I}nes. :’\ (asgve i’%l;.‘l;ati'{::!:
are indicated as asterisks. F Luc: firefly luciferase gene; CAG: CAG promoter; Pol I P RNA polymerase 1 promoter; Pol I T: RNA polymerase | terminator; GND: replicati

deficient GND mutation. (B) Luciferase activity in Huh7.5.1 cells inoculated with supernatant from cell

s transfected with indicated plasmids at the indicated time points.

Data are averages of triplicate values with error bars showing standard deviations, {€) Luciferase activity in cells inoculated with serially diluted HCVicp.
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according to positions within the JFH-1 polyprotein). Supernatants
of cells transfected with plasmids (¥iz. 1A) were collected and were
used to infect Huh7.5.1 cells, which were analyzed by luciferase
assay. Introduction of adaptive mutations {pCAGC-NS2/IFH1am)
resulted in more than 4-fold higher production of H(Vtcp at 5 day
post-transfection, as compared to wild-type (WT) (pCAGC-NS2/
JFH1) (Fig. 1B). indicating that the adaptive mutations contribute
to enhancing HCVtep production. To confirm that luciferase activity
levels in HCVtep-infected cells are correlated with the number of
infectious particles, Huh7.5.1 cells were inoculated with serial
dilutions of HCVicp. Luciferase- activity was well correlated with
viral load (Fig. 1C), indicating that luciferase assay in HCVep-
infected cells can be used to guantify HCV infection.

In order to further explore the efficient production of HCViep,
we generated replicon construcss that lack the luciferase gene or
include the partial coding sequences for structural proteins
instead of reporter {Fig. ZA). Replication of each replicon in
plasmid-transfected cells was then assessed by Western blotting
{Fig. 2B). Among the constructs tested, NS5B levels were lowest in
cells expressing pHH/SGR-Luc. NS5B levels in cells replicating
other replicons appeared to be comparable. Cells were infected
with supernatants of cells transfected with each replicon plasmid,
along with pCAGC-NS2/JFH1am, followed by infectious unit assay
(¥iz. 2C). The highest production of HCVtcp was obtained from
cells transfected with pHH/SGR, where the luciferase sequence
was deleted from pHH/SGR-Luc, thus suggesting that deletion of
the sequence not essential for RNA replication in the replicon may
contribute to enhancing HCViep production.

Production of chimeric HCVecp by providing heterologous core-p7

In order to elucidate whether trans-encapsidation of JFH-1
replicon can be achieved by providing core-p7 from other HCV
strains, core-NS2 plasmids were constructed (Fig. 2A). In these
plasmids, core through the N-terminal 33 aa of NS2, which contains
transmembrane domain 1 of NS2, was derived from either H77¢
(genotype 1a), THpa {genotype 1b), Conl (genotype 1b) or |6
(genotype 2a) strain. Residual NS2 was derived from JFH-1, as
described previously (Fietschmann et al, 2006). HCVicp was effi-
ciently produced by core-p7 of }6 and THpa strains, but its produc-
tion was less efficient in the case of Conl strain. Trans-packaging
was not detectable when core-p7 of H77¢ strain was used (¥Fig. 2Q).
Among HCV strains tested, difference in luciferase activity levels in
HCVtep-infected cells (Fig. 2C) were in agreement with that in the
viral RNA levels in the culture supernatants of the transfected cells
{(Fiz. 3B). Although the efficacy of truns-complementation was
variable among strains, chimeric HCVtcp can be generated by
providing genotype 1b-derived core-p7 in addition to intragenotypic
viral proteins, and was used in subsequent studies.

ApoE- and CD81-dependent infection by HCVtcp

There is accumulating evidence that apolipoproteins, particu-
larly ApoE, contribute to HCV production and infectivity (Chang
et al., 2007, Gwen ot al., 2009). To determine whether ApoE is
involved in infection of target cells by HCVtcp, we infected cells in
the presence of increasing concentrations of anti-ApoE antibody.

AT
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. IRES -
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_carr i}
pHHISGR-C177 (p T TNSENSSE \'D 7630 bp
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Fig. 2. Production of HCVrcp with different replicon constructs. (A) Schematic representation of plasmids used for production gf P%CVtcp. De’:ducegi length of tmnswmﬁd
RNA from each canstruct is shown on the right. HCV polyproteins from JFH-1 strain are indicated by open boxes. HCV UTRs are mc%tcate'd by b?ld lines, The EMCV I_RE? is
denoted by gray bars. Adaptive mutations are indicated by asterisks. F Luc: firefly luciferase gene; P: RNA pt;i),‘fmes‘as‘e 1 prmm}uer: T: RNA polymerase 1 terminagor.
{B) Detection of NS5B and actin in Huh7.5.1 cefls transfected with indicated plasmids at 4 day post-transfection. (Cj Infectivity of culture supernatants from cells
transfected with indicated replicon plasmids along with pCAGC-NS2/IFHTam at 4 day post-transfection. .
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Fig. 3. HCViep production with structural proteins from various strains. (A) Schematic representation of plasmids used. HCV polyproteins of JFH-1, |8, H77¢, THpa and
Conl strain are shown in the open box, bright gray box, box with diagonal lines, dark gray box and dotted box, respectively. {B) Relative levels of HCV RNA in the
supernatant from cells transfected with indicated plasmids along with pHH/SGR-Luc. {C} Luciferase activity incells inoculated with supernatant from cells transfected with

indicated plasmids along with pHHJSGR-Luc at 4 day post-transfection.

PCAGC-NS2/THpa and pCAGC-NS2/JFH1am were used as core-
NS2 plasmids for HCVtep production carrying core-p7 derived
from genotypes 1b and 2a (HCVtep-1b and HCVtcp-2a, respec-
tively). HCVpp derived from JFH-1 and VSVpp were generated and
used for comparison. Infection with HCVtep-1b or HCVtep-2a was
blocked by anti~-ApoE antibody in a dose-dependent manner. In
contrast, anti-ApoE antibody did not affect infection with HCVpp
and VSVpp (Fig 4A)

The CD81 dependence of infection was also compared between
HCVtep and HCVpp (Fiz 4B). Anti-CD81 antibody inhibited the
entry of HCVtep-1b, HCVtep-2a, and HCVpp in a dose-dependent
manner. The antibody had no effect on VSVpp infection. HCVicp
infection appears to be more sensitive to anti-CD81 antibody
when compared with HCVpp infection; more than 60% inhibition
was observed at 0.08 pg/mL anti-CD81 antibody for HCVicp-1b
and HCVtep-2a, whereas approximately 50% inhibition. was
observed for HCVpp at 2 pg/ml antibody. Neutralization of HCVce
by anti-ApoE and anti-CD81 antibodies was also determined.
Antibodies blocked HCVcc infection (Fig. 4C and D), as observed
with HCVicp. These results suggest that ApoE, as well as CD81,
play an important role in HCVtep infection. Thus, HCVtep may be
more useful for evaluating the HCV entry process than HCVpp.

