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FIG. 3. Characterization of HCViv and HCVpv. (A) The El and
E2 proteins of the H77 strain expressed in 293T cells and incorporated
into the particles of HCVrv and HCVpv were either untreated (C) or
treated with endoglycosidase H (H) or peptide-N-glycosidase F (F).
Following fractionation on sodium dodecyl sulfate-polyacrylamide gel
gels, the glycoproteins were detected by immunoblotting with anti-E1
(BDI198) and anti-E2 (AP33) monoclonal antibodies. (B) The infec-
tivities of HCVrv and HCVpv bearing HCV envelope proteins of
genotypes la (H77 strain) and 1b (Conl strain) generated
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Huh7 cells. To further determine the cell tropism for virus
propagation, HCVrv was generated in various cell lines, and
replication was assessed during incubation for up to 6 days
(Fig. 4C, left). The growth kinetics of the wild-type VSV re-
vealed an efficient replication of VSV in all the cell lines
examined (Fig. 4C, right). Huh7 cells exhibited the highest
susceptibility to propagation of HCVrv, followed by Hep3B
cells, and no propagation was detected in the other cell lines.
These results indicate that various human cell lines are capable
of producing HCVrv that is infectious to Huh7 cells and that
Huh7 cells are highly permissive to the propagation of HCVrv.

Involvement of hCD81 in the infection with HCVpv and
HCVrv. Among the candidates for entry receptor of HCV,
hCD81 was shown to be most essential for the infection with
HCVpp (5, 23) and HCVcc (27, 56, 60). The infection of Huh7
cells with HCVpv and HCVirv was inhibited by anti-hCD81
antibody, whereas no inhibition of VSVpv infection was ob-
served (Fig. 5A). Treatment with siRNA targeted to hCD81
induced a reduction of hCD81 expression on the surface of
Huh7 cells (Fig. 5B), and the susceptibility of hCD81-knock-
down cells to infection with HCVpv and HCV1v, but not to
that with VSVpv, was clearly reduced (Fig. SC). To further
determine the involvement of hCD81 in the infectivity of
HCVpv and HCVrv, hCD81-negative HepG2 cells stably ex-
pressing hCD81 (HepCD81) were established, and fluores-
cence-activated cell sorter (FACS) analysis revealed that ex-
pression of hCD81 on the cell surface was higher than that of
Huh7 cells (Fig. 5D). Although HCVpv and HCVrv are not
infectious in HepG?2 cells, HepCD81 cells were permissive to
both HCVpv and HCVrv infection, and pretreatment with the
anti-hCDS81 antibody inhibited the infection of HepCD81 cells
with HCVpv and HCVrv (Fig. 5E). These results indicate that
hCDS81 plays a crucial role in infection with HCVpv and
HCVrv, as it has been reported to play in infection with
HCVpp and HCVecc.

Infectivity of HCVpv and HCVrv in various cell lines. To
further examine the cell tropism of the viruses, HCVpv and
HCVrv of the H77 and Conl strains generated in 293T or
Huh7 cells and HCVpp of the H77 strain generated in 293T
cells were inoculated into various cell lines and primary Hc
(Table 1). As expected, the control VSVAG exhibited no in-
fectivity in any of the cells examined (data not shown). The
HCVpv and HCVrv derived from both genotypes were highly
infectious in Huh7 cells, followed by HepCD81 and Hep3B
cells, and weakly infectious in PLC/PRF/5, 293T, and Vero
cells. No infectivity was detected in the other cell lines exam-
ined. The cell tropisms of the HCVpp were similar to those of
HCVpv and HCVrv. Although the ectopic expression of
hCDS81 in Chinese hamster ovary cells (CHOCDS81) did not
confer susceptibility to HCVpv, HCVrv, or HCVpp infection,

in 293T or Huh7 cells were determined with Huh7 cells. The envelope-
less VSV (AG) was used as a control. (C) (Top) CsCl gradient sedi-
mentation of HCVrv produced in 293T cells. The supernatant was
fractionated from the top of the gradient and analyzed by immuno-
blotting with anti-E2, anti-E1, and anti-VSV antibodies. (Bottom) The
infectivity (filled circles) of each fraction was determined after the
removal of CsCl with column purification. Fraction densities (open
circles) are expressed in grams/milliliter.
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FIG. 4. Propagation of HCV1v. (A) Detection of viral proteins in
Huh?7 cells infected with HCVpv or HCVrv. Huh7 cells were infected
with HCVpv or HCVv at an MOI of 0.01. Twenty-four, 72, and 120 h
after infection, cells were fixed and stained with monoclonal antibody
to VSV N protein and Alexa 488-conjugated secondary antibody. Cell
nuclei were stained by Hoechst 33258. Pictures were taken using a
fluorescence microscope by double exposure of the same fields with
filters for Alexa 488 or Hoechst 33258. (B) Focus formation of HCVpv,
HCVrv, or VSV in Huh7 cells. Huh7 cells were infected with serial
10-fold dilutions of HCVpv, HCV1v, or VSV and incubated at 30°C for
72 h for HCVpv and HCVwv or 24 h for VSV in a culture medium
containing 0.8% methylcellulose. Foci of infected cells were detected
by immunohistochemical staining. (C) Kinetics of HCVv (left) and
VSV (right) propagation in various cell lines. HCVrv and VSV gen-
erated in Huh7 cells were used to infect cells at an MOIX of 0.01. The
culture supernatant was collected at the indicated time points and
titrated by a focus-formation assay. Infectious titers are expressed in
IU/milliliter.
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the expression of hCD81 in HepG2 cells (HepCD81) (Fig. SA
and D) rendered them permissive to infection with all of the
viruses. Furthermore, Hc were not susceptible to the infection
with HCVpv, HCVrv, or HCVpp, despite the expression of
hCD81. These results suggest that expression of hCD8I is
essential for the infection with HCVpv and HCVrv, as re-
ported for infection with HCVpp and HCVcc, but conditions
with a lack of hCD81 are insufficient for the infection with
HCVpv, HCVrv, and HCVpp.

Neutralization of HCVpv and HCVrv infection by anti-
bodies to HCV envelope proteins and sera of HCV patients.
1t has been reported that HCVpp can be neutralized by
several well-characterized E2-specific monoclonal and poly-
clonal antibodies (5, 23, 49). The neutralization activity of
anti-E1 (AP21.010) and anti-E2 (AP33) monoclonal antibod-
ies (49) and anti-E1 (R852) and anti-E2 (R646) rabbit poly-
clonal antibodies raised against the E1 and E2 proteins of the
H77 strain on the infection with HCVpv and HCVrv was de-
termined (Fig. 6A). The infections with both HCVpv and
HCVrv bearing E1 and E2 proteins of the H77 strain were
clearly inhibited by anti-E2 (AP33) antibody or anti-E2 (R646)
rabbit serum, consistent with a previous report on the effect of
these antibodies on HCVpp infection (49), whereas no neu-
tralization by AP21.010 and R852 antibodies was observed.
The infections with HCVpv and HCVrv bearing E1 and E2
proteins of the Conl strain were also inhibited by AP33 and
R646 antibodies (data not shown), suggesting that the infec-
tivity of HCVpv and HCVrv was cross-neutralized by anti-E2
antibody, as reported for HCVpp (49). These results indicate
that the E2 protein plays a crucial role in the infectivity of both
HCVpv and HCVrv. Although the addition of naive human
sera (HD) inhibited infection with VSVpv, infection with
HCVpv or HCVrv was clearly enhanced, as reported for
HCVpp infection of Huh7 cells (28, 42). To assess the neutral-
ization ability of these antibodies in patients, HCVpv and
HCVrv were incubated with a 2% concentration of the sera of
chronic HCV patients infected with genotype 1b HCV (Fig.
6B). All of the sera of patients of genotype 1b showed high
levels of neutralization activity against infection with HCVpv
and HCV1v bearing envelope proteins of genotype 1a, whereas
they had no effect on the infectivity of VSVpv, in contrast to
the inhibition achieved by the naive sera. These results indicate
that HCV patients elicit high levels of antibodies that are likely
to cross-neutralize the infectivity of HCVpv and HCVrv,

