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has been developed (37, 38, 66, 71). In this study, by using the
virus infection system, we examined the possible effect of HCV
infection on the fate of the host cell. We report here that HCV
infection induces apoptosis via the mitochondrion-mediated
pathway, as demonstrated by the increased accumulation of
the proapoptotic protein Bax on the mitochondria, decreased
mitochondrial transmembrane potential, and mitochondrial
swelling, which result in the release of cytochrome ¢ from the
mitochondria and the activation of caspase 3.

MATERIALS AND METHODS

Cells. The Huh7.5 cell line (6), a highly HCV-susceptible subdlone of Huh?
cells, was » kind gift from C. M. Rice, Center for the Study of Hepatitis C, The
Rockeleller University. The cells were propagated in Dulbeceo's modified Eagle
medium supplemented with 10% heat-inactivated fetal bovine serum and 0.1
mM nonessential amino acids.

Virus. The virus stock used in this study was prepared as described balow, The
pFL-J&IFHI plasmid, encoding the entire viral genome of a chimeric strain of
HCV genotype 2a, J&TFH1 (37), was kindly provided by C. M. Rice. The plasmid
was linearized by Xbal digestion and in vitro transcribed by using T7 RiboMAX
(Promega, Madison, WT) to generate the full-length viral genomic RNA. The in
vitro-transcribed RNA (10 ug) was transfeced into Huh?5 cells by means of
clearoporation (975 pF, m V) using Gene Pulser (Bio-Rad, Hercules, CA).
The cells were then cultured m di and the supermnatant was
propagated m an original viru (JEJH{l-pnng: 1 [J&IFH1-P1]). Since the

fectious titer of the original virus was not high enough for infection of all the
cells in the culture at once, an adapted strain of the virus was obtained by
passaging the virus-infocted colls 47 times. The adapted virus (JG/JFH1-P4T),
which is a pool of adapted 10 amino acid mutations
(KT8E, T396A, T416A, N534H, A?IZV YBS2H, WBTIR, F2281L, M_x?ﬁl..
and T2025A) and a single nudeotid in the 5" lated region
(U146A) and produces a much higher titer of infectivity in Huh7.5 cell cultures
than the original J&JFHI-P! (our unpublished data). Virus infection was per-
formed at & multiplicity of infection of 2.0. Culture supematants of uninfected
wusmunmﬂ{m&mhl}

Virus infectivity was d by i fl lysis, a4
ibed below, and exy d as unite/mi.

Cell viabilityproiferation assay. Hii? 5 cells were seeded in 96-well plates at

a density of 1.0 x 10° and ight. The cells were then

infected with the virus or the mock preparation, and, at different time points, cell
vhb!ity{pmtitmr.iou wis nmmm by the WST-1 assay (Roche, Marnheim,
G as described previously (43).
JJ 4 ¥
Dﬂuﬂwdmﬂulnﬂudoyuolwuhwumdbym&;nm
i of
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for 5 min, and then mixed with reagent C The nudei and unbroken cells were
removed by centrifugation at 700 x g for 10 min at £°C, and the supematant was
m.mnmmumwewummwnsm xg!urlimn
at 4°C. The pellet obtained, which was ich
mvﬁmmmmcmm:.mmmmm
Tﬂl—HU {pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and a protease

cktail. The 1 P wmmulmx
ghiﬂmll‘&mh It P {lected a3 a oy
fraction.
To veiify ful mitochondsial fractionation, the eytosolic and mitod
drial fractions were amalyzed by & it ,u‘—"‘hbwm

mntibody against Tim23, a mitochondrion-specific p
mumwmmmw
1 was d by flow opt v using the cationic
lipophilic green lmudum:hudmelﬂ{Rhnlﬂ.Shn.S&lmh.MO)
as described previously (43). Bricfly, cells (7 % 10°) were harvested, washed twice
with phosphate-buffered saline (PBS), and incubated with Rho123 (0.5 pg/ml) st
37°C for 25 min. The cells were then washed twice with PBS, and Rhol123
intensity was anadyzed by a flow cyrometer (Becton Dickinson, San Jose, CA). A
mulomommmapumhhnhummmum
were d by calcul ic mean for each hustogram peak.
Detection ol'nnrphdodni ehnw of the mitochondria. Mitochondrial mor-
phology was analyzed by two different methods. (i) For fluorescence micros-
copy, Huh7.5 cells seeded on glass coverslips in a 24.well plate were incu.
bated for 30 min at 37°C with 100 nM MitoTracker (Molecular Probes,
Eugene, OR).Aftﬂbdn;qud wice with PBS, the cells were fived with

3.7% paral dehyde and ob d under & confocal laser ng mi
:rmmpu(&dlem."“ kochen, G ¥). When needed, the fixed cells
wore yubj 110 ind flu 1o confirm HCV infection, as

described below. (if) Electron microscopy was performed as described pre-
viously (13, 43). In briel, cells were fixed with 4% paraformaldchyde and 0.2%
glutaraldehyde for 30 min at room temperature. After being washed with
PBS, the cells were collected, dehydrated in a series of 70%, 80%, and 90%
ethanol, embedded in LR White resin (London Resin, Berkshire, United
mdm)wkquu-mrnl!dmtomlwmhpuwm
After ultrathin ples were etched in 3% H,O; for 5 min at
mmtempermudwuhedwuhm Sections were atained with uranyl
acetate and lead citrate and observed under a transmission electron micro-
wopo(JEM IZWEK. JOEL Tekyo, Japan).

Det of ide. Cells seeded on glass coverslips in a
ummmmwmsmmxmmmm-)u
JT'CinrlenAﬂmheh;wulndﬂhumHuh balanced salt solution
with and ium (Invitrogen, Carlsbad, CA), the cells were fixed
wh!'.‘%pullwmllddwmd bserved under focal laser
mme(&dlﬁu}.%nnwﬂwﬁmdmmmmb}modmm

1o confirm HCV mf a5 described below,
Indirect | fl Cells seeded on glass coverslips in a 24-well

Death Detection ELISA™* kit (Roche), which i based on the &
i inted DNA frag g to the fi r's
pmtoeul Inbmfunﬂsmllumdmn%wullphlzwmﬂmmhwﬂzw:cgior
10 min at 4°C to remove the supematant. After the cells were lysed with lysis
buffer, the plate was centrifuged at 200 = g for 10 min to separate the cytoplasmic
and nuclear fractions. Twenty microliters of supematant was placed in cach well
of a streptavidin-coated 96-well plate. Subsequently, a mixture of biotin-labeled
anti-histone antibody and peroxidase-labeled anti- DNA antibody was added and
wells were incubated for 2 h at room temperature. After wells were washed three
times Lo remove the unbound components, peroxidase activitics were determined
photometrically with 2,2"-azino-diethyl-benzthiazolin sulfonate as a substrate
and measured by using a microplate reader (Bio-Rad).
Cllpnmumlﬂklﬂidﬂu.&cdvﬂbdﬁpﬂﬂ!.&wdﬂmmnd
wwmm.&ﬂgm(‘ ) g 1o
mmhbﬁ.nwwww 8019
substrate, which consists of aminoluciferin (substrate for luciferase) and the
tetrapeptide sequence DEVD, LETD, or LEHD (cleavage site for caspase 3/7, 8,
or 9, respectively), was added to cultured cells in each well of a 96-well plate, and
mep!nummhudrurmmhmmmmhmmﬂ

plate st a density of 6 % 10* cella/well were infected with HCV or left uninfected.
At different time points afier virus infection, the cells were fived with 3.7%
paraformaldehyde in PBS for 15 min at room temperature and permeabilized in
0.1% Triton X-100 in PBS for 15 min at room temperature, After being washed
with FBS twice, cells were consecutively stained with primary and secondary
antibodies. Primary antibodies used were anti-active caspase 3 rabbit polycional

ibody (Promega) and an HCV-infected patient's serum. Secondary antibodies
used were Cy3-conjugated donkey anti-rabbit immunoglobulin G (IgG; Chemi-
con, Temecula, G)Mmﬁuurwpdmhmml,ﬁ(m
ular Probes), and fi (FITC)-conjugated goat anti-human
wmvmsw}mummmmrm.mmm
with Hoechst 33342 solution (Molecular Probes) at room temperature for 10
min, mounted on glass slides, and observed under a confocal laser scanning

microscope (Carl Zeiss), The specificity of this ining firmed by
using mouse monodlonal antibody against HCV core protein (C7-50; Abcam,
Tokyo, Japan).

To analyze the possible | of the 4 Bax on mitochondrial

mmhnnu, cells were incubated with H.iloTrl:kar and subjected to immu-

e analysis using rabbit p | antibody against activated Bax
fy: Upstate, Lake Plund. NY) This uﬂhody Id:lncud lmrd

caspase 37, 8, or 9, iferin was lib h‘.lnlhﬂ !
substance and utilized as a sub for the lucifs The It (NT antit
luminescence in relative light units was d by using a Lumi INR

AB-2100 (Atto, Tokyo, Japan).

Ntotmnlledduultozlolﬂlthm" inal
mmnr-ndspnaﬁn[lyrmgmuﬂnmhefamu!ﬂu,mvhutdm
is 1 in to apoptotic stimuli (64).

