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replicating cells, a reporter replicon plasmid was con-
structed as follows. The gene encoding green fluorescence
protein (GFP) was fused to the neomycin resistance gene
using an overlap PCR amplification technique and the
fusion product was inserted into pSGR-JFH1. The resultant
plasmid was pSGR-GFPneo-JFH1. This plasmid was
linearized with Xbal and used as a template for in vitro
transcription using an AmpliScribe T7 High Yield
Transcription kit (Epicentre Biotechnologies). RNA was
transfected with high transfection efficiency and low
cytotoxicity using the Nucleofector system (Amaxa
Biosystems) (Coughlin et al., 2004; Miyahara et al., 2005;
Van De Parre et al, 2005). The transfection efficiencies
ranged from 60 to 80% after optimization of transfection
conditions (Table 1). GFP expression was monitored
periodically during the selection of HCV-replicon cells by
G418 (Table 1). The GFP-expressing cells were detected at
day 3 post-transfection (p.t.) in Huh-7, P3HRI, Raji, CIR
and Namalwa cells. The rate of GFP expression in Huh-7
cells was more than 50 %. The rate of GFP-expression in
lymphocytic cell lines was less than 1%, despite the high
transfection efficiencies. After 3 weeks of G418 selection,
SGR-GFPneo-JFHI replicon cells were established in Huh-
7 cells, but not in lymphocytic cells, These data suggest that
JFH-1 subgenomic replicon RNA cannot replicate in the
lymphocytic cell lines.

To facilitate quantification of replication, we performed
luciferase assays using subgenomic replicon RNA (SGR-
JFH1/Luc) carrying firefly luciferase as a reporter. SGR-
JFH1/Luc RNA was in vitro-transcribed using the linearized
pSGR-JFH1/Luc (Kato er al, 2005a) as template DNA.
Cells were harvested at 4, 24, 48 and 72 h p.t. and luciferase
activities were assayed with luciferase assay reagent
(Promega). Assays were performed at least in triplicate,
There were significant differences in luciferase activities at
4 h p.t. among the cell lines, probably because there were
differences in transfection efficiencies and the doubling
time of the cell lines. Thus, the replication activity was
expressed relative to the reporter activity determined 4 h
p.t. for each cell line, which was set to 1 (Fig. 2a). HCV
subgenomic replicon RNA efficiently replicated in Huh-7
cells (Fig. 2a). Replication-deficient subgenomic replicon
RNA encoding a GDD to GND mutation in NS5B served as
a negative control in Huh-7 cells. The luciferase activities of
replication-deficient subgenomic replicon RNA in lym-
phocytic cell lines also decreased rapidly (data not shown).
As shown in Fig. 2(a), the luciferase activities of HCV
subgenomic replicon RNA in lymphocytic cell lines
decreased rapidly, suggesting that HCV subgenomic
replicon RNA did not replicate efficiently in lymphocytic
cell lines. Thus, these two different replicon assays
demonstrated that the HCV JFH-1 subgenomic replicon
failed to replicate in our lymphocytic cell lines.

To determine which steps of the HCV life cycle are
impaired, we further examined translation and polyprotein
processing. At first, we assessed HCV IRES-dependent
translational efficiencies in the lymphocytic cell lines. Cells

were co-transfected with the subgenomic replicon RNA
(SGR-JFH1/Luc) and a capped RNA encoding Renilla
luciferase (cap-luc). Cap-luc RNA was in vitro-transcribed
using a T7 mMessage mMachine kit (Ambion). The HCV
IRES activities in IB4, Namalwa and P3HRI1 cells were as
high as in Huh-7 cells. The HCV IRES activities in Jurkat
and Raji cells were about 50 % of those in Huh-7 cells, and
the HCV IRES activities in Bjab, BL41 and Ramos cells
were less than 25 % of those in Huh-7 cells. On the other
hand, the HCV IRES activity in CIR cells was about
twofold higher than in Huh-7 cells (Fig. 2b). Replication-
deficient subgenomic replicon RNA encoding a GDD to
GND mutation in NS5B showed a luciferase activity level
similar to that of the wild-type, suggesting that the
luciferase activity at 4 h after transfection reflected
translational levels but not replication levels (data not
shown). Our data indicate high HCV IRES activities in all
cell lines, except in Bjab, BL41 and Ramos.

The HCV polyprotein is translated in subgenomic replicon
cells in an encephalomyocarditis virus (EMCV) IRES-
dependent manner. To rule out the possibility that the
EMCV [RES-dependent translation is impaired in lym-
phocytic cell lines, we assessed the EMCV IRES-dependent
translational efficiencies. We assayed EMCV IRES activity
using EMCV IRES-driven luciferase RNA (EMC-luc) and
Cap-luc RNA. The EMCYV IRES activity was five- to tenfold
higher in CIR, Namalwa, IB4 and P3HRI than in Huh-7
cells (Fig. 2c). From these results, HCV IRES and EMCV
IRES exhibited sufficient translational activity in CIR,
Namalwa, P3HR1 and Raji cells, suggesting that IRES-
dependent translation was not impaired in these lympho-
cytic cell lines.

To determine whether HCV polyprotein is properly
processed in lymphocytes, we examined the processing of
HCV non-structural (NS) proteins. The construct pSGR-
JFH1/Luc expresses the polyprotein NS3-NS4A-NS4B-
NS5A-NS5B. The HCV NS3/4A protease is responsible
for proteolytic processing at each cleavage site. We used the
eukaryotic transient-expression system based on a recom-
binant vaccinia virus carrying bacteriophage T7 RNA
polymerase (T7vac) (Fuerst et al, 1989). To express the
SGR-JFH1/Luc encoding HCV NS proteins, 5x 10° cells
were transfected with 5 pg pSGR-JFH1/Luc and infected
with 2.5x 10° p.fu. T7vac, harvested at 24 h p.i, and
analysed by Western blotting. Completely processed NS3,
NS5A and NS5B proteins were detected in Bjab, Raji, IB4
and Namalwa cells as well as in pSGR-JFH1/Luc-trans-
fected Huh-7 cells and HCV-JFHI-infected Huh-7 cells
(Fig. 2¢). The unprocessed polyprotein was not detected by
immunoblotting in these lymphocytic cell lines (data not
shown). These results suggest that the HCV polyprotein is
efficiently processed in these lymphocytic cells.

In this study, we demonstrated that HCV JFH-1 failed to
infect and replicate in nine lymphocytic cell lines. In
contrast, HCV IRES-dependent translation and polypro-
tein processing by NS3/NS4A protease functioned properly
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Fig. 2. Replication, HCV IRES-dependent
translational efficiencies and polyprotein pro-
cessing. (a) Subgenomic replicon assay. JFH-
1 subgenomic replicon RNA was transfected
into several cell lines and harvested at 4, 24,
48 and 72 h p.t. The replication activity was
expressed relative to the reporter activity
determined 4 h p.t for each cell line, which
was set to 1. RLU, Relative lucierase units;
Huh-7 nega, Huh-7 cells transfected with
SGR-JFH1/Luc GND, served as a negative
control. (b) HCV IRES-dependent translational
efficiency. To determine the HCV IRES activ-
'§' ities, we co-transfected cells with SGR-JFH1/
Luc RNA and Cap-Renilla luciferase RNA. The
IRES activity of each cell line is expressed in
relation to Huh-7 IRES activity, that is, as the
ratic of HCV IRES-driven firefly luciferase
activity to cap-driven Renilla luciferase activity.
The difference in HCV IRES activity between
Huh-7 cells and the lymphocytic cell line was
significant (**, P<0.01, Student's t-test).
(c) EMCV IRES-dependent translational effi-
ciency. To determine the EMCV IRES activ-
ities, we co-transfected cells with EMCV-
firefly luciferase RNA and Cap-Renilla lucifer-
ase RNA. The IRES activity of each cell line is
expressed in relation to Huh-7 IRES activity,
that is, as the ratio of EMCV IRES-driven firefly
luciferase activity to cap-driven Renilla lucifer-
ase activity. The difference in EMCV IRES

activity between Huh-7 cell and the lympho-

el N53 ? z
cytic cell line was significant (™, P<0.01,

> - NssE

Student's t-test). (d) Polyprotein processing by
NS3/4A protease in lymphocytic cell lines.
pSGR-JFH1/Luc-transfected  cells  were
infected with T7vac and harvested at 24 h
p.. HCV NS proteins, NS3, NS5A and NS6B
were detected by using anti-NS3 rabbit
polyclonal antibody (PAb), anti-NS5A rabbit

PAb and anti-NS5B rabbit PAb. Arrowheads
indicate the processed NS3, NS5A and NS5B
proteins, respectively.

in these cells. Moreover, subgenomic replicon RNA failed
to replicate in these cell lines. Our data suggest that
lymphocytic cell lines may lack some host factors required
for infection and replication of HCV-JFH1.

Viral entry often requires sequential interactions between
viral proteins and several cellular factors. Several molecules
(CD81, Claudin-1, Scavenger receptor class B member IR,
LDL-receptor and glycosaminoglycans) have been reported
to be involved in HCV binding and entry (Barth et al, 2003;
Evans et al,, 2007; Pileri er al., 1998; Scarselli et al., 2002).
Further investigation will be required to clarify HCV
binding and entry into lymphocytic cell lines.

HCV IRES and EMCV IRES exhibited sufficient trans-
lational activities in C1R, IB4, P3HR1, Namalwa and Raji
cells. All these cell lines are EBV-positive. EBV-encoded
nuclear antigen (EBNA1) has been reported to support
HCV replication (Sugawara ef al, 1999). Two small EBV-
encoded RNA species (EBERs) bind to the HCV IRES
region (Wood et al, 2001). These findings raise the
possibility that HCV IRES activities may be modified by
the EBV genome.