Identification of novel culture-adaptive mutation in NS3 by serial
passage of HCVtep in packaging cells

The HCVtep system was further applied to analyses of genetic
changes during serial passages in target cells. As an initial attempt,
supernatants of cells co-transfected with pCAGC-NS2/JFH1am and
pHH/SGR were inoculated into Huh7.5.1 cells transiently trans-
fected with pCAGC-NS2/JFH1am. However, infectious titer was
lost after repeated inoculation, likely due to low HCVtcp titers and

low efficiency of plasmid transduction (data not shown) To
overcome this, we utilized recombinant adenovirus vectors
{rAdVs) to provide core-NS2. As we were not able to obtain rAdV
directly expressing core-NS2, conditional transgene e\pxesmon
based on a Cre-loxP strategy was employed

1959%5). We constructed an rAdV containing core-NS2 Uene down-
stream of a stuffer DNA flanked by a pair of JoxP sites (AXCALNLH-
CNS2). When cells were doubly mfected w1th AXCA[ NLH-CNS2
and the Cre-expressing rAdV, AXCANCre (i< it a5), the
Cre-miediated excisional deletion removed the stuffel DNA, result-
ing in core-NS2 expression under control of the CAG promoter
{(Fig. 5A). As expected, tightly regulated production of HCVtep was
observed. The cells infected with AxCANCre and AXCALNLH-CNS2
along with transduction of pHH/SGR-Luc produced HCVtep at high
levels. Production of HCVtcp was undetectable when either
AXCANCre or AxCALNLH-CNSZ was not infected (Fiz. 5B). The
Cre-mediated rAdV expression system appears to have yielded
considerably higher production of HCVtep when compared with
the settings for plasmid co-transfection.

Supernatants from cells in which core-NS2 was expressed
using rAdvVs and the subgenomic RNA derived from pHH/SGR
replicated were inoculated into cells infected with AxCALNLH-
CNS2 and AxCANCre (Fiz, GA). Blind passage was performed by
sequentially transferring culture supernatants to cells infected
with the above rAdVs, The two independent 10 blind passages
(p10) showed virus titers of > 1% 10° [U/mL, which were mark-
edly higher than those of the passage 0 (p0) stock cultures
(4 % 10% 1U/mL). Side-by-side infection analysis revealed that the
HCVicep pl10 #1 achieved a virus titer approximately 36 times
higher than that of HCVtep p0 on the packaging cells at 6 day
post-infection (Fiz. £B). Sequencing of the entire replicon in the
supernatants at p10 in two independent experiments revealed
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Fig. 5. Transgene activation mediated by rAdVs expressing Cre recombinase under control of CAG promoter. {A) Cre recobminase expressed by AXCANCre recognizes a pair
of its target sequences loxP in AxCALNLH-CNSZ, and removes the stuffer region resulting in expression of HOV core-NS2 polyprotein by CAG promoter. CAG: CAG promoter;
SpA: SV40 early polyA signal: GpA: rabbit b-globin puly{A) signal, (B] Luciferase activity in Huh7.5.1 cells inoculated with 4-day post-transfection culture supernatant from

cells transfected with pHHJSGR-Luc, and then infected with iudimtpd rAdVs,

that both passaged HCVtcp had an identical nonsynonymous
mutation in the NS3 region (N1586D) (i &C).

In order to examine the role of NS3 mutation identified on HCV
RNA replication and on HCVicp production, the N1586D mutation
was introduced into pHH/SGR-Luc, Luciferase activities of the
N1586D-mutated veplicon were apparently lower than those of
the WT-replicon, thus suggesting that the NS3 mutation reduced
viral RNA replication (Fiz. 7A). HCV RNA levels in the supernatants
of cells transfected with WT- or mutant replicon plasmid along with
pCAGC-NS2/IFH1am and luciferase activity in cells inoculated with
supernatants from the transfected cells were then determined
(Fiz. 7B). The viral RNA level secreted from cells replicating the
N1586D-mutated replicon was lower than that from cells replicating
WT replicon (Fig. 78, left). By contrast, a significantly higher
infectivity of HCVtcp produced from the mutant replicon-cells was
observed, as compared to WT replicon-cells (Fig. 7B, right),

suggesting that the adaptive mutation increased the specific infec-
tivity (almost 9-fold) of the virus particles. To further determine
whether the N1586D mutation affects infectious viral assembly and/
or virus release, we used the CD81-negative Huh-7 subclone, Huh7-
25 ( o1 al, 2007), which may produce infectious particles,
but is not susceptible to HCV entiy due to a lack of CD81 expression,
therefore allowing us to examine viral assembly and release without
the influence of reinfection by produced HCVtep. Measurement of
intraceliular and extracellular HCVtep indicated that Huh7-25 cells
replicating the N1586D-mutated replicon produced more infectious
virus than WT in both supernatants and cell lysates {Fig. 7C)L Thus, it
can be concluded that the N1586D mutation contributes to
enhanced infectious viral assembly, not RNA replication. We could
not exclude the possibility that N1586D mutation affects virus
release, since the mutation enhanced extracellular virus titers more
than did the intracellular titer.
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Fig. 6. Genotypic changes in HCViep folfowing blind passage. {A) Experimental procedure for blind passage of HCVicp. Huh7.5.1 cells were transfected with pHH/SGR and
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and blind-passaged replicons from HCVicp. Mucleotides of mutated position are shown in red and bold, )

The impact of the N1586D mutation on production of intra-
and intergenotypic HCVtcp chimeras was also investigated. The
N1586D mutation in the replicon enhanced the production of
chimeric HCVtep by providing core-p7 from all strains examined,
although not statistically significant in THpa, and Conl strains
{Fiz. 7D). Finally, to determine whether the N1586D mutation
was responsible for enhancing HCVce production, this mutation
was introduced into pHHJFH1, which carries the full-length wild=
type JFH-1 eDNA (Masaki et 31, 20103, vielding pHHJFHIN 15860,
The virus titer obtained from cells transfected with (e
pHHJFHIN1586D was significantly higher than that of WT
{Fig. 7E), thus demonstrating that the N1586D mutation enhances
yields of HCVce, in addition to HCVtcp. =

Discussion

Single-round infectious viral particles generated by trans
packaging systems are considered to be valuable tools for study-
ing virus life cycles, particularly the steps related to entry into
target cells, assembly and release of infectious particles. However,
limited HCV strains have been applied for the efficient production
of HCVtep to date. In this study, we improved the HCVecp system
in order to enhance the productivity of infectious particles.
Production of chimeric HCVtcp by providing genotype 1b-derived :
core-p7, in addition to intragenotypic viral proteins, was also
confirmed. Furthermore, we exploited the system to investigate
genetic changes during serial passage of target cells and identified
a novel cell culture-adaptive mutation in NS3, which also con--
tributes to enhance the productivity of HCVicp.,

HCVpp (Bartosci et al, 2003a; H:
be a valuable surrogate system by which the study of viral and-