Inhibition of HCVpv and HCVrv infection by bafilomycin
A,. Enveloped viruses enter target cells through two different
pathways: one is a pH-independent direct fusion at the plasma
membrane, and the other is a pH-dependent receptor-medi-
ated endocytosis (58). Previous studies have revealed that both
HCVpp and HCVcc were sensitive to the inhibitors of vacuolar
acidification, such as ammonium chloride, concanamycin A, or
bafilomycin A,, suggesting that these viruses enter via a pH-
dependent endocytosis into target cells (23, 61). To determine
the entry pathway of HCVpv and HCVrv, Huh7 cells were
pretreated with various concentrations of bafilomycin A,, and
then the cells were inoculated with HCVpv, HCVrv, VSVpv,
and MLVpv (Fig. 7). As expected, the treatment did not affect
the infection with MLVpv bearing an envelope protein of
MLV that enters cells via a pH-independent pathway. In con-
trast, infection with VSVpv bearing the G protein of VSV,
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FIG. 5. Involvement of hCD81 in the infection of HCVpv and HCVrv. (A) Effect of anti-hCD81 antibody on the infectivity of HCVpv
(gray-filled bars), HCVrv (black-filled bars), or VSVpv (open bars) in Huh7 cells. (B) Cell surface expression of hCD81 on Huh?7 cells transfected
with siRNA targeted to hCD81 or control siRNA was examined by FACS analysis after staining with anti-hCD81 antibody. (C) Effect of
knockdown of hCD81 in Huh7 cells by siRNA targeted to hCD81 on the infection of HCVpv, HCVrv, or VSVpv. (D) Cell surface expression of
hCD&81 on HepG2 and HepCDB81 cells was examined by FACS analysis after staining with anti-hCD81 antibody. (E) Infectivity of HCVpv, HCVrv,
or V8Vpv to HepG2 or HepCD81 cells and the effect of anti-hCD81 antibody on the infection of the viruses to HepCD81 cells. The results shown
are from three independent assays, with the error bars representing the standard deviations.

which enters cells through pH-dependent endocytosis, was in-
hibited by the treatment with bafilomycin A, in a dose-depen-
dent manner. Infection with HCVpv and HCVrv was also
clearly inhibited by the treatment with bafilomycin A, in a
dose-dependent manner, as with VSVpv. This suggests that
low pH exposure is essential for the entry of HCVpv and
HCVrv.

Effects of ER «-glucosidase inhibitors on HCVrv infection.
Previous studies have shown that deoxynojirimycin (DNJ) and
Nn-DNJ, a long-alkyl-chain iminosugar derivative of DNJ, in-
hibit the infection of flaviviruses such as Japanese encephalitis
virus (JEV) and dengue virus in a dose-dependent manner (15,
64). Although the effects of glycosylation inhibitors on the
folding and assembly of HCV envelope proteins in the N-
glycosylation steps and the binding properties of HCV-LP pro-
duced in insect cells have been reported (11, 12), glycobiologi-
cal analyses of HCV envelope proteins involved in virus
infectivity have not been reported yet. To determine the effects
of the inhibitor of Golgi mannosidase (DMJ) and of ER a-glu-
cosidase (Nn-DNJ) on the infectivity of HCVrv, Huh7 cells
were treated with these inhibitors. Treatment of Huh7 cells
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with Nn-DNIJ but not with DMJ reduced the infectivity of
HCVrv in a dose-dependent manner, and this reduction was
more efficient than that in the infectivity of VSV (Fig. 8A, top).
Although immunoblotting and Coomassie staining of the par-
ticles revealed that incorporation of the envelope proteins and
generation of HCVrv and VSV particles recovered from cells
treated with 100 pM of Nn-DNJ were severely impaired by the
cytotoxic effects of Nn-DNJ (Fig. 8A, bottom left), treatment
with 10 pM of Nn-DNIJ selectively. reduced the infectivity of
HCVrv but not of VSV without any cytotoxic effect (Fig. 8A,
top left). In contrast, Huh7 cells treated with more than 0.5
mM of DMJ exhibited a slight reduction of molecular sizes of

E1l or VSVG proteins incorporated into the particles (Fig. 8A,,

bottom right); no effect on the incorporation of the envelope
proteins into the viral particles and the infectivity was observed
(Fig. 8A, top right). Next, we assessed the effects of the inhib-
itors on the propagation of the viruses. Focus formation of
HCVrv was also inhibited by the treatment with Nn-DNJ but
not with DMJ (Fig. 8B). To further confirm the effect of mod-
ification of the envelope glycoproteins by ER a-glucosidase on
the infectivity of HCV, Huh7.5.1 cells were treated with the
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TABLE 1. Infectivity of HCVpv, HCVrv, or HCVpp in various cells

Virus, producer cells, and strain (genotype)®

Cell surface

. o HCVpv HCVIv HCVpp virus produced in
Target cells expression of 293T cells and of strain
293T Huh?7 293T Huh?7 H77 (genotype 1a)?
hCD81 SR-BI H77 (la) Conl (lb) H77(la) Conl (lb) H77(la) Conl (1b) H77(la) Conl (1b)

Huh? ++  ++ +++ ++ ++ +++ o+ +++ +++ +++
HepG2 - ++ - - - - - - - - -

HepCD81 +4+ o+t 4+ ++ + + +++ +++ ++ +++ ++

Hep3B ++ o+ o ++ + + +++ +4+ +++ +++ ++
PLC/PRF/5 ++  + + + - - + + + + -

FLC4 - ++ - - - - - - - - -

He ++ - - - - - - - - - -

Hel.a + + - - - - - - - - -

293T ++ 4+ + + - - + + + + -

Vero - - + + - - + + + + -

BHK - - - - - - - - - - -

CHOK1 - - - - - - - - - o= =

CHOCDS1 ++ - - - - -

@ Cell surface expression of receptor candidates was examined by FACS analyses with specific antibodies. Mean fluorescence intensity shifts of less than 1, between

1 and 2, and between 2 and 3 are indicated as —, +, and ++, respectively.

b Infectious titers higher than 5 X 10* IU/ml, between 5 X 10° and 5 X 10* IU/ml, between 5 X 102 and 5 X 10% IU/ml, and lower than 5 X 102 IU/m] are indicated
as +++, ++, +, and —, respectively. The results were derived from at least three independent experiments, and the standard deviations did not exceed 30% of the

mean values.

inhibitors, and infectivity of HCVcc was determined (Fig. 8C,
top). Treatment with Nn-DNJ clearly inhibited the infection
with- HCVcc in a dose-dependent manner, as it did the infec-
tion with HCVrv. Focus formation of HCVcc was also inhib-
ited by the treatment of Huh7.5.1 cells with Nn-DNJ (Fig. 8C,
bottom). These results indicate that modification of the glycans
of HCV El1 and E2 proteins in the ER by a-glucosidase rather
than that in the Golgi is crucial for the infectivity of both
HCVrv and HCVcc.

