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Hepatitis C virus (HCV) core protein forms the nucleocapsid of the HCYV particle. Although many functions
of core protein have been reported, how the HCV particle is assembled is not well understood. Here we show
that the nucleocapsid-like particle of HCV is composed of a disulfide-bonded core protein complex (dbe-
complex). We also found that the disulfide-honded dimer of the core protein (dbd-core) is formed at the
endoplasmic reticulum (ER), where the core protein is initially produced and processed. Mutational analysis
revealed that the cysteine residue at amino acid position 128 (Cys128) of the core protein, a highly conserved
residue among almost all reported isolates, is responsible for dbd-core formation and virus-like particle
production but has no effect on the replication of the HCV RNA genome or the several known functions of the
core protein, including RNA binding ability and localization to the lipid droplet. The Cys128 mutant core
protein showed a dominant negative effect in terms of HCV-like particle production. These results suggest that
this disulfide bond is critical for the HCV virion. We also obtained the results that the dbc-complex in the
nucleocapsid-like structure was sensitive to proteinase K but not trypsin digestion, suggesting that the capsid
is built up of a tightly packed structure of the core protein, with its amino (N)-terminal arginine-rich region

being concealed inside.

Hepatitis C virus (HCV) infection is a major cause of
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma,
affecting approximately 200 million people worldwide (13, 29,
44). Current treatment strategics, including interferon coupled
with ribavirin, are not cffective for all patients infected with
HCV. An error-prone replication strategy allows HCV to un-
dergo rapid mutational evolution in response to immune pres-
sure and thus evade adaptive immune responses (10). New
approaches to HCV therapy include the development of spe-
cifically targeted antiviral therapies for hepatitis C (STAT-Cs)
which target such HCV proteins as the nonstructural 3/4A
(NS3/4A), serine protease, and RNA-dependent RNA poly-
merase NS5B proteins (3). Despite the potent antiviral activ-
itics of some of these approaches, many resistant HCV strains
have been reported after treatment with existing STAT-Cs (23,
48, 51). Therefore, identification of new targets that are com-
mon to all HCV strains and that are associated with low mu-
tation rates is an area of active research.

HCV has a 9.6-kb, plus-strand RNA genome composed of a
5" untranslated region (UTR), an open reading frame that
encodes a single polyprotein of about 3,000 amino acids, and a
3’ UTR. The polyprotein is processed by host and viral pro-
teases to produce three structural proteins (the core, envelope
1 |E1}, and E2 proteins) and seven nonstructural proteins (the
p7, NS2, NS3, NS4A, NS4B, NSSA, and NS5B proteins) (14,
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16, 17, 22, 49). The HCV core protein is produced cotransla-
tionally via carboxyl (C)-terminal cleavage to generale an im-
mature core protein, 191 amino acids in length, on the endo-
plasmic reticulum (ER) (16). This protein consists of three
predicted domains: the N-terminal hydrophilic domain (D1),
the C-terminal hydrophobic domain (D2), and the tail domain
(33), which serves as a signal peptide for the E1 protein. DI
includes a number of positively charged amino acids responsi-
ble for viral RNA binding (amino acids 1 to 75) (43) and the
region involved in multimerization of the core protein via ho-
motypic interactions (amino acids 36 to 91 and 82 10 102) (32,
40) (see Fig. S1 in the supplemental material). Hydrophobic
D2 includes the region responsible for core protein associ-
ation with lipid droplets (LDs; amino acids 125 to 144) (7,
18, 37). which accumulate in response to core protein pro-
duction (1, 6).

Many functions of the core protein have been reported (13,
38, 50), vet because infectious HCV particles cannot be appro-
priately produced in currently available experimental systems,
HCV particle assembly has not been elucidated to date. A cell
culture system that reproduces the complete life cycle of HCV
in vitro was developed by Wakita et al. using a cloned HCV
genome (JFH1) (53). Using this system, the assembly of infec-
tious HCV particles was found to occur near LDs and ER-
derived LD-associated membranes (36, 47). Neither the struc-
tures nor the functions of the virus proteins involved in virus
particle assembly are known, however. To ¢lucidate this point,
we have analyzed the biochemical characteristics of the pro-
teins within the fraction containing the HCV particle and
found a disulfide-bonded core protein complex (dbe-complex).
We revealed that the disulfide-bonded dimer of core protein
(dbd-core) was formed by a single cysteine residue at amino
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acid position 128 on the ER. The roles of the disulfide bond of
the core protein in virus-like particle formation are discussed
in this paper.

MATERIALS AND METHODS

Cell culture. Cells of the HuH-7 and HuH-7.5 human hepatoma cell lines were
grown in Dulbeceo’s modified Eagle’s medium (Nacalai Tesque. Kyoto, Japan)
supplemented with 10% fetal bovine serum. 100 U/ml nonessential amino acids
(Invitrogen. Carlsbad. CA). and 100 pg/ml each penicillin and streptomycin
sulfate (Invitrogen).

Antibodies. The antibodics used for immunoblotting and indirect immunofiu-
orescence analysis were specific for core protein (antibody 32-1), FLAG M2
(Sigma-Aldrich, St. Louis, MO), c-myc (Sigma-Aldrich), NSSA protein (CL1),
adipocyte differentiation-related protein (ADRP; StressGen, Victoria. British,
Columbia, Canada), calnexin (Calnexin-NT; StressGen), and glyceraldehvde-3-
phosphate dehydrogenase (GAPDH; Chemicon, Temecula, CA). Antibodies
specific for core protein (antibody 32-1) were a gift from M. Kohara (The Tokyo
Metropolitan Institute of Medical Science, Tokyo. Japan). Rabbit polvclonal
anti-NS5A protein CL1 antibodies have been described previously (36).

Plasmid construction. All plasmids were generated by inserting PCR-ampli-
fied fragments into expression plasmids. The plasmids, primer sequences, tem-
plates for the PCRs. and restriction enzyme sites used to construct the plasmids
are listed in Table S1 in the supplemental material. Plasmids pJFH1Y" (en-
coding the full-length HCV genome with the FLAG epitope in the E2 hyper-
variable region), pJFHIM" (encoding a NSSA mutant of JFH1"'- resulting

. in noninfectious HCV particles), pJFH1""** (encoding a core protein mutant
of JFH1"*"", which allows replication in cells but prevents 1ICV particle pro-
duction). and pcDNA3-core™" (an expression plasmid encoding the full-length
core protein of JFH1) have been described previously (36). Plasmid pJ6/JFH1,
which contains the full-length HCV genome encoding structural proteins from
the I6 strain and nonstructural proteins from the JFHI strain, was kindly pro-
vided by Charles M. Rice (The Rockefelier University. New York, NY).

In vitro transcription. RNA for transfection was synthesized as described
previously (36). In brief. plasmids carrying the HCV RNA sequence were lin-
earized with Xbal and used as templates for in vitro transcription with MEGA-
script T7 (Ambion, Austin, TX).

Transfection. Ten micrograms of JFHIM' JFHICI2A - JFHCIMA,
JEHLCI2VINA JEHIPPAN or JFHAMY and J6/FH1 or JOJFHIAM RNAs
were transfected into HuH-7 and HuH-7.5 cells (1.0 x 107 cells) by electropo-
ration (260 V. 0.95 wF) using a Gene Pulser I1 system (Bio-Rad, Hercules, CA).
Core protein expression plasmids were transfected into HuH-7 cells using Lipo-
fectamine LTX (Invitrogen). according to the manufacturer’s protocol.

HCV particle precipitation. Culture medium from HCV RNA-transfected
cells were concentrated using Amicon Ultra-15 centrifugal filters with Ultracell-
100 membranes (Millipore, Billerica, MA) and mixed with sucrose solution in
phosphate-buffered saline (PBS) to a final sucrose concentration of 2%. This
mixture was ultracentrifuged (100,000 X g, 4°C for 2 h), and the HCV particles
were obtained as a pellet. The pellet was then suspended in culture medium for
infection experiments or PBS for immunoblot analysis.

Indirect immunofiuorescence analysis. Indirect immunofiuorescence analyses
of HCV infection and the cellular localization of the HCV proteins were per-
formed as described previously (36).

Protease protection assay. Concentrated culture medium from JFH1H2'
RNA-transfected HuH-7 cells was fractionated using 20 10 30% sucrose density
gradients, and the HCV RNA titer was measured in quantitative reverse tran-
scription-PCRs (RT-PCRs) as described below. Fractions with high HCV RNA
titers were collected. and JFH1'="" particles were obtained as a pellet after
ultracentrifugation (100,000 x g, 4°C for 2 h). The peilet was suspended in PBS
and treated with 10 pg/ml trypsin or § ug/ml proteinase K in the presence or
absence of 19 Nonidet P-40 (NP-40) at 37°C for 15 min. unless otherwise
indicated. The reaction was quenched by the addition of protease inhibitor
cocktail (Nacalai Tesque), followed by SDS-PAGE under nonreducing condi-
tions and immunoblotting specific for core protein.