. U tion, as well as access of CD81 to its binding site on E2 (Hells
er 2l 2003) has proven to «- ot al, 2010), The differences in sensitivity between HCVtep and

is likely that the cell-derived component{s) of HCVpp differ from
those of HCVce. Hepatocytes play a role in maintaining lipid
homeostasis in the hody by assembling and secreting lipopro-
teins, including VLDL. 1t is highly likely that HCV exploits lipid
synthesis pathways, as there is a tight link between virion
formation and VLDL synthesis. Down-regulation of ApoE consid-
erably reduces HCV production (Benea ot al, 20105 Chang et af
2007, Hishiki et al, 2000; Jlang and Luo, 200 .
Infectivity of HCVcce is also neutralized by anti~-ApoE antibodies
{Chang et al, 2007). These data suggest that ApoE is important for
HCV infectivity. Furthermore, Niemann-Pick Cl-like 1 {(NPC1L1),
involving cholesterol uptake receptor, was recently identified as a
host factor for HCV entry (Sainz or al. 2012). Knockdown of
NPC1L1 had no effect on the entry of HCVpp whereas HCVece entry
was impaired, possibly due to different cholesterol content of
these particles. Here, we found that the anti-Apol antibody
neutralized infection by HCVicp and HCVee, but not by HCVpp
(Fiz. 4A and ), thus suggesting that biogenesis and/or secretion
pathways of VLDL are involved in HCVtep similarly to HCVec, but
not in HCVpp.

We also observed that infectivity of HCVtcp and HCVec is more
efficiently neutralized by the anti-CD81 antibody, as compared to
that of HCVpp (Fig. 4B and D). It has recently been reported that
E2 of HCVce contained both high-mannose-type and complex-
type glycans, whereas most of the glycans on HCVpp-associated

. E2 were complex-type, which is matured by Golgi enzymes

© §Vievres et al, 2010). Mutational analysis of the N-linked glyco-

sylation sites in E1/E2 demonstrated that several glycans on E2
may affect the sensitivity of HCVpp against antibody neutraliza-

HCVpp to neurtralization by anti-CD81 antibody observed here

cellular determinants of the viral entry pacthway is possible. Early = may be due to differences in carbohydrate composition of HCV
steps of HCV infection, including the role of HCV glycoproteid = glycoproteins during expression and processing of E1/E2 in cells
heterodimers, receptor binding, internalization and pH-depen- % and morphogenesis of HCVicp and HCVpp.

dent endosomal fusion, have been at least in part mimicked by
HCVpp (Las

al.. 2007). However, as HCVpp is generated in~~

By analyzing the various replicons for frans-packaging, we
observed the highest production of HCVtep with replicons

non-hepatic cells such as the hurman embryo kidney cells 2937, it~ «.“from pHH/SGR, which lacked sequences not essential for RNA

| Please cite this article as: Suzuki, R., et al., Tmns—complemeﬁte&é&gatitis C virus particles as a versatile tool for study of virus
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Fig. 7. Effects of N15860 mutation on RNA repiication and production of HCViep or HCVee. (A} RNA replication of replicons in cells transfected with pHH/SGR-Luc (WT) or M1586D
mutant, Luciferase activities at 1 to 4 day post-transfection were determined. (B} Relative levels of HOV RWA in the supernatants from cells transfected with pHH/SGR-Luc (WT) or
N1586D mutant plasmid along with pCAGC-NS2/JFH1am were shown in the left panel. Luciferase activities in cells inoculated with supernatants from cells transfected with
indicated plasmids at 4 day post-transfection were shown in the vight panel. {C) Luciferase activity in cells inoculated with supernatant and cell lysates from Huh7-25 cells
transfected with pHH/SGR-Luc {WT) or N1586D mutant plasmid along with pCAGC-NS2{JFH1am at 5 day post-transfection. (D3 Luciferase activity in cells inoculated with culture
supernatant from cells transfected with pHH/SGR-Luc (WT) or N1586D mutant plasmid along with indicated core-NS2 plasmids at 4 day post-transfection. (Ej Infectivity of
supernatant from celis transfected with pHH/JFHT (WT) or its derivative plasimid containing N1586D mutation at 6 day post-transfection. Statistical differences between WT and

N1586D were evaluated using Student's t-test, *p < 0.05, **p < 0.005 vs. WT.

replication, while less efficient productivity was observed from
pHH/SGR-Luc, pHH/SGR-C177, pHH/SGR-C191 and pHH/SGR-C-
p7fam (Figz. 2Q). Differences in the replication efficiency of the
replicon do not appear to be a major determinant for HCVtcp
productivity, at least in the present settings, as all replicon
constructs except pHH/SGR-Luc replicated at similar levels, as
confirmed by Western blotting (Fig. ZB). Although the shorter
viral genome sequence may offer advantages over the longer
sequence, further investigation is required in order to understand
the molecular mechanisms underlying viral genome packaging.
By comparing pHH/SGR vs. pHH/SGR-C177, pHH/SGR-C191 and
pHH/SGR-C-p7/am, it is likely that the expression of the structural
protein in cis does not increase HCVtcp production when suffi-
cient amounts of structural proteins are supplied in trans.

Blind passage of HCVicp in packaging cells infected with rAdVs
providing core-NS2 enabled us to identify a novel culture-adaptive
mutation in N$3. The N-terminal third of NS3 forms a serine
protease, together with NS4A, and its C-terminal two-thirds exhibits
RNA helicase and RNA-stimulated NTPase actx\ntles In addition,
similarly to flaviviruses (Kummerer and Rice, 2002; Liu ot )3
it is now apparent that HCV NS3 is also involved in virai

morphogenesis {Han o1 al, 20087 Ma er al, 2008), although its
precise role and undexlymg molecular mechanism(s) have not fully
been elucidated. Two cell-culture adaptive NS3 mutations which are
involved in HCV assembly bave been identified. The Q1251L muta-
tion in helicase subdomain 1 resulted in approximately 30-fold
higher production of HCV without affecting NS3 enzymatic activities
{(Ma et al, 2008). The M1290K adaptive mutation was also located in
subdomam 1 of the NS3 helicase (Han et al, 2002). The N1586D
mutation identified here was located in subdomam 3 of helicase.
Analogous to Q12511 and M1290K, the N1586D mutation enhanced
the infectious viral assembly by increasing specific infectivity with-
out affecting the efficiency of viral RNA replication. Considering the
possibility that NS3 plays a role in linking between the viral
replicase and assembly sites (Jones ef al, 2011), it is likely that
NS3 helicase is one of the determinants for interaction with the
structural proteins. Qur results, together with earlier studies, suggest
that chimeric and defective mutations as well as supplying the viral
components in frans, function as selective pressures in virion
assembly.

In summary, we have established a plasmid-based reverse
genetics for efficient production of HCVicp with structural

Please cite this article as: Suzuki, R, et al, Trans-complemented hepatitis C virus particles as a versatile tool for study of virus
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proteins from various strains, Single-round infectious HCVtcp can
complement the HCVce and HCVpp systems as a valuable tool for
the study of HCV life cycles.