DISCUSSION

In general, enveloped viruses attach to host target cells and
enter into cells through the, interaction between viral envelope
proteins and cell surface receptors and coreceptors. Due to the
lack of a robust cell culture system to support the replication of
various HCV genotypes, surrogate systems have been devel-
oped to examine the mechanisms of HCV infection. Although
in vitro binding assays have identified several candidate recep-
tors for HCV (4), the final determination of a true entry re-
ceptor or coreceptor capable of internalizing HCV particles
has to be made by an infection assay. Toward this end,
pseudotype virus systems based on VSV (27, 39) and retrovi-
ruses (5, 23) have been established. Both VSV and retroviruses
normally bud from the plasma membrane, and therefore for-
eign envelope proteins expressed on the cell surface have been
believed to incorporate into the pseudotype particles. HCV E1
and E2 proteins form heterodimers that have static ER reten-
tion signals in their C-terminal transmembrane region (17) and
pulse-chase experiments and endoglycanase treatment of the
intracellular forms of the proteins or those incorporated into
the HCVpp have revealed that only a small fraction of the
HCV envelope proteins are translocated to the plasma mem-
brane and modified to the complex-type glycans (48). In addi-
tion, it was demonstrated that recruitment of the foreign en-
velope proteins by MLV and the lentivirus core protein does
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not occur at the cell surface but takes place intracellularly in
the endosomal pathway (55, 56). Production of pseudotype
VSVs bearing unmodified envelope glycoproteins of bunyavi-
ruses has also been reported, in spite of the static retention of
the envelope glycoproteins in the intracellular compartment
and the lack of translocation into the plasma membrane (46).
Therefore, cell surface expression of HCV envelope glycopro-
teins may not necessarily be a prerequisite for generation of
pseudotype particles based on VSV or retroviruses.
Recombinant VSV encoding foreign viral envelope proteins
in place of the G protein has been shown to be a powerful tool
for the investigation of viral infection and the development of
vaccines for diseases caused by infection with viruses such as
influenza virus, human immunodeficiency virus, respiratory
syncytial virus, human papillomavirus, and filoviruses (20, 31).
Although recombinant VSV encoding HCV envelope proteins
has been generated as a surrogate model for HCV infection
and a vaccine vector (9, 35), recombinant VSV generated in
rodent cells possessing the chimeric E1 and/or E2 proteins has
been shown to be noninfectious in a human hepatoma cell line
that is susceptible to HCVpp infection (9). In this study, we
successfully generated infectious recombinant and pseudotype
VSVs incorporating unmodified E1 and E2 proteins in hepatic
and nonhepatic human cell lines. The previously observed lack
of infectivity of the recombinant VSV carrying the chimeric
HCV envelope proteins might be attributable to the produc-
tion of viral particles in rodent (BHK) cells (9), because in this
study the HCVrv generated in BHK cells exhibited no infec-
tivity in the target cells in spite of a sufficient amount of
incorporation of the HCV envelope proteins. These results
suggest that posttranslational modification or host factor(s)
specific to human cells might be involved in the endowment of
infectivity of recombinant VSVs. Furthermore, HCVrv can be
produced in various cell lines upon infection with the G-com-
plemented particles, which are known to exhibit infectivity in
several cell lines, in contrast to the pseudotype viruses, infec-
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FIG. 6. Neutralization of HCVpv and HCV1v infection by antibod-
ies to HCV envelope proteins and sera of HCV patients, (A) Effect of
anti-E1 (AP21.010) and anti-E2 (AP33) monoclonal antibodies and
anti-E1 (R852) and anti-E2 (R646) rabbit sera on the infectivity of
HCVpv (gray-filled bars), HCVrv (black-filled bars), or VSVpv (open
bars) to Huh7 cells. The viruses were preincubated for 1 h at room
temperature with the antibodies before infection of Huh7 cells. (B) Ef-
fects of human sera from healthy donors and HCV patients on the
infection of HCVpv, HCVrv, or VSVpv. The viruses were preincu-
bated for 1 h at room temperature with five different healthy human
sera (HD) or chronic HCV patient sera (CH) diluted 1:50 before
infection of Huh7 cells.

tious particles of which were recovered only in cells exhibiting
a high competency of transfection, such as 293T cells. There-
fore, generation of HCVrv in various human cells, including
nonhepatic cells such as B cells, might be useful for investigat-
ing the cell-specific modification and/or factors determining
the cell tropism of HCV infection.

Overwhelming evidence that hCD81 facilitates the entry of
HCV into Hc via interaction with the E2 protein has been
accumulated not only by surrogate models, such as purified E2
proteins, HCV-LP, and HCVpp, but also by authentic HCV
particles and HCVcc of genotype 2a (4). In this study, both
HCVpv and HCVrv were shown to be infectious in Huh7 cells,
and this infectivity was shown to be mediated through the
interaction with hCDB81. Although overexpression of hCD81 in
HepG2 cells which lack endogenous expression of hCD81 ren-
ders them susceptible to infection by surrogate viruses, primary
human He and HeLa cells expressing hCD81 and the rodent
CHO cells stably expressing hCD81 (CHOCDS1 cells) were
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FIG. 7. Inhibition of HCVpv and HCV1v infection by bafilomycin
A;. HCVpv (gray-filled bars), HCVrv (black-filled bars), VSVpv (open
bars), or MLVpv (striped bars) were inoculated to Huh7 cells after
treatment with various concentrations of bafilomycin A,. The results
shown are from three independent assays, with the error bars repre-
senting the standard deviations.