Immunoblot analysis. Samples were subjected to SDS-PAGE in sample buffer
(625 mM Tris-HCI [pH 7.8], 1% SDS, 10% glycerol) with or without 5%
B-mercaptocthanol (B-ME) or 50 mM dithiothreitol (DTT) for reducing and
nonreducing conditions, respectively. N-Ethylmaleimide (NEM; Nacalai Tesque)
was added to the sample buffer 10 a final concentration of 5 mM for the indicated
samples. Proteins were transferred to a polyvinylidene difluoride membrane and
blocked in blocking buffer for 1 h at room temperature with gentle agitation.
After incubation with primary antibodies overnight at 4°C. the membrane was
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washed three times for S min in washing buffer at room temperature with gentle
agitation. The membrane was then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 1 h at room temperature. After
three washes in washing buffer, proteins were detected using Western Lightning
reagent (PerkinElmer, Waltham, MA) or ECL Advance (GE Healthcare, Buck-
inghamshire, England) and Kodak MXJB Plus medical X-ray film (Kodak, Roch-
ester, NY) or an LAS-4000 system (Fujifilm, Tokyo, Japan).

Preparation of LDs. 1.Ds were prepared as described previously (36).

Preparation of MMFs. Microsomal membrane fractions (MMFs) were col-
lected as described previously (15) with some modifications. In brief, cells were
collected in homogenization buffer (20 mM Tris-HCl [pH 7.8]. 250 mM sucrose.
and 0.1% ethanol supplemented with protease inhibitor cocktail) and homs
nized on ice using 40 strokes of a Dounce homogenizer. The samples wer
centrifuged at 1,000 x g for 10 min at 4°C. The supernatant was collected in i
new tube and centrifuged again at 16,000 x g for 20 min at 4°C. The supernatant
was further centrifuged at 100,000 x g for 1 h at 4°C. The MMF precipitate was
homogenized in lysis buffer (1% NP-40, 0.1% SDS, 20 mM Tris-HC [pH 8.0].
150 mM NaCl, 1 mM EDTA, and 10% glycerol supplemented with protease
inhibitor cocktail) using a Dounce homogenizer.

gRT-PCR analysis. Quantitative RT-PCR (qRT-PCR) analysis for determi-
nation of the HCV RNA titer was performed as described previously (36).

ELISA specific for core protein. The core protein in culture medium was
quantified using an enzyme-linked immunosorbent assay (ELISA; HCV antigen
ELISA; Ortho-Clinical Diagnostics, Raritan, NJ), according 10 the manufactur-
er’s protocol.

RNA-protein binding precipitation assay. Core™" or core®'**" was translated
in viro from pcDNA3-core™! and peDNA3-core”'2A respectively, using a
TNT-coupled rabbit reticulocyte lysate system (Promega. Madison, WI), accord-
ing to the manufacturer’s protocol. These proteins were incubated with poly(U)
agarose (Sigma) in binding buffer (50 mM HEPES (pH 7.4)~100 mM NaCl-0.1%
NP-40-20 U RNase inhibitor) at 4°C for 2 h with or without RNase A. After five
washes, the resin-bound core proteins were immunoblotied.

RESULTS

The HCV particle contains core protein complex formed by
a disulfide bond. To analyze the core protein of the HCV
particle, we first subjected the concentrated culture medium of
HuH-7 cells transfected with in vitro-transcribed JFH1-2'"
RNA to ultracentrifugation. After the resulting pellet was re-
suspended in culture medium, we confirmed the presence of
infectious HCV particles on the basis of the infectivity of HuH-
7.5 cells (Fig. 1a). The infectious JFH1®*"" particle-containing
pellet was scparated by SDS-PAGE under nonreducing con-
ditions, and immunoblot analysis showed the presence of a
core antibody-reactive protein that was approximately twice
the size of the core protein (38 kDa), in addition to the ex-
pected 19-kDa core protein (Fig. 1b, lane 1). Because treat-
ment with DTT eliminated the larger core protein antibody-
reactive band while the levels of the core protein monomer
increased (Fig. 1b, lanes 2 to 6), the larger protein likely rep-
resented a dbc-complex. This complex was also found in J6/
JFH1-derived particles (see Fig. S2 in the supplemental mate-
rial), indicating that the complex was not specific for
JFH] 1;21’]..

To determine whether the dbc-complex is a component of
the HCV particle, a protease protection assay was performed
using RNase-resistant HCV particles fractionated on the basis
of their buoyant densitics. Concentrated culture medium from
HuH-7 cells transfected with in vitro-transcribed JFH1"2'
RNA was fractionated using a 20 to 50% sucrose density gra-
dient; and JFH1'"" particles, which were presumed 1o con-
tain both infectious and noninfectious particles. were collected
from fractions with high HCV RNA titers using ultracentrifu-
gation (Fig. 2a, fractions 8 to 13). The core protein from the
collected fractions was analyzed by immunoblotting after SDS-
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FI1G. 1. The HCV-like particle consists of a core complex formed
by a disulfide bond. (a) The infectivity of the pellet fraction collected
from concentrated culture medium from JFH1'=" RNA-transfected
HuH-7 cells was analyzed as described in Materials and Methods.
Input indicates the same volume of concentrated culture medium used
to pellet the virus-like particles. (b) Immunoblot analysis of the core
protein in pellets containing JFHIY™™ virus particles treated with
various levels of DTT (lanes 1, 2, 3,4, 5, and 6, 0, 1.56, 3.13, 6.25, 12.5,
and 25 mM DTT, respectively). (¢) Immunoblot analysis of the core
protein in JFH1™" particles collected from sucrose density gradient
fractions with high HCV RNA titers (particle) (Fig. 2a, fractions 8 to
13) and treated with 5 pg/ml proteinase K at 37°C for 15 min in the
presence or absence of 1% NP-40 (right panel). As a positive control,
WCL prepared from JFH1'#'" RNA-transfected HuH-7 cells in lysis
buffer was treated with 5 pg/ml proteinase K at 37°C for 15 min (left
panel). Data are representative of three independent experiments.

PAGE under nonreducing conditions and showed only the
dbc-complex (Fig. 1c, right pancl).

To examine whether the complex contributes to the infec-
tivity of the particles, we analyzed the dbc-complex in the
fractions containing infectious and noninfectious HCV parti-
cles (fractions 9 and 11 of Fig. 2a, filled and open arrowhcads,
respectively). Both the infectious and noninfectious HCV par-
ticle-containing fractions contained the dbe-complex (Fig. 2b).
To confirm this further, a pellet containing particles of mutant
JFH1A"—a mutant of JFH1™'" that primarily produces
noninfectious particles (36)—was analyzed in a similar man-

ner. These dbe-complexes were found in pelleted particles of

both JEHIAMAY and J6/JFH1AY which was a mutant J6/
JFHI with a similar substitution to JEHI™ (sce Fig. 82 in
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FIG. 2. HCV nucleocapsid-like particle consists of core complex.
(a) HCV RNA titer in culture medium separated on a 20 to 50%
sucrose density gradient. Concentrated culture  medium  from
JFH1"™"" RNA-transfected HuH-7 cells were treated with RNase and
separated on a 20 to 50% sucrose density gradient. Fractions 1 to 16
were obtained from the bottom to the top of the tube. respectively. The
HCV RNA titer and infectivity of each fraction were analyzed by
real-time qRT-PCR (for fractions 1 to 16) and counting the number of
cells infected with HCV-like particle detected by immunofiuorescence
(for fractions 3 to 14), respectively, as described in Materials and
Methods. In brief, each fraction was diluted with 1X PBS and HCV-
like particles were collected by ultracentrifugation, and then the pellets
were suspended in culture medium and used for infection. (b) HCV-
like particle collected from the infectious HCV peak (from panel a,
filled arrowhead) and the HCV RNA peak (from panel a, open ar-
rowhead) were collected by ultracentrifugation, subjected to nonre-
ducing SDS-PAGE, and detected by immunoblotting against the core
protein. (¢) HCV-like particles collected from fractions 8 to 13 (a)
were subjected to nonreducing SDS-PAGE in the presence (lane + ) or
absence (lane —) of S mM NEM and analyzed by immunoblotting
against the core protein. Data are representative of two (a, infectivity
of fractions) or three independent experiments.

the supplemental material). These results indicated that the
dbe-complex was present in both the infectious and noninfec-
tious HCV-like particles.