Cell fractionation. Cells were fractionated by using | isol
kit (Pierce, Rockford, IL}, mmmhmtwmmm
2 % 107 eells were harvested and suspended in reagent A containing a protesse
inhibitor cocktail (Roche). The cell suspension was mixed with buffer B, vortesed

lmuwhlm; Cells were lysed in a buffer containing 10 mM Tris- HQ
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 15 NP-40, and a protease inhibitor
cocktail (Roche). After two frocze-thaw cycles, cell debris was removed by
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FIG. 1. HCV infection induces apoptosis in Huh7.5 cells. (A) Virus infectivity in the culture supernatants of HCV-infected cells. (B) Detection
of HCV antigens in the cells. Huh7.5 cells mock inoculated or inoculated with HCV were subjected to indirect immunofluorescence analysis to
detect HCV antigens (red staining) using an HCV-infected patient’s serum and Alexa Fluor 594-conjugated goat anti-human IgG at 2, 4, and 6
days postinfection (dpi). Nuclei were counterstained with Hoechst 33342 (blue staining). Scale bar, 50 pm. (C) Cell viability/proliferation was
measured for HCV-infected cultures and the mock-inoculated controls, Proliferation of the control cells at day 0 postinfection was arbitrarily
expressed as 1.0. Data represent means = standard deviations (SD) of three independent experiments. *, P < 0.01, compared with the control
(D) DNA fragmentation was measured as an index of apoptotic cell death for HCV-infected cultures and the mock-inoculated controls. DNA
fragmentation of the control cells at 4 days postinfection was arbitrarily expressed as 1.0. Data represent means = SD of three independent

experiments. *, P < 0.01, compared with the control.

centrifugation. Protein quantification was carried out using a bicinchoninic
acid protein assay kit (Pierce). Equal amounts of soluble proteins (41020 ug)
were subjected to sodium dodecy] sulfate-polyacrylamids gel clectrophoresis
and transferred onto a polyvinylidene diffuoride membrane (Millipore, Bed-
ford, MA), which was then incubated with the respective primary antibody.
The primary antibodies used were mouse monodonal antibodies against
aytochrome ¢ (A-8; Santa Cruz Biotechnology, Santa Cruz, CA), HCV NS3
(Chemicon), Tim23, Bax and Bdl-2 (BD Biosciences Pharmingen, San Diego,
CA): rabbit polyclonal antibodies against Bak (Upstate), caspase 3, and
PARP (Cell Signaling Technology, Danvers, MA); and goat polyclonal anti-
bodies against glucose-regulated protein 78 (GRP78) and GRP94 (Santa
Cruz Biotechnology). Horseradish peroxidase-conjugated goat anti-mouse
18G (MBL), goat anti-rabbit IgG (Bio-Rad), and donkey anti-goat 18G (Santa
Cruz Biotechnology) were used as secondary antibodies. In some experi-
ments, a commercial kit that facilitates the antigen-antibody reaction (Can
Get Signal; Toyobo, Osaka, Japan) was used to obtain stronger signals. The
respective protein bands were visualized by means of an enhanced chemilu-
minescence (GE Healthcare, Buckinghamshire, United Kingdom), and the
intensity of each band was quantified by using NIH Image 1. Protein loading
was nommalized by probing with goat antibody against actin (Santa Cruz
Hiotechnology) as a primary antibody.

Statistical analysis. The two-tailed Student ¢ test was applied to evaluate the
statistical significance of differences measured from the data sets. A P value
of <0.05 was considered statistically significant.

RESULTS

HCV infection induces caspase 3-dependent apoptosis in
Huh7.5 cells. We first examined virus growth in Huh7.5 cells.
HCV grew efficiently in the culture, and virus titers in the
supernatant reached a plateau level at 2 days postinfection
(Fig. 1A). Immunofluorescence analysis revealed that >95%
of the cells were infected with HCV on the same day (Fig. 1B).
To examine the possible impact of HCV infection on the cells,
we measured the cell viability/proliferation at 0, 2, 4, and 6 days
postinfection. As shown in Fig. 1C, the proliferation of HCV-
infected cells was significantly slower than that of the mock-
infected control. Similar results were obtained when the pa-
rental Huh7 cells were used for HCV infection (data not
shown). The observed delay in cell proliferation was associated
with an increase in cell death, seen as cell rounding and float-
ing in the culture (data not shown) and in cellular DNA frag-
mentation (Fig. 1D). As DNA fragmentation is a hallmark of
apoptosis, our data suggest that HCV infection induces apop-
tosis in Huh7.5 cells.

—1580—



10378 DENG ET AL

The J6/JFH1-P47 strain of HCV used in this study possesses
adaptive mutations compared to the original strain (J6/JFH1-
P1). Therefore, we compared the impacts of the two strains on
cell viability/proliferation and DNA fragmentation. While both
strains caused inhibition of cell proliferation and an increase in
DNA fragmentation, J6/JFH1-P47 appeared to exert a stron-
ger cytopathic effect than J6/JFH-P1 (data not shown).

To further verify that HCV infection induces apoptotic cell
death, we analyzed caspase 3 activities in HCV-infected
Huh7.5 cells and the mock-infected control. As shown in Fig.
2A, caspase 3 activities in HCV-infected cells increased to
levels that were 2.2, 6.0, and 12 times higher than that in the
control cells at 2, 4, and 6 days postinfection, respectively. We
also examined HCV-induced caspase 3 activation by immuno-
blot analysis. Activation of caspase 3 requires proteolytic pro-
cessing of its inactive proenzyme into the active 17-kDa and
12-kDa subunit proteins. The anti-caspase 3 antibody used in
this analysis recognizes 35-kDa procaspase 3 and the 17-kDa
subunit protein. At 6 days postinfection, activated caspase 3
was detected in HCV-infected cells but not in the mock-in-
fected control (Fig. 2B, second row from the top). Analysis of
the death substrate PARP, which is a key substrate for active
caspase 3 (61), also demonstrated that the uncleaved PARP
(116 kDa) was proteolytically cleaved to generate the 89-kDa
fragment in HCV-infected cells but not in the mock-infected
control (Fig. 2B, third row). Cleavage of PARP facilitates
cellular disassembly and serves as a marker of cells undergoing
apoptosis (44).

In order to further confirm these observations, indirect im-
munofinorescence staining was performed by using an anti-
active caspase 3 antibody that specifically recognizes the newly
exposed C terminus of the 17-kDa fragment of caspase 3 but
not the inactive precursor form. As shown in Fig. 2C, the
activated form of caspase 3 was clearly observed in HCV-
infected cells but not in the mock-infected control at 6 days
postinfection. The activation of caspase 3 was observed also at
4 days postinfection (data not shown). We found that caspase
3 activation was detectable in 12% and 21% of HCV antigen-
positive cells at 4 and 6 days postinfection, respectively,
whereas it was detectable only minimally in mock-infected cells
at the same time points (Fig. 2D). These results strongly sug-
gest that HCV-induced cell death is caused by caspase 3-de-
pendent apoptosis. We also observed nuclear translocation of
active caspase 3 in HCV-infected cells (Fig. 2E). This result is
consistent with previous reports (28, 70) that activated caspasc
3 s located not only in the cytoplasm but also in the nuclei of
apoptotic cells. Concomitantly, nuclear condensation and
shrinkage were clearly observed in the caspase 3-activated
cells. As the activation and nuclear translocation of caspase 3
occur before the appearance of the nuclear change, not all
caspase 3-activated cells exhibited the typical nuclear changes.
Taken together, these results indicate that HCV-induced apop-
tosis is associated with activation and nuclear translocation of
caspase 3.

HCV infection induces the activation of the proapoptotic
protein Bax. The proteins of the Bel-2 family are known to
directly regulate mitochondrial membrane permeability and
induction of apoptosis (63). Therefore, we examined the ex-
pression levels of proapoptotic proteins, such as Bax and Bak,
and antiapoptotic protein Bel-2 in HCV-infected Huh7.5 cells

J. ViroL.

and the mock-infected control. The result showed that expres-
sion levels of Bak or Bel-2 did not differ significantly between
HCV-infected cells and the control. Interestingly, however,
Bax accumulated on the mitochondria in HCV-infected cells to
a larger extent than in the mock-infected control (Fig. 3A),
with the average amount of mitochondrion-associated Bax in
HCV-infected cells being 2.7 times larger than that in the
control cells at 6 days postinfection (Fig. 3B).

In response to apoptotic stimuli, Bax undergoes a confor-
mational change 1o expose its N and C termini, which facili-
tates translocation of the protein to the mitochondrial outer
membrane (32). Thus, the conformational change of Bax rep-
resents a key step for its activation and subsequent apoptosis.
We therefore investigated the possible conformational change
of Bax in HCV-infected cells by using a conformation-specific
NT antibody that specifically recognizes the Bax protein with
an exposed N terminus. As shown in Fig. 3C, Bax staining with
the conformation-specific NT antibody was readily detectable
in HCV-infected cells at 6 days postinfection whereas there
was no detectable staining with the same antibody in the mock-
infected control. Moreover, the activated Bax was shown to be
colocalized with MitoTracker, a marker for mitochondria, in
HCV-infected cells. The conformational change of Bax was
observed in 109 and 15% of HCV-infected cells at 4 and 6
days postinfection, respectively (Fig. 3D). This result was con-
sistent with what was observed for caspase 3 activation in
HCV-infected cells (Fig. 2D). Taken together, these results
suggest that HCV infection triggers conformational change
and mitochondrial accumulation of Bax, which lead 1o the
activation of the mitochondrial apoptotic pathway.