HCV JFH-1 subgenomic replicon RNA could not replicate

in all lymphocytes tested in this study. The HCV SB strain,
however, has been reported to infect Raji, Daudi, Molt-4
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and Jurkat cells (Kondo et al., 2007; Sung et al., 2003). Sill
unknown is how hepatotropism and lymphotropism of
HCV are determined. The GB virus B (GBV-B) is most
closely related to HCV and the GBV-B infection of
tamarins has been proposed as a good surrogate model
for chronic hepatitis C (Bukh et al., 2001; Jacob et al., 2004;
Lanford et al, 2003; Martin et al., 2003). A recent report
has shown that GBV can disseminate to not only liver but
also a variety of extrahepatic tissues such as haematolym-
phoid and genital tissues in tamarins (Ishii et al,, 2007).
Viral RNA cloned from plasma and liver from the tamarins
showed no sequence heterogeneity, suggesting that host
factors determine the pleiotropism (Ishii et al, 2007). It
remains unclear how host factors and/or viral factors
determine the tissue tropism of HCV. Further studies will
be required to clarify the molecular mechanisms of HCV
tissue tropism.
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Hepatitis C Virus-Infected Hepatocytes Extrinsically
Modulate Dendritic Cell Maturation To Activate T Cells
and Natural Killer Cells

Takashi Ebihara,' Masashi Shingai,' Misako Matsumoto,' Takaji Wakita,* and Tsukasa Seya'

Dendritic cell maturation critically modulates antiviral immune responses, and facili-
tates viral clearance, Hepatitis C virus (HCV) is characterized by its high predisposition
to persistent infection. Here, we examined the immune response of human monocyte-
derived dendritic cells (MoDCs) to the JFH1 strain of HCV, which can efficiently
replicate in cell culture. However, neither HCV RNA replication nor antigen production
was detected in MoDCs inoculated with JFH1. None of the indicators of HCV interact-
ing with MoDCs we evaluated were affected, including expression of maturation mark-
ers (CD80, 83, 86), cytokines (interleukin-6 and interferon-beta), the mixed lymphocyte
reaction, and natural killer (NK) cell cytotoxicity. Strikingly, MoDCs matured by
phagocytosing extrinsically-infected vesicles containing HCV-derived double-stranded
RNA (dsRNA). When MoDCs were cocultured with HCV-infected apoptotic Huh7.5.1
hepatic cells, there was increased CD86 expression and interleukin-6 and interferon-
beta production in MoDCs, which were characterized by the potential to activate NK
cells and induce CD4* T cells into the T helper 1 type. Lipid raft-dependent phagocy-
tosis of HCV-infected apoptotic vesicles containing dsRNA was indispensable to MoDC
maturation. Colocalization of dsRNA with Toll-like receptor 3 (TLR3) in phagosomes
suggested the importance of TLR3 signaling in the MoDC response against HCV,
Conclusion: The JFH1 strain does not directly stimulate MoDCs to activate T cells and
NK cells, but phagocytosing HCV-infected apoptotic cells and their interaction with the
TLR3 pathway in MoDCs plays a critical role in MoDC maturation and reciprocal
activation of T and NK cells. (HeraToLOGY 2008;48:48-58.)

Abbreviations: CPZ, chlorpromaszine; CTL, eytotoxic T lymphocyte; D, dendritic cell: DC-SIGN, dendritic cell-specific intercellular adhesion molecule 3-grabhing
nonintegrin: dsRINA, double-siranded RNA; ELISA, enzyme-linked immunoiorbent avay; FACS, fluorescence-activated cell sorting: HCV, hepativis C virus; IFN,
interferon; IENAR, type 1 IFN-alpha recepior; IL, interlenkin; IRF, IFN regulatory factor: MBCD, methyl-beta-cyclodexiring MIDAS, melanoma differentiation asociated
gene 5; mAb, monoclonal antibody: MoDC, manocyte-derived dendritic cell: MOI multiplicity of infection; MV, measles virus; NK. natural killer; NKG2D, narural killer
group 2, member D; PAMP, pathogen associated molecular pattern; PBMC, peripheral blood monenuclear cell; pDC. plasmacytaid DC; poly I:C. polyinosinic;polycysidylic
acid: RIG-1. retinoic acid inducible gene I: RSV, respiratory syncytial viruy: RT-PCR, reverse-transeription polymerase chain reaction; siRNA, small interfering RNA;
SNARFL. far red immunafluorescence dye; Thi, T helper 1;: TLR, Toll-like recepror; TNF, tumor necrosis factor
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epatitis C virus (HCV) is a single-strand, posi-
H tive-sense RNA virus belonging to the faviviri-

dae family. HCV develops persistent infection
in <70% of infected patients, and eventually causes
chronic hepatitis, cirrhosis, and hepatocellular carcinoma
in some patients.' Once chronic infection is established in
patients with HCV, spontaneous viral clearance fails,!
although how HCV remains persistently infecting the
liver is unknown. It has been accepted that successful viral
clearance by the host is largely artributed to robust induc-
tion of type | interferon (IFN) and antiviral cellular effec-
tors, cytotoxic T lymphocyte (CTL) and natural killer
(NK) cells.>* In HCV-infected parients and chimpan-
zees, type 1 IFN induction and activation of HCV-specific
CD4* T/CD8* T cells and NK cells are indeed detected
during acute infection.*¢ However, why these antiviral
factors cannot eradicate HCV from most parients is not
addressed. Facilities for inducing the antiviral effectors
and their role against HCV persistence have not been well
derermined. A main cause for the deficiency of knowledge
on the host response to HCV is the lack of an appropriate
model for experimental HCV infection.

Two breakthroughs have now made it possible to in-
vestigate the immune response against HCV. First, Toll-
like receptors (TLRs) and other innate immune receprors
of dendritic cells (DCs) were found to be involved in the
host antiviral IFN response, followed by CTL and NK
cell activation.?”? Some reports revealed that HCV pro-
teins participate in the regulation of IFN-inducing innare
responses.'®'? Second, an in vitre amplifiable 2a type
HCV strain, JFH 1, was established by Wakirta eral.' and
Zhong et al.'* Infection studies for testing HCV replica-
tion and the immune response are therefore now feasible
in virro.

There are two major subsets of DCs in humans: plas-
macytoid DCs (pDCs) expressing TLR7 and TLR9 and
myeloid DCs expressing Toll-like recepror 3 (TLR3) for
viral RNA/DNA recognition. Cytoplasmic RNA sensors,
retinoic acid inducible gene 1 (RIG-I)-like receprors, also
participate in viral RNA recognition and IFN induction.”
RNA virus infection allows pDCs to induce rype  IFN via
TLR7.'* On the contrary, myeloid DCs recognize virus-
derived double-stranded RNA (dsRNA) to activate path-
ways for IFN-beta production and NK/CTL induction.™
916 What happens in the pathway of myeloid DC
maturation during HCV infection can now be experi-
mentally followed up in infected cells as the JFH1 strain
can be used for in vitro infection studies. Hence, we inoc-
ulated monocyre-derived (Mo)DCs with JFH1 of HCV.

Here, we show evidence that the JFH1 strain has no
direct route for MoDC infection and MoDCs phagocy-
tosing HCV-infected apoprotic vesicles participate in
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MoDC maturation and reciprocal acrivation of T cells
and NK cells.

Materials and Methods

Cell Lines, Antibodies, and Reagents. Huh7.5.1
cells were kindly provided by Dr. Francis V. Chisari (The
Scripps Research Institute, La Jolla, CA), and maintained
in Dulbecco's modified Eagle's medium—based medi-
um.'* Following materials were obtained as indicated:
anti-HCV-core monoclonal antibody (mAb; C7-50)
from Affinity BioReagents (Golden, CO), mAbs against
CD80, CD83, and CD86 from Immunotech (Fullerton,
CA), anti-dsRNA mAb (K1) from English & Scientific
Consulting Bt (Szirak, Hungary), biotin-conjugated
anti-TLR3 mAb from eBioscience (San Diego, CA), flu-
orescein isothiocyanate-labeled goat anti-mouse immu-
noglobulin G from American Qualex (San Clemente,
CA), Stepravidin Alexa Fluor 594 conjugate and
SNARF] from Molecular Probe (Carlsbad, CA), Methyl-
beta-cyclodextrin (MBCD), chlorpromazine (CPZ), and
bafilomycin (BAF) from Sigma-Aldrich (St. Louis, MO).

Preparation of Immature MoDCs, NK Cells, and T
Cells. CD14™ monocytes and autologous NK cells were
isolated from human peripheral blood mononuclear cells
(PBMCs) using a MACS system (Miltenyi Biotec, Ber-
gisch Gladbach, Germany).'” Cells purified by this tech-
nique had an average purity of 95%, as assessed by flow
cytometry. Immarure MoDCs were generated from
monocytes using human granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF; PeproTech, Rocky Hill,
NJ) and interleukin (IL)-4 (PeproTech)."” Autologous
NK cells were stocked in Cell Banker (Diaton, Tokyo,
Japan) at —80°C. Allogencic CD4* and CD8™ T cells
were also negatively isolated by a MACS system (Miltenyi
Biotec).

Stimulation of Immature MoDC, Cytokine Assay,
Inmunofluorescent Staining, and Flow Cytometry.
The immature MoDCs (2 X 10°) were inoculated with
HCYV and respiratory syncytial virus (RSV) at a multiplic-
ity of infection (MOI) of one or treated with polyinosinic:
polycytidylic acid (poly I:C; 10 pg/mL), and cultured ina
24-well plate. The cells and culture supernatant were har-
vested at indicated time points for reverse transcription
polymerase chain reaction (RT-PCR), fluorescence-acti-
vated cell sorting (FACS), and enzyme-linked immu-
nosorbent assay (ELISA; [IFN-beta, IFN-gamma;
Fujirebio, Inc., Tokyo, Japan; IL-6; BD Biosciences,
Franklin Lakes, NJ). In some experiments, immature
MoDCs (2 X 10%) were cocultured with HCV- or non-
infected apoprotic cells (4 X 10%). MoDCs were treated
with MBCD (1 mM), CPZ (5 pg/mL), and BAF (100
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nM) for 1 hour before coculture. The viability of these
MoDCs was examined by proidium iodide staining. After
2 days of coculture, the MoDCs were isolated from the
apoptotic cells by Ficoll-Paque Plus (GE-Healthecare,
Waukesha, WI) using the manufacturer’s methods, and
used for further analysis to assess MoDC functions. The
cell lysates were produced from the apoproric cells by
three freeze/thaw cycles, followed by centrifugation at
15,000 rpm for 5 minutes or by sonication three times for
20 seconds on ice. Total RNA was extracted by Trizol
(Invitrogen, Catlsbad, CA) by the manufacturer's meth-
ods. MoDCs (5 X 107 cells) were transfected with 0.625
pg total RNA by N-[1-(2,3-Dioleoyloxy)propyl]-N, N,
N-trimethylammonium methyl-sulfare (DOTAP; Roche,
Mannheim, Germany) and cultured in 24-well plates for
1 day. Huh7.5.1 cells were transfecred with poly I:C using
Lipofectamine 2000 (Invitrogen) by the manufacrurer’s
methods. ELISA for determination of cytokine levels,
flow cytometry, and immunofluorescent staining were
performed as reported.!7:1#

Virus Propagation. The method to generate infec-
tious HCV particles was referred to an in vitro system
using the plasmid pJFH-1.'¢ Noninfected cell superna-
tant was used as noninfected control. The concentrated
virus had a titer of 1 to 2 X 10¢ flu/mL. A RSV field-
isolate strain (RSV2177) was propagated with Hep-2 cells
as described.'” The titer of RSV2177 was determined by
50% tissue culture infective dose (TCID50) with Hep-2
cells.