Materials and methods

Cells

Huh7 derivative cell line Huh7.5.1 and Huh7-25 were main-
tained in Dulbecco modified Eagle medium (DMEM) supplemen-
ted with nonessential amino acids, 100 U of penicillinfml, 100 pw
of streptomycinfmlL, and 10% fetal bovine serum at 37°Cina 5
CO, incubator.

Plasmids

Plasmids pHHJFH1, pHH/SGR-Luc, pHH/SGR-Luc/GND and
pCAG[C-NS2 were as described previously (Masald et al, 2010)
In this study, plasmid pCAG/C-NS2 was designated as pCAGC-
NSZ/JFH. The plasmid pCAGC-NS2fJFHam having adaptive muta-
tions in E2 (N417S), p7 (N765D), and NS2 {Q1012R) in pCAGC-
NS2/JFH was constructed by oligonucleotide-directed mutagen-
esis. These mutations were also introduced in pHHJFH1, resulting
in pHHJFHTam. To generate core-NS2 expression plasmids with
different strains of HCV, the ¢DNA coding core to the first
transmembrane region of NS2 (33 amino acids) in pCAGC-NS2/
JFH was replaced with the corresponding sequence of the J6
(Linde ot oal, 2003), H77c¢ (Yanagi ot al, 1997), THpa
{Shlrakma et al., personal communication) and Con1 {Koch and

tartenschiager, 1) strains. The THpa sequence contained the P
to A mutation at 328 aa at E1 in the or iginal TH strain. To generate
pHH/SGR, pHH/SGR-Luc was digested with Mlul and Pmel, fol-
lowed by Kienow enzyme treatment and self-ligation to delete
the luciferase coding sequence. To generate pHH/SGR-C177, pHH/
SGR-C191 and pHH/SGR-C-p7{am, ¢cDNA coding the partial core
and luciferase in pHH/SGR-Luc were replaced with coding
sequences for mature core (177aa), full-length core {(191aa) or
core-p7 polyprotein containing adaptive mutations in E2 and p7,
respectively. The selected NS3 mutation (N1586D) was intro-
duced into pHH/SGR-Luc and pHHJFH1 by oligonucleotide-direc~
ted mutagenesis.

Generation of viruses

HCVee and HCVtep were generated as described previously
(Mazaki et al, 2010) For the production of HCVpp-2a, plasmid
pcDNAdeltaC-E1-E2(JFHT)am having adaptive mutations in E2
(N417S) in pcDNAdeltaC-E1-E2(JFH1) (Akazawa ot al, 2007) was
" constructed by oligonucleotide-directed mutagenesis. Murine
leukernia virus pseudotypes with VSV G glycoprotein expressing
lucxte;ase repo;tex (VS\/pp} were venmated in accoxdance wuh

Luciferase assay

Huh7.5.1 cells were seeded onto a 24-well plate at a density of
3% 10% celisjwell 24 h prior to inoculation with reporter viruses.
Cells were incubated for 72 h, followed by lysis with 100 uL of
lysis buffer. Luciferase activity of the cells was determined using a
luciferase assay system {(Promega, Madison, WI). All luciferase
assays were performed in triplicate.
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Quantification of HCV infectivity and HCV RNA

To determine the titers of HCVtecp and HCVee., Huh7.5.1 cell
monolayers prepared in multi-well plates were incubated with
dilutions of samples and then replaced with media containing
10% FBS and 0.8% carboxymethyl cellulose. Following incubation
for 72 h, monolayers were fixed and immunostained with rabbit
polyclonal anti-NS5A antibody, followed by Alexa Fluor 488-
conjugated anti-rabbit secondary antibody {Invitrogen), and
stained foci or individual cells were counted and used to calculate
a titer of focus-forming units (FFU)/mL for spreading infections or
infectious units (IU)/mL for non-spreading infections. For intra-
cellular infectivity, the cell pellet was resuspended in culture
media, and cells were lysed by four freeze-thaw cycles. Cell
debris was pelleted by centrifugation for 5min ar 4000 rpm.
Supernatant was collected and used for titration. To determine
the amount of HCV RNA in culture supernatants, RNA was
extracted from 140 pL of culture medium by QlAamp Viral RNA
Mini Kit (QIAGEN, Valencia, CA) and treated with DNase (TURBO
DNase; Ambion, Austin, TX) at 37 °C for 1 h. Extracted RNA was
further purified by using an RNeasy Mini Kit, which includes
RNase-free DNase digestion (QIAGEN). Copy numbers of HCV RNA
were determined by real-time quantitative reverse transcription-
PCR as described previously (Walkita o al, 2005),

Antibodies

Mouse monoclonal antibodies against actin (AC-15) and CD81
{J5-81) were obtained from Sigma (St. Louis, MO) and BD
Biosciences (Franklin Lakes, NJ), respectively. Goat polyclonal
antibody to ApoE (LV1479433) was obtained from Millipore
{Tokyo, Japan). Anti-NS5A and anti-NS5B antibodies were rabbit
polyclonal antibody against synthetic peptides.

Neutralization assay

For neutralization experiments with anti-CD81 antibody,
Huh7.5.1 cells were incubated with dilutions of anti-CD81 anti=
body for 1 h at 37 "C. Cells were then infected with viruses for 5 h
at 37 "C. For neutralization experiments with anti-ApoE antibody,
viruses were incubated with various concentrations of anti-ApoE
antibody at room temperature for 1 h and cells were infected with
viruses for 5h at 37 “C. Following infection, supernatant was
removed and cells were incubated with culture medium, and
luciferase activity was determined at 3 day post-infection for
HCVtep and pseudotyped viruses. For neutralization experiments
with HCVcc generated with pHHJFH1am, a multiplicity of infec-
tion (MOI) of 0.05 was used for inoculation, and intracellular core
protein levels were monitored by ELISA {Ortho Clinical Diagnos-
tics) at 24 h post-infection.

Immunoblotting

Transfected cells were washed with PBS and incubated with
lysis buffer (50 mM Tris-HCL pH 7.4, 300 mM Nacl, 1% triton
X-100). Lysates were then sonicated for 5 min and were added to
the same volume of SDS sample buffer, Protein samples were
boiled for 10 min, separated by SDS-PAGE, and transferred to
PVDF membrane. Atter blocking, membranes were probed with
first antibodies, followed by incubation with peroxidase-conju-
gated secondary antibody. Antigen-antibody complexes were
visualized using an enhanced chemiluminescence detection sys-
tem (Super Signal West Pico Chemiluminescent Substrate;
PIERCE, Rockford, IL), in accordance with the manufacturer's
protocols.
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Generation of recombinant adenoviruses .
rAdV, AxCANCre, expressing Cre recombinase tagged with
nuclear localization signal under CAG promoter was prepared as
described previously (Baba eof al. 2005). The targef™FAdv
AxCALNLH-CNS2 expressing HCV core-NS2 polypmtez’;i; With
adaptive mutations in E2, p7 and NS2 was generated as follaws.
Cosmid pAXCALNLwit2 is identical to pAxCALNLw (Saro @ o
1498, except that both the terminal sequences of the:
genome are derived from pAXCAwit2 (Fulaida 2t al., 2006)°The
core-NS2 fragment obtained from pCAGC-NS2/JFH1am by<Stul-
EcoRI digestion and subsequent Klenow treatment was ifiserted
into the Swal site of pAXCALNLwit2. The resultant cosmid PAX-
CALNLH-CN2it2 was digested with Pacl and transfected im6293
cells to generate rAdV AXCALNLH-CNS2. bl