HCV infection induces the disruption of the mitochondrial
transmembrane potential, release of eylochrome ¢ from mito-
chondria, and activation of caspase 9. The accumulation of
Bax on the mitochondria is known to decrease the mitochon-
drial transmembrane potential and increase its permeability,
which result in the release of cytochrome ¢ and other key
molecules from the mitochondria to the eytoplasm to activate
caspase 9. Therefore, we examined the possible effect of
HCV infection on mitochondrial transmembrane potential
in Huh75 cells. Disruption of the mitochondrial transmem-
brane potential was indicated by decreased Rhol23 retention
and, hence, decreased fluorescence, As shown in Fig. 4, HCV-
infected cells showed ~50% and ~~70% reductions in Rho123
fiuorescence intensity compared with the mock-infected con-
trol at 4 and 6 days postinfection, respectively.

Recent studies have indicated that loss of mitochondrial
membrane potential leads to mitochondrial swelling, which is
often associated with cell injury (27, 50). Also, we and other
investigators have reported that HCV NS4A (43), core (53),
and p7 (22) target mitochondria. We therefore analyzed the
effect of HCV infection on mitochondrial morphology. Con-
focal fluorescence microscopic analysis using MitoTracker re-
vealed that mitochondria began to undergo morphological
changes at 4 days postinfection and that approximately 40% of
HCV-infected cells exhibited mitochondrial swelling and/or
aggregation compared with the mock-infected control at 6 days
postinfection (Fig. SA and B). It should also be noted that
mitochondrial swelling and/or aggregation was seen in a region
different from the “membranous web,” where the HCV repli-
cation complexes accumulate to show stronger expression of
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FIG. 2. HCV infection activates caspase 3 in Huh7.5 cells. (A) Caspase 3 activities in cells infected with HCV and mock-infected controls. The caspase
3 activity of the control cells at day 0 postinfection was arbitrarily expressed as 1.0. =, P < 0.05; , P < 0.01 (compared with the control). Data represent
means = standard deviations (SD) of three independent experiments. (B) Immunoblot analysis to detect the activated form of caspase 3 (—17 kDa) and
cleavage product of PARP (~85 kDa) in HCV-infected cells and the mock-infected control at 2, 4, and 6 days postinfection (dpi). Huh7.5 cells treated
with actinomycin D (ActD; 50 ng/ml) for 30 h served as a positive control. Amounts of actin were measured as an internal control to verify an equal
amount of sample loading. (C) Huh7.5 cells infected with HCV or mock infected were subjected to indirect immunofluorescence analysis at 6 dpi. Cells
treated with ActD (50 ng/ml) for 30 h served as a pesitive control. After fixation and permeabilization, the cells were incubated with anti-active caspase
3 rabbit polyclonal antibody followed by Cy3-labeled donkey anti-rabbit IgG (top) and with an HCV-infected patient’s serum followed by FITC-labeled
goat anti-human IgG (middle). The cells were then stained with Hoechst 33342 for the nuclei (bottom). Scale bar, 20 pm. (D)) Quantification of active
caspase 3-expressing cells. The percentages of cells expressing active caspase 3 were determined for HCV-infected cultures and mock-infected controls.
Data represent means = SD of three independent experiments. +, P < 0.05, compared with the control. (E) Nuclear translocation of active caspase 3
in HCV-infected cells. Subcellular localization of active caspase 3 in HCV-infected cells was examined by indirect immunofluorescence analysis at 6 days
postinfection as described in the legend for panel C. Scale bar, 5 um.
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FIG. 3. HCV infection induces Bax activation in Huh7.5 cells.
(A) Accumulation of Bax on the mitochondria in HCV-infected
Huh7.5 cells. Cytosolic and mitochondrial fractions as well as whole-
cell lysates were prepared from HCV-infected cells and the mock-
infected control at 6 days postinfection and analyzed by immunoblot-
ting using antibodies against Bax, Bak, Bel-2, NS3, Tim23, and actin.
Amounts of Tim23, a mitochondrion-specific protein, were measured
to verify equal amounts of mitochondrial {ractions. Amounts of actin
were measured to verify equal amounts of whole-cell Iysates and cy-
tosolic fractions. (B) The intensities of the bands of mitochondrion-
associated Bax in HCV.infected cells and the mock-infected control
were quantified. The intensity of the mock-infected control was arbi-
trarily expressed as 1.0, Data represent means = standard deviations
(SD) of three independent experiments. #, P < 0.01, compared with
the control. (C) Conformational change of Bax in HCV-infected cells.
Huh7.5 cells infected with HCV and the mock-infected control were
subjected to indirect i fluorescence analysis at 6 days postinfec-
tion. After incubation with MitoTracker (middle row), the cells were
incubated with an antibody specific for the N terminus of Bax (NT
antibody), followed by Alexa Fluor 488-labeled goat anti-rabbit IgG
(top row). Merged images are shown on the bottom. Scale bar, 10 um.
(D) Quantification of activated Bax-positive cells. The percentages of
cells expressing activated Bax were determined for HCV-infected cul-
tures and the mock-infected control. Data represent means = SD of
three independent experiments. +, P < 0.01, compared with the
control.

HCV antigens. This observation implies the possibility that an
indirect effect(s) of HCV infection, in addition to a direct effect
of an HCV protein, as observed for NS3/4A (43), is involved in
mitochondrial swelling and/or aggregation.

1. ViroL.

Electron microscopic analysis also demonstrated swelling
and structural alterations of mitochondria in HCV-infected
cells, whereas mitochondria remained intact in the mock-in-
fected control (Fig. 5C). This result suggests a detrimental
effect of HCV infection on the volume homeostasis and
morphology of mitochondria and is consistent with previous
observations that liver tissues from HCV-infected patients
showed morphological changes in mitochondria (3).

Mitwochondrial swelling and the morphological change of
mitochondrial cristae are associated with cytochrome ¢ release
(27, 54). We then examined the effect of HCV infection on
cytochrome ¢ release in Huh7.5 cells. The result clearly dem-
onstrated cytochrome ¢ release from the mitochondria to the
cytoplasm in HCV-infected cells but not in the mock-infected
control (Fig. 6A). The release of cytochrome ¢ from mitochon-
dria is known to induce activation of caspase 9 (31). We then
analyzed caspase 9 activities in the cells. As shown in Fig. 6B,
caspase 9 activities in HCV-infected cells increased to levels
that were ca. five times higher than that in the control cells at
4 and 6 days postinfection.

HCYV infection induces a marginal degree of caspase 8 acti-
vation. In addition to the mitochondrial death (intrinsic) path-
way described above, the extrinsic cell death pathway, which is
initiated by the TNF family members and mediated by acti-
vated caspase 8§ (31, 62), is also the focus of attention in the
study of apoptosis. Therefore, we examined caspase 8 activities
in HCV-infected cells and the mock-infected control. As
shown in Fig. 6C, caspase 8 activities in HCV-infected cells
increased to a level that was ca. two times higher than that in
the control cells at 4 and 6 days postinfection. This increase
was much smaller than that observed for caspase 9 activation
(Fig. 6B).

HCY infection induces increased production of mitochon-
drial reactive oxygen species (ROS). The production of ROS,
such as superoxide, by mitochondria is the major cause of
cellular oxidative stress (8), and a possible link between ROS
production and Bax activation has been reported (18, 42),
Therefore, we next examined the mitochondrial ROS produc-
tion in HCV- and mock-infected cells by using MitoSOX, a
fluorescent probe specific for superoxide that selectively accu-
mulates in the mitochondrial compartment. As shown in Fig.
TA and B, approximately 25% of HCV-infected cells displayed
a much higher signal than did the mock-infected control.
This result suggests that oxidative stress is induced by HCV
infection.

HCYV infection does not induce ER stress. It is well known
that HCV nonstructural proteins form the replication complex
on the endoplasmic reticulum (ER) membrane (4, 19, 39, 46).
It was recently reported that HCV infection (55) as well as the
transfection of the full-length HCV replicon (17) and the ex-
pression of the entire HCV polyprotein (14) induced an ER
stress response, Therefore, we tested whether HCV infection
in our system induces ER stress. We adopted increased expres-
sion of GRP78 and GRP94 as indicators of ER stress (34) and,
as a positive control, used tunicamycin to induce ER stress (20,
25). As had been expected, the expression levels of GRP78 and
GRP% were markedly increased in Huh7.5 cells when cells
were treated with tunicamycin for 48 h (Fig. 8, right). On the
other hand, HCV infection did not alter expression levels of
GRP78 or GRP% at 2, 4, or 6 days postinfection compared

—1583—



VoL. 82, 2008 HCV INDUCES MITOCHONDRION-MEDIATED APOPTOSIS 10381
A 4 dpi 8 dpi
g
e g
8 8
' 33
81 8
o =
109 10! 10° e 1of w1 we 100 1t
FLI1H . FLI-H
Rho123  __ NoStaiming  Rno 123
— HCv
B
100y 100 3.
g 80 1 8 80
e | 1
60 60
ES 40 T 40 1
§ =
S g 20
0 0 :
Mock HCV Mock HCV
4 dpi G dpi

FIG. 4. HCV infection induces disruption of

the mitochondrial transmembrane potential in Huh7.5 cells. (A) Huh7.5 cells infected with HCV

and the mock-infected control were stained with Rho123 and subjected to flow cytometric analysis to measure the mitochondrial transmembrane

potential at 4 and 6 days postinfection (dpi). The red and

black lines represent Rho123 staining of HCV-infected cells and the mock-infected

control, respectively. The green profiles represent staining of the cells with PBS alone. (B) Mean fluorescence intensities of HCV-infected cells

and the mock-infected control at 4 and 6 dpi. Data represent means
+, P < 0.01 (compared with the control).

with those for the mock-infected control (Fig. 8). This result
suggests that ER stress, if there is any, is marginal and does not
play an important role in HCV-induced apoptosis in Huh7.5
cells.