Real-time PCR Quantification of Positive-Strand
and Negative-Strand HCV RNA. Tortal Trizol-ex-
tracted RNA was analyzed by reverse transcription-PCR
(RT-PCR) with a modification of the previously de-
scribed strand-specific rTth RT-PCR method."” RT
primers for complementary DNA synthesis of positive
and negative strand HCV RNA were GTGCACGGTC-
TACGAGACCT and GAGTGTCGTACAGCCTC-
CAG, respectively. Positive-strand and negative-strand
HCV PCR amplifications were performed using Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen)
with 200 nM of paired primers, forward CGG-
GAGAGCCATAGTGG and reverse AGTACCA-
CAAGGCCTTTCG. The PCR conditions were 95°C
for 10 minutes, followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minurte. This PCR method could
detect 10 copies of positive-strand or negative-strand
HCV.

Induction and Certification of Apoptosis. A toral of
1 X 10° Huh7.5.1 cells were platcd in a 24-well plate and
infected with the JFH1 strain at an MOI of 1. At indi-
cated timed intervals, the infected cells and poly I.C-
transfected cells were pretreated with cycloheximide
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Fig. 1. MoDCs are not permissive for HCV replication, (A) Huh7.5.1

cells and MoDCs were inoculated with HCV at an MOI of 1 and cultured
for 3 days. The presence of HCV core antigens was assessed by
immunofiuorescent staining. (B) Real-time RT-PCR to detect positive-
strand and negative-strand HCV RNA. Data show means = SD from three
independent experiments using three different donors,

(20 pg/mL; Sigma) for 30 minutes, followed by tumor
necrosis factor (TNF)-alpha (10 ng/mL; Pepro-Tech).
The HCV-infected and noninfected apoptotic cells were
harvested after another 24-hour culture. Using the HCV-
infected apoptotic cells, we examined the presence of
HCV core antigens and dsRNA by FACS using anri-
HCV core mAb and anti-dsRNA mAb, respectively. Ap-
optosis was assessed by 4',6-diamidino-2-phenylindole-
staining, DNA fragmentation, and FACS by using
fluorescein isothiocyanate—labeled annexin-V and proidium
iodide (Roche).®®

Assay for Lymphocyte Proliferation by MoDC. Af-
ter 2 days culture of MoDCs with HCV, poly I:C (10
pg/mL), or the apoprotic cells, MoDCs were harvested
and treated with mitomycin C (20 pg/mL) in phosphate
buffered saline for 45 minutes. For the proliferation assay,
the stimulated-MoDCs (1 X 10%) were cultured with 1 X
10% allogeneic PBMCs, CD4™ T cells, or CD8* T cells in
U-bottom 96-well plates for 6 days. During the last 24
hours of culturing, [*H]thymidine (1 mCi/well) was
added ro the culture medium. Then the cells and medium
were harvested separately by a cell-harvester, and the ra-
dioactivity was measured by a liquid scintillation counter
(Aloca, Tokyo, Japan). For the analysis of CD4™ T cell
polarization, the stimulated-MoDCs (1 X 10%) were
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Fig. 2. HCV fails to induce MoDC maturation and cytokine response.
MoDCs were inoculated with HCV at an MOl of 1 and cultured for 48
hours. (A) The supemnatant was assayed for production of IFN-beta and
IL-6. (B) The cells were harvested for FACS and (C) mixed lymphocyle
reaction (MIR). Allogeneic PBMC were cultured with the inoculated-
MoDCs for 6 days. Proliferation was determined by [*H]thymidine uptake,
Data show means + SD of duplicate or triplicate samples from one
experimenl representative of three donors.

treated with mitomycin C and cultured with allogeneic
CD4* T cells (1 X 10°) for 6 days. Then the cells were
washed and transferred to new round-bottom 96-well
plates. Phorbol 12-myristate 13-acetate (10 ng/mL; Sig-
ma-Aldrich) and ionomycin (1 pg/mL; Sigma-Aldrich)
were added and plates were incubated for a further 24
hours. Supernatants were harvested for cytokine produc-
tion (IL-4, IFN-gamma; GE-Healtheare).

MoDC-NK Coculture and > Cr Release Assay. The
stimulated-MoDCs were harvested for MoDC-NK cocul-
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ture at indicated time points. Autologous NK cells (5 X 107)
were cocultured with the MoDCs (1 X 10%) in 24-well plates
for 24 hours. Transwell (Coming) was inserted to block the
MoDC-NK cell contact. The supernatants and NK cells
were collected from the MoDC-NK coculture and assayed
for IFN-gamma production (GE Healthcare) and cytotox-
icity against K562. Cytotoxicity was determined by standard
S1Cr release assay as described.'”

Gene Silencing of TLR3 in MoDC. Small interfering
RNA (siRNA)-based gene knockdown was prcformcd with
MoDCs by electroporation as described.?! siRNA duplexes
(small interfering TLR3: car #107056, negative control: cat
#AM4635) were obrained from Ambion (Tokyo, Japan).
Expression of TLR3 was examined by SYBR green real-time
PCR using forward primer, AAGACCCATTATG-
CAAAAGATTCAA and reverse primer, TCCAGATTTT-
GTTCAATAGCTTGTTG. MoDCs (1 X 10° cells) were
electroporared with these sIRNA and cultured for 4 hours.
Then, HCV-infected or noninfected apoprotic Huh7.5.1
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Fig. 3. MoDCs Inoculated with HCV barely activate NK cells, MoDCs
were harvested at 24 hours after inoculation of RSV and HCV. Autologous
NK cells were cocultured with the MoDCs for 24 hours. (A) The super-
natant were assayed for NK IFN-gamma production. (B) NK cells were
harvested for 3'Cr release assay to examine NK cytotoxic activity against
K562. A representative of the three similar experiments with individual
donors is shown,
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Fig. 4. Preparation of HCV-infected apoptotic Huh7.5.1 cells.
Huh7.5.1 cells were infected with HCV at an MOI of 1 and culture for 4
or 5 days. Apoptosis was induced by cycloheximide and TNF-alpha after
4 days culture, At 5 days after infection, the apoptotic cells were
harvested far counting 4’,6-diamidino-2-phenylindole stained apoptotic
nuclei, FACS and examination of DNA fragmentation. (A) Typical apo-
ptotic cells stained with 4',6-diamidino-2-phenylindole were counted
among <1000 cells and percent cell apoptosis was determined. Data
are means * SD from three independent experiments, each performed
in triplicate. (B) HCV-core antigens were detected in the HCV-infected
apoptotic cells by FACS. (C) DNA was extracted from HCV- or noninfected
apoptotic Huh7.5.1 cells and electrophoresed on agarose gels to eval-
uate DNA fragmentation. (D) HCV- and noninfected Huh7.5.1 cells were
examined for stages of apoptosis by FACS using annexin V-fluorescein
Isothiocyanate (FITC) and proidium iodide. Data shown are representa-
tive of three independent experiments,

cells (2 X 109 cells) were added to the wells. After 48 hours of
culture, the supernatants were harvested and examined for
cytokine concentrations by ELISA.

Results

MoDCs Are Not Permissive for HCV Replication.
MoDCs and Huh7.5.1 cells were inoculated with the
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JFH1 strain at an MOI of 1, then the cells were harvested
for immunofluorescent staining and scqucncc-spc:ciﬁc re-
al-time RT-PCR ar indicated time points after inocula-
tion. HCV genome RNA (negarive sense of HCV RNA)
was replicated in Huh7.5.1 cells but not to a detectable
level in MoDCs at 2 to 3 days after inoculation (Fig. 1B).
Accordingly, HCV core anrigens were derected in
Huh7.5.1 cells, but not in MoDCs, by immunofluores-
cent staining until 3 days after HCV inoculartion (Fig.
1A). Similar results were obtained with monocyte-derived
macrophages and BDCA4™ pDCs (data not shown).

MoDC Maturation and Cytokine Response Against
the JFHI Strain. DCs work as key producers of innate
inflammarory cytokines in response to pathogen-associ-
ated molecular patterns (PAMPs). However, MoDCs in-
oculated with JFH1 (MOI = 1) did not produce IFN-
gamma or IL-6 over the noninfected control (Fig. 2A).
MoDCs stimulated with PAMPs mature to up-regulate
CD80/CD86 expression and activate T cells. Some re-
ports showed that the MoDC maturation was induced
following incorporation of HCV pseudotype particles
into the MoDCs.22 However, expression of costimulatory
molecules (CD80, CD86) and a maruration marker
(CDB83) were not up-regulated by inoculatdon with the
JFH1 strain (MOI = 1; Fig. 2B). MoDCs cocultured
with JFH1 strain did not enhance the proliferation of
allogeneic PBMC compared with noninoculated MoDCs
(Fig. 2C).

MoDCs Exposed to the [FH1 Strain Do Not Acti-
vate NK Cells. MoDCs are known to recognize PAMPs
and promote NK cell activation via MoDC/NK recipro-
cal interaction.? We have reported that NK cells are acti-
vated by MoDCs infected with RNA viruses, such as
RSV, influenza virus, and measles virus.!” We inoculated
MoDCs with RSV or the JFH1 strain at an MOI of 1 and
cocultured the MoDCs with autologous NK cells. After
1-day of coculture, NK cell IFN-gamma and cytotoxicity
were markedly induced by RSV-treated MoDCs but not
HCV-treated MoDCs (Fig. 3A,B).