Preparation of packaging cells for HCVtcp

P

Huh7.5.1 cells were coinfected with AXCANCre at an fml ofv

1 and AXCALNLH-CNS2 at an MOI of 3 for expression of JFH-1
core-NS2 polyprotein containing the adaptive mutations in E2, p7
and NS2. -

RNA preparation, RT-PCR and sequencing

Total cellular RNA was extracted with TRIzol reagent (Invitro-
gen, Carlsbad, CA), and subjected to reverse transcription with
random hexamer and Superscript HI reverse transcriptase (Invi-
trogen). Three fragments of HCV ¢DNAs that cover the entire HCV
subgenomic replicon genome, were amplified by nested PCR with
TaKaRa Ex Taq polymerase (Takara, Shiga, Japan). Amplified
products were separated by agarose gel electrophoresis, and were
used for direct DNA sequencing.
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A Cell-Based, Microplate Colorimetric Screen Identifies 7,8-Benzofiavone
and Green Tea Gallate Catechins as Inhibitors of the Hepatltzs C Virus
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We describe a cell-based, microplate colorimetric sereen for anti-hepatitis C virus (HCV) drugs that
exploits the HCV-JFI1 viral culture system. Antiviral activity was assessed by measuring protection
against the HCV-JFH1-induced cytopathic effect (CPE) in Huh7.5.1 cells using the 3-[4,5-dimethylthiazol-
2-¥lj-2,5-diphenyltetrazolium bromide (MTT) viability assay. The use of serum-free medium substantially
sensitized Huh7.5.1 cells to HCV-induced CPE, causing sufficient. cell death to perform colorimetric assavs
for anti-HCV activity in 96-well plates. As a proof of concept, we carried out a pilot screen of an inhibitor
library and identificd cyclosporin A and tamexifen, two compounds with reported anti-HCV activity. Using
the assay, we discovered the anti-HCV properties of the plant flavonoids epigallocatechin gallate (EGCG)
and 7.8-benzoflavone (g-naphthoflavone). Other gallate-type cateching and flavones also displayed anti-HCV
activity, but 5,6-benzoflavone (f-naphthoflavone), flavanone, and non-gallate catechins were inactive. EGCG
apparently acted mainly on HCV entry, although it may also bloek other steps. In contrast, 7,8-benzoflavone
was presumed to inhibit later stages of the HCV life cycle. This assay is simple, reliable and cost-effective;

does not require any specially engineered cell lines or viruses;

compounds with anti-HCV activity.

ey words

More than {70 million people worldwide are chronically
infected with the hepatitis C virus (HCV) and are at risk for
developing liver discases such as cirrhosis and hepatocellular
carcinoma. Vaccines against HCV are not currently available;
furthermore. the standard  interferon/ribavirin. combination
therapy is not effective in approximately half of HCV-infected
patients, and it hus considerable side effects.* Thus, there is
an obvious and urgent need for new agents that can enhance
or replace current HCV therapies.

Screening programs using HCV replicon-based  systems
have successfully identificd compounds that act on HCV
RNA replication. However, replicon systems do not reproduce
the entire HCV life cycle, and they cannot isolate inhibitors
of many important steps such as viral entry, assembly, and
egress. FICY cell culture infection models that rec aplmlau
the entire viral life cycle in vifro have greatly enhanced the
opportanity for HCV drug discovery. Severai reports. includ-
ing ours, have demonstrated that this model can overcome
the limitations of the HCV replicon system and enable the
discovery of compounds that target various stages of the HCV
fife cycle ¥ ,

Using the HCV cell culture system, we previously devel-
oped @ tube-capture-reverse transcription-polymerase chain
reaction (RT-PCR} assay for screening HCV inhibitors and
identified bisindolylmaleimides and indolocarbazoles as inhib-
itors of HCV replication. Here, we describe another screen-
ing method for the detection of anti-HCV activity. This assay
measures the inhibition of the HCV-induced cytopathic effect
{CPE) in Huh 7.3.1 cells. We show that the use of serum-free
medium improves the sensitivity of the assay and permits
the identification of drug candidates that may be overlooked
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and should be useful in the identification of

hepalitis C virus: 7.8-benzoftavone (a-naphthoflavone); epigallocatechin gallate

in other assavs duc fo their serum-binding capacities. The
validated assay was used to evaluate a compound library, in
which it successfully identified the anti-HCV activities of cy-
closporin A and tamoxifen.

Many biological properties, including anti-oxidative, anti-
inflammatory. anti-tumorigenic, anti-bacterial, and anti-viral
activities, have been documented for plant ﬂdmnmds, particu-
larly the green tea catechin epigallocatechin gallate (EGCG).”
We tested various flavonoids in the assay and lound that
EGCG and 7.8-benzoflavone (z-naphthoflavone) inhibit HCV
infection. Other gallale-type catechins were also active, but
non-gallate catechins and 3.6-benzoflavone (f-naphthollavone)
did not exhibit prominent anti-HCV activity, EGCG has re-
cently been shown to block HCV entry.'™ Our results using
the JFHT viral culture system also suggested that EGCG
mainly targets virus entry but implied that it may also act on
other stages of the HCV life cyele. In contrast, 7.8-benzofla-
vone appeared to inhibit post-entry phases.

The assay deseribed here is simple, reliable and cost-effec-
tive, does not require any specially engincered viruses or cell
lines, and should allow the high-throughput screening of HCV
drug candidates.

MATERIALS AND METHODS
Materials Epicatechin, epicatechin gallate, epigallocat-
echin, epigallocatechin gallate, cyclosporin A and tamoxifen

were purchased from Sigma-Aldrich (8t Louis, MO, U.S.AL).
Catechin gallate and gallocatechin gallate were purchased
from Nagara Science Co., Lid. (Nagase, Japan). Flavone, fla-
vanone, 3,6-benzoflavone, and 7.8-benzoflavone were obtained
from Wako Pure Chemicals (Osaka, Japan). The SCADS
Inhibitor Kit I was provided by the Screening Committee of

i 2012 The Pharmaceatical Society of Japan
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Anticancer Drugs. supported by a Grant-in-Aid for Scientific