DISCUSSION

The mitochondrion is an important organelle for cell sur-
vival and death and plays 2 crucial role in regulating apoptosis.
An increasing body of evidence suggests that apoptosis occurs
in the livers of HCV-infected patients (1, 2, 9) and that HCV-
associated apoptosis involves, at least partly, a mitochondrion-
mediated pathway (2). In those clinical settings, however, it is
not clear whether apoptosis is mediated by host immune re-
sponses through the activity of cytotoxic T lymphocytes or
whether it is mediated directly by HCV replication and/or
protein expression itself. In experimental settings, ectopic ex-
pression of HCV core (13, 36), E2 (12), and NS4A (43) has
been shown to induce mitochondrion-mediated apoptosis in
cultured cells. However, these observations need to be verified
in the context of virus replication. The recent development of
an efficient HCV infection system in cell culture (37, 66, 71)
has allowed us to investigate whether HCV replication directly

+ standard deviations (SD) of three independent experiments. #, P <005

causes apoptosis. In the present study, we have demonstrated
that HCV infection induces Bax-triggered, mitochondrion-
mediated, caspase 3-dependent apoptosis, as evidenced by
increased accumulation of Bax on mitochondria and its con-
formational change (Fig. 3), decreased mitochondrial trans-
membrane potential (Fig. 4), and mitochondrial swelling (Fig.
5), which lead to the release of cytochrome ¢ from the mito-
chondria (Fig. 6A) and subsequent activation of caspase 9 and
caspase 3 (Fig. 6B and 2, respectively).

We also observed increased production of mitochondrial
superoxide in HCV-infected cells (Fig. 7). This result is con-
sistent with previous observations that expression of the entire
HCYV polyprotein (47) or HCV replication (60) enhanced pro-
duction of ROS, including superoxide, through deregulation of
mitochondrial calcium homeostasis. ROS, which are produced
through the mitochondrial respiratory chain (8), were reported
to trigger conformational change, dimerization, and mitochon-
drial translocation of Bax (18, 42). It is likely, therefore, that
activation of Bax in HCV-infected cells is mediated, at least
partly, through increased production of ROS in the mitochon-
dria. Kim et al. (29) reported that ROS is a potent activator of
¢-Jun N-terminal protein kinase, which can phosphorylate Bax,
leading to its activation and mitochondrial translocation. In
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FIG. 5. HCV infection induces mitochondrial morphology changes in Huh

cells. (A) Fluorescence microscopy analysis. Mitochondrial

morphologies of HCV-infected cells and the mock-infected control at 6 days postinfection were examined by confocal microscopy. The cells were
directly incubated with MitoTracker (upper row) and then stained for HCV antigens by using an HCV-infected patient’s serum, followed by
FITC-labeled goat anti-human IgG (bottom row). Scale bar, 5 pm. (B) Quantification of swollen mitochondtion-positive cells. The percentages
of cells exhibiting swollen and/or aggregated mitochondria were determined for HCV-infected cultures and the mock-infected control. Data
represent means = standard deviations of three independent experiments. «, P < (.01, compared with the control. (C) Electron microscopic
analysis. Mitochondrial morphologies of HCV-infected cells and the mock-infected control at 6 days postinfection were examined by electron

microscopy. Arrows indicate mitochondria. Scale bar, 1 um

this connection, HCV core protein has been shown to play a
role in generating mitochondrial ROS (30). It was also re-
ported that HCV core protein bound to the 14-3-3¢ protein to
dissociate Bax from the Bax/14-3-3¢ complex, thereby promot-
ing the Bax translocation to the mitochondria (36).

In addition to the caspase 9 activation that is mediated
through the mitochondrial death (intrinsic) pat hway, caspase 8
activation was scen in HCV-infected cells, though to a lesser
extent (Fig. 6B and C), Caspase 8§ is a key component of the
extrinsic death pathway initiated by the TNF family members
(31, 62). This pathway involves death receptors, such as Fas,
TNF receptor, and TNF-related apoptosis-inducing ligand
(TRAIL) receptors, which transduce signals to induce apopto-
sis upon binding to their respective ligands (52). In HCV-

infected patients, the Fas-mediated signal pathway is involved
in apoptosis of virus-infected hepatocytes (24). It was also
reported that HCV (JFH]1 strain) infection induced apoptosis
through a TRAIL-mediated pathway in LH86 cells (72). On
the other hand, a caspase 9-mediated activation of caspase 8,
which is considered a cross talk between the intrinsic and the
extrinsic death pathways, in certain cell systems was also re-
ported (10, 11, 65). Whether the observed caspase 8 activation
in HCV-infected cells was mediated through the extrinsic
death pathway initiated by a cytokine(s) produced in the cul-
ture or whether it was mediated through the cross talk between
the intrinsic and the extrinsic death pathways awaits further
investigation. In this connection, activated caspase 8 is known
to cleave the proapoptotic protein Bid to generate the Bid
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FIG. 6, HCV infection induces cytochrome c release and caspase 9
activation in Huh7.5 cells. (A) Cytochrome ¢ release. Mitochondrial
and cytosolic fractions were prepared from HCV-infected cells and the
mock-infected control at 6 days postinfection and analyzed by immu-
noblotting using antibodies against cytochrome ¢, Tim23, NS3, and
actin. Can Get Signal (Toyobo, Osaka, Japan) was used to obtain
stronger signals for cytochrome c. Amounts of Tim23 and actin were
measured to verify equal amounts of mitochondrial and cytosolic frac-
tions, respectively. Also, Tim23 was used to show successful separation
of mitochondria, (B) Caspase 9 activation. Caspase 9 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 9 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means + standard deviations (SD) of three independent experiments.
«, P < 0.05, compared with the control. (C) HCV infection induces a
marginal degree of caspase 8 activation. Caspase 8 activities in cells
infected with HCV and mock-infected controls were measured at 0, 2,
4, and 6 days postinfection. The caspase 8 activity of the control cells
at day 0 postinfection was arbitrarily expressed as 1.0. Data represent
means = SD of three independent experiments. #, P < 0.05, compared
with the control.

cleavage product truncated Bid (1Bid), which facilitates the
activation of Bax (63, 68). Under our experimental conditions,
however, tBid was barely detected in HCV-infected cells even
at 6 days postinfection (data not shown). It is thus likely that
caspase 8 activation is marginal and is not the primary cause of
Bax activation in our experimental system.

HCV protein expression and HCV RNA replication take
place primarily in the ER or an ER-like membranous structure
(39, 46). Like other members of the family Flaviviridae, such as
dengue virus (69), Japanese encephalitis virus (69), West Nile
virus (41), and bovine viral diarrhea virus (26), HCV has been
reported to induce ER stress in the host cells (5, 14,17, 55, 60).
ER stress is triggered by perturbations in normal ER function,
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FIG. 7. HCV infection induces increased production of mitochon-
drial superoxide in Huh7.5 cells. (A) Mitochondrial superoxide pro-
duction in HCV-infected cells and the mock-infected control was ex-
amined at 6 days postinfection. Cells were directly incubated with
MitoSOX (upper row) and then stained for HCV antigens by using an
HCV-infected patient’s serum, followed by FITC-labeled goat anti-
human IpG (bottom row). Scale bar, 10 pm. (B) Quantification
of MitoSOX-stained cells. The percentages of cells stained with
MitoSOX were determined for HCV-infected cultures and the mock-
infected control. Data represent means = standard deviations of three
independent experiments. =, P < 0,05, compared with the control

Mock HCV

such as the accumulation of unfolded or misfolded proteins in
the lumen. On the other hand, in response to ER stress, the un-
folded protein response (UPR) is activated to alleviate the ER
stress by stimulating protein folding and degradation in the ER
as well as by inhibiting protein synthesis (7). The UPR of the
host cell is disadvantageous for progeny virus production and
may therefore be considered an antiviral host cell response. It
was reported that, to counteract the disadvantageous UPR so
as to maintain viral protein synthesis, HCV RNA replication
suppressed the IRE1-XBP1 pathway, which is responsible for
protein degradation upon UPR (59). Also, HCV E2 was shown
to inhibit the double-stranded RNA-activated protein kinase-
like ER-resident kinase (PERK), which attenuates protein syn-
thesis during ER stress by phosphorylating the alpha subunit of
eukaryotic translation initiation factor 2 (45). It is reasonable,
therefore, to assume that HCV-infected cells may not neces-
sarily exhibit typical responses to ER stress. In fact, our results
revealed that HCV infection in Huh7.5 cells did not enhance

2 dpi 4 dpi 6 dpi ™
Mock HCV Mock HCV Mock HCV =~ — +

- — o=
GRPo4 > O | — -

N‘.‘tll‘l—brr'_ —_— |
CEaR = = )

FIG. 8. HCV infection does not induce ER stress in Huh7.5 cells.
Huh7.5 cells infected with HCV and mock-infected controls were
harvested at 2, 4, and 6 days postinfection (dpi), and the whole-cell
lysates were subjected to immunoblot analysis using antibodies against
GRP78, GRP94, NS3, and actin. Amounts of actin were measured to
verify equal amounts of sample loading. Huh7.5 cells treated with
tunicamycin (TM; 5 pg/ml) for 48 h served as a positive control.