The core protein monomer observed in the pellet samples
(Fig. 1b) may be from the secreted core protein or the debris
of apoptotic cells, because the core protein is known to be
secreted from cells expressing this protein under particular
conditions (42) and strain JFHI is known to cause apoptosis
(43). The dbe-complex-specific signals in the HCV particles
seem to be increased in the NP-40-treated samples for some
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FIG. 3. The core complex is formed at the LD and ER. (a) The LD
fraction and WCL were collected from JFH1"" RNA-transfected
HuH-7 cells on day 5 posttransfection. (upper panel) Immunoblot
analysis of the LD marker ADRP and the ER marker calnexin in the
LD Iraction; (lower panel) immunoblot analysis of the core protein in
the LD fraction treated or not treated with 50 mM DTT. (b) Immu-
noblot analysis of the core protein in the MMF and WCL collected
from JFH1"*""-producing HuH-7 cells on day 5 posttransfection in the
presence or absence of 3% B-ME. Data are representative of those
from three independent experiments.

unknown reason (Fig. Ic, lanes 1 and 2). Although the inter-
molecular disulfide bond is known to be artificially formed in
denaturing SDS-PAGE in the absence of reducing agents, the
dbc-complex was still observed even in the presence of NEM,
which is the alkylating agent for free sulfhydryls, during sample
preparation (Fig. 2¢), indicating that the dbe-complex was nat-
urally present in the virus-like particles.

The HCV nucleocapsid is covered with lipid membranes and
E1 and E2 proteins, making it resistant to proteases. As ex-
pected, in the absence of NP-40, the dbc-complex was resistant
to proteinase K (Fig. lc, lanc 3), whereas proteinase K was
able to digest core protein in whole-ccll lysates (WCLs) col-
lected from JFH1"*'"-transfected HuH-7 cells (Fig. lc, left
panel). Disrupting the envelope structure with NP-40 made the
dbec-complex susceptible to proteinase K treatment (Fig. Ic,
lane 4), indicating that the dbc-complex was indeed a compo-
nent of the HCV particle.

The dbc-complex forms on the ER. To investigate the sub-
cellular site at which the dbe-complex forms, LDs and MMFs
from JFH1"*""" replicating HuH-7 cells were analyzed by im-
munoblotting. We first analyzed the dbc-complex in LDs, be-
cause LDs are involved in infectious HCV particle formation
(36, 47). The purity of the LD fraction was determined using
immunoblot analysis of calnexin and ADRP, ER and LD
marker proteins, respectively (Fig. 3a, upper panel). The core
protein was then analyzed in the LD fraction. As shown in Fig.
3a (lower panel), the dbc-complex was observed in the LD
fraction from JFH1%*'"- RNA-transfected HuH-7 cells. We
next analyzed the core protein in the ER-containing MMF,
becausc the core protein is first translated and processed on
the ER (16). As shown in Fig. 3b, the dbc-complex was ob-
served in the MMF from JFH1%2""- RNA-transfected HuH-7
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FIG. 4. The core complex consists of a core dimer. (a) Schematic of
wild-type, FLAG-tagged (FLAG-core). and Myc-tagged (Myc-core)
core proteins. (b) Immunablot analysis of the core protein in the MMF
collected from HuH-7 cells transfected with combinations of pcDNA3
(vector) and/or core expression plasmids (e.g., encoding core™’,
FLAG-core, and Myc-core), as indicated. The experiment was per-
formed under nonreducing conditions. The lower bands represent core
monomer (marked on the right with a brace). White arrowheads,
bands corresponding to dbd-core; black arrowheads, positions of the
intermediately sized core complex formed by core™! and the tagged
core. Data are representative of those from three independent exper-
iments.

cells. These results suggest that the dbe-complex is first formed
at the ER. To assess the possibility that dbc-complex-contain-
ing HCV particles were also assembled on the ER, the sensi-
tivity of the dbc-complex to protease treatment was analyzed.
The dbe-complex in the MMF was susceptible to protease
treatment in the absence of NP-40, indicating that the dbc-
complex on the ER was not yet part of a HCV particle (data
not shown).

dbc-complex is most likely a disulfide-bonded dimer form of
the core. In order (o examine whether the core protein itself
has the potential to form a dbc-complex, we analyzed the
dbe-complex formation of the full-length wild-type core pro-
tein (core™") expressed from pcDNA3-core™" (36), the ex-
pression plasmid encoding the 191-amino-acid full-length core
protein of JFHI strain. We used this expression plasmid be-
cause the core protein from this plasmid was likely 1o be
processed correctly enough to produce infectious HCV parti-
cles when it was cotransfected with the RNA of JEH19¢* which
is a core protein deletion mutant of JFH1 (36). As a result, the
dbc-complex formation was observed from the MMF of
core™'-expressing cells both in the absence and in the pres-
ence of NEM (Fig. 4b; lanc 2 and data not shown, respec-
tively). We next investigated the effect of the amino acid region
of E1 on the production of the dbc-complex, because it has
been reported that the efficient processing of core protein is
dependent on the presence of some E1 sequence to ensure the
insertion of the signal sequence for E1 in the translocon/mem-
brane machinery (34). The dbe-complex was also observed
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when the core protein was expressed from peDNA3-C-E1/25,
which encodes the fuli-length core protein followed by the
N-terminal 25-amino-acid sequence of El to ensure that the
core protein is processed properly (see Fig. S3a in the supple-
mental material). These data showed that the dbc-complex was
formed by expression of the core protein only in the cells.

Next, we examined the structural components of the dbe-
complex. Because the dbe-complex was twice the size of the
core protein monomer, it was likely dbd-core. So, we investi-
gated whether the core protein molecules with different tags
were able to form the dbd-core. We first generated expression
plasmids encoding core protein with the N-terminal FLAG and
Myc tags (pcDNA3-FLAG-core and pcDNA3-Myc-core, re-
spectively; Fig. 4a). The tagged core proteins were cxpressed ot
coexpressed with core™” in TTuH-7 cclls, and the MMF was
analyzed by immunoblotting. The FLAG or Myec tag shifted
the positions of the monomer and the complex bands (Fig. 4b,
lanes 3 and 4) compared with the position of core™" (Fig. 4b,
lane 2). When core™" was coexpressed with FLAG-core or
Mye-core, the core protein complex of an intermediate size
was observed, in addition to the bands obtained when the
constructs were independently expresscd (Fig. 4b, lanes 5 and
6, filled arrowheads); the intermediate-sized band disappeared
alter treatment with B-ME (see Fig. S3b, lanes 11 and 12, filled
arrows, in the supplemental material), indicating that core™"
and tagged core protein formed a heteromeric disulfide-
bonded dimer. Thesc results demonstrated that the dbe-com-
plex on the ER is a dbd-core. Although we tried to detect the
hetero- or homodimer consisting of the tagged core protein by
using anti-FLAG or anti-Myc antibodies, these dimers were
not detected, possibly because of the lower levels of sensitivity
and specificity of the antibodies compared to those of the
anti-core protein antibody that we used, especially against
epitopes in the dbd-core. The results presented above, coupled
with the similarities of the molecular sizes and sensitivities to
B-ME and DTT, suggested that the dbc-complex in the HCV
particle is most likely a dbd-core.

Core protein Cys128 mediates dbd-core formation. Our re-
sults showed that core protein from JFH1**"" forms a disul-
fide-bonded dimer on the ER. A search for cysteine residucs in
the JFH12¥! core protein identified amino acid positions 128
(Cys128) and 184 (Cys184) (see Fig. Sl in the supplemental
material). These residues are highly conserved in core proteins
from the approximately 2,000 reported HCV strains (HCVdb,
http:/fwww.hcvdb.org/, Hepatitis C Virus Database; http:
j/s2as02.genes.nig.acjp/). To determine which cysteine residue
mediated disulfide bond formation, we generated point muta-
tions in JFH1¥2'" that replaced Cys128 andfor Cys184 with
alanine (Ala) (C128A, C184A, and C128/184A in JFH1<'**%,
JEH1C™™A and JFA1CTI™A - respectively; Fig. 5a). As
shown in Fig, 5b, the core proteins from JFH1<'?** and JFH1*"2¥
1zan failed to form a dbd-core under nonreducing condition,
whereas the core protein from JFH1%'*** formed the dimer,
indicating that Cys128 was the residue responsible. Similar
results were observed when Cys was replaced by serine (Ser)
instead of Ala (see Fig. $5¢ in the supplemental material).
Recently, Majeau et al. reported that the core protein of the
J6/JFH1 strain with Cys128 replacements by Ala or Ser were
unstable in both Pichia pastorts and human hepatoma cell line
HuH-7.5 (31), although we did not detect any noticeable deg-
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radation of the mutant core proteins of strain JFH1 (Fig. 5b;
sce also Fig. S5¢ in the supplemental material). This difference
may have resulted from the difference in sample preparation
methods, as we used the full-length genome of JFH1%**""- strain
bearing the strain JFH] core protein and HuH-7 cells instead
of a core protein-expressing plasmid for the J6 strain and
HuH-7.5 cells.