Research on Innovative Areas in the Scientific Support Pro--

grams for Cancer Research, from the Ministry of Education.
Culture, Sports, Science and Technology of Japan. The insu-
lin-translerrin-selenium-X (IT$-X) supplement was purchased
from Invitrogen (Grand Tsland, NY, U.S.A). The anti-NS3
monocional antibody was obtained from Austral Biologicals
(San Ramon, CA, US.AL), and antibodies against extracellu-
tar-regulated kinase | (ERK1) and ERK2 were obtained from
Santa Cruz Biotechnology. Ine. (Santa Cruz. CA, US.AL
Anti-core monoclonal antibody (2H9) has been described pre-
viously.!” Huh 7.5.1 cells were kindly provided by Francis V.
Chisari.”™ The pJFHI plasmid, containing a full-length cIINA
corresponding to the JFHI jsolate. was used to produce HOV
in cultureY To prepare virus stock for screening, natve Huh
7.5.1 cells were infected with the passaged supernatant virus.
and the medium was collected 7d post-infection and stored
at —80°C until use.” The cells harboring the genotype la
full-genomic replicon (RCYMU)'™ and the genotype 2a subge-
nomic replicon (clone 4-1)* have been described previousty,

HCV CPE Inhibition Assay Huh 7.5.1 cells were sus-
pended in 1:1 Dulbecco’s modified Eagle’s medium : Nutrient
Mixture F-12 (DMEM/T12) supplemented with 0.5% 1TS-X
and sceded in wells of collagen-coated 96-well plates at a
density of 3000 cells per well in a volume of 12541, The
cells were allowed to attach to the plates, and 1540 of test
compounds in DMEM/F12 were added to the wells. The cells
were then infected with HCV-JIFHI virus stock at a multi-
plicity of infection (MOI of 1. A duplicate plate without the
virus was prepared in parajlel to assess the cytotoxicity of
the compounds. After 4d, cell growth was monitored using a
3-14.3-dimethylthiazol-2-y1]-2,3-diphenyltetrazolium  bromide
(MTTY assay. MTT solution (I3 g¢l. at Smg/ml in phosphate
huffered saline) was added and incubated for 4h. The result-
ing formuzan was exiracted by adding 100 4L of 20% sodium
dodecyl sulfate (SDS) in [0my FICL and the absorbance was
monitored after 24h at 370nm with a reference wavelength of
690nm.

Immunoblotting Analysis  [Huh 7.5.1 cells were seeded
in 24-well collagen-couted plates al a density of L3x10° cells
per well and infected with HCV-IFHI at an MOI of 0.5. Drug
treatment was initiated at various timepoints before and after
infection. At 48h after infection. cells were fived with 10%
wrichloroacetic acid and lysed with 9% urea. 2% Triton X-100
and 2% lithium dodecyl suifate. The lysates were neutralized
with 2y Tris and analyzed by immunoblotting. Replicon cells
were seeded in 24-well collagen-coated plates at a density of
3.0010° cells per well. treated with the compounds for 72h,
and processed for immunoblotting as deseribed above.

RESULTS

Assay Development As reported by Sckine-Osajima,’”™
infection with HCV-IFI induces CPE in HMuh 7.3.1 cells.
We postulated that compounds with anti-HCV activity svould
protect cells trom CPE and improve cell viability. Thus, by
measuring the recovery of cell growth from HCV-induced
CPE in microtiter well plates, it should be possible to screen
for inhibitors of HCV.

To increase the sensitivity of the primary screen and iden-
1y as many compounds with anti-HCV activity as possible,
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Fig, 1. HCV-Induced CPE in Serum-Free (Closed Bars) and Serum-
Supplemented (Open Bars) Medinm

Hubh 751 cells were suspended in sermm-free or serumesupplenented medium
and seeded in 96-well plates at a density of $000 cells per well. Cells were infected
with FHOV-IFHL at varions MOIs and cultured for 4d. Cell growth was monitored
by MTT assay and is presented as percentage of control (uninfected) cells. The
values presented are the means 8.0 of at least triplicate wells

we reduced the concentration of scrum in the assay medium;
many compounds are known to bind to serum proteins and
thus may not show activity in media containing high concen-
trations of serum. We found that Huh 7.5.1 cells can prolifer
ate on a collagen-coated surface in DMEM/F12 supplemented
only with insulin and transferrin at a rate fully comparable 0
the growth in serum-containing medium.

The infection of Huh 7.5.0 cells cultured in serum-free me-
dium with JFH! caused marked CPLL. HCV-mediated CPL was
also observed in serum-supplemented medium, but cells were
less susceptible and required several-fold higher viral titers
to achieve equivalent growth inhibition (Iig. 2). We chose an
MOTI of | in serum-free medium as the condition for screen-
ing. Although there is some serum carry over from the virus
stock, at this MOIL. the final serum concentration is generally
reduced more than 100-fold compared (o serum-suppiemented
medium. Celt growth usually decreased to less than 10% of
the control. as measured by MTT assay.

To test the ability of the assay tw identify HCV inhibitors,
we performed a test screen using an inhibitor kit obtained
from the Screening Committee of Anticancer Drugs (SCADS
inhibitor kit 1), This kit consists of 92 compounds with vari-
ous biological activities. Cyclosporin A and tamoxifen, two
compounds with known anti-HCV activity, were identified as
HCV inhibitors in the assay, providing a proof-of-concept for
ant-HCV sercening. As shown in Fig. 3, infection with JIFHI
at an MOI of 1 reduced the growth of Hub 7.5.1 cells to less
than 7% of the control in this experiment. In the presence of
2 eyclosporin A and tamoxifen, cell growth recovered to
73% and 71% of the control, respectively.

Identification of Plant Flavonoids as Inhibitors of HCV
We then used the assay to evaluate the potential anti-HCV ac-
tivities of various compounds. As shown in Figs. 3 and 4, var-
ious plant flavonoids, including the green tea gallate catechin
EGCG and 7,8-benzoflavone, reversed the CPE of HCV. The
arowth of Huh 7.5.1 cells recovered [rom less than 7% to 90%
and 84% in the presence of 10 um EGCG or 2.5 gt 7.8-benzo-
flavone, respectively. The morphology of cells infected in the
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Fig 3. The Effect of Green Tea Cateching on HCV-Induced CPE

Pluh 7.5 cells were treated with compounds in the absence (open barsy or preseuce (closed bars) of HOV-intierion at an MO of | Cell growth is presented as @ por-
L

centag

o mock-infected cells withous infubitors, FGCG, epigailocatechin gallater ECG, epicatechin gatiute; GUG. gallocatechin gallate; CG, catechin gallate; EC

epicat-

echin. EGC, epigallucatechin. The values presented are the means 8D, of iriplicate wi C]iS

presence of EGCG or 7,8-benzoflavone was indistinguishable
Irom that of contro} cells without virus (not shown). Other
callate-type catechins (catechin gallate, gallocatechin gal-
fate, and epicatechin gallate) were approximately as active
as EGCG (Fig. 3). Flavone also displayed a protective effect
(Fig. 4), although ounly at concentrations approximately 10-fold
higher than that of 7.8-benzoflavone, but 3.6-benzoflavone, fla-
vanone (not shown), and the non-gallate-type cateching epicat-
echin and epigallocatechin did not show significant anti-HCV

activity (Fig. 3).