GRP78
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expression of GRP78 and GRP94, which are ER stress-in-
duced chaperone proteins (Fig. 8). Our result thus implies the
possibility that ER stress is not crucially involved in HCV-
induced apoptosis in Huh7.5 cells. Taking advantage of this
phenomenon, we could demonstrate that an ER stress-inde-
pendent, mitochondrion-mediated pathway plays an important
role in HCV-induced apoptosis. In this connection, Korenaga
et al. (30) reported that HCV core protein increased ROS
production in isolated mitochondria, independently of ER
stress, by selectively inhibiting electron transport complex [
activity.

In this study, we observed that increased ROS production,
Bax activation, and caspase 3 activation were detectable in
approximately 15% to 25% of HCV antigen-positive Huh7.5cells
al 6 days postinfection (Fig. 7B, 3D, and 2D, respectively). On
the other hand, >90% of the cells in the cultures were con-
firmed positive for HCV antigens (Fig. 1B). These results im-
ply the possibility that HCV establishes persistent infection in
Huh7.5 cells, with a minor fraction of virus-infected cells be-
ginning to undergo apoptosis after a prolonged period of time.
Alternatively, it is possible that Huh75 cells, though being
derived from a cell line (6), are a mixture of two sublineages,
with one sublineage being apoptosis prone and the other
apoptosis resistant. To test the latter possibility, further cloning
of Huh7.5 cells is now under way in our laboratory.

In conclusion, our present results collectively suggest that
HCYV infection induces apoptosis through a Bax-triggered, mi-
tochondrion-mediated, caspase 3-dependent pathway.
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1b &gy 4 VA REEE C BMBYER £33 % PEG IFNo-2b/Y) /SEY ¥
HR (PFA#RE) ORE

& FA" HEK M Bk 5 & B
a0 %E EF LT EE W0 Bo 6BE
KR FE W BT TE ER H ER

BE bR Y A VA CHBMEF£D 65 R (WHE) 23 % (THER 694 &) & 65 @A
W (FERRE) 52 45 (PR 535 @) 2 MRS IFNa2b/") /S E Y » SFME % s L 7e.
FERE L W RMEF 375% (6/16), 304% (7/23), FMMEE 50% (20/40), 231% (12/
52) THEZIXA (. HCV I 7THERDE, 25ASEHEELHEMICHAEETRO LI 1
BB TIREDAIEEY I L THEEO AFP i A EICEMTSH o722 (P<O01).
BTIREY EENEMLTEMNET AFPHIRAECET LTS (PR 101 £955ng/
ml, #TRS518:452ng/ml (P<005)), iA#IZE D BEHAWAS 26 EATEEFEL L
his EoT, BBHICBLTIR, ALAFPDEBELL2VHETHoTHEROTRNFEET
Ha.
RE|HE -

1b B A LA Sk C RUBIERFER  PEGIFNe-2b/Y) 25y ¥ FARE

WHE  REHW  AFP

# =B

C HERFRIFEECHEICLRT2ERLEET
H5. ifE, CHEBMEHEOBKIEAEETHIY, £
Pk o TIPS & WL 2 EMcH h, FFHETF
REMITIEORMRIZ-2TWE?. —%, #YLIFN
HRIZ L ) C BB RoBs L ShEHiciH bR
Hhil FREETETELLZEWREAT:SY,
CHRF&DY ) ¥4 FizowTwild, BRizBWTiE
70% A 1bEIT, AN D 30% A2, 2bBTHE. 1b
BoO3L, T0% M4 L AROBRETHE. 2L

1) BEVEMRENLER

2) WEPIHE Mk ER R

3) NETIE MBI E A

1) RPAZEXZERENRY

5) KM EAAL Y ¥ -5

6) WLL#ibsF

) ESAENLERAR

8) RFKEAFEREREN TG
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1l EEY A NAROEFRIZHE LT, %0 IFN it
ML 10% L TFTORVWEDELPL AL S 2ho 5

IFN #&#o##, 3% b5 PEG IFNa-2b/1) 2y ¥
it (PR 1L BB A VARBEIZBVTY
50~60% DRV HHEL L ALLTWA, 27 1b
By A L ARBEICHT 5 ZORBRECENTS,
4 ¥ A) ZIEHBY, FRPE, FFaEoRARE
W, W, otk WREZ CTEDEMEMEI
H5Y, LAL., 1bBEY 1 v ARMEE C SHBENT
HIEHTIHRAMEIIMLTEONYSE, HhicEmT
AETF. RURSBHMORE R

SOREMEED S S —20 MM AL PEG IFNa-2b
BHI LA ARAE, 24BE, nIRRSOBIERC
MAT, V25 »5ic L a0l E oA E
ok, EhbUERELBVWTTOMEROLD
LHEBOREELZERICLTWAZELTH IV A
FODRTE, SWrE, PREGOMIES TV €
=T 1b EE Y A v ARWEE C BRI T2
HEMEORREINET ENTHRU EOBBED
EF % 65 RAMDEM L KB L.
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Table 1 Host-dependent, virus relsted profile in the Elderly and Non-Elderly

group

group Elderly group  Non-Elderly group  Pwvalue
Gender (M/F) 10/6 2317 0.73
IFN treatment (retrial/naive) 49 22/17 0.11
HCV RNA level (KIU/mL) 2069+ 1380 1727 + 1581 035
HCYV core antigen (fmol/L) 11058 + 13549 7256+ 7634 0.10
AST (IU/L) 404=194 463337 0.96
ALT (IU/L) 398199 529+380 0.39
Hb (g/dL) 13.7+139 139+ 165 093
WEC (/uL) 5302210 458119 028
PLT (100/uL) 165645 156+4.93 077
AFP (ng/mL) 10,1 £955 120299 0.30
HOMA-IR 115175 570+563 0.20
BMI (%) 235+421 223+371 031
F0,1/F2.3 39 20012 0.03
© IR & T L ARG, RO & B L2,
MREFE

THgid, %P T PEG IFNa2b/ 1) 24 ¥ ) » D fF e
A8 MITR, 20074 AT CICHmMERT LA
BaEy 4 AR (HCYRNA ERNA L2 7T 100
KIU/ml W E)C REHIFEBFE TSR TH S, 65 @0
LofEm (LT, Welit) 234 (65R~T5 @ F¥
604 WA, LHEOR), SMAMOIER (L
F. EmmR 2 (2B ~640 TH5358 B
338, X198 THE. AHNOBERRE Table
lizigLA ZYWRoOFYELEELL. BRI
PEERR T 6 7 H 2B vwTH HCV.RNA BsttiEm
LERLSE X, FEMICOVWTIIVATLFIY
2 A= —H—k LTO HCV 2 7 Hlilak 41 GRsE iy
HCV =2 7iUEUR/ DB 50l HCV 3 THEUR) %
24 0FM#, 18, 258, 48#cmELx.

HCV =2 7 Uiz IRMA # (fmol/L) (Ortho Clinical
Diagnostics. Tokyo, Japan) Till52 L. IFN i§&&a
ELTH25AS(F ) IT7F=L— b ¥¥F5—H)D
ISEFE (I SERF 2-5AS W/ PERAMIEIT S 25AS ) &
2 8 12 24, 48MTilsE L7 2-5AS 1x RIA #(pmol/
dL) (Eiken Immunochemical Laboratory. Tokyo, Ja-
pan) TillSE L7, &WM#ED AFPM (ng/ml) 8
L7, mERaA#i: Hb, Amsk mEoRIHEE
43806 8 MEFTA4MBIZME LA EWETELE
Bz 2w T, PEGIFNa-2b BUY) 28K 1) ¥ O R AE
PR AT L7, % RIf LAEMIZoWT, Ffite

® =2

BEFRTHHECREEIBITLTARL (P=
003), FhliowmmERAONE, Bk, HCV
RNA®, HCVza T H KR, ASTH ALT M Hb
. SmR¥E. MY AFP i, HOMA.IR, BMI
TR EZR 2D o2 (Table 1), FZHETIE, &
WlETIX 375%(6/16), FEwMGRETHETIL 50% (20/40) T,
st A ERIEAS e o2 (Fig. 1), R, MGk
BTRNEOFEHEIE 50% (3/6), Zikix 50% (3/6),
M L JERRETE T L Do FRhHIE 65% (13/20)
Ttk 35% (7/20) Tz LD oA (P=0058).

IpABE & 24 BEIIHE. 1, 2. 4 MBIcBT A3 THE
MAEEBGTIR 24 BRI THRIRETSLE
Wiz oAt (P=0069). 1. 2 4MHETIRY
HRRALRE oA (Fig 2). 25AS EHREDF—F —
Tit, WTFhoORETLHRMI-TEREIBD 2, -
7= (Fig.3).