To exclude the possibility that mutation of Cys128 inhibited
dbd-core formation by creating a conformational change,
Ti127A and GI29A core protein mutants (JFHIT'?7* and
JHF1972A  respectively) were created and examined for their
cffects on dbd-core formation and infectious virus particle pro-
duction. These mutants formed dbd-core, and infectious HCV
particles were detected in the culture medium (see Fig. S4a o
¢ in the supplemental material), supporting an essential role
for Cys128 in dbd-corc and particle formation.

dbd-core contributes to HCV particle production. To exam-
ine the functional roles of dbd-core, infectious HCV particle
production, HCV replication efficiency, colocalization of the
core protein and LDs, and RNA binding of mutant and wild-
type (JEH1%2") core protein were evaluated. Culture medium
from HuH-7 cells transfected with JFH1C'24 or JFH1¢1 21844
RNA contained significantly fewer infectious HCV particles
compared with the numbers obtained with JFHI®*"' or
JFH1C"A RNA (Fig. 3¢). We also found significant decreases
in the levels of HCV RNA and core protein in the culture
medium of HuH-7 cells transfected with JFH1CV™A or
JFH1C12¥18%4A RNA (Fig. 5d and e). Similar results were ob-
served with J6/JFH1 C128A or the C128/184A mulant strain
{(data not shown). To investigate whether these results were
due to suppressed HCV replication, the HCV RNA and pro-
tein levels in cells transfected with mutant RNA were analyzed
using qRT-PCR and immunoblot analyses, respectively. Com-
pared with the results obtained with JFH1%*'", no significant
changes in the cellular HCV RNA titer at days 1, 3, and 5
posttransfection or in the expression of HCV nonstructural
protein NS5A were observed (Fig. 6a and b). This indicated
that substitution of Cysi28 did not significantly affect HCV
RNA genome replication or viral protein production, demon-
strating that the dbd-core functions during HCV particle pro-
duction rather than HCV genome replication. Similar results
werc observed using RNA of JFH1 mutant strain JFH1<'?%,
in which the cysteine at position 128 was replaced by Ser
instead of Ala {see Fig. S5a, b, and d in the supplemental
material).

The subcellular localizations of the core protein and NS5A
protein in HuH-7 cells transfected with HCV RNA were in-
vestigated using indirect immunofuorescence and confocal mi-
croscopy, because recruiting HCV proteins to LDs is an im-
portant step in infectious HCV particle production (36, 47)
and core trafficking to LDs is dependent on signal peptide
peptidase {SPP)-mediated cleavage of the tail region (34, 41).
JFH1'2 mutant core protein and NS3A protcin were effi-
ciently trafficked to LDs, as was observed with wild-type
JHF1%%") (Fig. 6c), suggesting that SPP cleavage and core
protein maturation were not affected by the C128A mutation.
Similar results were obtained with the core proteins derived
from JFH1 % and JFH1Y"2¥1™2 (see Fig. S6 in the supple-
mental material) and also Ser mutant JFH1¢'2% (see Fig. Sein
the supplemental material).
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JFHI" (WT), JFH1¢'2¥ (C128A), JEH1C™A (C184A), or JFH1UI2/MA (C128/184A) RNA. (c) Infectivity of culture medium collected and
concentrated on day S posttransfection from HuH-7 cells transfected with WT, CI128A, CI84A, or C128/184A RNA. (d) Real-time qRT-PCR
analysis of HCV RNA titers in culture medium collected at the indicated time points from HuH-7 cells transfected with WT, C128A, CI84A,
C128/184A, or PP/AA (JFH1"™"*) RNA. (e) ELISAs of core protein levels in culture medium collected at the indicated time points from HuH-7
cells transfected with WT or C128A RNA. Data are representative of those from three independent experiments (b and ¢) or are the means =

standard deviations from three independent experiments (d and e).

Because HCV core protein can bind to RNA, including the
HCV genome, during viral particle assembly (43), we analyzed
RNA binding by the core protein using in vitro-translated
core“" > core™", and poly(U) agarose resin. Core®'2# and
core™" bound similarly 1o the poly(U) resin (Fig. 6d).

dbd-core is important for HCV particle assembly. The mu-
tational analysis of the core protein indicated that core¢2%4
and core™ " similarly localize to LDs, recruit NS proteins to the
LD, and bind to RNA. Morcover, this mutation did not mark-
edly affect HCV genome replication. How does core“ 2% af-
fect the production of HCV particles? An important function
of the core protein is multimerization, which is followed by
capsid construction and packaging of the RNA genome in the
viral particles. We therefore determined whether core®'24
had a dominant negative effect on virus-like particle produc-
tion. Wild-type JFH1"2"" RNA and diffcrent amounts of
JFH1<"*** RNA were cotransfected into HuH-7 cells, and the
HCV RNA titer and infectivity of the virus-like particles in the
culture medium were analyzed. As expected, the HCV RNA
titer in the cells increased with higher levels of transfected
RNA (sce Fig. S7a in the supplemental material). In contrast,
the HCV RNA titer and infcetivity in the culture medium

decreased in a JFH1'%%* RNA dose-dependent manner when
this mutant RNA was cotransfected with wild-type RNA (Fig.
7a, b). This suppressive cffect was not observed when cither
wild-type RNA or core deletion mutant JFH19* RNA was
used instead of mutant RNA in a similar experiment (see Fig,
S7b o e in the supplemental material), indicating that higher
levels of HCV RNA alone did not inhibit HCV particle pro-
duction. Thus, corc“'*** had a dominant negative cffect on
HCV particle production. Together, these results suggest that
dbd-core is involved in the assembly of HCV particles.

The nucleocapsid-like particle of HCV was resistant to tryp-
sin treatment. To further investigate the structure of the HCV
nucleocapsid-like particle most likely formed by dbd-core, we
examined the sensitivity of the particle to trypsin, which cleaves
polypeptides at the C-terminal end of basic residues. Whereas
trypsin digested the core protein in the whole-cell lysates (Fig.
8a, left panel), dbd-core from buoyant density-fractionated
JEH1"?"" particles was resistant to digestion, despite NP-4()
treatment (Fig. 8a, right panel), although it was sensitive to
proteinase K, which has a broad specificity (Fig. 1¢). The N-
terminal hydrophilic domain of the core protein (from residues
6 to 121) contains a number of trypsin cleavage sites (25 sites
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FIG. 6. Site-directed mutagenesis has no cflect on HCV replication. (a) Real-time %RT-PCR analysis of the HCV RNA titer using total

cellular RNA collected at the indicated time points from cells transfected with JFH1!

FL(WT), JFH1CT28A (C128A), JFH1U¥A (C184A),

JFHICPINA (C128/184A). or JFHI"™ M (PPJAA) RNA. (b) Immunoblot analysis of NSSA protein and GAPDH in whole-cell lysate
collected from cells transfected with WT, C128A, C184A, or C128/184A RNA at day 3 posttransfection. (¢) Confocal microscopy of the
subcellular localization of the LD (green), core (blue), NSSA protein (red), and nucleus (4',6-diamidino-2-phenylindole [DAPI]) (gray) in
WT and C128A replicating cclls on day 3 posttransfection. Bars, 10 pm. (d) An RNA-protein binding precipitation assay was performed with
in virro-translated core™' and core" ' using poly(U) agarose as the resin. ~RNase and —RNase, samples with and without RNase
treatment, respectively, as described in Materials and Methods. Input indicates that 1/40 of the amount of translated product was used in
this assay. Data represent the means * standard deviations from three independent experiments (a) or are representative of those from three

independent experiments (b to d).

in strain JHF1) (see Fig. S1 in the supplemental material),
suggesting that the N-terminal domain faces inward and/or
that the conformation prevents protease access. To address
this idea, buoyant density-fractionated JFHI“*'" particles
were treated with trypsin under stricter conditions in the
presence of NP-40. Cleavage of dbd-core by various levels of
trypsin correlated with the appcearance of a shorter molecule
(Fig. 8b, white arrowhead). The shorter molecule was pre-
sumed to be partially digested dbd-core with an intact N-
terminal region because it was recognized by anti-core pro-
tein antibodies, which bind to an epitope located from
amino acids 20 to 40 of the core protein (M. Kohara, The
Tokyo Metropolitan Institute of Medical Science, personal
communication). Thesc results suggest that dbd-core is as-
scmbled into the nucleocapsid-like particle such that most
of the N-terminal domain is inside.