HCV-Infected Apoptotic Cells Induce MoDC Mat-
uration and Cytokine Responses. Then, we moved on
to whether HCV-infected cells affect MoDC maturation.
We first cocultured MoDCs with HCV-infected or non-
infected Huh7.5.1 cells and examined IL-6 production
by MoDCs. MoDCs cocultured with HCV-infected
Huh7.5.1 cells secreted more IL-6 than those with non-
infected Huh7 cells (Fig. 5A). However, since HCV in-
fection induced apoprosis in Huh7.5.1 cells, HCV-
infecred and noninfected Huh?7 cells were not in the same
apoptotic stages (Fig. 4A). We had to exclude the possi-
bility that apoptotic events themselves affect MoDC mart-
uration. Therefore, we forced HCV-infected and
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Fig. 5. HCV-infected apoplotic cells Induce MoDC maturation and cytokine response. MoDCs were cocultured with HCV-infected/noninfected
apoptotic or nonapoptotic cells for 2 days. Polyl:C stimulation was used as a positive control. (A,B) The culture supematants were assayed for
determination of IFN-beta and IL-6. The MoDCs were isolated from the apoptotic cells and used for (C) FACS and (D) mixed lymphocyte reaction
(MLR). MoDC maturation was examined by the expression of CDB0, CD83, and CD86 (C, a representative of three donor experiments). Allogeneic
PBMCs were cultured with the MoDCs for € days. Proliferation was determined by [*H]thymidine uptake (D, means * SD of triplicate samples from

one representative of three donors).

noninfected cells to induce full apoprosis by cyclohexi-
mide and TNF-alpha to the same level of apoptotic stages
(Fig. 4A). HCV core antigens were detected in 20.5% of
the HCV-infected apoprotic cells (Fig. 4B). Apoptotic
nuclei were observed in almost all of HCV-infected and
noninfected cells (Fig. 4A). DNA ladder formation, a
hallmark of apoptosis, was detected in HCV-infected and
noninfected apoptotic Huh7.5.1 cells to similar levels
(Fig. 4C). Apoptoric cells, cither infected or noninfected,
gave similar profiles by flow cytometry using annexin-V
for early apoprosis and propidium iodide for late apopto-
sis (Fig. 4D).

We applied these HCV-infected and noninfected ap-
optotic cells to MoDCs and determined the concentra-
tion of IFN-beta and IL-6 in the culture supernatants.
HCV-infected apoptotic cells facilitated the production
of IFN-beta and IL-6 by MoDCs compared with nonin-
fected apoprotic cells (Fig. 5B). In this context, HCV
products, rather than undergoing apoptosis, in infected
cells are an essential factor for induction of MoDC mat-
uration (Fig. 5A).

We next examined whether MoDC maturation was
induced by HCV-infected apoptortic cells. After coculture

of MoDCs with the apoptotic cells, MoDCs were isolated
from the apoptotic cells using Ficol Paque. Purity of these
isolated MoDCs reached over 98%, judged by 5(6)-Car-
boxyfluorescein diacetate N-succinimidyl ester labeled
MoDCs (dara not shown). CD86 of the maturation
markers on MoDCs (Fig. 5C) was especially more ex-
pressed on these cells by HCV-infected apoptotic cells
than by noninfected apoprotic cells. HCV-infected apo-
ptotic cells slightly enhanced the expression levels of ma-
jor histocompatibility complex class 1, class I1, and human
leukocyte antigen-E on MoDCs (dara nor shown).
MoDCs also acquired the increased ability to stimulate
allogencic PBMCs, CD4" T cells, and CD8™ T cells in
response to HCV-infected apoprotic cells (Figs. 5D and
GA).

We determined the ability of CD4* T cells to pro-
duce IFN-gamma (a Thl cyrokine) and IL-4 (a T
helper 2 cyrokine) after coculture of allogeneic CD4™
T cells and MoDCs exposed to HCV-infected apopto-
tic cells. These CD4™ T cells produced higher levels of
IFN-gamma and lower levels of IL-4 (Fig. 6B) com-
pared to the noninfected control, suggesting that
HCV-infected apoptotic cells modulate MoDC func-

90—



54 EBIHARA ET AL

P<0.06 HAT  HCVHAT Poly I AT  HOVHGAT Py IC

Fig. 6. HCV-infected apoptotic cells modulate MoDC function to po-
larize the Thl shift (A) After 2 days culture with HCV-infected and
noninfected apoptotic cells, the isolated MoDCs (1 X 10%) were cultured
with allogeneic CD4*T cells and CDB™ T cells (1 X 10%) for 6 days.
Proliferation was determined by |*H|thymidine uptake. (B) Allogeneic
CD4™ T cells were harvested after 6 days culture with the MoDCs and
stimulated with phorbol 12-myristate 13-acetate and ionomycin for 24
hours. The supematants were collecled to assess the levels of IFN-
gamma and IL-4 by ELISA. Poly I.C stimulation was used as a positive
control. Data shown are means * SD of duplicate or triplicate samples
from one experiment representative of three donors.

tion to promote Thl-dominant immunity in the
Th1/T helper 2 balance.

HCV-Infected Apoptotic Cells Stimulate MoDCs
To Activate NK Cells. We next evaluated whether these
mature MoDCs could enhance NK activity via MoDC-NK
interaction, After exposure of MoDCs to HCV-infected or
noninfected apoprotic cells, MoDCs were isolated as de-
scribed above. HCV-infected apoprotic cells promoted
MoDC function to augment NK cell cytotoxicity but not
IFN-gamma production compared to noninfected cells (Fig.
7A,B). This up-regulation of NK cell cytotoxicity through
MoDC-NK interacrion was canceled by separating MoDCs
from NK cells with a transwell insertion (Fig. 7C). This
suggested that cell-cell contact was the key factor for MoDC-
mediated NK cell cytotoxicity induced by coculture with
HCV-infected apoprotic cells.

MoDC Maturation Relied on TLR3 Signal Evoked
by dsRNA in Apoptotic Vesicles. We surveyed the
mechanism of MoDC maturation by HCV-infected ap-
optotic cells. Since HCV is a positive single-strand RNA
virus, dsRNA was derected in HCV-containing apoprortic
vesicles by mAb against dsRNA (Fig. 8A). To investigare
whether MoDCs were taking up these apoptotic vesicles,
we labeled HCV-infected apoprotic cells with the far red
Auorescent dye, SNARF-1. MoDCs phagocytosed the
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SNARF-1-labeled vesicles containing dsRNA, which par-
tially colocalized with TLR3 (Fig. 8B,C). N-[1-(2,3-Dio-
leoyloxy)propyl]-N, N, N-trimethylammonium methyl-
sulfate (DOTAP)-based transfection was employed for
the targeting of RNA to the TLR3-containing endo-
some.?* HCV-derived RNA allowed MoDCs to induce
IL-6 production as in control poly I:C (Fig. 8D). IL-6 of
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Fig. 7. NK cell activation by MoDCs exposed to HCV-infected apopto-
tic cells, After 2 days culture with HCV-infected and noninfected apo-
ptotic cells, the isolated MoDCs were cultured with autologous NK cells
for 24 hours. (A) NK cytotoxic activity against K562 was determined by
51Cr release assay. Poly 1:C stimulation was used as positive control. (B)
Supematant of the MoDC-NK coculture was assayed for NK cell IFN-
gamma production. In some experiments, transwell was used to block
MoDC-NK cell contact. (C) Using these NK cells, cytotoxic activity was
measured by *'Cr release assay. Data shown are means = SD of
duplicate or triplicate samples from one expeniment representative of
three donors.
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Fig. 8, TLR3 signaling by dsRNA contained in apoptotic vesicles induces MoDC maturation. (A) HCV-infected apoptotic Huh7.5.1 cells were labeled
with SNARF1. dsRNA was detected in HCV-infected apoptotic cells and vesicles (arow) by immunofluorescent assay (upper panel) and FACS using
anti-dsRNA mAb (lower panel). (B,C) MoDCs were exposed to HCV-infected apoptotic cells for 4 hours and harvested for immunofluorescent assay.
The MoDCs were isolated with Ficoll-Paque and stained with mAbs against dsRNA or human TLR3. (D) MoDCs were transfected with total RNA
extracted from HCV-infected or noninfected Huh7.5.1 cells, After 1 day of culture, the levels of IL-6 were determined. Poly I:C was positive control.
(E) The level of TLR3 messenger RNA (mRNA) was determined 1 day after siRNA electroporation. (F) Knockdown of TLR3 partially abolishes the IL-6
production by MoDCs. Data shown are means = SD of duplicate or triplicate samples from one experiment representative of three donors. (G) Poly

l:C-transfected apoplotic Huh7.5.1 cells induced MoDCs to produce IL-

inflammarory cytokine was a representative marker for
TLR3 signal in this case, suggesting that at least HCV RNA,
rather than proteins, participates in MoDC maturation,

Since siRNA knockdown of TLR3 in MoDCs was suc-
cessfully executed by electroporation of MoDCs with TLR3-
targeted siRNA (Fig. 8E), we tested whether the level of IL-6
was affected in the TLR3-depleted MoDCs stimulated with
apoptotic vesicles containing dsRNA of HCV propagation.
TLR3-depleted MoDCs retarded maturation into decreased
IL-6 production (Fig. 8F). Poly I:C-transfected Huh7.5.1
apoptotic cells stimulate MoDCs to secrer IL-6 (Fig. 8G).
Taken together, phagocytosed HCV-infected apoptotic cells
can pro\‘mkc TLR3 signaling in MoDCs, which participares
in MoDC maturation.

MoDCs are known to take up polyl:C, a syntheric
dsRNA, which is recognized by TLR3. Therefore, MoDC

€.

maturation may be elicited by direct MoDC uprake of

dsRNA produced during HCV replicarion. However,
CD86 up-regularion was nor observed on MoDCs stim-
ulated with freeze/thaw cell lysates and sonicated apopro-

tic cells from HCV-infected Huh7.5.1 cells (Fig. 9A). For
MoDC maturation, dsRNA was required to be wrapped
in vesicles.