resistant to infection by HCVrv and HCVpv (Table 1) (5, 14,
67), suggesting that hCD81 is one of the important factors for
HCYV entry but is not sufficient for infectivity of HCV in target
cells. Recently, it was shown that participation of hCD81 in the
infection of HCVpp or HCVcc bearing HCV envelope pro-
teins isolated during chronic HCV infection was reduced, sug-
gesting that the affinity of HCV envelope proteins to hCD81
was reduced and HCV utilizes receptors other than hCD81
(62, 69). HCVrv is useful for studies of the generation of
various genotypes of escape variants under pressure of neu-
tralization antibody or antagonist against HCV receptor can-
didates. Further studies of the functional relevance of hCD81
and other receptor candidates in the entry steps of HCV, such
as binding, endocytosis, and membrane fusion, are needed.
Bafilomycin A,, an H*-ATPase inhibitor, was shown to re-
duce the infectivities of both HCVpv and HCVrv in a dose-
dependent manner, as it did for the infectivities of both
HCVpp and HCVce (6, 23, 29, 61), suggesting that these vi-
ruses require low-pH-induced conformational changes of the
envelope proteins upon entry. Furthermore, as with HCVcc
(40, 61), preexposure of HCVpv and HCVrv to acidic pH did
not reduce their infectivity (data not shown), indicating that
additional factors are required for the internalization of the
viruses. Recently, entry of HCVpp was shown to depend on the
clathrin-mediated endocytosis through the knockdown of
clathrin heavy chain by siRNA or chlorpromazine (8, 40), and
dominant-negative mutants of Rab5 or Rab7, which are in-
volved in the transport of clathrin-coated vesicles, revealed
that entry of HCVpp requires delivery to early but not to late
endosomes (40). N-linked glycosylation processing events in
the ER are important for the secretion of several enveloped
viruses. ER a-glucosidase I and II are involved in the trimming
of terminal glucose on the core oligosaccharides, and the re-
sulting monoglucosylated glycoproteins are able to bind to the
ER chaperones calnexin (CNX) and/or calreticulin (CRT). ER
a-glucosidase inhibitors, DNJ or castanospermine, which block
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FIG. 8. Effects of ER a-glucosidase inhibitors on the infection with
HCVrv and HCVcc. (A) (Top) Production of HCVrv and VSV in the
presence of Nn-DNTJ (left) or DMJ (right). Huh7 cells infected with
HCVrv and VSV at MOIs of 0.1 and 0.01, respectively, were treated
with various concentrations of Nn-DNJ or DMJ. Seventy-two hours
(HCV1v) or 24 h (VSV) postinfection, culture supernatants were col-
lected and titrated on Huh7 cells by a focus-forming assay. The results
shown are from three independent assays, with the error bars repre-
senting the standard deviations. (Bottom) Purified viruses generated in
Huh7 cells treated with Nn-DNJ or DMJ were analyzed by immuno-
blotting with anti-E1 (BDI198) and anti-VSVG (ab34774) or Coomas-
sie staining. (B) Focus formation of HCVrv and VSV in the presence
of Nn-DNJ or DMJ, Huh7 cells were infected with HCViv or VSV,
treated with Nn-DNJ (10 pM) or DMJ (2 mM) prior to an overlay of
culture media containing 0.8% of methylcellulose, and stained with an
anti-VSV N antibody after fixation at 72 h (HCVrv) and 24 h (VSV)
postinfection. (C) (Top) Production of HCVcc in the presence of
Nn-DNJ (left) or DMJ (right). Huh7.5.1 cells infected with HCVcc at
an MOI of 0.01 were treated with various concentrations of Nn-DNJ or
DM]J. Culture supernatants were collected and titrated by a quantita-
tive core enzyme-linked immunosorbent assay at 96 h postinfection.
(Bottom) Immunofluorescence assay of HCVcc infection in the pres-
ence of Nn-DNJ or DMJ. Huh7.5.1 cells were infected with HCVcc at
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the trimming step of N-linked glycosylation, have been shown
to prevent the interaction of CNX and/or CRT with the folding
glycoproteins, and the production of many enveloped viruses is
inhibited by these inhibitors (41). In this study, we found that
infection with both HCVrv and HCVec was inhibited in a
dose-dependent manner by treatment with Nn-DNJ, which is
an N-alkylated derivative of DNJ exhibiting a stronger effect
than DNJ. HCV E1 and E2 proteins were shown to interact
with CNX and CRT, and these interactions were inhibited by
the treatment with ER a-glucosidase inhibitors (12). One pos-
sible function of the HCV p7 protein, the formation of ion
channels, has also been shown to be inhibited by the treatment
with long-alkyl-chain iminosugar derivatives (50). Recently, it
was reported that HCV-LPs produced in the presence of ER
a-glucosidase inhibitors incorporated unprocessed, triglucosy-
lated N-glycans and misfolded E1 and E2 proteins and lost
their ability to bind hepatoma cell lines (11). Our results dem-
onstrate that the modification of E1 and E2 proteins in the
glycosylation steps in the ER is required to confer infectivity to
HCVrv and HCVcc. The presence of E1 and E2 proteins on
the surrogate viruses and HCVcc possessing high-mannose
glycans indicate that these viruses are not released through the
trans-Golgi network. In the case of West Nile virus, mature
particles propagated in mammalian cells possess complex types
of carbohydrates, in contrast to those generated in insect cells,
which have high-mannose glycans (16). We still do not know
the exact nature of modifications of the mature envelope pro-
teins on authentic HCV particles. Further studies of the rela-
tionship between the modification of HCV envelope proteins
and their infectivity are needed to clarify the life cycle of HCV.
The neutralizing activity of antibodies against HCV have been
assessed in the past using HCVpv (10, 43), HCVpp (3, 33, 42),
and HCVcc (63, 65), as well as by the inhibition of binding of
purified E2 protein to hCD81 (24, 53) and of HCV-LP to
target cells (59). Sera from patients chronically infected with
HCV and experimentally infected chimpanzees were shown to
specifically neutralize HCVpp infection (3, 33, 42). In the
present study, sera from patients infected with genotype 1b of
HCYV and-anti-E2 monoclonal antibodies exhibited high levels
of neutralization activity against infection with both HCVpv
and HCVrv bearing HCV envelope proteins of genotypes la
and 1b. One of the characteristics of HCV infection is the
establishment of a persistent infection. Therefore, the high
prevalence of neutralizing antibodies to the surrogate viruses
and HCVcc suggests that HCV particles exhibiting similar phe-
notypes to surrogate viruses and HCVce would be easily elim-
inated by neutralizing antibodies and thus not be able to par-

.ticipate in the establishment of a persistent infection, Recently,

it was reported that HCV escapes from neutralizing antibody
and T-cell responses by the continuous generation of escape

an MOI of 0.01, treated with 10 M of Nn-DNJ or 2 mM of DMJ prior
to an overldy of culture media containing 0.8% of methylcellulose, and
stained with an anti-NS5A antibody and Alexa 488-conjugated second-
ary antibody after fixation at 96 h postinfection. Cell nuclei were
stained by Hoechst 33258. Pictures were taken using a fluorescence
microscope by double exposure of the same fields with filters for Alexa
488 or Hoechst 33258.
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variants during chronic infection (51, 62). However, it was
demonstrated that viral clearance in acute HCV infection was
not correlated -with the presence of neutralizing antibodies
against HCVpp (33, 42), and 75% of HCVpp bearing HCV
envelope proteins of various genotypes are not infectious (29).
Therefore, it is reasonable to speculate that HCV particles
exhibiting characteristics similar to those of the surrogate vi-
ruses are produced in large numbers and act as decoys in HCV
patients, eliciting strong neutralizing antibodies against the
viruses, and that a small portion of HCV particles exhibiting
characteristics different from those of the surrogate viruses
may- participate in the establishment of persistent infection by
escaping from the host immune surveillance system. The au-
thenticity of the surrogate virus systems for the study of HCV
infection remains controversial, and further studies are needed
to clarify their profiles.

In conclusion, we generated replication-incompetent HCVpv
and replication-competent HCVrv possessing HCV envelope
proteins as novel surrogate models for the study of HCV,
HCVpv and HCViv were shown to have infection mechanisms
similar to those of HCVpp and HCVce. HCVrv has the fol-
lowing advantages compared to HCVcc: (i) infectious particles
bearing HCV envelope proteins of various genotypes are ca-
pable of generating in various cell lines or primary cells, in
contrast to the strict restriction of generating the infectious
HCVcc in the Huh7-derived cell lines; (ii) isolation of escape
mutants carrying mutations in the envelope proteins under
various pressures may be easily obtained due to the higher
replication efficiency than that of HCVcc; and (iii) in vivo
investigation of the HCV envelope proteins for entry using

. humanized mice with human Hc and for immunogenicity for a
future vaccine development are possible. Therefore, replica-
tion-competent HCVrv established in this study may provide
valuable tools not only for understanding the entry mecha-
nisms of HCV in a manner that is cell type and species depen-
dent but also for developing novel therapeutics and vaccines.
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A combination of pegylated interferon o (PEG- related to the virological outcome of the therapy.
IFNo) and ribavirin has been used widely. J. Med. Virol. 79:511-521, 2007.
Enhancement ofimmune response against hepa- © 2007 Wiley-Liss, Inc.

titis C virus (HCV) is known to be involved in the . e AL .
efficacy of the combination therapy. The aim of KEY WORDS: chron.lc_ hepa_tlt'ls C; PEG m'ier-
the study was to elucidate whether the frequency feron; ribavirin; dendritic cell

or function of immunocompetent blood cells is
related to the outcome of the therapy. Twenty-
five chronic hepatitis C patients with high viral INTRODUCTION
load of HCV genotype 1 who underwent 48 weeks
of PEG-IFNa2b and ribavirin therapy were
examined. During the treatment, frequencies of
dendritic cell subsets, helper T cell subsets, and
NK cells were phenotypically determined. In
some patients, the ability of dendritic cells to
stimulate aliogeneic CD4™T celis was examined
at the end and after the therapy. Among the
25 patients, 11 showed a sustained virological
response, 11 a transient response, and 3 no
response. In comparison with sustained viro-
logical responders, non-sustained virological
responders showed impaired dendritic cell
function at the end and after the treatment.
The transient responders showed a decline of
plasmacytoid dendritic cell frequency from
Weeks 1-12 and impaired dendritic cell function
as well. Even in patients who attained negative ——
serum HCV RNA at Week 12, the transient Abbreviations: HCV, hepatitis C virus; PCR, polymerase chain
responders showed a significant decrease of reaction; PBMC, peripheral blood mononuclear cells; NK, natural

I id  dendriti nof d killer; MLR, mixed leukocyte reaction
plasmacytoi endritic - ce requency an *Correspondence to: Norio Hayashi, 2-2 Yamada-oka, Suita,