DISCUSSION

In the present study, we have shown that the nucleocapsid-
like particle of HCV most likely contains a dimer of core
protein that is stabilized by a disulfide bond. Mutational anal-
ysis revealed that Cys128 forms a disulfide bond between core
monomers. Several reports have shown that disulfide bonds in
the capsid proteins of some viruses are involved in virus par-
ticle assembly and stabilization of the viral capsid structure (4,
21, 27, 28, 57); these viruses are characterized by icosahedral
nucleocapsids. Because, like these viruses, the HCV virion is
spherical (2, 20), it has been suggested that HCV may contain
a nuclecocapsid with a similar structure (20). We found the
dbc-complex, which is most likely to be the dbd-core in
JFH1""" virus-like particles (Fig. 1c and 8a). The dbd-core in
the capsid structure was digested by proteinase K but not
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FIG. 7. JFHI'*A core inhibits JFH1'?' particle assembly. A
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transfected with the indicated ratio of WT and C128A RNA was
analyzed as described in Materials and Methods. Data represent the
means * standard deviations from three independent experiments (a)
or are representative of those from three independent experiments (b).

trypsin in the presence of NP-40 (Fig. Lc¢ and 8a, lanc 4). The
resistance to trypsin suggested a tight conformation for dbd-
core in the capsid and no exposed trypsin cleavage sites. The
truncated form of dbd-core that was observed under certain
trypsin treatment conditions likely resulted from cleavage in
the C-terminal portion of the protein (e.g., arginine residues at
positions 149 and 156) (see Fig. S1 in the supplemental mate-
rial), although it is possible that the truncation of dbd-core was
due to nonspecific cleavage by trypsin. These results imply that
dbd-core is configured such that the N- and C-terminal ends
are located at the inner and outer surfaces of the capsid,
respectively. Because the N-terminal region of the core protein
includes the RNA binding domain (43), the HCV RNA ge-
nome likely interacts with the core protein as it is packed in the
nucleocapsid. On the other hand, the C-terminal hydrophobic
domain probably faces the lipid membranes to form the enve-

HCV CORE PROTEIN AND VIRUS-LIKE PARTICLE PRODUCTION 9125

a particle
wCL
T ves + -+ NP40
- 4+ trypsin
kpa T o + + trypsin
H a
8- ; 43
; ; [ A - —
34 i 34|
26 2%
: ﬁ ¥ |
| |
1 ! ]
17 - j 17

b 0 10 20 40 trypsin (ug/ml)

kDa
— 2
34 —
26 ~
17 —«} s )

FIG. 8 The nucleocapsid-like particle of JFH1'" is assembled
with the C-terminal region of the core protein on the outer surface. (a)
Immunoblot analysis of the core protein in JFH1**' particles col-
lected from sucrose density gradient fractions with high HCV RNA
titers (particle) (Fig. 2a, {ractions 8 to 13). The fractions were treated
with 10 pg/ml trypsin at 37°C for 15 min in the presence or absence of
1% NP-40 (right panel). As a positive control, WCL prepared from
JFH1""" RNA-transfected HuH-7 cells in lysis buffer was treated with
10 pg/ml trypsin at 37°C for 15 min (left panel). (b) Immunoblot
analysis of the core protein in JFH1"?'" particles collected from su-
crose density gradient fractions with high HCV RNA titers (Fig. 2a,
fractions 8 to 13). The fractions were treated with the indicated con-
centrations of trypsin at 37°C for 10 min in the presence of 1% NP-40.
Open and filled arrows indicate the positions of dbd-core and the
trypsin-digested [ragment, respectively. Data are representative of
those from three independent experiments.

lope structure. Only part of the N-terminal hydrophilic region
of the core protein has been structurally examined using X-ray
crystal structural analysis (35) and structural bioinformatics
and nuclear magnetic resonance analysis (11). Although the
C-terminal half of the core protein has been structurally inves-
tigated by the use of bioinformatics (8), the three-dimensional
structure containing the Cys128 residue is unknown. Thus,
determination of the structure of the core protein in the nu-
cleocapsid containing the Cys128 residue should be required
for understanding the whole structure of this protein in the
virus particles.

Because cotransfection of JFH1<*** RNA with wild-type
JFH1*?"- RNA inhibited particle production in a mutant
RNA dose-dependent manner (Fig. 7a and b), the C128A core
variant clearly inhibited HCV particle formation by wild-type
core protein. Cys128 was also previously reported to be a
residue included in the region important for the production of
infectious HCV (39). This residue is located near the N-ter-
minal end of the hydrophobic region of the core (amino acids
122 10 177) and belongs to the hydrophilic side of an amphi-
pathic helix expected to interact in the plane of the membrane
interface (7). Therefore, it is possible to think that dbd-core
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formation via Cys128 can stabilizc the interaction between the
core protein and the membranes. The N-terminal half of the
core protein (amino acids 1 to 124) reportedly assembles into
nucleocapsid-like particles in the presence of the 5 UTR from
HCV RNA (24), suggesting that some nucleocapsid-like par-
ticles may asscmble via only homotypic interactions from the
core protein. In addition to weak homotypic interactions, the
HCV core protein forms a disulfide bond to stabilize the capsid
structure, thus making dbd-core indispensable in the stable
virus-like particle. We observed that culture medium from
JFH1C'2~ or JFH1C S transfected cells included slight in-
fectivity (Fig. 3¢; see also Fig. 83d in the supplemental mate-
rial). This made us speculate that this mutant may produce
some infective particle-like structure formed by a homotypic
interaction of the core. Such a slight infectivity may have re-
flected the optimized in vitro culture conditions compared with
the in vivo conditions, allowing relatively unstable virus parti-
cles to survive.

A nucleocapsid must be resistant 1o environmental degrada-
tion yet still be able to disassemble after infection. Disulfide
bonds could help with this process by switching between a
stable and unstable virus capsid on the basis of different intra-
cellular and extracellular oxidation conditions (12, 30). During
the virus life cycle, the disulfide bond strengthens the viral
capsid structure and protects the viral genome from oxidative
conditions and cellular nucleases when virus particles are
formed. Upon infection, the disulfide bond may be cleaved
under cytoplasmic reducing conditions, thereby releasing the
viral genome into the cell for replication. HCV may utilize the
core protein disulfide bond in this way as HCV cnters the host
cell via clathrin-mediated endocytosis (5) into a low-pH, en-
dosomal compartment (25, 52); this is presumably followed by
endosomal membrane fusion and release of the viral capsid
into the cytoplasm {38).

Treatment of HCV infection with pegylated interferon in
combination with ribavirin is not effective for all patients. Re-
cently, drugs targeting viral proteins NS3/4A and NS5B have
been examined in clinical trials. Although these drugs are rel-
atively specific, resulting in fewer side effects and potent anti-
viral activity, monotherapy can be complicated by rapidly
emerging resistant variants carrying mutations that reduce
drug efficacy, perhaps due to conformational changes in the
target (23, 48, 51). Therefore, viral proteins that are highly
conserved among strains and those characterized by low mu-
tation rates may be better targets for drug development. Be-
cause the core protein is the most conserved HCV protein and
Cys128 is conserved among almost all HCV strains examined,
drugs that interact with Cys128 and/or the region around or
near this residue will likely show broad-spectrum efficacy to
block stable infectious particle formation. Structural analysis of
dbd-core should aid with the development of new STAT-Cs
that target Cys128 by direct interaction with the sulfide group
and/or region around this residue. Until now and still, the
mechanism of disulfide bond formation of the core protein on
the ER is unknown. Dimerization of the capsid protein by
disulfide bond has been reported in some enveloped viruses (9,
19, 54, 56), although some were shown not 10 be important for
virus particle formation (26, 55). Unlike vaccinia virus (46), no
redox system of its own has been reported for these viruses.
Therefore, further investigations addressing the mechanisms
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underlying dbd-core formation on the ER may reveal a new
mechanism for disulfide bond formation of viral proteins in
infected cells.
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Hepatitis B Virus Replication Could Enhance
Regulatory T Cell Activity by Producing Soluble
Heat Shock Protein 60 From Hepatocytes
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Background. HBcAg-specific regulatory T (T,,,) cells play an important role in the pathogenesis of chronic
hepatitis B. Soluble heat shock proteins, especially soluble heat shock protein 60 (sHSP60), could affect the function
of T, cells via Toll-like receptor.

Methods. 'We analyzed the relationship between soluble heat shock protein production and hepatitis B virus
(HBV) replication with both clinical samples from HBeAg-positive patients with chronic hepatitis B (7 = 24) and
HBeAb-positive patients with chronic hepatitis B (n = 24) and in vitro HBV-replicating hepatocytes. Thereafter,
we examined the biological effects of sHSP60 with isolated T, cells.

Results. The serum levels of sHSP60 in patients with chronic hepatitis B were statistically significantly higher
than those in patients with chronic hepatitis C (P<.01), and the levels of sHSP60 were correlated with the HBV
DNA levels (R = 0.532; P<.001) but not with the alanine aminotransferase levels. Moreover, the levels of sHSP60
in HBV-replicating HepG2 cells were statistically significantly higher than those in control HepG2 cells. Prein-
cubation of CD4* CD25" cells with recombinant HSP60 (1 ng/mL) statistically significantly increased the frequency
of HBcAg-specific interleukin 10-secreting T, cells. The frequency of IL7R™CD4"CD25" cells, the expression of
Toll-like receptor 2, and the suppressive function of T,,, cells had declined during entecavir treatment.