We next treated MoDCs with CPZ (a known inhibitor
of clathrin-mediated endocytosis), BAF (a specific inhib-
itor of the vacuolar H™-adenosine triphosphatase), and
methyl-beta-cyclodextrin (MBCD, which deplertes or se-
questers membrane cholesterol, inhibiting endocytic
pathways dependent on lipid rafts) to evaluare the possi-
ble involvement of endocytosis in MoDC maturation.
MBCD had an inhibitory effect on MoDC maruration
(Fig. 9B) and cytokine responses (data not shown) by
HCV-infected apoptotic cells. Lipid rafts appeared ro
play some important roles in the uptake of HCV-infected

apoptotic cells,

Discussion

MoDC recognizes pattern molecules of pathogen to
signal the presence of microbial infection.” Pattern recog-
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Fig. 9. Lipid raft-dependent phagocytosis of dsRNA-including apopto-
tic vesicles is required for MoDC maturation. (A) HCV-infécted or nonin-
fected apoptotic cells were prepared as described. The expression of
CDB6 was examined on MoDCs stimulated with apoptotic cell lysates
prepared by freeze-thaw or sonication. (B) MoDCs were treated with
methyl-beta-cyclodextrin (MBCD), CPZ, and BAF for 1 hour, followed by
coculture with HCV-infected or noninfected apoptotic cells for 2 days. The
MoDC CDB6E expression was determined by FACS. Data from a repre-
sentative of three donors are shown.

nition and antigen uptake are two central events in the
activation of cellular immunity. How HCV infection elic-
its MoDC maruration and NK activation is the theme of
this study. The following results were obrained with the
JFH1 HCV strain and human MoDC., MoDCs marture
via phagocytosing infected hepatocytes, but not through
direct infection. MoDCs taking up HCV-infected apo-
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protic vesicles conraining dsRNA activate T cells and NK
cells. The mature MoDCs also polarized CD4* T cells
into the Th1 type. Thus, HCV-infected apoptotic hepa-
tocytes are a source of HCV antigen and PAMPs.

These in vitro results cast light on the mechanism of
CTL and NK cell activation against HCV in parients. In
the liver of patients, immarure human MoDCs may
phagocytose bystander hepatocytes when the cells un-
dergo apoprosis secondary to HCV infection. The
MoDCs that incorporate HCV-infected vesicles into the
phagosomes are able to secrete cytokines including IFN-
beta and IL-6. These MoDC responses are enabled by
fusing HCV-derived dsRNA with phagosomal TLR3.
Activation of the MoDC TLR3 pathway, as has been
reported,®16 have a crucial role in development of the
MoDC TLR3-mediated NK acrivation and CTL induc-
non.

MoDCs express endogenous DC-SIGN, which cap-
tures pseudotype lentivirus particles expressing HCV gly-
coproteins E1 and E2 and may transmit HCV particles to
adjacent hepatocytes.* Pseudotype vesicular stomatitis
virus coated with chimeric E1 and E2 enters MoDCs
through interaction with lectins.?? These pseudotype
HCV studies suggested that MoDCs capture, and in
some cases internalize, HCV particles only when express-
ing E1/E2. In fact, many candidates of the HCV entry
receptor have been rcportcd and MoDCs express CD81,
scavenger recepror class B type I, and DC-SIGN,4.25
However, the actual ligand-receptor interaction in HCV-
MoDC infection has not been demonstrated even in
CDB81 and DC-SIGN. Our results suggest that phagocy-
tosis of HCV-infected apoproric cells, bur nor direct in-
teraction between MoDCs and HCV particles, serves as
an inducer of MoDC maturation. The molecules on
HCV-infected cells rather than those only in the virion
may participate in induction of MoDC-mediated HCV
cellular immuniry.

NK cells play a role to prevent persistent HCV infec-
tion. An epidemiologic survey showed that genes encod-
ing the weak inhibitory NK cell receptor KIR2DL3 and
its human leukocyte antigen C group] ligand are directly
associated with HCV eradicarion in partients.? Since the
cell-cell contact is indispensable for MoDC-mediated NK
activation, soluble factors such as type I IFN and IL-15
may only have a peripheral role in the emergence of
HCV-derived NK cells. We have shown that natural killer
group 2, member D (NKG2D) ligands on MoDCs,
which interact with NKG2D on NK cells are involved in
MoDC-mediared NK cell activarion against RNA virus
infection and poly I:C.? The NKG2D/NKG2D ligand
interaction was partially responsible for NK activation by
MoDCs after uptake of dsRNA-containing vesicles (data
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not shown). Yet the main ligand for NK activation on
MoDCs is still undetermined. Searching for dsRNA-in-
ducible NK acrivation ligands in MoDCs would foster
identification of MoDC factors reciprocally activating
NK cells.

In general, high replication of viruses results in cell
death by apoptosis and necrosis. Our study on HCV sug-
gests that apoptotic alteration occurs in HCV-infected
Huh7.5.1 cells. These HCV-infected cells fostered
MoDCs to produce 1L-6 (Fig. 5A) and activate NK cells
and T cells regardless of their apoprotic alteration by
TNF-alpha and cycloheximide (data not shown). There is
also evidence showing thar apoproric lesions exist in the
liver of parients with HCV hepariris by histological exam-
ination.?¢ Hence, it is acceptable that MoDCs take up
apoptotic hepatocytes that contain HCV anrigens and
dsRNA in that lesion. Schulz eral.® reported that TLR3 in
myeloid DCs promotes cross-priming to virus-infected
cells using mouse bone marrow—derived DCs and Vero
cells containing polyl:C or infected with dsRNA-produc-
ing picornavirus.® This model study, however, regrettably
involves the process of xenogeneic cell-cell interaction.
Nevertheless, our present study supports their notion in
the human system and offers the possibility that myeloid
DC maturation is reproduced by HCV-infected heparo-
cytes in HCV parients.

There have been many controversial reports about
whether MoDCs were infected with HCV and deficient
in the allostimulatory capacity in patients with chronic
HCV infection.'® A number of HCV proteins were sug-
gested to affect MoDC function by overexpression stud-
ies. HCV core and El proteins inhibit the MoDC
allostimulatory activity.?” NS3/4A is a protease that inac-
tivates the IFN-inducing pathways by cleaving the
adaprer molecules of RIG-I/MDA5 and TLR3, MAVS/
Cardif/IPS-1/VISA,"' and TICAMI/TRIF,'? respec-
tively. However, these proteins may not be authors for
myeloid DC modulation, since HCV replication in
MoDCs was not detected in vitro and HCV replicates in
MoDCs from HCV patients were at very low copy num-
bers, if any.'0 Although defective MoDCs were reported
to appear in HCV patients,'? this may not merely be due
to the DC-HCV interaction since HCV perturbs many
cells and mediarors in infected lesions.

In the HCV-infected apoprotic cells, there are HCV
proteins as well as HCV-derived dsRNA. Therefore, the
possibility still remains that not only dsRNA but also
phagocytosed HCV proteins are involved in MoDC mat-
uration. Although what happens in HCV narural infec-
tion is unclear, our study revealed that MoDC does not
mature in response to lysates of HCV-infected apoptotic
cells.
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Sensor proteins for dsRNA reside in the cytoplasm as
well as the cell surface.” In MoDCs, MDAS and RIG-I
may be engaged in sensors for HCV dsRNA in HCV-
infected apoprotic cells. In this case, however, the dsRNA
in phagosomes must pass through the membrane to en-
counter cytosolic RIG-1/MDAS. Thus, the possible inter-
pretation is that apoptotic vesicles with HCV dsRNA are
incorporated into the TLR3-bearing phagosome in
MoDCs (Fig. 8C).

TLR3 is the receptor for dsRNA on the endosome
membrane and engaged in MoDC maturation.'® This
maturation is inhibited by BAF and chloroquine, indicat-
ing that pH changes within intracellular compartments
are critical for the process.? Opposing to these reports,
treating MoDCs with BAF (Fig. 9) or chloroquine (dara
not shown) results in no inhibition of MoDC maturation
in our HCV-incorporated vesicle studies. One possibility
deduced from the BAF test is the presence of an alterna-
tive source for viral dsRNA recognition that is indepen-
dent of endosomal acidification. Lipid rafts wherein
HCV-infected apoptotic cells are phagocytosed (Fig. 9),
may be associared with acidification-free MoDC matura-
tion. Our data, including colocalization of dsRNA with
TLR3 and partial blocking TLR3 with siRNA also sug-
gested that TLR3 and HCV dsRNA assemble in the same
compartment. Further studies on the dsRNA recognition
facility in the phagosomes as well as possible participation
of MDAS and RIG-1 in MoDC-NK reciprocal activation
will be needed to clarify the mechanism of HCV-medi-
ated MoDC maturation.
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Interaction of Hepatitis C Virus Nonstructural Protein 5A with Core
Protein Is Critical for the Production of Infectious Virus Particles’
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Nonstructural protein 5A (NS5A) of the hepatitis C virus (HCV) possesses multiple and diverse functions
in RNA replication, interferon resistance, and viral pathogenesis. Recent studies suggest that NS5A is involved
in the assembly and maturation of infectious viral particles; however, precisely how NS5A participates in virns
production has not been fully elucidated. In the present study, we demonstrate that NS5A is a prerequisite for
HCV particle production as a result of its interaction with the viral capsid protein (core protein). The efficiency
of virus production correlated well with the levels of interaction between NS5A and the core protein. Alanine
substitutions for the C-terminal serine cluster in domain I11 of NS5A (amino acids 2428, 2430, and 2433)
impaired NS5A basal phosphorylation, leading to a marked decrease in NS5A-core interaction, disturbance of
the subcellular localization of NSSA, and disruption of virion production. Replacing the same serine cluster
with glutamic acid, which mimics the presence of phosphoserines, partially preserved the NS5A-core interac-
tion and virion production, suggesting that phosphorylation of these serine residues is important for virion
production. In addition, we found that the alanine substitutions in the serine cluster suppressed the associ-
ation of the core protein with viral genome RNA, possibly resulting in the inhibition of nucleocapsid assembly.
These results suggest that NS5A plays a key role in regulating the early phase of HCV particle formation by

interacting with core protein and that its C-terminal serine cluster is a determinant of the NS5A-core

interaction,

Hepatitis C virus (HCV) infection is a major public health
problem and is prevalent in about 200 million people world-
wide (27, 40, 42). Current protocols for treating HCV infection
fail to produce a sustained virological response in as many as
half of treated individuals, and many cases progress to chronic
liver disease, including chronic hepatitis, cirrhosis, and hepa-
tocellular carcinoma (15, 31, 35, 43).