A, WP IRF LM (AFP397 2184 ng/mi) ¥
e (141106 ng/ml) K21k LTGRO AFP ffiAt
FABIEMTH -2 (P<00]) (Fig. 4). FFRREEETIE
MEsEs D AFP X FZHH (527+408ng/ml) EIHH
wWH (187416 ng/ml) oM EE R ok
(P=0125), ¥MTETIZ AFP Uz EMITRTHELE
TF AR S (MEREE 101 £955 ng/mi, # T 518+452
ng/ml) (P<005), F%he (MkiF 3.97 = 1.84 ng/ml,
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Fig. 1 The rate of sustained virologic response
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Fig. 2 The reduction rate of HCV core antigen
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Fig. 3 The response rate of 2-5A5

#THF 2902 106 ng/ml) O&% 5T (P<005), #F
e (M 1412106 ng/ml, #TH611533ng’
ml) BT bA b (P<005)(Fig 4, Figh). F
FERGET IX M EBF AFP i 120£299 ng/m! Th o 1225,
T 1052247 ng'ml THBNRTHER R 2o

15: 147

W After trostment

Fig. 4 The change of AFP values in the Elderly
group

Fig. 5 The change of AFP values in the Elderly
and Non-Elderly group

(P=0052) (Fig.5). i W ba8F 2 & 48 1) § @ Hb
BOMAETIE, 20 ATHKGRE(RETFRIEQOT2:
0077))13. MM (JERREMI-%E (078+0003))
LEMLTHEICET LTwWAN (P=0033), £0fl
OWTHhOBATLWENIZ BV TEIREd» 22 (Fig
6). BMmMEIHBORAETIE, WwIhoFETLWEN
A EREAS N2 o (Fig 7). MAMEEO MAE
ZonTh, WFhoFATLARMTHAELRIAL
hizdho7z (Fig8).

A 2R L4 W T, PEGIFNa-2b % MR L 724
Wiz T4MbD, ik 160 1 HA (62%). S
Wil mph3Im (75%) CERMICZRZ2M

BN SR LERT. VYY) LR RR L AER

—1591—



16 : 148 i R 49845 (2008)

125

H
075 & = <~ Bisyymp
3

Reduction mate of 1lb

05
» P22
oﬁ A s L ' i i 'l Il L i L '} {wccks)
0 4 8B 12 W W M B N B N0 M4 4
Fig. 6 The reduction rate of hemoglobin
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Fig. 7 The reduction rate of white blood cells

Fig. 8 The reduction rate of platelets

IXLkTI3MBH D, MMGE 16 AH 3 M (188%). T, WEMTPFRCERAGNE oL GilED
#6 AT 40 Br 10 01 (25%) TRBF IIZ Iz Ao k. W LM & LT, WRGEIE 4 ML 4 0 57% (4/
e P L 19 Mo TR L L 25, feRile T, WMRERD 1 M, RMIA, 2SRE2H,

12 23 pirh 7 51(30.4 %), JERGRSTFI 52 Firk 12 B (231 %) SMUAMICESBRE I HFT, 20 MUAICHTPN]#
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Table 2 The cases of discontinuation

Elderly group

4 weeks after therapy | 4 cases |thrombocytopenia (1 case)
high fever (1 case)
general fatigue 2 cases)

8 weeks after therapy | 1 case |general fatigue

20 weeks after therapy | | case |self-discontinuation

45 weeks after therapy | 1 case |interstitial pneumonia

Non-Elderly group

4 weeks after therapy | 5cases

depression (1 case)

self-discontinuation (2 cases)

general fatigue (] case)

another discase (1 case)

8 weeks after therapy

another disease (] case)

self-discontinuation (2 cases)

20 weeks after therapy | 2 cases

self-discontinuation

24 weeks after therapy | 2 cases

another disease {1 case)

Interstitial pneumonia (1 case)

T, SMECMAEMRIFTHo L. FRMITFIZ4
MUMNIZEMALT% (5/12) T, H2&EHAT1 0, AT
PHFHT2 0, SAREH] W, REMEHILH, 8
MEAIZ 3 AT, RMEH 1B, AEHIF2M, 20
MEAICEHCHIRAT 2 0, 24 MUAIZ2 T, fiikl
a1 B, BIREME 1 AITH o7 (Table 2).

F =

MEFRTHBELIRMITCETL TV, Mg
tHmoEE, Bickk, HCV RNA #&. HCV 3 7HEUR,
AST ffi. ALT ffi, Hb i, Gz, @ ¥, AFP
i, HOMA-IR, BMIL, (il iz da e, 8
WEOINE TOEMEMEAD L XGRIZG LB
EETFE LTIFAAHEROM L, R MERD
L EORTEELIZHRIESETONTHWA™ L
L, s ORISR L TR L D
MizkEitmicR A ESRAabhahats. FTOREE
LT, SHEOR,Y OBMTIEENEINPE L, smal
group = & A TH o722 L HME LTV 5T REEN
Ha,

X, HELEENBELOMCEDRICHESENA

SRS RERLLTYANAY4F 39 7 ADT—
H—"E LTHOHCV HUi{pkA-40¢-% & TFN Sk o
AR & LT @ 2.5AS BEST & ATWEEN T 4 gl
ERLAERERE ool LT N, C RIS
HEFF 820 TFN i BWT YA WA 4+ 3 2 2 A2
DWW IE IFN AR @ Ty 4 W ATRE %
BHEL EOGEHICED 4 05MENTY 4 LA S 0M
A TaEbkUABMETOSIME KV CER
DEAEOW Y A N AETH L MERHE T V) > 23kl
EiIzL T CHIFERY 4 L ABRIGAEAMSR2INE
X5 R 2405 A5 28 F TOMB2BIZHT Hh B mw,
1, 2 Mo h OIS BT SRR & I meE
EBWTOYA VAT A +3 92 AT0bE HCV BN
SEIZBWTEEALNEPo AT,

25ASIZ[FN g5 s htWRTRR SN Y1 L
AOMRCLERZEAOMGEEETR Y, IFN Oy
ANAERHEMFBELTWAI LIRWBENLDD 20
fi, 25AS O LRACIFN G Ao FllizHATH 2
ZEATRERLNE . SEORADRETIE,
25AS IBEEIZWThObF 2T b kT & FEeReleics
wWiERASIED .

—1503—
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MR AFP flliz2w T MmE & FmEEom i<
Eidhhoi RRETIZERIET AFPEOET
Abhf:. LpbEniRB@nszsT, EXHM
CBwThaenl FHBRTIRARNEIC AFP
WOHBOETRALA TV, BRRIZALRL
GERIME & B AMNED AFP iOETFH4-<TIFN
I IARSBANGET LA ORI PRICDIRR
B LAy, AFP fIETATHFRIESE L B (b
IAMiERLHEPH6THSE. LAL, BEECEY
THASEOEMNRIZA SN AFP i FIZRS
ANEMEPOBTERLTVWEEEATIVEED
A Fii2 60 RULE 1bRINY 4 2R C RIS
HBEFORME L HB L L IFN SR ENSRET AFP
MAMET LML LIRS LAEAS 2o lw
I COREIZL > THERELI™ o TREN
BOZSIEREREIC SV TENES L { THHA
MEOEEFEETHE. L BBERICBIT2HHM
12D AFP MATEEHMI LR L THEICEMT
Hof= FHGIREESEICBWTRGENO AFP fliA*
EMHRETHMETFL 252k, FO8HEELTAFP
AR EORREERLTVELE LTV &
EfRsOBHTLREBERICBVWTHIHLOMELS
FL FamBETREOMALAEFSMEORMICRE
B AFP B2 1R 2o TOHHRFHETH
%75, MEasE AFP i R COERSRTFIETO
— DI AT LR ELFRLELS.

RAeDKBHTIRMEFRE LT, HMMILHb137g/
dl, M/ 165 75 /ul, EMLER 5300 /ul TH D, FEk
Btix Hb 139 g/dl, Mu/h4E 156 5/l E1iEk 4580 /pd
T, BMELEBBRETRZRE oL RLOSE
OEWE=BWTIE, PHEMERO Hb, Bk, M4
ZromBoRdiz 20 880 Hb kB THEICE
F LA wThoRITOEREMc2R2b o,

TEIR T 52 L SEMIZ2 v, PEGIFNe-2b & 1) 2%
EY > ORBEIHAEN 2R 2% ZOZES
X, BROEHEIZEN2hot—2DEEE LTH
IFons, #izwAil, KBEOIFN &) 1K) ¥
REELEWBEFLARCNAILLNTELILS,
HEREOEBELERBRE LRI 2 LTI LA
TE3,

HIFEMIZDOWTAD L, BN 304%(7/23), #*
WGMEF 231% (12/52) EWMBMICE R 2do 2t £
DAHTICOVWTIRENAGKE, TbbENRRICE
WTIR4MHZTRM/MEERD 16, BB 16H 2

498 4 % (2008)

SEg2mT, sEMBIkeSEE 1M, 20868
CHNlH, SHEBCMEEHE 1 ATH- . FE
BRCBOTE 4 AT TOAER) 2ER
1, BRI 2H, £5BE 1 M, LEREH]1 AT
Hol. SHEBECIRIMAT BKBHERIM, BCH
2@ 20 MEETRECTR2A, 24 M8 Tz
wmEmlm MEMNELATH L BEOLS
Eit, 65 REEOWMET, MAEEAL VIRV
Wiz e R BELRA TP LASEAIPIFES 5 #h
3B b THD FEBETIE, SLHBETHN
LS MR ErAES 10 pich | IO A THo . BRE
DLFBENN S X LARMIC LS LO0 IFN
BEZLA2LHERELOPIRT LI TRV,

1bBaY 4 L XA WS C BB F RicBWTHA
MENEHRO AL LT, FEWHMIBWT LREN
PBRNAGNACSLREETH), HEMOTERIE
FEETH L. o THRBMIRENT ZHEREICSH -
Ti2, BSMFOPERRE, & ) bHERRENICAGR
AESREICHLTEOMD VRIEIEREATV A,
FOIEMIbEEY A L ARGKE C BBk
IFN G @M m LR CRENWIZ o4 DL E
AbhA.