Hepatitis C virus (HCV) infection causes various
types of liver diseases including chronic hepatitis, liver
cirrhosis, and hepatocellular carcinoma [Seeff, 2002].
The most effective way to prevent the progression of
disease is to eradicate HCV from the infected hosts
[Alter et al., 1989]. At present, combination therapy
with pegylated interferon alpha (PEG-IFNo) and riba-
virin is considered as the standard treatment for chronic
HCYV infection. The rate of the sustained virological
response achieved by the combination therapy has been
up to 50% in patients with HCV genotype 1 and a high
HCV RNA titer; however, half of the patients do not
attain sustained virological response [Manns et al,,
2001; Fried et al., 2002]. In addition to HCV genotype
and HCV quantity, several factors have been reported as
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therapeutic determinants in PEG-IFNa and ribavirin
combination therapy, such as liver fibrosis, age, gender,
and ethnicity [Manesis et al., 1997; Poynard et al., 1998;
Jacobson et al., 2005]. It is accepted that initial changes
of serum HCV RNA titer from the beginning of the
therapy, i.e., HCV dynamics, correlates well with the
clinical outcomes of the treated patients [Davis et al.,
2003; Hayashi and Takehara, 2006]. In PEG-IFNa and
ribavirin therapy, an early virological response’ is
defined as a reduction in serum HCV RNA quantity by
at least 2 logyg units or to an undetectable level by a
sensitive qualitative PCR after the first 12 weeks of
the treatment or negative serum HCV RNA at Week
924 of the therapy [Davis et al,, 2003]. It has been
reported that the patients who fail to attain early
virological response at Week 12 or 24 are not likely to
gain sustained virological response after 48 weeks of
the combination therapy, suggesting that early virolo-
gical response can serve as a negative predictor of
sustained virological response [Ferenci, 2004; Ferenci
et al., 2005]. Prolongation of the duration of PEG-IFNa
and ribavirin combination therapy from 48—72 weeks is
likely to improve sustained virological response rate by
decreasing relapsers [Berg et al., 2006]. Therefore,
identifying potential relapsers during therapy and
providing additional weeks of treatment may be clini-
cally important, since it can offer them a better chance of
attaining sustained virological response. However, no
reliable marker is currently available for predicting
virological relapse in PEG-IFNa and ribavirin therapy.

In chronic hepatitis C, multifaceted immune dysfunc-
tion may be implicated in the persistence of HCV
including dendritic cells, NK cells, and T cells [Kanto
et al.,, 1999; Auffermann-Gretzinger et al., 2001; Rosen
et al., 2002; Nattermann et al., 2006]. It is reported that
sustamed v1ral responders mamta_lned vigorous and
multispecific HCV-specific CD4" Thl responses, sug-
gesting that the restoration of CD4™ T cell responses
may be related to successful HCV eradication [Kamal
et al., 2002]. However, it is not known whether the
frequency or the function of other immune cells during
the combination therapy has any relatlonshlp to the
therapy outcome.

In the present study, in order to determine immuno-
logical markers correlated with the efficacy of the
treatment, the frequency of peripheral blood cell subsets
and their dynamics were studied during and after the
combination therapy. The function of dendritic cells
from the patients was examined to clarify whether it was
correlated with the therapeutic efficacy. This study
supports the view that the reactivity of the immune
system to the combination therapy is involved critically
in the outcome of the treatment.

MATERIALS AND METHODS

Patients

Among chronic hepatitis C patients who had been
followed at Osaka University Hospital, Osaka Kosei-
nenkin Hospital, and Osaka National Hospital,

J. Med. Virol. DOI 10.1002/jmv
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32 patients who received PEG-IFNa2b and ribavirin
combination therapy for 48 weeks were enrolled in the
present study. The study was approved by the ethical
committee of the Osaka University Graduate School of
Medicine. Written informed consent was obtained from
all patients. At enrollment, the patients were confirmed
to be positive for both serum anti-HCV antibody and
HCV RNA, but were negative for other viral infections,
including hepatitis B virus and human immunodefi-
ciency virus. All the patients were infected with HCV
genotype 1b with a serum HCV RNA quantity of more
than 100 kilocopies/ml, as determined by methods
described elsewhere [Pawlotsky et al., 2000]. All
patients had shown persistent. or fluctuating serum
alanine aminotransferase abnormalities at enrollment.
The presence of other causes of liver disease, such as
autoimmune hepatitis, primary biliary cirrhosis,
primary sclerosing cholangitis, alcohol abuse, and
metabolic disorders was excluded by laboratory and
imaging analyses. With all patients, a combination of
biochemical markers and ultrasonography or computed
tomography scan analyses ruled out the presence
of cirrhosis and tumors in the liver. Histological
analyses of liver disease were performed with liver
tissue obtained by ultrasonography-guided biopsy. The
activity and stage of the disease were assessed by two
independent pathologists according to the classification
proposed by Desmet [Desmet et al., 1994].

Study Design

All patients were treated with PEG-IFNo2b subcuta-
neously at a dose of 75 pg/week (body weight>40 kg
and<60 kg) or 105 pg/week (body weight>60 kg
and < 80 kg) or 135 pg/week (body weight> 80 kg and
< 100 kg) and oral ribavirin at a dose of 600 mg/day (body
weight > 40 kg and < 60 kg) or 800 mg/day (body weight
> 60 kg and < 80 kg) or 1000 mg/day (body weight > 80 kg
and < 100 kg). Ribavirin was administered divided into two
doses per day. All patients were treated for 48 weeks and
followed for 24 weeks after the cessation of therapy. Theearly
1esponders were defined as those who showed a reduction
in serum HCV RNA quantity to an undetectable level by
qualitative PCR at Week 12 of the therapy. Virological
response was estimated at 24 weeks after cessation of the
treatment. Sustained virological response was defined as
the maintenance of negative serum HCV RNA by PCR for
more than 6 months after completion of the therapy.
Transient response was defined. as the reappearance of
serum HCV RNA within 6 months after cessation of therapy
in patients who had achieved negative serum HCV RNA at
the end of the treatment. No response meant that there was
persistently positive serum HCV RNA throughout the
therapy period. Non-sustained virological response group
is comprised of transient responders.and no responders.

Analysis of Dendritic Cell Subsets,
Helper T Cells, and NK Cells

For the numerical analyses of blood dendritic cells,
helper T cells, and NK cells, venous blood was drawn
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from patients before treatment and at Weeks 1, 4, 8, 12,
24, and 48 during the therapy. Peripheral blood mono-
nuclear cells (PBMCs) were collected by density-gradi-
ent centrifugation on a Ficoll-Hypaque cushion. After
viable PBMCs had been counted, the cells were stained
with combinations of various antibodies for phenotypic
markers.

The following monoclonal antibodies were purchased
from BD Biosciences (San Jose, CA): anti-lineagemarker
(Lin; CD3 (clone SK7), CD14 (clone MoP9), CD16 (clone
3G8), CD19 (clone SJ25C1), CD20 (clone 1.27), and
CD56 (clone NCAM16.2)), anti-CD4 (clone RPA-T4),
anti-CD11c (clone B-ly6), anti-CD1283 (clone 7G3), anti-
CD3 (clone UCHT1), anti-CD45RO (clone UCHLLI),
anti-CD56 (clone B159), anti-HLA-DR (clone 1.243),
anti-CCR4 (clone 1Gl). Anti-CXCR3 (clone 49801)
monoclonal antibody was purchased from R&D Systems
(Minneapolis, MN). Staining was performed with FITC,
PE, PerCP, and APC conjugated antibodies as described
previously. The acquisitions and analyses of data were
performed with FACSCalibur (BD Biosciences) and
CellQuest software.