Conclusion. The function of HBcAg-specific T, cells was enhanced by sHSP60 produced from HBV-infected
hepatocytes. Entecavir treatment suppressed the frequency and function of T,,, cells; this might contribute to the
persistence of HBV infection.

Hepatitis B virus (HBV) is a noncytopathic DNA virus ~ ~5% of adults and 95% of neonates who become in-

that causes chronic hepatitis and hepatocellular carci-
noma as well as acute hepatitis and fulminant hepatitis
[1]. HBV now affects more than 400 million people
worldwide [2], and persistent infection develops in
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fected with HBV.

It has been shown that the cellular immune system,
including cytotoxic T lymphocytes, CD4™ T helper 1
cells, and CD4"C25 FoxP3" regulatory T (T,,) cells,
plays a central role in the control of viral infection [3-

reg.

6]. The hyporesponsiveness of HBV-specific T helper
1 cells and the excessive regulatory function of T, cells
in peripheral blood in patients with chronic hepatitis
B has been shown elsewhere [7-10]. Lamivudine treat-
ment of chronic hepatitis B has been reported to restore
both CD4" T cells and cytotoxic T lymphocyte hypo-
responsiveness following the decrease of serum levels
of HBV DNA and HBV-derived Ag [8, 11-13]. In our
previous study, we observed that HBcAg-specific in-
terleukin 10 (IL-10)—secreting T, cells could play an
important role in the immunopathogenesis of chronic
hepatitis B [9].
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Table 1. Clinical Characteristics of Patients with Chronic Hepatitis B or Chronic Hepatitis C

Included in This Study

Patients with chronic hepatitis B

HBeAg-positive, HBeAg-negative, Patients
HBeAb-negative HBeAb-positive with chronic
Characteristic patients patients hepatitis C
Age, years 45.16 (12.46) 48.21 (10.23) 48.63 (7.96)
Sex, no. of patients
Male 12 12 12
Female 12 12 12
ALT level, IU/L 76.91 (39.82) 75.96 (45.90) 76.21 (33.77)
HBV DNA level, log copies/mL 7.83 (0.86) 6.00 (0.81) NA
Genotype, % of patients
A 0 4.17 NA
B 1258 B.33 NA
€ 87.5 87.5 NA

NOTE. Data are mean values (standard deviations), unless otherwise indicated. ALT, alanine aminotransferase;

HBV, hepatitis B virus; NA, not applicable.

Many research groups have reported the possible induc-
tion of anergy by T, cells, which constitutively express CD25
(the interleukin 2 receptor « chain) in the physiological state
[14-16]. In humans, this population of T, cells, as defined
by CD4*CD25"CTLA4" cells, CD4"CD25"FoxP3" cells, or
CD4'CD25'IL7R™ cells, constitutes 5%-10% of peripheral
CD4" T cells and has a broad repertoire that recognizes various
self and nonself antigens. It has been reported that T, cells
have several different mechanisms in suppressing various kinds
of immune cells [17, 18]. The important mechanisms are cell
to cell contact and secretion of cytokines including IL-10 and
transforming growth factor 8 (TGF-f) [19, 20]. HBcAg derived
from HBV might induce T, cells to escape from immunolog-
ical pressure, as reported in persistent infection with Epstein-
Barr virus, hepatitis C virus (HCV), and human immunode-
ficiency virus type 1 [21-23]. Some results have indicated that
reduction of HBV replication could reduce the frequency and/
or function of T, cells in patients with chronic hepatitis B [4,
5, 8]. However, the key factors that affect HBcAg-specific T,
cells in the replication of HBV remain unclear.

The mammalian 60-kDa heat shock protein is a many-fac-
eted molecule. In addition to serving as a chaperone, heat shock
protein 60 (HSP60) is expressed by different types of cells fol-
lowing their exposure to stress or immune responses and is
present in the blood during inflammation [24-27]. Recently,
HSP60 was reported to enhance the function of CD4"CD25"
regulatory T cell function via Toll-like receptor 2 (TLR2) sig-
naling [28].

In this study, we investigated the serum level of HSP60 in
patients with chronic hepatitis B and the relevance of HBcAg-
specific IL-10-secreting T,,, cells and HSP60. We report evi-
dence of the production of soluble HSP60 (sHSP60) from HBV-
replicating hepatocytes, by use of clinical samples from patients

with chronic hepatitis B and an in vitro HBV replication system.
In addition, reductions of CD4*CD25'IL7R™ T,,, cells and TLR2

reg

expression on T, cells were observed during entecavir therapy.

reg
This study could contribute to better understanding of the
immunopathogenesis of chronic hepatitis B and the develop-

ment of immune-based treatment.

MATERIALS AND METHODS

Patients. Forty-eight patients with chronic hepatitis B were
enrolled in this study (Table 1). The patients had serum levels
of HBV DNA of >5.0 log copies/mL and had elevated alanine
aminotransferase (ALT) levels (reference range, <40 IU/L) for
>6 months prior to the study. To focus the analysis on the
active phase of chronic hepatitis B, we excluded asymptomatic
carriers and patients with immune tolerance by age (<30 years
old), ALT values (<40 IU/L), and HBV DNA levels (<5.0 log
copies/mL). Twenty-four patients were seropositive for HBeAg,
and 24 patients were seropositive for anti-HBeAb. None of the
patients tested positive for antibodies to hepatitis C virus or
had liver disease due to other causes, such as alcohol, drugs,
congestive heart failure, and autoimmune disease. Twenty-four
patients with chronic hepatitis C and 10 healthy subjects were
included as control subjects. Permission for the study was ob-
tained from the Ethics Committee at Tohoku University Grad-
uate School of Medicine (permission no. 2006-194]). Written
informed consent was obtained from all the participants en-
rolled in this study. Participants were monitored for 6 months,
and peripheral blood samples were obtained and assessed at 1,
2, 3, and 6 months. At each assessment, patients were evaluated
for serum levels of HBV DNA, HBeAg, and anti-HBe, blood
chemistry, and hematology. Levels of HBsAg, anti-HBs, total
and immunoglobulin anti-HBc, HBeAg, anti-HBe, and anti-
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hepatitis C virus were determined by means of commercial
enzyme immunoassay kits (Abbott Laboratories). Serum levels
of HBV DNA were measured by means of an Amplicor poly-
merase chain reaction (PCR) assay (lower limit of detection,
2.6 log copies/mL; Roche). High titers of HBV DNA were mea-
sured by means of a transcription-mediated amplification-hy-
bridization protection assay (TMA; lower limit of detection,
3.7 log genome equivalents per milliliter). Data were adjusted
by means of the following formula: Amplicor value = 0.83 X
(TMA value) + 0.67.

Reagents. The following antibodies were used: CD3-allo-
phycocyanin (APC), CD4-peridinin chlorophyll protein com-
plex (PerCP), CD25-fluorescein isothiocyanate (FITC), CD25-
phycoerythrin (PE), CD127-PE, Alexa Fluor 488 mouse anti—
human CD282 (TLR2), CD284 (Toll-like receptor 4 [TLR4]),
and isotype-matched control antibodies purchased from BD
Bioscience. Recombinant HBcAg was obtained from Biodesign
International. Recombinant HSP60 (rHSP60) was purchased
from Stressgen.

Quantification of sHSP60 and soluble heat shock protein
70 (sHSP70) levels. Levels of HSP60 and heat shock protein
70 (HSP70) were quantified by use of HSP60 and HSP70 en-
zyme-linked immunosorbent assay (ELISA) kits (Stressgen).
The serum samples from patients and supernatants from cell
cultures were collected at sampling points and stocked at
—20°C. The ELISA procedure was performed according to the
manufacturer’s protocol. First, 100-uL prepared samples were
added to wells of anti-HSP60-coated plates. Then the reaction
of the anti-HSP60 and horseradish peroxidase conjugate was
performed after incubation and washing. Absorbance was mea-
sured at 450 nm. The HSP60 sample concentration was cal-
culated by use of a standard curve.

Isolation of peripheral blood mononuclear cells (PBMCs)
and T,, cells. PBMCs were isolated from fresh heparinized
blood by means of Ficoll-Hypaque density gradient centrifu-
gation. T,,, cells were isolated by use of a Dynabeads regulatory
CD4°CD25" T cell kit (Invitrogen). T,,, cells were isolated ac-
cording to the manufacturer’s protocol. In brief, CD4" cells
were isolated from PBMCs by means of negative selection. The
remaining cells included the PBMCs depleted of CD4" cells.
Then the CD4"CD25" cells were selected positively by use of
CD25" antibody combined with beads. Finally, the beads were
detached by means of Detachabead (Invitrogen), because the
function of T, cells might be modified by anti-CD25 antibody.