W ARXAERIC S D BENHS X LAREWER
REEN - BN %RTE IE 7K MENS - 58
ATE, BFRHAEARLELPRRE - KL E—BRIC
BEELIT.

X ®

1) FII=4, WEHMAR. B C e FRe~
DA »F—7 =0 B8 FHE 2002:45:
1033—1038

2) Hamada H. Yatsubashi H, Yano K, et al. Impact of
aging on the development of hepatocellular carci-
noma in patients with posttransfusion chronic
hepatitis C. Cancer 2002, 95 (2) 331—339

3) Yoshida H, Shiratori Y, Moriyama M, et al Inter-
feron therapy reduces the risk for hepatocellular
carcinoma: National surveillance program of cir-
rhostic and noncirrhotic patients with chronic
hepatitis C in Japan Ann Intern Med 1999: 131:
174—181

4) Yoshizawa H. Trends of hepatitis virus carriers.
Hepatol Res 2002; 24: S28—39

—1594—



IbE®T A L 2ARWEE C BIMEFRIZHT 3 PEG IFNa2b/ Y Y M (S HME) ORE  19: 151

5) Nomura H. Tanimoto H. Ksjiwara E. et al Factors
contributing to ribavirin-induced anemia. ] Gas-
troen Hepatol 2004; 19: 1312—1317

6) Manns MP, McHutchison JG. Gordon SC, etal

Peginterferon alfa-2b plus ribavirin compared with

interferon alfa-2b plus ribavirin for initial treat-

ment of chronic hepatitis C: a randomised trial

Lancet 2001; 358 958—965

Fried MW, Shiffman ML, Reddy KR et al. Peginter-

feron alfa-2a plus ribavirin for chronic hepatitis C

virus infection. N Engl ] Med 2002; 347- 975—4282

8) Romero-Gomez M. Del MV, Andrade R], et al. Insu-
lin resistance impairs sustained response rate to
peginterferon plus ribavirin in chronic hepatitis C
patients. Gastroenterology 2005; 128 (3) 636—541

9) D'Souza R, Sabin CA, Foster GR. Insulin resistance

plays a significant role in liver fibrosis in chronic

hepatitis C and in the response to antiviral therapy.

Am ] Gastroenterol 2005; 100 (7 1509—1515

Yaginuma R, Tkejima K, Okumura K. et al. Hepatic

steatosis is a predictor of poor response to inter-

feron alpha-2b and ribavirin combination therapy
in Japanese patients with chronic hepatitis C. He-
patol Res 2006; 35: 19—25
11) Nomura H, Tanimoto H, Kajiwara E, et al. Factors
contributing to ribavirininduced anemia. ] Gas-
troen Hepatol 2004; 19: 1312—1317

12) Hiramatsu N. Oze T, Tsuda N, et al Should aged
patients with chronic hepatitis C be treated with
interferon and ribavirin combination therapy? He-
patol Res 2006; 35: 185—189

13) Okanoue T, Sakamoto S, Itoh Y, et al. Side effects

of high-dose interferon therapy for chronic hepati-

tis C. ] Hepatol 1996; 25: 283—291

Buti M. Mendez C, Schaper M, et al. Hepatitis C vi-

rus Core Antigen as a predictor of non-response in

genotype 1 chronic hepatitis C patients treated
with peginterferon a -2b plus ribavirin. ] Hepatol

2004; 40; 527—532

15) Veillon P, Payan C, Pcchio G, et al. Comparative

evaluation of the total hepatitis C virus core anti-
gen, branched-DNA, and amplicor monitor assays
in determining viremia for patients with chronic
hepatitis C during interferon plus ribavirin combi-
nation therapy. ] Clin Microbiol 2003; 41: 3212—
3220

7

—

10,

—

14

—

—1595—

16)

17)

18)

19)

20)

21)

22)

23)

24

—

25

—

26)

27)

Zanetti AR, Romano L, Brunetto M, etal Total
HCV core antigen assay: a new marker of hepatitis
C viremia for monitoring the progress of therapy.
] Med Viral 2003; 70: 27—30

Kim Kl Kim SR, Sasase N, etal 2., 5-
Oligoadenylate synthetase response ratio predict-
ing virological response to PEG-interferon-a2b
plus nbavirin therapy in patients with chronic
hepatitis C. J Clin Pharm Ther 2006; 31: 441—446
Yasui K, Okanoue T, Murakami Y, et al. Dynamics
of hepatitis C viremia Following interferon-alpha
administration. ] Infect Dis 1998; 177: 1475—1479
Neumann AU, Lam NP, Dahari H, et al. Hepatitis
C viral dynamics in vivo and the antiviral efficacy
of interferon-alpha therapy. Science 1998; 282
103—107

Anonymous National Institutes of Health Consen-
sus Development Conference Statement: Manage-
ment of hepatitis C. Hepatology 2002; 36; S3
Anonymous Consensus conference. Treatment of
Hepatitis C. Agence Nationale d'Accreditation et
d'Evaluation en Sante (ANAES). Gastroen Clin Biol
2002; 26: B303

Schmidt A, Zilberstein A, Shulman L, et al. Inter-
feron actiorn: isolation of nuclease F, a translation in-
hibitor activated by interferon-induced @, 5) oligo-
isoadenylate. FEBS Lett 1978; 95: 257

Nilsen TW, McCandless S, Baglioni C. Z, 5-oligo (A}
activated endonuclease in NIH 3T3 mouse cells
chronically infected with Moloney murine leuke-
mia virus. Virology 1982; 122: 498

Karino Y, Hige § Matsushima M, et al Significance
of 2°, 5"cligoadenylate synthetase activity and
HCV genotype in IFN therapy for type C chronic
hepatitis. Hokkaido Igaku Zasshi 1994; 69: 1354
Toda K, Kumagai N, Iwabuchi N, et al. 2-5AS activ-
ity in serum and peripheral blood mononuclear
cells for chronic active hepatitis C and the relation-
ship to clinical outcome of interferon therapy. Jpn
] Clin Immunol 1997; 20: 428

Tong WB, Zhang CY, Feng BF, et al. Establish-
ment of a nonradioactive assay for 2° 5 oli-
goadenylate synthetase and its application in
chronic hepatitis C patients receiving interferon-
alpha. World ] Gastroenterol 1998;4: 70

Yano H, Yanai Y, Momosaki S, et al. Growth inhibi-



20 152 FF B 19%4%F (2008)

tory effects of interferon-a subtypes vary accord- Hepatol Res 2007; 37: 490—497

ing to human liver cancer cell lines ] Gastroenterol 29) Akuta N, Suzuki F, Kawamura Y, et al. Predictors

Hepatol 2006; 21: 1720—1725 of viral kinetics to peginterferon plus rivavirin
28) Nomura H, Kashiwagi Y, Hirano R etal Efficacy combination therapy in Japanese patients infected

of low dose long-term interferon monotherapy in with hepatitis C virus genotype 1b. ] Med Vi

aged patients with chronic hepatitis C genotype 1 rol 2007; 79 (11). 1686—16985

and its relation to alpha-fetoprotein: A Pilot study.