Blood dendritic cells were defined as Lin~ and HLA-
DR™ cells. Myelmd dendritic cells are Lin~, HLA-DR™,
CD1lc*, CD123"Y cells, and plasmacytmd dendritic
cells are Lin~, HLA-DR*, CD11c™, and CD123"8" cells,
respectively. Helper T cell subpopulatlons were deﬁned
by the pattern of CXCR3 and CCR4; Th1 cells are CD4™,
CD45R0O*, CXCR3", and Th2 cells are CD4™, CD45RO+
and CCR4+ respectively. NK cells were defined as
CDh3-, CD56+ cells. The percentages of dendritic cell
subsets and NK cells in PBMCs or Thl and Th2 cells
in CD4* T cells were determined by FACS. In order to
examine the dynamics of dendritic cell subsets after
initiation of the treatment, we used the ratio of
frequencies at each time point to those before the
therapy.

Allogeneic Mixed Leukocyte Reaction
With Dendritic Cells

In some patients, we examined whether the allosti-
mulatory ability of dendritic cells was related to
the clinical outcomes. At the end of treatment and at
Week 4 after completion of the treatment, monocyte-
derived dendritic cells were generated from PBMC
obtained from the patients according to methods
reported previously [Romani et al., 1994]. As controls,
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monocyte-derived dendritic cells were generated simul-
taneously from healthy donors. As responder cells in
mixed leukocyte reaction (MLR), naive CD4™ T cells
were isolated from PBMC of irrelevant healthy donors
by using a naive CD4" T cell enrichment kit (Stemeell
Technologies, Vancouver, BC). Allogeneic MLR with
monocyte-derived dendritic cells was performed as
reported previously [Kanto et al., 1999]. In order to
compare the ability of monocyte-derived dendritic cells
among patients, we determined the MLR ratio between
patients and controls as counts per minute (cpm) of >H-
thymidine incorporated into CD4™ T cells at the T cell/
dendritic cell ratio of 10/1.

Statistical Analyses .

For statistical analysis, the non-parametric Mann—
Whitney U-test was used between the groups. To
analyze paired data, we used Wilcoxon’s signed rank
test. Differences of continuous variables between groups
were compared by two-way ANOVA. P-values of less
than 0.05 were considered to be statistically significant.
These statistical analyses were performed with Stat-
View software (Cary, NC).

RESULTS
Outcome of the PEG-IFN« and Ribavirin Therapy

Amongthe 32 patients who received PEG-IFNo2b and
ribavirin combination therapy, 25 completed the ther-
apy while 7 patients dropped out due to various adverse
effects. Among the 25 patients who completed the
therapy, 11 (44%) achieved sustained virological
response, 11 (44%) showed transient response, and
3 (12%) showed no response (Table I). There was no
difference in the baseline clinical parameters among
these groups (Table I). With regard to HCV RNA at
Week 12 in patients who completed the therapy, 11 were
negative for HCV RNA (early responders), while the
remaining 14 were not. Among 11 patients with early
response, 7 were sustained virological responders and
4 were transient responders. Among 14 patients who
were positive for serum HCV RNA at Week 12, 4 patients
achieved sustained virological response, 7 showed
transient response, and 8 showed no response. Details
of the therapeutic response in the current study are
shown in Figure 1,

" TABLE 1. Baseline Clinical Characteristics of the Patients

All patients SVR TR NR
Age® 50.0+10.9 46.7+124 54.1+8.9 46.7+9.3
Sex (M/F) 20/5 9/2 8/3 3/0
ALT qUm® 99.3+478 975509 103+51.3 94.0+34.6
HCV RNA (kilo copies/ml)? 3146+ 2675 3685+3023 27432338 2647+3163
Activity (minimal/mild/moderate) /711 5/3/3 1/4/6 1/0/2
Fibrosis (mild/moderate/severe) 11/12/2 3/7/1 2/0/1

6/5/0

ALT, alanine aminotransferase.

Hlstologlcal activity and fibrosis were assessed according to the clas51ﬁcat10n proposed by Desmet.

#Mean =+ SD.
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Fig. 1. Detailed outcomes of chronic hepatitis C patients treated
with 48-week PEG-IFNa2b and ribavirin combination therapy. Thirty-
two patients received the therapy, but seven dropped out due to various
adverse effects. Among the 25 who completed the therapy, 11 achieved
sustained virological response, 11 were transient responders, and 3
were non-responders. The early responders were defined as those
who showed a reduction in HCV RNA quantity to an undetectable level

Non-Sustained Virological Responders
Had a Lower MLR Ratio Than Sustained
Virological Responders

In order to clarify whether the frequency and function
of immune cells are involved in the outcomes of the
combination therapy, these parameters were compared
between sustained virological responders and non-
sustained virological responders, including transient
responders and no responders. The pretreatment per-
centages of myeloid dendritic cells, plasmacytoid den-
dritic cells, NK cells, Thl, and Th2 were not different
between the sustained virological responders and non-
sustained virological responders (Fig. 2A). As for the
changes of dendritic cell subsets during the therapy,
frequencies of both plasmacytoid dendritic cells and
myeloid dendritic cells at each time point did not differ
between sustained virological responders and non-
sustained virological responders (Fig. 2B,C). The per-
centages of NK cells in non-sustained virological

by qualitative PCR at Week 12 of the therapy. According to this
criterion, 11 patients were early responders and were further
categorized into 7 sustained virological response (sustained virological
responders with early response) and 4 transient response (transient
responders with early response). Of the other 14 patients who were not
early responders, 4 were sustained virological responders, 7 were
transient responders, and 3 were non-responders.

responders tended to be higher than those in sustained
virological responders from Weeks 4—48, which did not
reach statistical significance (P=0.0533 ANOVA)
(Fig. 2F). The frequencies of Thl and Th2 did not differ
between these two groups (Fig. 2G,H). As for dendritic
cell function, dendritic cells from the non-sustained
virological responders showed a lower MLR ratio than
those from the sustained virological responders at the
end (P<0.01) and at 4 weeks after the completion of
therapy (P <0.005) (Fig. 3). These results show that
lesser ability of dendritic cells at the end of treatment
may be related to non-sustained virological response.

Transient Responders Had a Lower MLR Ratio
in Dendritic Cell Function Than Sustained
Virological Responders in the Course of
Combination Therapy

In order to elucidate if the above-mentioned immuno-
logical markers are related to virological relapse, a

Fig. 2. Pretreatment frequency of blood cells and its changes during
48-week PEG-IFNu2b and ribavirin therapy in sustained virological
responders and non-sustained virological responders. Frequencies of
myeloid dendritic cells, plasmacytoid dendritic cells, NK cells, Thi
cells, and Th2 cells in the patients before the treatment (A), during the
combination therapy (B, C, F-H) and the ratios of myeloid dendritic
cell or plasmacytoid dendritic cell frequency (D, E) were determined as
described in Materials and Methods, which were compared hetween

J. Med. Virol. DOI 10.1002/jmv
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sustained virological responders and non-sustained virological respon-
ders. Black bars (A) or closed triangles (B—H) depict sustained
virological responders and white bars (A) or closed eircles (B—H) depict
non-sustained virological responders. The results are expressed as the
mean-+SEM of 11 sustained virological responders and 14 non-
sustained virological responders. PBMC, peripheral blood mononue-
lear cells; NK, natural killer.
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Fig. 3. Allostimulatory activity of dendritic cells in patients who
underwent 48-week PEG-IFN«2b and ribavirin therapy in sustained
virological responders and non-sustained virological responders.
At the end of treatment (Week 48) and at Week 4 after completion
ofthe treatment, monocyte-derived dendritic cells were generated from
the patients or healthy donors and their allostimulatory capacity was
evaluated as described in Materials and Methods. The MLR ratio
between patxents and controls was determined from the counts per
minute (cpm) of SH-thymidine incorporated into CD4* T cells at T cell/
dendritic cell ratio of 10/1. The results are expressed as the mean +
SEM of 11 sustained virological responders and 14 non-sustained viro-
logical responders. Black bars indicate sustained virological respon-
ders and white bars indicate non-sustained virological responders.
*P<0.01, **P <0.005.

comparison was undertaken between sustained virolo-
gical responders and transient responders. The pre-
treatment percentages of myeloid dendritic cells,
plasmacytoid dendritic cells, NK cells, Thl, and Th2
were not different between the sustained virological
responders and transient responders (Fig. 4A).