HCV is a positive-strand RNA virus classified in the Hepa-
civirus genus within the Flaviviridae family (55). Its approxi-
mately 9.6-kb genome is translated into a single polypeptide of
about 3,000 amino acids (aa), in which the structural proteins
core, El, and E2 reside in the N-terminal region. A crucial
function of core protein is assembly of the viral nucleocapsid.
The amino acid sequence of this protein is well conserved
among different HCV strains compared to other HCV pro-
teins. The nonstructural (NS) proteins NS3-NS5B are consid-
ered to assemble into a membrane-associated HCV RNA rep-
licase complex. NS3 possesses the enzymatic activities of serine
protease and RNA helicase, and NS4A serves as a cofactor for
NS3 protease. NS4B plays a role in the remodeling of host cell
membranes, probably to generate the site for the replicase
assembly. NS5B functions as the RNA-dependent RNA poly-
merase. NS5A is known to play an important but undefined
role in viral RNA replication.
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NS5A is a phosphoprotein that can be found in basally
phosphorylated (56 kDa) and hyperphosphorylated (58 kDa)
forms (49). Comparative sequence analyses and limited prote-
olysis of recombinant NS5A have demonstrated that NS5A is
composed of three domains (52). Domain 1 is relatively con-
served among HCV genotypes compared to domains II and
I11. Analysis of the crystal structure of the conserved domain |
that immediately follows the membrane-anchoring a-helix lo-
calized at the N terminus revealed a dimeric structure (53).
The interface between protein molecules is characterized by a
large, basic groove, which has been proposed as a site of RNA
binding. In fact, its RNA binding property has been demon-
strated biochemically (17). Domains II and 11T of NS5A are far
less understood. Domain I1 contains a region referred to as the
interferon sensitivity determining region, and this region and
its C-terminal 26 residues have been shown to be essential for
interaction with the interferon-induced, double-stranded
RNA-dependent protein kinase (6-10, 38, 39, 48), Domain III
includes a number of potential phosphoacceptor sites and is
most likely involved in basal phosphorylation. This domain
tolerates insertion of large heterologous sequences such as
green fluorescent protein (GFP) and is not required for func-
tion of NS5A in HCV RNA replication (1, 34). However, a
study with the recently established productive HCV cell cul-
ture system using genotype 2a isolate JFH-1 (28, 56, 58) dem-
onstrated that while insertion of GFP within the NS5A region
does not affect RNA replication, it does produce marked de-
creases in the production of infectious virus particles (41). This
suggests that the C-terminal region of NS5A may affect virus
particle production independent of RNA replication. Re-
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cently, Miyanari et al. reported that the association of core
protein with the NS proteins and replication complexes around
lipid droplets (LDs) is critical for producing infectious viruses
(33).

In the present study, we demonstrated that NS5A is a pre-
requisite for HCV particle production via its interaction with
core prolein, and we identified serine residues in the C-termi-
nal region of NS5A that play an important role in virion pro-
duction, Substitution of the serine residues with alanine resi-
dues inhibited not only the interaction of NS5A with core
protein but also HCV RNA-core association and led to a
decrease in HCV particle production with no effect on RNA
replication,

MATERIALS AND METHODS

DNA construction. Plasmids pJFH1, which contains the full-length JFH-1
cDNA downstream of the T7 RNA promoter sequence, and pSGR-JFH1/Lug, in
which the neomycin resistance gene of pSGR-JFHI has been replaced by the
firefly luciferase reporter gene, have been previously described (24, 56). To
generate the fluorochrome gene-tagged full-length JFH-1 plasmid, pIFHU/
NS5A-GFP, the region encompassing the Rsrll site of NSSA and the BsrGl site
of NSSB was amplified by PCR, the amplification product was clomd into
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medium, and 10-ml aliquots were seeded into 100-mm culture dishes. At 72 h
posttransfection, the cells were incubated in 0.5 mi of lysis buffer (20 mM
Tris-HCI [pH 7.4] containing 135 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxychalate, and 10% glycerol) supplemented with 50 mM NaF, § mM
NazVO,, | pg/ml leupeptin, and 1 mM PMSF. After preclearing, the supernatant
was immunoprecipitated with 5 pg of polych anti-NS5A antibody (34a) or
polyclonal anti-C/EBPB antibody (Santa Cruz Biotechnology, Santa Cruz, CA),
and 20 ul of protein G-agarose beads (lnvitrogen). The immunocomplex was
precipitated with the beads by centrifugation at 800 x g for 30 s and then was
washed five times with lysis buffer by centrifugation. The proteins binding to the
beads were boiled in 20 ! of SDS sample buffer and then subjected to SDS-
12.5% polyacrylamide gel electrophoresis (PAGE) The proteins were trans-
ferred onto a polyvinylidene difluoride t bilon; Millipore, Bed-
l'nrd.MA]mdlhm d with a primary antit n:ldl Jary horseradish

d antibody HCImmnmmmpluuw:u visualized with an
ECL Plus Wcm:m Blotting Dateum Srncm (GE Healthcare, Buckingham-
shire, United Kingdom) and detected using an LAS-30(00 imaging analyzer (Fu-
jifilm, Tokyo, Japan).

In vitro synthesis of HCV RNA and RNA transfection. Plasmid DNAs were
dwudwnhxhn]lnduwuiwﬂhmmgbunnmemﬂwm
Ipswich, MA) to the four inal ides, resulting in the correct 3°
end of the HCV ¢DNA. Digested DNAs were purified and used as templates for
RNA synthesis. HCV RNA was synthesized in vitro using a MEGAscript T7 kit
(Ambion, Austin, TX). Synthesized RNA was treated with DNase | (Ambion),
fol.lmdbyacidgumjdinium hiocy phenal-chlorofs extraction to re-
move any lare DNA. Syath i HCV RNAs were used for
elec i T., i Huh-7 cells were washed with Opti-MEM 1 re-

pGEM-T Easy vector (Promega. Madison, WI), and the I U I was
designated pGEM-JFHI/RsrIl-BsrGL. A GFP reporter gene was amplrﬁed by
PCR from pGreen Lantern-1 (Invitrogen, Cnrlslml CA] with primers containing
the Xhol seq and ¥ 1, after i igestion with Xhol, into the
Xhol site of pGEM-JFH1I/Rsrll-BsrGL The resulting plasmid was digested by
Rsrll and BsrGl and ligated into pJFHI similarly digested by RsrIl and BsrGI to
pmdum pIFHl!NSSA-GFP Far ion of the fi h gene-tagged

reporter pl 1, pIFHI/NSSA-GFP was digested by Rsrll and
SnaBI and ligated into pSGR-JFH1/Luc similarly digested by Rsrll and SnaBIL
The mulalm in the NS5A gene were g d by li leotide-directed

duced-serum medium (Invitrogen) and resuspended a1 3 x 10° cells/ml with
Cytomix buffer (54). RNA was mixed with 400 ! of cell suspension and trans-
ferred inte an electroporation cuvette (Precision Universal Cuvettes; Thermo
Hybaid, Middlesex, United Kingdom). Cells were then pulsed at 260 V and 950
wF using a Gene Pulser 11 unit (Bio-Rad, Hercules, CA), Transfected cells were
immediately transferred onto six-well culture plates or 100-mm culture dishes.
bni&ﬂn assay. Cells were harvested at different time points posttransfection
of reporter repli and lysed in passive lysis buffer (Promega). The

lucif activity in cells was determined using a luciferase assay system (Pro-

genesis (57). To ly FLAG-tagged
HCV core protein or ht:manhrlmm [H.M lomd NSS.A. DNA fragments en-
coding core protein or NS5A (wild type or mutants) were generated from 1]::

mega).

Quantification of HCV core protein. HCV core protein in transfected cells or
cell culture supernatants was quantified using a highly sensitive enzyme immu-
y (Ortho HCV antigen ELISA Kit; Ortho Clinical Diagnostics, Tokyo,

full-length JFH-1 cDNA by PCR. The core protein coding seq
with a FLAG sequence linked to its N terminus, was cloned into the pCAGﬂS
vecior (37). The coding sequences of NSSA, together with an HA sequence
linked to their N termini, were llw cloned into pCAOGS vectors, All PCR
products were confirmed by Jeotid g with an ABI Prism
3130 Avant Genetic Analyzer (Applied Biosy Tokyu lapun)

Cells and viruses, The human hepatoma cell line, Huh-7, and JFH1/4-1 cells,
which are Huh-7 cells carrying a subgenomic replicon of JFH-1 (32), \M:m
maintained in Dulbeums mud.tﬁed Eagle's medium (DMEM) I

Japan). To determine Intracellular core protein amounts, cell lysates were pre-
pared as described p ly (41). To d the efficiency of core protein
release, the ratio of extracellular core protein to total core protein (the sum of
intra- and extracellular core protein amounts) was calculated.

Intra- and extracellular infectivity assay. Culture supernatants were harvested
72 h posttransfection, and virus titers were determined by a 50% tissue culture
infectious dose (TCIDy,) assay as described previously (28, 46), Virus titration
was perf i by seeding naive Huh-7 cells in 96-well plates at a density nf l X

with minimal ial amino acids ([mt;ogcn] 100
units/ml of penicillin, 100 pg/ml of streptomycin, and 10% fetal bovine serum
(FBS) at 37°C in a 5% CO, incubator. Huh/c-p7 cells, which are Huh-7 cells
stably expressing the p core 1o p7 derived from the JFH-1 strain (18), were
incubated in DMEM containing 300 ug/ml ofneoun (Invitrogen). HCV particles
derived from JFH-1 were produced by transfection of Huh ?cgllsmth
in vitro transcribed RNA, as described T ly (56, 58). R bi

virus strain DIs, which expresses the bacteriophage T7 RNA polymerase under
the control of the \rlmnla virus earlyflate promoter P7.5, was generated and

ly described (19),

DNA fection, i ipitation (IP), and i blotting. For coex-
pression of FLAG-tagged core protein and HA-tagged NSSA. cells were seeded
onto 35-mm wells of a six-well cell culture plate and cultured overnight. Plasmid
DNAs (2 pg) were transfected into cells using TransIT-LT1 transfection reagent
(Mirus, Madison, WT). Cells were harvested at 48 h posttransfection, washed
three times with 1 ml of ice-cold phosphate-buffered saline (PBS), and sus-
pended in 025 ml lysis buffer (20 mM Tris-HQ [pH 7.4] containing 135 mM
NaQl, 1% Triton X-100, 0.05% sodium dodecyl sulfate [SDS], and 10% glycerol)
supplemented with 50 mM NaF, 5 mM Na,VO,, 1 pg/ml leupeptin, and 1 mM
phenylmethylsulfonyl Auoride (PMSF). Cell lysates were sonicated at 4°C for 5
min, incubated for 30 min at 4°C, mdmmrﬁnpd at 14,000 ngofs min at 4°C.
After preclearing, the sup was ipitated with 10 ! of anti-
FLAG M2-agarose beads (Sigma, St Louis, M(‘J} For expression of the full-
length HCV polyprotein, Huh-7 celis transfected with 10 pg of in vitro tran-
seribed RNAs by el poration were ded in 20 or 30 ml of culture