Coculture of v-irradiated HBcAg-presenting antigen-pre-
senting cells (APCs) and T, cells. During the isolation of
T, cells, PBMCs depleted of CD4" cells could be obtained for
use as APCs. PBMCs depleted of CD4" cells were stimulated
at 1 X 10° cells/mL in Roswell Park Memorial Institute 1640
medium containing 10% fetal bovine serum with HBcAg (10
wug/mL) for 12 h at 37°C. Then these vy-irradiated cells were

coincubated with 1 X 10° isolated T, cells that were untreated
pretreated with TLR2 and TLR4 neutralizing antibody and
rHSP60 (1 ng/mL) (Figures 1A and 2).

IL-10 secretion assay. Isolated T, cells were stimulated
with HBcAg-presenting autologous y-irradiated APCs for 12 h
at 37°C. IL-10-secreting cells were stained by adding 10 uL of
IL-10-detection antibody (PE-conjugated) together with anti-
CD4-PerCP, anti-CD25-FITC, and anti-CD3-APC.

Flow cytometry. PBMCs were stained with CD3-APC,
CD4-PerCP, CD25-FITC, and CD127-PE antibodies for 15 min
on ice to analyze the frequency of CD4'CD25 IL7R ™ cells. CD4-
PerCP, CD25-PE, and Alexa Fluor 488 mouse anti~human
CD282 (TLR2) or CD284 (TLR4) were used for the analysis
of TLR2 and TLR4 expression on CD4*'CD25" cells. Isotype-
matched control antibodies were used for adjustment of the
fluorescence intensity.

Construction of plasmids. The HBV plasmids was con-
structed as described elsewhere, with minor modifications [29].
In brief, a serum sample from one of the consecutive patients
with fulminant hepatitis B (fulminant hepatitis clone 2), whose
serum level of HBV DNA was the highest of the 5 patients,
was used to extract total DNA (QIAamp DNA blood mini kit;
Qiagen), which was subjected to nested PCR for 2 overlapping
fragments; the amplified fragments were nucleotides 1051—
3215/1-327 (2492 nucleotides; fragment A) and nucleotides
180-1953 (1774 nucleotides; fragment B). Then the vectors
were digested with Xbal, and the Xbal-Xbal site of fragment
A-pUC118 was ligated to the Xbal-Xbal site of fragment B-
pUC118. Finally, a plasmid containing a 1.3-fold HBV genome
(nucleotides 1051-3215/1-1953) was constructed and named
pBFH2.

Cell culture and transfection. Human hepatoma HepG2
cells were incubated in Dulbecco modified Eagle medium sup-
plemented with 10% bovine serum at 37°C and 5% carbon
dioxide. For the assay of HBV replication, 6-well plates were
seeded with 5% 10° HepG2 or Huh7 cells each. On the next
day, 1.5 pg of plasmid DNA were transfected to these cells by
use of TransIT LT-1 transfection reagent (Mirus), and the cul-
ture supernatant and cells were collected 3 d later. The trans-
fection efficiency was evaluated with a Great EscAPe secreted
alkaline phosphatase reporter system 3 (Clontech), in which
10 ng/mL of a reporter plasmid expressing secreted alkaline
phosphatase was cotransfected. Experiments were performed
at least in triplicate.

Quantification of extracellular HBV DNA, HBsAg, and
HBeAg levels. To digest the input plasmid DNA in the culture
supernatant, 5 uL of the supernatant was treated with 5 U of
DNase I (TaKaRa Bio) at 37°C for 1 h, and the reaction was
stopped with edetic acid. Then total DNA was extracted with
a QIAamp DNA blood mini kit, and 10 uL of 200-uL DNA
solution was subjected to real-time PCR by use of a LightCycler
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Figure 1. Effects of heat shock protein 60 (HSPG0) on HBcAg-specific interleukin 10 (IL-10}-secreting regulatory T (T} cells. A, Flow chart of the
methods. B, Representative dot plots of IL-10-secreting cells in the CD4‘CD25 cells. The mixed cells (antigen-presenting cells [APCs; CD47] and
isolated CD4'CD25" cells) were stained with anti-CD4—peridinin chlorophyll protein complex (PerCP), anti-CD25—fluorescein isothiocyanate (FITC), and
anti-IL-10-phycoerythrin (PE). The numbers in each top right quadrant indicate the frequencies of CD25* IL-10-secreting cells among the CD4* cells.
The numbers in each bottom right quadrant indicate the frequencies of CD4°CD25*IL-10" cells among the CD4* cells. The numbers in each box in the
top right quadrant indicate the frequencies of CD25* IL-10-secreting cells among the CD4" cells. C, Representative results for a sample from 1 patient
with chronic hepatitis B (samples were obtained from 3 patients with chronic hepatitis B; this experiment was repeated 3 times). Bars indicate the
percentage of IL-10-secreting cells among the CD4* cells with various kinds of pretreatment. D, Percentage of high—IL-10-secreting cells among the
CD4* cells. Error bars indicate the standard deviation of 3 independent experiments with a sample from 1 patient with chronic hepatitis B. Three
independent experiments yielded similar results to those shown in panels C and 0. *P<.05.

IL10-High secreting Tregs (%)
&

—224—

1102 ‘p1 Aeniga4 uo Ayusiaaun A0 eAobep je Biosipuinolpioxopif woly papeojumoq



This figure is available in its entirety in the online
version of the Journal of Infectious Diseases.

Figure 2. Effect of recombinant heat shock protein 60 (rHSP60) on the
interleukin 10 (IL-10}-secreting activity of CD4*CD25* cells.

system (Roche). ELISA kits were used to assay HBsAg (Hope
Laboratories) and HBeAg (BioChain Institute) in 50 pL of the
culture supernatant.

Sequence analysis of HBV DNA. The presence of HBV
DNA in the serum samples was determined by means of PCR,
as described elsewhere [30]. Nucleic acids were extracted from
100 mL of serum and subjected to nested PCR for the S gene.
The amplification product of the first-round PCR was 461 bp,
and that of the second-round PCR was 437 bp. The amplifi-
cation products were sequenced directly on both strands by use
of the BigDye Terminator Cycle Sequencing Ready reaction kit
on an ABI Prism 3100 genetic analyzer (Applied Biosystems).

Carboxyfluorescein succinimidyl ester (CFSE) staining and
suppression assay. The suppressive activity of regulatory T
cells was analyzed by use of a CellTrace CFSE cell proliferation
kit (Molecular Probes). Staining methods were followed ac-
cording to the manufacturer’s protocol. Briefly, the collected
CD4°CD25" cells were washed and resuspended in prewarmed
phosphate-buffered saline with 0.1% bovine serum albumin at
a final concentration of 3 X 10° cells/mL. CFSE solution (5 pm)
was added and incubated at 37°C for 10 min. Stained cells were
washed 3 times and incubated with unstained CD4*CD25" T,
cells and CD3CD28-coated stimulation beads (T cell expander)
for an additional 3 d. The cells were analyzed by means flow
cytometry with 488-nm excitation and emission filters.

Statistics. The data in Figures 3, 4, 1C, 1D, and 5 were
analyzed by use of the independent 7 test. Statistical correlation
analysis of the data in Figure 6 was performed by use of the
Kendall 7, test. The data in Figure 7 were analyzed by use of
the Wilcoxon rank sum test. All of the statistical analyses were
performed with SPSS software (version 10.0; SPSS). Results for
which P<.05 were considered to be statistically significant.

RESULTS

Levels of sHSP60 and sHSP70 in samples from HBeAg-positive
patients with chronic hepatitis B, HBeAg-negative patients
with chronic hepatitis B, and control patients with chronic
hepatitis C. The patients’ characteristics, including age, sex,
and ALT level, were matched among the different patient groups
because the levels of sHSP60 and sHSP70 might be influenced
by these factors (Table 1). The mean (= standard deviation
[SD]) serum level of sHSP60 was 5.77 = 1.19 ng/mL in HBeAg-
positive patients with chronic hepatitis B, 4.12 + 1.37 ng/mL
in HBeAg-negative patients with chronic hepatitis B, 2.11 =

0.96 ng/mL in patients with chronic hepatitis C, and 0.54 +
0.46 ng/mL in healthy subjects. The levels of sHSP60 in patients
with chronic hepatitis B (HBeAg-positive and HBeAg-negative)
were statistically significantly higher than those in patients with
chronic hepatitis C (Figure 3). On the other hand, the mean
(= SD) serum level of sHSP70 was 7.89 % 3.51 ng/mL in
HBeAg-positive patients with chronic hepatitis B, 7.73 = 3.71
ng/mL in HBeAg-negative patients with chronic hepatitis B,
8.09 + 3.64 ng/mL in patients with chronic hepatitis C, and
3.54 + 0.46 ng/mL in healthy subjects. There were no statis-
tically significant differences in the level of sHSP70 between
the chronic hepatitis B and chronic hepatitis C patient groups
(Figure 3). Then we examined the correlations between the
HSP60, HSP70, and HBV DNA or ALT levels. The levels of
sHSP60 were correlated with the HBV DNA levels (r =
0.532; P<.001) but not with the ALT levels (r = 0.101; P =
.315) (Figures 6A and 6B). On the other hand, the levels of
sHSP70 were correlated with the ALT levels (r = 0.520; P<
.001) but not with the HBV DNA levels (r = 0.076; P< .449)
(Figure 6C and 6D).