Effects of Serum on Anti-HCV Activities of Various
Compounds We next performed the assay in a medium
containing 3% FBS to assess the cffects of serum on the
anti-HCV activities of the identified compounds. To obtain
CPE comparuble with that observed in serum-supplemented
medium (Fig. 3), cells were infected at an MOI of 4 in serum-
supplemented medium,

In the absence of HCV

infection, cyclosporing A was
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The Effects of Serum on the Ant-HCV Activity and Cyiotoxicity of Cyclosporin A, Tamoxifen, EGCG and 7.8-Benzotlavone

iz were then wreated with compounds i the absence (open barsy or

sresence felosed bars) of HOV-infection at an MOL of 4. Cell growth 1s presented as o percentage of mock-infected colls without inhibitors. The values presented are the
i g i i f

means=S.D of triplicate wells,

somewhat more toxic to Huh 7.3.1 cells in serum-free medium
than in serum-supplemented medium. However, growth recov-
ery {rom HCV-induced CPE did not appear to be noticeably
influenced by the increase in MOI (not shown) or by the addi-
tion of serum (Fig. 33 Other compounds did show anti-HCV
activity and cytotoxicity in the presence of serum but required
higher concentrations to achieve equivalent activities.

In serum-free medium, tamoxifen showed the highest

HCV-inhibitory activity at 2 zm (Fig. 2). The increase in MOI
from 1 to 4 slightly reduced the anti-HCV activity of tamoxi-
fen (not shown). In 3% serum, the most effective dose of
tamoxifen shifted 1o highest tested concentration of 8.
although the maximum observed growth improvement (6.6%
0 %) was better than that in serum-free medium. The cy-
totoxic concentrations also changed. In serum-free medium,
tamoxifen was highly toxic to Huh 7.5.1 cells at concentrations
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The Effects of Time of Addition on the Anti-HCV Activity of
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bars) HOV infection, and cell srowth wis monitored after 4d. Open bars repre-
sent cell growth in the absence of HCV-infection. Cell growth is presented as a
pereentage of mock-infected cells without inhibitors. The values presented are the
means=S.D. of quadraplicate wells. The concentrations used were: cyelosporin A,
2ies amonifen, 3 L8-benzollavone, 2.5 00 B

ereater than 4 (Fig. 2). but in the presence of serum, the
cells still showed 78% growth at & (Fig. 3).

Al 2.5;0v. 7.8-benzoflavone clearly protected cells {rom
HCV-induced CPE in serum-free medium, but was completely
inactive in the presence of 3% serum. Even at 20, cell
growth only recovered from 6.6% to 41% in serum-supple-
mented medium. The cytotoxic cerscentrations also changed;
the 30% growth inhibitory coneentrations in the absence
of TICV infection without and with serum were 4.2 v and
26y, respectively. .

Among the compounds tested. 2GCG was most influenced
by serum addition and increased MOIL For cxample, 5Smd
GCG stimulated recovery from 7% 1o 80% at an MOI of |
(Fig. 3), but no significant improvement could be observed at
an MOI of 4 (not shown). The highest anti-HCV activity of

Cyclosporin A

Core L e
ERK  ~ow e qun ouen ess cnt s smves
V- -1 0 +1 42 +4 +24h
time of addition
7,8-Benzoflavone
ERK = -

W - -1 0 +1 42 44 +24h

time of addition

Fig. 7

Vol. 33, No. R

EGCG at an MOT of 4 was observed at 20 v {recovery from
3.1% to 78% of control), and its activities were Turther at-
tenualed by the addition of serum. In 3% serum-supplemented
medium, growth only recovered from 6.1% o 15% upon the
addition of 20 uxt EGCG, and the optimum concentration was
80 unt or higher (Fig. 5). -

The results indicate that serum protcins may mask the
anti-viral activitics of some compounds and that the use of
serum-{rec medium can improve the sensitivity of a cell-based
screen.

EGCG and 7,8-Benzoflavone Target Different Steps of
the HCV Life Cycle To determine which step of the HCV
litfe cycle is blocked by flavones, we examined the effect of the
time of addition. Compounds were added either immediately
before HCV infection or at 2h after infection, when the entry
process had presumably been completed. The activity of entry
inhibitors would be expected to decrease when added after the
completion of enwry. whereas compounds that interfere with
post-cntry steps should still be etfective.

The protective effects of tamoxifen and EGCG decreased
when added at 2h after infection, suggesting that these com-
pounds mainly target the early phases of inlection (Fig. 6).
By contrast. the antd-HCV activities of cyclosporin A and
7.8-benzoflavone were nol affected by time of addition.

Immunoblot analysis of the HCV core protein supported
the results of the MTT assay. Compounds were added at vari-
ous time points before and after infection, and the levels of
the HCV core protein were analyzed ut 48h after infection.
As shown in Fig. 7, tamoxifen and EGCG completely blocked
core expression if added at or before the time of infection,
but addition later than 1h post-infection resulted in markedly
decreased efficacy. On the contrary, 7,8-benzoflavone and cy-
closporin A were still effective even when added 4h after in-
fection. Our data suggested that EGCG and tamoxifen mainly
inhibited the early steps of the HCV life cycle. such as attach-
ment and entry, whereas 7.8-benzoflavone and cyclosporin A
blocked later stages.

Effects of Inhibitors on Replicon Cells We next com-
pared the effects of cyclosporin A, tamoxifen, EGCG and
7.8-benzoflavone on cells that harbor a genotype 2a subge-
nomic or a genotvpe 1b full-genomic replicon. Cells were

Tamoxifen

W - -1 0 +1 42 +4 +24h

time of addition

'EGCG

V- -1 0 +1 +2 +4'+24h

time of addition

The Effeet of Time of Compound Addition on the Expression of Core Protein

Huh 7.3.1 cells were seeded in 24-well plates. Compounds were added at the indicated times before and after infection. Cells were fived 48h after mfection and analyzed
by imnmneblotting with an anti-core antibody; anti-ERK antibody was used to confiom equal loading. ~V indicates control without infection,
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Fig. 8 The Effects of Cyclosperin A, Tamoxifen, EGCG and 7.8-Benzoflavene on the Expression of Viral Proteins in Replican Cells

Replicon cells were treated fbr' 72h w:}h the indicated concentrations of compounds and processed Tor immunoblotting. () N83 in genatype 2u subgenomic seplicon
cells. (by Core i genotype 10 full genomic reptivon cells. Filiers were probed with anti-ERK antibody 1o confirm equal loading.

treated with the inhibitory compounds for 72h. and the levels
of NS3 or core proteins were analyzed by immunoblotting.
Replicon replication is completed within cells, so compounds
that target steps other than RNA replication. such as altach-
ment or entryv. should not show activity. We hypothesized that
cyclosporin A and 7.8-benzoflavone would be etfective against
replicon cells and that tamoxifen and EGCG would not be ef-
fective.