10° cellsiwell. Samplesm: serially diluted fivefold in complete growth

and used to infect the seeded cells (six wells per dilution). At 72 h after infection,
the inoculated cells were fived and immunostained with a mouse monoclonal
anti-core protein antibody (2H9) (56), followed by an Alexa Fluor 488-conju-
gated anti-mouse mnnunogiohulm G (IgG) (Invitrogen), Wells that showed at
least one core p pi ng cell was 1 as positive. Cell-associated
infectivity was determined mtu]ly as described previously (12, 47). Briefly,
cells were extensively washed with PHS, scraped, and centrifuged for 3 min at
120 x g. Cell pellets were resuspended in 1 ml of DMEM containing 10% FBS
and subjected to four cycles of freezing and thawing using dry ice and a 37°C
wiater bath. Samples were then centrifuged at 2400 % g for 10 min at 4°C to
remove cell debris, and cell-associated infectivity was determined by TCIDs,

Aassay.
Expression of HCY protei ala b solic Jabeling of celh
and radioimmunoprecipitation analysis. Metabolic labeling of cells and radio-

ipitati lysis were perfi xasdewibedmtinange:nl[l'n
with some modifications. A total of 4 x 10° Huh-7 cells were seeded onto each
well of six-well cell culture plates and cultured overnight. A 2-pg amount of
subgenomic replicon DNAs carrying defined NSSA mutations was transfected
into cells using TransIT-LT1 transfection reagent, and at 12 h posttransfection
the cells were then infected at a multiplicity of infection of 10 with recombinant
vaccinia viruses cl‘pmsins the T7 RNA polymerase. After 40 h of transfec-
tion, eells were incubated in methionine- and ine-deficiemt DMEM (In-
vitrogen) or phosphate-deficient DMEM llnwlrogen} for 2 h and labeled for
6 h with [**S]methionine and [*5] (200 pCifwell; GE Healtheare) or
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|*PJorthophosphate (250 pCijwell; GE Healthcare). The cells were then washed
twice with cold PBS and Iysed with SDS lysis buffer (50 mM Tris-HCl [pH 7.6],
0.5% SDS, | mM EDTA, 20 pg/ml of PMSF). The cell lysates were passed
through & 27-gauge needle several times to shear cellular DNA. After a 10-min
incubation at 75°C, the lysates were clarified by centrifugation and diluted five-
fold with HNAET buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, 0.67% bovine
serum albumin, 1 mM EDTA, 0.33% Triton X-100), After preclearing by incu-
bation with 20 pl of protein G-agarose beads for 1 h at 4°C, the supernatant was
incubated with 2 g of rabbit polyclonal anti-NS5A antibody overnight at 4°C. A
20-p! aliquot of protein G agarose beads was further added and incubated for 2 h
at 4°C, The cell pellets were washed three times with 0.5 ml of HNAETS buffer
(HNAET containing 0.5% SDS), followed by washing once with 0.5 ml of HNE
buffer (50 mM HEPES [pH 7.5], 150 mM NaCl and 1| mM EDTA). After
treatment with or without A protein phosphatase (New England Biolabs), the cell
pellets were suspended in 20 ul of SDS sample buffer and boiled for 10 min. The
proteins were resolved on 10% SDS-polyacrylamide gels and analyzed by auto-
radiography.

[ractionati Iysi Aunep;wrecsmcdoutntd"cmmc
presence of a p inhibitor cocktail (Comg Roche, N ly Ger-
many) as described previously (20), with some modifications. Cells were sus-
pended in four cell volumes of homogenization buffer (50 mM NaCl, 10 mM
triethylamine [pH 7.4], | mM EDTA), snap frozen in liquid nitrogen, stored at
—80°C, and thawed in a water bath at room temperature. Supernatants (0.4 ml)
were layered on linear 10-m! jodixanol gradients from 2.5 to 25% and centrifuged
at 37,000 rpm for 3.5 h in an SW41 rotor (Beckman, Fullerion, CA). followed by
collection of 0.8-m! fractions from the top. Each fraction was concentrated by
Centricon YM30( Mllhpon:} scparalud by SDS-PAGE, and immunoblotted with
a rabbit polycional ar 1 dy ( gen Biotechnol _,' Vunum
Canada), & mouse lonal anti-adig diff i d protein
{ADRP) antibody (Progen Biotechnik, Heidelberg, Germany), or a rabbit poly-
clonal anti-NS5A antibody. The core protei in cach fraction was also
determined by linked i rhent assay (ELISA).

IP-RT-PCR. The process of cell lysis to RNA purification was carried out
essentially as described by Johnson et al. (21) with some modifications. A total of
3 x 10" Huh-7 cells were transfected with 10 g of in vitro transcribed HCV
BNAs and resuspended in 20 or 30 ml of culture medium, after which 10-m!
aliquots were seeded into 100-mm culture dishes. At 72 h posttransfection, the
cells were scraped and incubated in 500 pl of hypotonic buffer (10 mM HEPES
[pH 7.6], 1.5 mM MgQl,, 10 mM KCl, 0.2 mM PMSF) per dish. The cells were
passed through a 20-gauge needle several times, lysed with Nonidet P40 at a
final concentration of 1%, and incubated on ice for an additional 10 min. After
centrifugation at 4,000 % g at 4°C for 135 min, glycerol was added to the super-

at a final ation of 5%. The cell lysates were incubated with 20 el
of protein G-agarose beads for 30 min at room temperature, After the cell lysates
were removed from protein G-agarose beads, 5 pg of mouse monoclonal anti-
core protein antibody or normal mouse 1gG (Sigma) as a negative control was
added, and samples were incubated for an additional 1 h at room temperature.
A 20-ul aliquot of protein G-agarose beads per sample was added 1o the cell
Iysates and incubated for 1 h. After incubation, the beads were washed three
times with wash buffer (10 mM Tris-HCl [pH 7.6], 100 mM KC1, § mM Mg(l,,
and 1 mM dithiothreitol} and eluted in 100 pl of elution buffer (50 mM Tris-HCl
[pH 8.0], 1% SDS, and 10 mM EDTA) at 65°C for 10 min. After treatment with
100 g of proteinase K at 1?’(‘ fw 30 min, the RNAs in immunocomplexes were
isolated by acid guanidi phenol-chloroform extraction. Reverse
transcriptase PCR (RT-PCR) was cam:d oul using random hexamer and Su-
perscript 11 RT (Invitrogen), followed by nested PCR with LA Tag DNA poly-
merase (TaKaRa, Shiga, Japan) and primer sets amplifying the fragments of
nucleatides (nt) 129 to 2367 and nt 7267 to 9463 of the JFH-1 genome. To
amplify the fragment of nt 129 to 2367, the sense primer 5'-CTGTGAGGAAC
TACTGTCTT-3' and the antisense primer 5" -TCCACGATGTTCTGGTGAA
G-3" were used for first-round PCR; the sense primer 5-CGGGAGAGCCAT
AGTGG-3' and the antisense primer 5-CATTCCGTGGTAGAGTGCA-3
were used for second-round PCR. To amplify the fragment of nt 7267 to 9463,
the sense primer 5'-GTCCAGGGTGCCCGTTCTGGACT-3' and the antisense
primer §-GOGGCTCACGGACCTTTCAC-3 were used for first-round PCR;
the sense primer $-CACCGTTGCTGGTTGTGCT-3' and the antisense primer
5 -GTGTA(I.'T&GTG‘I'GT(‘CCGCI‘C‘IA -3' were used for second-round PCR.

Indirect i tysis, Cells i d for 3 days after trans-
fection with JFH-1 RNAs were seeded in an eight-well chamber slide (BD
Biosciences, San Jose, CA) and cultured ight. The adh cells were
washed twice with PHS and fixed with 4% paraf Idehyde at room
ture. After a washing step with PBS, t}w cells were p:rmcabllu:d w-nh PBS
containing 0.3% Triton X-100 and 2% FBS for | h at room temperature and
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stained with a rabbit polyclonal anti-NSSA antibody and a mouse monoclonal

ti protein antibody, The fi secondary antibodies were Alexa
Fluor 485- or Alexa Fluor 535-conjug; ti-rabbit or anti 1gG anti-
bodies (Invitrogen). Analyses of JFH-1 were performed on a Zeiss confocal laser
scanning microscope LSM 510 (Carl Zeiss, Oberkochen, Germany),

RESULTS

Mutations of serine residues at the NS5A C terminus impair
basal phosphorylation but have little effect on viral RNA rep-
lication. As demonstrated in a previous study, insertion of GFP
into the NS5A C terminus does not significantly affect viral
RNA replication but reduces the generation of infectious HCV
particles (41). The C-terminal region of NS5A contains highly
conserved serine residues that are involved in basal phosphor-
ylation (1, 23, 49). To examine the involvement of the serine
clusters (cluster 3-A [CL3A] and cluster 3-B [CL3B]) in the
C-terminal region of NS5A in HCV particle production, we
created mutated HCV genomes as well as subgenomic repli-
cons carrying alanine substitutions for the conserved serine
residues at aa 2384, 2388, 2390, and 2391 (residues are num-
bered according to the positions within the original JFH-1
polyprotein) (CL3A/SA); at aa 2428, 2430, and 2433 (CL3B/
SA): or an in-frame deletion spanning aa 2384 to 2433 (A2384-
2433) (Fig. 1). A construct with an in-frame insertion of GFP
(NS5A-GFP) was also generated as described previously for
the Conl isolate (34).

First, we analyzed the effects of the NSSA mutations on
HCV RNA replication using a transient RNA replication assay
using subgenomic luciferase reporter replicons (Fig. 2A) and
found that the serine-to-alanine substitutions (CL3A/SA and
CL3B/SA) did not affect viral RNA replication. NS5A-GFP
and A2384-2433 slightly reduced RNA replication, indicating
that the mutations of the NSSA C terminus tested in this study
do not critically affect RNA replication, which is consistent
with previous reports (1, 34, 51).