HBY replication could directly induce sHSP60 production
in vitro. Two kinds of plasmids carrying a 1.3-fold HBV ge-
nome that could replicate in HepG2 cells were used to analyze
whether HBV replication could affect the production of sHSP60
in culture medium. The transfection efficiency was almost the

(ng/mi) (ng/ml)
sHSP-70

HBeAg+ HBeAb+ CH-C HBeAg+  HBeAb+ CH-C

CH-B CH-B n=24 CH-B CH-B n=24
n=24 n=24 n=24 n=24
e Mean+2SD (Healthy Subjects)

Figure 3. (Quantification of serum levels of heat shock protein 60
(HSP60) and heat shock protein 70 (HSP70) in HBeAg-positive patients
with chronic hepatitis B (CH-B), HBeAb-positive patients with CH-B, and
patients with chronic hepatitis C (CH-C). Serum levels of HSP60 and
HSP70 were quantified by means of enzyme-linked immunosorbent assay.
The bar represents the means of the levels of HSP60 and HSP70. Dotted
lines indicate the mean value plus 2 times the standard deviation (SD)
of the levels of healthy subjects.
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(ng/ml) sHSP60

A
HBsAg (OD) 0.079 0.218 1.135
(SD) (0.004) (0.003) (0.335)
HBV-DNA (Copies/ml) 0.00E+00 1.85E+06 9.36E+07
(SD) {0.00E+00) {2.08E+04) (2.TTE+07)
Mock pBAH2 pBFH2
(ng/ml)
sHSP70
B 35
HBsAg (OD) 0.079 0.219 1.135
(SD) (0.004) (0.003) (0.335)
HBV-DNA (Copies/ml) 0.00E+00 1.85E406 9.36E+07
(SD) (0.00E+00) (2.08E+04) (2.77E+07)
Mock pBAH2 pBFH2
* p<0.05
sHSP60
(ng/mi)
35
* *
r d — d
30
25 :
15 S ) . .
o I I
5
0
pBFH2 pBAH2 Mock
Lam(-) Lam(+) Lam(-) Lam(+) Lam(-) Lam(+)
HBV-DNA 382E408  5.83E+06 366E40.6  441EH04 [ 0
(Copiesimi)
sD 1.02E408  1.12E406 127E40.6  2.29E+04 0 0

Figure 4. Direct effect of hepatitis B virus (HBV) on the production of heat shock protein 60 (HSP60) and heat shock protein 70 (HSP70). Two kinds
of plasmid (pBAH2 and pBFH2) carrying a 1.3-fold HBV genome that could replicate in HepG2 cells and a mock plasmid were used to analyze whether
HBV replication affects the production of soluble HSP60 (sHSPE0) in culture medium. The levels of sHSP60 and soluble HSP70 (sHSP70) were compared
among the 3 plasmid groups. Bars indicate the levels of HSP60 (4) and HSP70 (B). The HBsAg and HBV DNA levels and standard deviations (SDs)
are included below the bar graphs. C, Levels of sHSP6O in cells with and those in cells without lamivudine treatment. The cells were treated with
lamivudine (Lam; 0.5 wmol/L} for 72 h. Three independent experiments were performed.
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CD4+ CD25- cells
(CFSE stained)

CD4+ CD25+ celis
(CFSE unstained)

Chronic Hepatitis B subject-1
CO-culture for 3 Days Incubation (CD3CD28 beads stimulation)

Pre-ETV Post 6mo-ETV
B, 8
1 1
o w° T e fo 1o 3 T 3 o

» CFSE

Treg : Effector=1:1

{MFI of sample / MFI of Pre-ETV x 100)

120

Pre-ETV Post 3mo-ETV

Post 6mo-ETV

Figure 5. Suppression assay of regulatory T (T ) cells. The suppressive
activity of T, cells was analyzed by means of coincubation of unstained
isolated T, cells and autologous CD4*CD25™ cells with carboxyfluorescein
succinimidyl ester (CFSE) staining. A, Representative histogram of CFSE-
stained CD4‘CD25™ effector cells and unstained CD4°CD25° T, cells. B,
Various levels of cell division in CD4*CD25~ effector cells observed 3 d
after coincubation with CD3CD28-coated beads. €, Mean fluorescence
intensity (MFI) of CFSE staining of CD4*CD25™ cells before treatment, 3
months after the start of entecavir (ETV) treatment, and 6 months after
the start of entecavir treatment. The bars show the MFI of the samples
divided by the MFI of the pretreatment samples X100. The error bars
indicate the standard deviations of the data.

same among the different plasmids (data not shown). The mean
(£ SD) HBV DNA levels of pBAH2 and pBFH2 were
1.85 X 10° + 2.08 X 10* and 9.36 X 107 = 2.77 X 10" copies/
mL, respectively. The levels of sHSP60 in the supernatant of
the pBAH2- and pBFH2-transfected HepG2 cells were statis-
tically significantly higher than that of the mock-transfected
HepG2 cells (P<.05) (Figure 4A). However, the levels of

sHSP70 in the supernatant of the pBAH2- and pBFH2-trans-
fected HepG2 cells were comparable with that of the mock-
transfected HepG2 cells (Figure 4B). The addition of HBV-
derived antigen in the culture supernatant could not increase
the level of sHSP60 (data not shown). We performed the ex-
periment on the suppression of HBV replication by nucleoside
analogues in vitro. The suppression of HBV replication could
statistically significantly reduce the production of sHSP60 (Fig-
ure 4C). These data indicate that HBV replication could in-
crease the level of sHSP60 in the supernatant of the hepato-
cyte culture.

The effect of HSP60 on the HBcAg-specific IL-10-secreting
T, cells. Previously, we found that HBcAg-specific IL-10-
secreting cells could play an important role in the hyporespon-
siveness of T cells in patients with chronic hepatitis B [9]. The
effects of HSP60 on HBcAg-specific IL-10-secreting T, cells
were analyzed. The appropriate dose of rHSP60 pretreatment
was determined by use of PBMCs from healthy subjects (Figure
2). Pretreatment with rHSP60 could increase the frequency of
HBcAg-specific IL-10-secreting cells statistically significantly
(P<.01) and enhance the function of IL-10 secretion of
HBcAg-specific T, cells, because the frequencies of high-in-
tensity cells with IL-10 staining in HSP60 pretreatment T, cells
were statistically significantly higher than those of control
groups (Figure 1D). Moreover, these effects were completely
blocked by neutralizing TLR2 antibody but not by TLR4 an-
tibody. These data indicate that HSP60 might enhance the sus-
ceptibility and function of IL-10 secretion of HBcAg-specific
T, cells.

Sequential analysis of clinical samples collected during en-
tecavir therapy. Ten patients were selected for sequential anal-
ysis during entecavir therapy. The titers of HBV DNA and the
AILT level rapidly decreased during entecavir therapy (Fig-
ures 7A and 7B). The serum levels of HSP60 had statistically
significantly decreased at 3 months and at 6 months after the
start of entecavir therapy. The frequency of T, cells and
the expression level of TLR2 during entecavir treatment
were quantified sequentially for up to 6 months during treat-
ment by means of flow cytometry analysis. The frequency of
CD4°CD25" cells decreased, although not statistically signifi-
cantly. On the other hand, the frequency of CD4*CD25"IL7R™
cells (subpopulation of CD4*CD25" cells) had statistically sig-
nificantly decreased at 3 months and at 6 months after the start
of entecavir therapy. The reason for the discrepancy could be
that CD4"CD25" cells included not only T, cells but also ac-
tivated CD4" effector cells. Previously, some research groups
had found that CD4"CD25*FoxP3" cells are almost the same
as CD4"CD25'IL7R™ cells. Therefore, our data indicate that
entecavir therapy could reduce the frequency of T, cells. We
also investigated the frequency of CD4"CD25"FoxP3™ cells
during lamivudine therapy (Figure 8). The frequency of
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Figure 6. Analysis of the correlations between levels of heat shock proteins (HSPs), hepatitis B virus (HBV) DNA, and alanine aminotransferase
(ALT). Open symbols indicate the values in samples from HBeAg-negative, HBeAb-positive patients. Filled symbols indicate the values in samples from
HBeAg-positive, HBeAb-negative patients. The statistical analysis was performed by use of nonparametric Kendall 7, methods. An approximately
straight line is included in each graph. A, Correlation between heat shock protein 60 (HSPE0) level and HBV DNA level. B, Correlation between HSP60
level and ALT level. C, Correlation between heat shock protein 70 (HSP70) level and HBV DNA level. D, Correlation between HSP70 level and ALT
level.
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