Pegylated interferon a-2b/ribavirin combination therapy for
elderly patients with chronic hepatitis C with high viral
load of HCV genotype 1b

Soo Ryang Kim"*, Susumu Imoto", Shuichi Fuki”, Ke [h Kim®,
Miyuki Taniguch®, Motoko Nagano®, Hak Hotta®, Tkuo Shouji",
Yoshihiro Kanbara®, Yoko Maekawa®, Masatoshi Kudo”, Yoshitake Hayashi®

The patients (n="75) in this study had chronic hepatitis C with high viral loads of serum HCV-RNA geno-
type 1b. All the patients received a regimen of pegylated interferon a-2b plus ribavirin (PEG IFN «-2b/RBV) for
48 weeks Comparative analysis was done by dividing these patientsinto two groups by age Elderly group fover
65 years old. 23 patients) and Non-Elderly group (under 65 years old. 52 patients). The sustained viral response
(SVR) rate in the Elderly (37.5%, 6/16) was not different significantly from that in the Non-Elderly G0%. 20/40),
The response ratio of 2-5-oligoadenylate synthetase (25AS), the viral dynamics and the rate of discontinuation
of therapy were not different between the two groups. Interestingly, however, the mean a-fetoprotein (AFP)
values decreased significantly in the Elderly irrespective of SVR or non-SVR (from 10.1 + 955 ng/m! before
treatment to 518 £ 4.52 ng/ml after treatment, P<(0.05), but did not in the Non-Elderly. It was thus suggested
that Peg IFN «-2b/RBV would be useful in the prevention of HCC in elderly patients including non-SVR cases.
Key words: chronic hepatitis C  pegylated interferon a-2b/ribavirin combination therapy

elderly patients  prevention of hepatocarcinogenesis ~ AFP
Kanzo 2008; 49: 145—152
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Morphological identification of hepatitis C virus E1 and
E2 envelope glycoproteins on the virion surface
using immunogold electron microscopy
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Abstract. It is known that hepatitis C virus (HCV) particles
are spherical, 55-65 nm particles with fine surface projections
of about 6 nm in length and with a 30-35 nm inner core. We
have reported that free HCV particles labeled with gold
particles specific to the HCV El glycoprotein are located in
1.14-1.16 g/ml fractions from plasma samples with high
HCV RNA titers after sucrose density gradient centrifugation.
However, the morphology of the HCV E2 glycoprotein on
the virion has not yet been elucidated. To visualize HCV E2
localization on the virion, we used the same plasma samples
where HCV particles were clearly shown. An indirect
immunogold electron microscopic study was carried out
using monoclonal and polyclonal anti-HCV E2 antibodies.
HCV-like particles specifically reacted with the anti-HCV E2
antibodies. Moreover, to evaluate the localization of the
HCV El and E2 glycoproteins on the virion surface, an
immunogold electron microscopic study using double
labeling with anti-HCV EI antibodies and anti-HCV E2
antibodies was also performed. These particles also
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University Graduate School of Medicine, 2-174 Edobashi, Tsu, Mie
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Abbreviations: HCV, hepatitis C virus; ALT, alanine
aminotransferase; PCR, polymerase chain reaction; EM, electron
microscopy; RVV, recombinant vaccinia virus; ELISA, enzyme-
linked immunosorbent assay; IFA, indirect immunofluorescence
assay; WB, Western blot analysis; BSA, bovine serum albumin;
Huh7, a human hepatoma cell line

Key words: hepatitis C virus, E1, E2, electron microscopy, virion

specifically reacted with both anti-El and E2 antibodies. This
is the first report showing the presence of both HCV El and
E2 glycoproteins on HCV virion surface in human plasma
samples.

Introduction

Hepatitis C virus (HCV) is the main causative agent of non-A
non-B hepatitis. It is estimated that 170 million individuals are
infected with HCV worldwide (1). HCV is a hepatotropic,
enveloped RNA virus that belongs to the genus Hepacivirus
of the Flaviviridae family (2), and it is the leading cause of
acute hepatitis, chronic hepatitis, liver cirrhosis and hepato-
cellular carcinoma in humans (1,3-6). The HCV genome is a
positive-stranded RNA of 9.6 kb containing a single open
reading frame and two untranslated regions (7-9). It encodes
a polyprotein of 3010 amino acids, which is cleaved into
single proteins by a host signal peptidase in the structural
region and by HCV-encoded proteases in the nonstructural
region. Structural components include the capsid protein and
the envelope glycoproteins El and E2. The nonstructural
components include NS2, NS§3, NS4A, NS4B, NS5A and
NS5B. The N§2, NS3, and NS 4A proteins function as
proteases, the NS3 protein as helicase, and the NS5B protein
as RNA-dependent RNA polymerase (1).

HCV EIl and E2 glycoproteins are possible virion envelope
glycoproteins, and their molecular weights are 35 and 70 kDa,
respectively (10,11). The comparison of HCV genome
structure with flaviviruses suggests that HCV El (gp35) and
E2 (gp70) glycoproteins interact forming heterodimer
complexes as the basic subunit of the HCV virion envelope
(11,12). However, this has not been confirmed morpho-
logically. We previously demonstrated that HCV particles
are spherical, 55-65 nm particles with fine surface
projections of about 6 nm in length and with a 30-35 nm
inner core by immunoelectron microscopic study using anti-
HCV E1 antibodies (13-17). Free HCV particles were found
in 1.14-1.16 g/ml fractions after sucrose density gradient
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Figure 1. HCV-RNA titers in fractions from samples A and B obtained by

sucrose density gradient centrifugation, HCV RNA titers (@) and buoyant

densities (o) are shown: (h)mphh.(ﬂ}mﬂeﬂ.maimm
fractions (1.14-1.16 g/ml) in which HCV particles were successfully
detected by immunogold EM using rabbit anti-HCV EI polyclonal antibody
(RR2).

centrifugation. However, the morphology of the HCV E2
glycoprotein on the virion has not as yet been elucidated.

In this study, we carried out indirect immunogold electron
microscopy (EM) in order to evaluate the localization of the
HCV El and E2 glycoproteins on the surface of HCV particles
isolated from plasma samples with high HCV RNA titers.

Materials and methods

Virus samples. Plasma samples where HCV particles were
clearly shown, were used to determine the HCV E2
Jocalization on HCV particles, HCV particle isolation and
indirect immunogold EM were performed as previously
described (13). In brief, virus samples from HCV RNA-rich
plasma sample A [alanine aminotransferase (ALT): 10° IU/,
HCV RNA: genotype 1b (18), 4x107 copies/ml] and B (ALT:
10° TU/1, genotype 1b, 5x107 copies/ml), and anti-HCV-
negative plasma sample C (ALT: 121 [U/1) and D (ALT: 87
[U/1) were prepared as follows: 100 ml of plasma were
centrifuged at 75000 g for 6 h at 4°C and the suspension of
the pellet was centrifuged again at 150000 g for 2.5 h at 4°C.
A 1000-fold concentrated suspension of the sample was
layered on a 20-60% (w/w) continuous sucrose density
gradient in TNE buffer (50 mM Tris-HCl, pH 7.5, 100 mM

KAITO eral: E1 AND E2 ON HCV VIRION

NaCl, | mM EDTA), and centrifuged at 100000 g for 16 h at
4°C. Sucrose fractions (500 ul) were collected from the tube
bottom, and the sucrose densities were measured with an
Abbé refractometer. The distribution of HCV RNA titers was
determined using competitive polymerase chain reaction
(PCR) (19.20). HCV RNA titers in fractions from samples A
and B obtained by sucrose density gradient centrifugation
were previously described (13,17). The density at which the
highest HCV RNA titers (sample A, 5x10* copies/ml; sample
B, 5x107 copies/ml) were found was 1.14-1.17 g/ml for
sample A and 1.12-1.14 g/ml for sample B (Fig. 1). For
preparing a 1000-fold concentrated virus sample, each
sucrose fraction was diluted in 12 ml of PBS (pH 7.4), and
spun down at 150000 g for 2.5 h at 4°C. The pellets were then
suspended in 100 ul of PBS. The fractions (1.14-1.16 g/ml)
in which HCV particles were successfully detected by
immunogold EM using rabbit anti-HCV E1 polyclonal
antibody (13) were used for virus sampling.

Rabbit polyclonal and mouse monoclonal antibodies 1o HCV
E2 glycoprotein. The rabbit polyclonal anti-HCV E2 antibody
(RR6) was prepared and characterized as follows. The putative
E2 gene of HCV genotype 1b (nucleotide position 1068-2430)
(8,10) was cloned under the control of the ATL-P7.5 hybrid
promoter of the vaccinia virus vector pSFB4 (21), and allowed
to recombine with the Liter strain of vaccinia virus to give a
vector recombinant vaccinia virus (RVV). Rabbits were
infected intradermally with 10® p.f.u. of RVV and 2 months
later were boosted twice with the purified putative E2 glyco-
protein. Putative HCV E2 glycoprotein was expressed by
RVV and purified by lentil lectin column chromatography
and affinity chromatography using an anti-E2 monoclonal
antibody. Mouse monoclonal antibodies (747, 843, 1518,
1671, and 1864) against the putative HCV [genotype 1b (17)]
E2 glycoprotein were prepared by immunization of mice
with purified recombinant E2 glycoprotein (gp70) expressed
by RVV. The antibody RR6 and the monoclonal antibodies
were screened by enzyme-linked immunosorbent assay
(ELISA) using synthetic peptides and purified recombinant
protein, indirect immunofluorescence assay (IFA) using
RVV- and baculovirus-infected (22) rabbit kidney cells, and
Westem blot analysis (WB) using purified E2 protein region
of HCV genotype b as antigens (8). The epitope of mono-
clonal antibodies was mapped using residues of 20 synthetic
peptides whose adjacent peptides overlap by 10 amino acids
corresponding to the amino acid sequence reported by Kato
et al (7). The characteristics of anti-HCV E2 antibodies used
as the primary antibody of the indirect immunogold reaction
were determined (Table I). The antibody RR6 and the mono-
clonal antibodies reacted specifically with the putative HCV
E2 glycoprotein, but it did not react with the putative HCV
core, E1, or NS2 proteins. Specificity was determined by
using primary antibodies from pre-immune normal rabbit
serum, serum from a rabbit infected with the Lister strain of
vaccinia virus and monoclonal antibody specific to human
blood type A antigen as negative controls, or by omitting the
use of the primary antibody.

Rabbit polyclonal and mouse monoclonal antibodies 1o HCV
El glycoprotein. The rabbit polyclonal antibody (RR2) and
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