Next, the phosphorylation status of the mutated NS5A was
analyzed as described in Materials and Methods (Fig. 2B).
NS5A was isolated from radiolabeled cells by IP and analyzed
either directly by SDS-PAGE or after treatment with A protein
phosphatase. Analysis of **P-radiolabeled proteins revealed
that the CL3A/SA, CL3B/SA, and A2384-2433 mutations re-
sulted in marked reduction of basal phosphorylation (Fig. 2B,
compare lane 1 with lanes 3, 5, and 7 in the top panel). All
“2p.labeled NS5A proteins were sensitive to treatment with
phosphatase (lanes 2, 4, 6, and 8). The possibility that loss of
signal after dephosphorylation was due to contaminating pro-
teases present in the phosphatase preparations can be ruled
out because no degradation of the **S-labeled proteins was
observed (Fig. 2B, bottom panel). These results suggest that
mutations in the C-terminal serine cluster of NS5A impair
basal phosphorylation but have no significant effect on viral
RNA replication.

Effect of mutations introduced into the NS5A C terminus on
the production of infections HCV particles. To analyze HCV
particle production from cells transfected with the in vitro
transeribed viral genomic RNAs, we harvested supernatants
and cells at 4, 24, 48, 72, and 96 h posttransfection and mea-
sured the amounts of core protein. As shown in Fig. 3A, com-
parable amounts of core proteins were detected in all trans-
fected cells 4 h after transfection, reflecting unchanged
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FIG. L. Structures of HCV constructs used in this study. Schematic diagram of the NS5A structure according to Tellinghuisen et al. (52) is
shown in the top panel. The three domains are indicated by white boxes and are separated by trypsin-sensitive regions with presumably low
structural complexity (low-complexity sequence [LCS]). The numbers indicate amino acid residues within the original JFH-1 polyprotein. The
names listed on the left represent full-length HCV constructs, subgenomic reporter replicons, or N-terminally HA-tagged NSSA constructs used
in this study. NS5A-GFP carries a GFP insertion between aa 2394 and 2395 as indicated by a shaded box. CL3A/SA and CL3B/SA carry several
serine-to-alanine substitutions in the NSSA C terminus constructed as described previously (1). HCV constructs from S2428A to $2430/2433A carry
single or double serine-to-alanine substitutions generated by modification of the CL3B/SA construct. The A2384-2433 mutant possesses an
in-frame deletion in the C-terminal region of NSSA. Amino acid substitutions are marked in bold and underlined. N and C represent N terminus

and C terminus, respectively.

transfection efficiencies, and the kinetics of intracellular core
protein levels was similar among transfectants. By contrast,
core protein released from cells transfected either with the
mutated genome of CL3B/SA, A2384-2433, or NSSA-GFP was
more than 10-fold lower than that for the wild-type JFH-1 or
CL3A/SA (Fig. 3B). Figure 3C shows the efficiency of core
protein release from each transfectant, which is expressed as a
percentage of the extracellular core protein level relative to the
amount of total core protein (the sum of intra- and extracel-
lular core protein). Core protein release efficiency with the
wild type and CL3A/SA was 2 1o 13% at 48 to 96 h after
transfection, while only 19 or less of core protein was released
in the cases of CL3B/SA, A2384-2433, and NS5A-GFP strains,

To further investigate production and release of infectious
virus particles, naive Huh-7 cells were infected with culture
supernatants of cells harvested 72 h posttransfection, and in-
fectious virus titers were determined by TCIDs, assay at 72 h
after infection. Figure 3D shows that release of infectious virus
particles from cells transfected with the genome of CL3B/SA
or A2384-2433 mutants was markedly reduced (about 10,000-
fold) compared to that from wild-type- or CL3A/SA-trans-
fected cells (white bars). To examine whether such a decrease
in infectious HCV in the culture supernatants was attributable
to defective virion assembly or impaired release of virions, we
determined cell-associated infectivity (Fig. 3D). Production of

intracellular infectious virions in CL3B/SA- and A2384-2433-
transfected cells was strongly impaired in comparison with that
in wild-type-transfected (—~1,000-fold) and CL3A/SA-trans-
fected (—100-fold) cells. Thus, the results suggest a potential
role for the serine cluster at aa 2428, 2430, and 2433 of NS5A
in assembly of infectious HCV particles. Among the NS5A
mutations tested, CL3B/SA is of particular interest because
this mutation leads to a marked reduction in HCV production
with no impact on viral RNA replication.

Serine residues at an 2428, 2430, and 2433 are important for
the interaction between NS5A and core protein. Miyanari et al,
reported that the association of core protein with NS proteins
is critical for infectious HCV production and that mutations of
the core protein and NS5A that cause these proteins to fail to
associate with each other impair the production of infectious
virus (33). Based on these observations and the findings noted
above, we hypothesize that NS5A plays a key role in recruiting
viral RNA, which is synthesized at the viral replication com-
plex, to nucleocapsid formation via interaction between the
NS5A C-terminal region and the core protein. To prove this,
we analyzed the interaction of NS5A with the core protein by
coimmunoprecipitation experiments. HA-tagged NS5A con-
structs carrying defined mutations were generated (Fig. 1) and
coexpressed with the FLAG-tagged core protein in Huh-7
cells. As shown in Fig. 4A, coimmunoprecipitation of NS5A
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FIG. 2. Mutations at the C terminus of NS5A impair basal phos-
phorylation and have only a minor impact on RNA replication.
(A) Replication of given mutants in transfected Huh-7 cells as deter-
mined by luciferase reporter assays performed at 24, 48, and 72 h
posttransfection (white, gray, and black bars, respectively). Values
given were normalized for transfection efficiency using the luciferase
activity determined 4 h after transfection, which was set to 1. Mean
values of quadruplicate measurements and the standard deviations are
given. (B) Phosphorylation analysis of NS5A using the vaccinia virus
T7 hybrid system. NS3-10-NS5B polyprotein fragments carrying the
mutations specified above the lanes were transfected into Huh-7 cells,
and proteins were radiolabeled with [*Plorthophosphate or [**S]me-
thionine and [**S]cysteine. NSSA proteins were isolated by IP and
separated by SDS-PAGE (10% polyacrylamide). Mock-transfected
cells served as a negative control (lanes 9 and 10). Half of the samples
were treated with A protein phosphatase (A-PPase) (+) whereas the
other half was mock treated (=) prior to SDS-PAGE. Arrows and
asterisks indicate hyperphosphorylated and basally phosphorylated
forms, respectively.

with the core protein was observed in cells expressing the
wild-type NS5A and the CL3A/SA-mutated NS5A, but the
amount of immunoprecipitated NS5A in the CL3A/SA-ex-
pressing cells was slightly lower than that in the wild-type-
expressing cells, In contrast, the CL3B/SA- or the A2384-2433-
mutated NS5A coimmunoprecipitated with the core protein
only slightly or not at all.

We further examined the interaction of NS5A with core
protein in cells expressing HCV genomes. At 72 h posttrans-
fection with the wild type or CL3B/SA, cells were harvested
and immunoprecipitated with an anti-NS5A antibody or an
anti-C/EBP@ antibody as a negative control, followed by
immunoblotting. Under these experimental conditions, the
amount of extracellular core protein released from cells trans-
fected with the CL3B/SA genome was about 10-fold lower than

J. VIROL.

that for the wild type, although comparable amounts of intra-
cellular core protein were observed in both transfectants (Fig.
4B, left panels). As shown in the right panels of Fig. 4B, the
core protein was specifically coimmunoprecipitated with NS5A
in cells expressing the wild-type JFH-1 genome but not with
the mutated NS5A in cells expressing the CL3B/SA genome.
These results demonstrate that NS5A interacts with the core
protein in cells producing infectious particles and that serine
residues at aa 2428, 2430, and 2433 are important to the suc-
cess of this interaction.

Two serine residues among aa 2428, 2430, and 2433 are
responsible for regulating the interaction of NSSA with the
core protein as well as HCV particle production. To further
determine the critical residues in the C-terminal serine cluster
of NS5A responsible for HCV particle production, we replaced
one or two serine residues in the region with alanine (Fig. 1)
and investigated which serine-to-alanine substitution influ-
enced HCV particle production. Core protein levels in cells
transfected with any construct were comparable over 4 days
after transfection, indicating similar efficiencies of transfection
and RNA replication from each construct (data not shown). As
shown in Fig. 5A, we observed a slight delay in the kinetics of
core protein release from cells transfected with the single-
substitution genomes, S2428A, S2430A, and S2433A, up to 48
or 72 h posttransfection. However, core protein release from
these cells reached comparable levels to that for the wild type
at 96 h after transfection. In the cases of the double-substitu-
tion mutants (Fig. 5B), core protein release from cells trans-
fected with the double-substitution genomes was markedly re-
duced, with 10- to 30-fold decreases compared to that for wild
type observed. The kinetics of core protein release were similar
to that for CL3B/SA.

Interaction of NS5A carrying single or double serine-to-
alanine substitutions with the core protein was investigated by
coimmunoprecipitation analysis using HA-tagged NS5A con-
structs. NSSA mutants carrying a single substitution were co-
immunoprecipitated with the core protein (Fig. 5C), while
none of the double-substitution NS5A mutants or the triple-
substitution mutant, CL3B/SA, coimmunoprecipitated with the
core protein (Fig. 5D). These results suggest that at least two
serine residues in the C-terminal serine cluster of NS5A (aa
2428, 2430, and 2433) are necessary for the interaction be-
tween NSSA and the core protein as well as for regulation of
HCV particle production and that there is positive correlation
between their interaction and the amount of core protein re-
leased.

Glutamic acid partially substitutes for serine phosphoryla-
tion in the interaction of NS5A with the core protein and virus
production. A consequence of phosphorylation is the addition of
negative charge to a protein. In some cases, phosphoserine can be
mimicked by glutamic or aspartic acid (14). To determine
whether the introduction of negative charges into aa 2428, 2430,
and 2433 instead of phosphoserines positively regulates the inter-
action of NS5A with the core protein and virus production, we
replaced the serine residues with glutamic acid residues and con-
structed the CL3B/SE and S24282430E mutants (Fig. 6A). Cells
transfected with the double-glutamic acid substitution, S2428/
2430F, exhibited similar kinetics to the wild-type-transfected cells
and released ~22-fold more core protein than S2428/2430A-
transfected cells by 96 h posttransfection (Fig. 6B). In contrast,
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