As expected, treatment with cyclosporin A and 7.8-ben-
zoflavone noticeably reduced the level of NS5 in 2a subge-
nomic replicon celis (Fig. 8a). EGCG showed little effect, but
tamoxifen appeared to show a moderate Tevel of activity, In
the genotype 1b full-genomic replicon cells, cyclosporin A
and 7.8-benzoflavone also reduced the amount of core protein,
although 7.8-benzoflavone appeared to be somewhat less ef-
fective {Fig. 8b). However, tamoxifen was completely inac-
tive and even appearcd to enhance core expression at some
concentrations. Unexpectedly, EGCG displayed considerable
activity, implying that it may inhibit stages of the HCV life
cvcle other than eniry. The results indicate that the efficacy
and evenn the mechanism of action of inhibitors may differ
with viral genotype.

DISCUSSION

We established a microtiter plate method for anti-HCV drug

discovery that measures the increased viability of infected
cells. This method enables the screening of inhibitors that war-
get all stages of the HCV life cycle, including steps that can-
not be recognized by replicon systems, such as viral attach-
ment. entry. and egress, An assay based on a similar principle
using an engineered cell line has recently been deseribed ™
In that study, an HCV NS3-4A protease-cleavable derivative
of Bid, which renders cells highly susceptible to HCV infee-
tion, was expressed in Huh 7 cells to increase the sensitivity
of the assay. Here. we showed that the use of serum-free me-
dium substantially enhanced HCV-induced CPE, and obviated
the need for specially enginecred cells. The mechanism of
increased CPE in serum-lree medium is not clear, but it is
likely that serum proteins and/or lipids cenfer resistance to
HCV-infection.

Muny compounds are known 1o bind to serum proteins and
may not show activity in a cell-based assay in the presence
of high concentrations of serum. For example, EGCG has
been reported to form water-soluble complexes with bovine
serum albumin.” We showed that the anti-lHICV activity of
EGCG is diminished in the presence of serum. Thus, serum-
free medium offers various benefits to screening programs. It
increases the sensitivity of the assay by allowing the use of
lower MOIs and by enabling the detection of compounds with
high serum protein-binding capacity. Compounds that bind
to serum proteins with high affinity may have undesirable
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pharmacodynamic propertics, but the object of primary
sereening is to identily as many potenijally active componnd‘s
as possible, and pharmacodynamic properties can be improved
by chemical modifications. Although serum-free medium does
have certain negative aspects such as enhanced toxicity of
some compounds, we anticipate that its use will expand the
range of identified compounds and increase the possibility of
discovering anti-HCV drug candidates.

In our trial screening. we idemtified active compounds with
several different modes of action. including the plant flavo-
noids EGCG and 7.8-benzoflavone. The green tea catechin
EGCG is most likely the best-studied plant flavonoid, and it is
known to exert multiple biological effects. It has been reported
m inhibit various viruses through a number of mechanisms.

lhe documented anti-viral activities of EGCG include the
inhibition of the influenza virus,'™ human immunodeficiency
virus type 1 (HIV-1,"" Epstein-Barr virus,® ¥ herpes sim-
plex virus,® and hepatitis B virus > Jn vizro. EGCG inhibited
various viral enzymes, such as adenovirus protease adenain,™
influenza A RNA polymerase,™ and HIV-1 integrase.?”
EGCG bound to CD4 on T cells and prevented its interaction
with HTV gpl20.°9 EGCG has been shown o possess activity
against the HCV NS3 serine protease™ and NS3B? although?
the actual impact of these effects on HCV replication have not
been conlirmed.

EGCG has recently been reported 1o inhibit the entry of”
HOV!'Y EGCG inhibited the entry of all genotypes tested (1a
1b and 2a), but it was much less active against vesicular sto-
matitis virus (VSV) entry. The present study also suggested
that the attenuation of the replication ol genotype 2a HCV by
EGCG is mainly due to entry inhibition. We tested the effect
of EGCG on the entry of other genotypes using pseudopar-
ticles and, as reported, observed that it inhibited the enury
ol all 1HCV genotypes (not shown). Tn our hands, however,
the entry of VSV was blocked at comparable concentrations,
demonstrating that EGCG was not specific to HCV. 1t has also
been reported that EGC, EC, and ECG had no obvious inhibi-
tory activity on HCV.™ Although EGC and EC were not ef-
fective in our assay, ECG and the other gallate-type catechins
GCG and CG showed anti-HCV activities similar to that of |
EGCG.
gallate~-tvpe cateching all mainly target viral entry, at lea
for genolype 2a HCV (not shown). It is likely that the gallate

moicty is essential for the anti-HCV activity of catechins, The «-
influence of the third hydroxyl group in the B-ring appeared

to be marginal, at least in the present study.

EGCG had little effect on the expression of
in genotype 2a replicon cells, a context that does not involve
viral entry, further supporting the theory that EGCG is an
entry inhibitor. However, EGCG substantially reduced the
level of HCV proteing in genotype 1b replicon ud]s, implying
that it may also target post-entry phases. Given that green tea
catechins display diverse biological effects, it is conceivable
that the mechanism of anti-HCV action is muldmodal and that
the main target may differ with genolypes.

In contrast to EGCG, 7.8-benzoflavone inhibited HCV
replication even when added after the completion of the
entry phase, and it effectively reduced the amount of NS5 in
genotype 2a replicon cells, suggesting that it acts on post-
entry phases. Furthermore, 7,8-benzoflavone displayed geno-
type selectivity and was not as active against the genotype

Time-of-addition experiments suggested that lhpsp"'ﬁ

HCV proteins -

4y Murakami Y, Noguchi K, \amagm S, Suzuki

Vol. 33, No. §

7.8-Benzoflavone has been reported to inhibit
aromatase™ and breast cancer resistant protein (BCRPY® and
modulate arvl hvdrocarbon receptor (AhR) signaling ¥
Whether any of these biological activities are associated with
the anti-HCV activity of 7.8-benzoflavone remains to be clu-
cidated.

Other plant flavonoids with reported anti-HCV activity in-
clude naringenin®™ and quercetin®® Although the mechanisms
of action of these compounds are not completely defined,

1b replicon.

naringenin acted as a PPAR ¢ agonist to block virus assem-
bly.*™ The inhibition of HCV particle production by quercetin
was attributed at least partially to the reduction of HSP40

36)

and HSP70 that is potentially involved in IRES translation,
More recently. quercetin was found to inhibit NS3 activity.™
In our assay. 7.8-benzoflavone was more active than narin-
genin or guercetin in inhibiting HCV (not shown), We are cur-
rently testing various plant flavonoids to gain insight into the
structure/activity relationship.

In conclusion, using the JFHI-HCV viral culture system.
we developed a simple and cost-effective microplate colori-
metric assay that will allow the high-throughput sereening
for HCV inhibitors that target various phases of the viral life
cyele. The use ol serum-free medium sensitized Hubh 7.51
cells to HC V-induced CPE and eliminated the need for spe-
clally engineered celis or viruses. We anticipate that this assay
will facilitate the discovery of compounds with anti-HCV
activity and assist drug development. We have extended the
screening (o large chemical libraries and revealed anti-HCV
activity in a wide variety of compounds.
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