The percentages of myeloid dendritic cells and
plasmacytoid dendritic cells were not different between
the sustained virological responders and transient
responders at each time point (Fig. 4B,C). The transient
responders tended to show a lower plasmacytoid
dendritic cell ratio than sustained virological respon-
ders from Weeks 1-12 (P=0.0553, ANOVA) (Fig. 4E),
suggesting that plasmacytoid dendritic cell is likely to
decrease in the early phase in transient responders
whereas those in sustained virological responders tend
to be maintained. By contrast, no difference was
observed in the myeloid dendritic cell ratio between
the groups (Fig. 4D). The percentages of NK cells
in transient responders were significantly higher
than those in sustained virological responders from

Ttose et al.

Weeks 8—48 (P < 0.05) (Fig. 4F). The frequencies of Thl
or Th2 at each point during therapy did not differ
between the sustained virological responders and
transient responders (Fig. 4G,H).

With regard to the dendritic cell function, the
transient responders showed a lower MLR ratio
than the sustained virological responders from Weeks
4—48 after the end of the therapy (P <0.05) (Fig. 5).
These results suggest that sustained impairment of
dendritic cell function at the end and after the treatment
may be related to the virological relapse after cessation
of the therapy.

Early-Phase Decline of Plasmacytoid Dendritic
Cell Frequency and Sustained Impairment
of Dendritic Cell Ability Are Related to
Transient Response in the Combination
Therapy Even in Patients Who Lost Serum
HCV RNA at Week 12 of the Treatment

In order to estimate more precisely the involvement of
immunological markers in the outcomes of the combina-
tion therapy, we examined the above-mentioned para-
meters in patients who attained negative serum HCV
RNA at Week 12 (early response group), as they were
considered to be comparable with respect to the
virological response to the therapy. Among 11 patients
who were clear of serum HCV at Week 12, 7 were
categorized into sustained virological response (sus-
tained virological responders with early response) and
the remaining 4 into transient response (transient
responders with early response) (Fig. 1). Among
patients with early response, the pretreatment percen-
tages of myeloid dendritic cells, plasmacytoid dendritic
cells, Thl, Th2, and NK cells (Fig. 6A) and those at
any points during the therapy did not differ between
sustained virological responders and transient respon-
ders (Fig. 6B,C,F—H). The plasmacytoid dendritic cell
ratios in transient responders were lower than those
in sustained virological responders from Weeks 1-12
(P<0.05, ANOVA) (Fig. 6E), whereas the myeloid
dendritic cell ratio did not differ between the groups
(Fig. 6D).

As for MLR, dendritic cells from the transient
responders showed a lower MLR ratio than those from
the sustained virological responders at the end and at
4 weeks after the completion of therapy (Fig. 7)
(P <0.001).

DISCUSSION

In the PEG-IFNu and ribavirin therapy for chronic
hepatitis C, viral and host factors are critically involved
in the efficacy of treatment. As for viral factors, HCV

Fig. 4. Pretreatment frequency of blood cells and its changes during
48-week PEG-IFNo2b and ribavirin therapy in sustained virological
responders and transient responders. Frequencies of myeloid dendritic
cells, plasmacytoid dendritic cells, NK cells, Th1 cells, and Th2 cellsin
the patients before the treatment (A), during the combination therapy
(B, C, F~H), and the ratios of myeloid dendritic cell or plasmacytoid
dendritic cell frequency (D, E) were determined as described in
Materials and Methods, which were compared between sustained
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virological responders and transient responders ones, Black bars (A) or
closed triangles (B—H) depict sustained virological responders and
white bars (A) or closed circles (B~H) depict transient responders.
The results are expressed as the mean+SEM of 11 sustained
wrologlcal responders and 11 transient responders. PBMC, NK are
shown in Figure 2. *P < 0.05 (sustained virological responders vs.
transient responders).
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Fig. 5. Allostimulatory activity of dendritic cells in patients who
underwent 48-week PEG-IFNua2b and ribavirin therapy in sustained
virological responders and transient responders. At the end of
treatment (Week 48) and at Week 4 after completion of the treatment,
monocyte-derived dendritic cells were generated from the patients or
healthy donors and their allostimulatory capacity was evaluated as
described in Materials and Methods. The MLR ratio between
patients and controls was determined as the same as Figure 3. The
results are expressed as the mean + SEM of 11 sustained virological
responders and 11 transient responders. Black bars indicate sustained
virological responders and white bars indicate transient responders.
*P < 0.05.

post w4

genotypes and baseline HCV RNA titers are major
determinants dictating therapeutic outcomes. In addi-
tion, failure of rapid decline in serum HCV RNA from
the beginning of the treatment, i.e., non-early viro-
logical response, has been used as a negative predictor
for sustained virological response. Alternatively, the
enhancement of immunity has been implicated to play a
key role in the successful responses in PEG-IFNao and
ribavirin therapy. However, it is yet to be determined
which parameters are practically feasible for the
assessment of treatment-induced immune responses
correlating with therapeutic efficacy.

In the present study, it was determined whether the
frequencies of dendritic cells, NK cells, Thl and Th2
cells, as well as dendritic cell function in patients are
related to the outcome of the PEG-IFN« and ribavirin
therapy. By comparing these markers in the course of
the treatment between sustained virological responders
and non-sustained virological responders, it was démon-
strated that non-sustained virological responders
showed impaired dendritic cell function in MLR
than sustained virclogical responders. When the ana-
lyses were extended to comparison between sustained
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virological responders and transient responders,
transient responders exhibited (1) lower plasmacytoid
dendritic cell ratio, (2) higher NK cell frequency, and
(3) impaired dendritic cell function than sustained
virological responders. Of particular interest were the
findings of a lower plasmacytoid dendritic cell ratio as
well as lower MLR even in transient responders with
early response compared to sustained virological
responders with early response. Since patients with
early response are defined as those who showed negative
serum HCV RNA at Week 12, they are considered to be
similar in virological response to the combination
therapy. Thus, such parameters could serve as immu-
nological markers for virological relapse, presumably
being independent of the early virological response.

In general, homeostasis of blood cell number is
regulated by their life span and their recruitment from
the bone marrow to circulating blood. A reduction of
blood cell numbers is frequently observed in patients
who are treated with PEG-IFNo and ribavirin combina-
tion therapy, which may be due to bone marrow
suppression, enhancement of cellular apoptosis, or
alteration of localization. However, the dynamics of
dendritic cell subsets or NK cells under combination
therapy is yet to be clarified. Some investigators have
reported that the frequency or the absolute number of
blood dendritic cell is dynamically changed by various
stresses, such as infection [Hotchkiss et al., 2002] or
surgery [Ho et al., 2001]. The present study showed that
reduction of plasmacytoid dendritic cells after the
introduction of combination therapy is much greater in
the transient responders than in the sustained viro-
logical responders. IFNa is reported to act as a
regulatory factor on CD11lc¢™ dendritic cells to sustain
their viability and to inhibit gaining the ability to
stimulate Th2 development [Ito et al.,, 2001]. Thus,
patients who respond well to IFNo, as demonstrated by
better plasmacytoid dendritic cell survival during the
treatment, are likely to have better chances to eradicate
HCV. Limited information is available about the factors
influencing the number of NK cells. In chronic HCV
infection, it has been reported that the progression of
liver disease is associated with a decrease of peripheral
as well as liver-residing NK cells [Kawarabayashiet al.,
2000]. It is plausible that the lower frequency of
peripheral NK cells in the sustained virological respon-
ders compared to the transient responders, as shown in
this study, may be related to the accumulation of NK
cells in the liver, where they presumably produce IFNy
to suppress HCV replication. Further study is needed to
disclose the reasons for the dynamics of these cells being
related to the virological response in the combination
therapy.

Fig. 6. Pretreatment frequency of blood cells and changes during 48-
week PEG-IFNa2b and ribavirin therapy in patients who showed
negative serum HCV RNA at Week 12 of the therapy. Frequencies of
myeloid dendritic cells, plasmacytoid dendritic cells, NK cells, Thl
cells, and Th cells in the patients before the treatment (A), during the
combination therapy (B, C, F-H) and the ratios of myeloid dendritic
cell or plasmacytoid dendritic cell frequency (D, E) were determined as
described in Materials and Methods, which were compared between
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sustained virological responders and transient responders ones. Black
bars (A) or closed triangles (B—H) depict sustained virological
responders and white bars (A) or closed circles (B—~H) depict transient
responders. The results are expressed as the mean+SEM of seven
sustained virological responders with early response and four transient
responders with early response. PBMC, NK are shown in Figure 2.
*P < 0.05 (sustained virological responders vs. transient responders).
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Fig. 7. Allostimulatory activity of dendritic cells in the patients who
underwent 48-week PEG-IFNo2b and ribavirin therapy in patients
who showed negative serum HCV RNA at Week 12 of the therapy. At
the end of treatment (Week 48) and at Week 4 after the completion of
the treatment, monocyte-derived dendritic cells were generated from
the patients or healthy donors and their allostimulatory capacity was
evaluated as described in Materials and Methods. The MLR ratio
between patients and controls was determined as the same as Figure 3.
The results are expressed as the mean+SEM of seven sustained
virological responders with early response and four transient respon-
ders with early response. Black bars indicate sustained virological
responders and white bars indicate transient responders, respectively.
*P < 0.05.

In the present study, non-sustained virological
responders or transient responders showed a lesser
capacity for dendritic cell function than sustained
virological responders at the end and after cessation of
the therapy. Even in the patients who lost serum HCV
RNA at Week 12, the dendritic cell function was lower in
transient responders than sustained virological respon-
ders. One of the mechanisms of impaired dendritic cell
function in non-sustained virological responders or
transient responders may be residual HCV both in
serum and in cells. It is reported that the relapse rate
was higher in the patients who were positive for HCV
RNA by sensitive transcription-mediated amplification
(TMA) at the end of combination therapy than those who
were negative for it, even when they were negative for
HCV RNA by conventional PCR [Gerotto et al., 2006].
Other investigators have shown that residual HCV is
detectable by means of sensitive PCR in blood cells from
patients who cleared HCV from the serum by IFNo and
ribavirin combination therapy [Pham et al., 2004],
supporting the possibility that blood cells are reservoirs
of HCV replication. Taking these findings into consid-
eration, it is conceivable that a small quantity of HCV
might exist in the blood cells in some transient
responders. Since direct HCV infection of monocytes or
blood dendritic cells is considered to be one of the
mechanisms of the functional impairment of dendritic
cell [Navas et al., 2002; Goutagny et al., 2003; Ducou-
lombier et al., 2004], persistent HCV may delay the
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restoration of dendritic cell function in non-sustained
virological responders or transient responders com-
pared to sustained virological responders.

In summary, it was shown that the frequencies of
plasmacytoid dendritic cells or NXK cells and dendritic
cell function might be related to the outcomes of the
combination therapy. Since the present study was
performed with a relatively small number of patients,
a greater number of patients should be examined in
order to validate the feasibility of using these as
immunological markers of relapse. The prediction of
virological non-response or relapse during therapy can
help improve the clinical outcomes of treated patients,
as prolongation of combination therapy offers poten-
tial relapsers a better chance of sustained virological
response by suppressing HCV reappearance.
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SUMMARY

Type | interferons (IFNs) are critical for antiviral
responses. Here we generated a knockin mouse
in which green fluorescence protein (GFP) was
expressed under the control of the Ifna6 pro-
moter. Virus-induced expression of GFP reca-
pitulated various IFN-a subtypes. Systemic in-
fection of the mice with Newcastle disease
virus (NDV) increased GFP* plasmacytoid den-
dritic cells (pDCs) via the Toll-like receptor sys-
tem, and GFP* conventional dendritic cells
{cDCs) and macrophages via the RIG-I-like heli-
case system. By contrast, lung infection with
NDV led to IFN-a production in alveolar macro-
phages (AMs) and cDCs, but not in pDCs. Spe-
cific depletion of AMs caused a marked defect
in the initial viral elimination in the lung. pDCs
produced IFN-« in the absence of AM-mediated
viral recognition, suggesting that pDCs function
when the first defense line is broken. Thus, AMs
act as a type | IFN producer that is important
for the initial responses to viral infection in
the lung.

INTRODUCTION

The innate immune system senses viral invasion and
evokes quick responses by producing various cytokines.
Among them, type | interferons (IFNs) are pleiotropic cyto-
kines essential for antiviral immune responses. They are
comprised of multiple IFN-as and single IFN-B, and other
members such as IFN-w, -¢, and -« (Honda et al., 20086).
Humans and mice have more than 13 IFN-o family mem-
bers. Type | IFNs induce apoptosis of virus-infected cells
and cellular resistance to viral infection, and also activate
natural killer (NK) and T cells (Stetson and Medzhitov,
2006). Thus, type | [FNs have an important role not only
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in the innate antiviral responses, but also in the activation
of the adaptive immune system.

Two innate immune receptor families, Toll-like recep-
tors (TLRs) and RIG-I-like helicases (RLHs), have been
shown to recognize viral components and induce type
I IFNs (Akira et al., 2006). The TLR system senses vari-
ous viral components, including double-stranded RNA
(dsRNA) single-stranded RNA (ssRNA), and unmethylated
DNA with CpG motifs via TLR3, TLR7, and TLR9, respec-
tively. TLR3 triggers signaling cascades via an adaptor
protein, the Toll-IL-1 receptor (TIR) domain containing
adaptor-inducing IFN-B (TRIF), which activates two kB
kinase (IKK)-related kinases, TANK-binding kinase 1
(TBK1) and inducible IKK (IKK-/). These kinases are known
to directly phosphorylate transcription factors of IFN reg-
ulatory factor 3 (IRF-3) and IRF-7 (Kawai and Akira, 2006).
These transcription factors then form a dimer, translocate
to the nucleus, and activate the transcription of type | IFNs
and IFN-inducible genes. On the other hand, TLR7 and
TLRO activate IRF-7 via an adaptor, MyD88 (Honda
et al., 2004; Kawai et al., 2004), IL-1R-associated kinase
1 (IRAK1) (Uematsu et al., 2005), and IKK-a (Hoshino
et al., 2006), but not TBK1 or IKK-/,

The RLH family is comprised of the retinoic acid-induc-
ible gene | (RIG-l), the melanoma differentiation-associ-
ated gene 5 (MDASB), and Lgp2 (Akira et al., 2006). RIG-I
and MDAS, but not Lgp2, contain caspase-recruit do-
mains (CARDs) in addition to a RNA helicase domain.
RIG-! is responsible for detection of various RNA viruses
(Kato et al., 2005; Yoneyama et al., 2004), in vitro tran-
scribed dsRNA (Kato et al., 2006), and 5'-triphosphate
RNA (Hornung et al., 2006; Pichlmair et al., 2006), whereas
MDAS recognizes picornaviruses and polyinosinic polycy-
tidylic acid [poly (1:C}] (Kato et al., 2006). RiG-I and MDA5
activate TBK1 and IKK-i via a CARD domain containing
IFN-B8 promoter stimulator-1 (IPS-1), an adaptor also
known as MAVS, CARDIF, or VISA (Kawai et al., 2005;
Kumar et al., 2006; Meylan et al., 2005; Seth et al., 2005;
Sun et al., 2006; Xu et al., 2005).

Although various cells are reported to have the potential
to produce type | IFNs when exposed to viruses in vitro,
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