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FIG. 4. Propagation of HCVrv. (A) Detection of viral proteins in
Huh7 cells infected with HCVpv or HCVrv. Huh7 cells were infected
with HCVpv or HCVrv 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 ficlds with
filters for Alexa 488 or Hoechst 33238. (B) Focus formation of HCVpv.
HCVrv. or VSV in Huh7 cells. Huh7 cells were infected with serial
10-fold dilutions of HCVpv, HCViv. or VSV and incubated at 30°C for
72 h for HCVpv and HCVrv or 24 h for VSV in u culture medium
containing 0.8% methylcellulose. Foci of infected cells were detected
by immunohistochemical staining. (C) Kinetics of HCVrv (left) and
VSV (right) propagation in various cell lines. HCVrv and VSV gen-
erated in Huh7 cells were used to infect cells at an MOI of 0.01. The
culture supernatant was collected at the indicated time poinis and
titrated by a focus-formation assay. Infectious titers are expressed in
1U/milliliter.
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the expression of hCD81 in HepG2 cells (HepCDS81) (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 hCD81 is
essential for the infection with HCVpv and HCVrv, as re-
ported for infection with HCVpp and HCVcc, but conditions
with a lack of hCD8! 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.
It 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 HCVrv bearing envelope proteins of genotype la, 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 ceils 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-hCDS8I1 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 Huh7 cells transtected
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
hCDS1 on HepG2 and HepCD&81 cells was examined by FACS analysis after staining with anti-hCD81 antibody. (E) Infectivity of HCVpv, HCVrv,
or VSVpv to HepG2 or HepCDS1 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 a-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 cffects 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), glvecobiologi-
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-DN1) on the infectivity of HCVrv, Huh7 cells
were treated with these inhibitors. Treatment of Huh7 cells

with Nn-DNJ 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 M of Nn-DNJ were severely impaired by the
cytotoxic effects of Nn-DNJ (Fig. 8A, bottom left), treatment
with 10 uM 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
El or VSVG proteins incorporated into the particles (Fig. SA.
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 celis, and strain (genotype)”

Cell surface

- a. HCVpy HCVrv HCVpp virus produced in
Target cells expression of: 293T cells and of strain
293T Huh7 293T Huh7 H77 (genn[ype ]a)b
hCD81 SR-Bl  H77 (la) Conl (1b) H77 (la) Conl (Ib) H77(la) Conl (Ib) H77(1a) Conl (Ib)

Huh7 ++ ++ +++ +++ ++ ++ +++ +++ +++ +++ +++
HepG2 - ++ - - - - - - - - -

HepCD81 ++ ++ ++ ++ + + +++ +++ +++ +++ ++

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

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

He ++ - - - - - - - — - -

HelLa + + - - - - - - - - -

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

Vero - - + + - - + + + + ~

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

CHOKI1 - - - - - - - - - - -

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.

” Infectious titers higher than 5 X 10* TU/m), between 5 X 103 and 5 X 10% 1U/ml, between 5 X 10% and 5 X 10% IU/ml, and lower than 5 X 10? IU/ml 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 E1 and E2 proteins in the ER by a-glucosidase rather
than that in the Golgi is crucial for the infectivity of both
HCVrv and HCVce.

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 4 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 E}
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

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 postiranslational modification or host factor(s)
specific to human cells might be involved in the endowment of
mfectivity 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 HCVrv 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 (RG646) 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 tecmpcraturc 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 hCDS81. Although overexpression of hCD81 in
HepG2 cells which lack endogenous expression of hCD8I ren-
ders them susceptible to infection by surrogate viruses, primary
human Hc and Hela cells expressing hCDS1 and the rodent
CHO cells stably expressing hCD81 (CHOCDS!1 cells) were
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FIG. 7. Inhibition of HCVpv and HCVrv infection by bafitomycin
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 resuits
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 hCDS81 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 hCDS1 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 hCDS81
(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 hCDS§1
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 HCVcce (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
cndosomes (40). N-linked glycosylation processing events in
the ER are important for the secretion of scveral enveloped
viruses. ER «a-glucosidase I and 11 are involved in the trimming
of terminal glucose on the core oligosaccharides, and the re-
sulting monoglucosylated glycoproteins are ablc 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-DNJ (left) or DMJ (right). Huh7 cells infected with
HCVrv and VSV at MOls of 0.1 and 0.01, respectively, were treated
with various concentrations of Nn-DNJ or DMJ. Seventy-two hours
(HCVrv) 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 (BD1198) and anti-VSVG (ab34774) or Coonas-
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 (Jeft) or DMJ (right). Huh7.5.1 cells infected with HCVec at
an MOT of 0.01 were treated with various concentrations of Nn-DNJ or
DMJ. Culture supernatants were collected and titrated by a quantita-
tive core enzyme-linked immunosorbent assay at 96 h postinfection.
(Bottom) Immunofluorescence assay of HCVcec infection in the pres-
ence of Nn-DNJ or DMJ. Huh7.5.1 cells were infected with HCVcee 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 HCVcc 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 EIl 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
HCYV and experimentally infected chimpanzees were shown to
specifically ncutralize HCVpp infection (3, 33, 42). In the
present study, sera from patients infected with genotype 1b of
HCV 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 HCVcc 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 MOJ of 0.01. treated with 10 uM of Nn-DNJ or 2 mM of DMJ priar
to an overlay of culture media containing 0.8% of methyleellulose. and
stained with an anti-NS3A antibody and Alexa 488-conjugated second-
ary antibody after fixation at 96 h postintection. Cell nuclet were
stained by Hoechst 33238, Pictures were taken using a fluorcscence
microscope by double exposure of the sume ficlds 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 HCVrv were shown to have infection mechanisms
similar to those of HCVpp and HCVcc. 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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Toll-like receptors (TLRs) recognize a variety of micrabial components and mediate down-
stream signal transduction pathways that culminate in the activation of nuclear factor kB
(NF-xB) and mitogen-activated protein (MAP) kinases. Trib1 is reportedly involved in the
regulation of NF-kB and MAP kinases, as well as gene expression in vitro. To clarify the
physiological function of Trib1 in TLR-mediated responses, we generated Trib1-deficient
mice by gene targeting. Microarray analysis showed that Trib1-deficient macrophages
exhibited a dysregulated expression pattern of lipopolysaccharide-inducible genes, whereas
TLR-mediated activation of MAP kinases and NF-kB was normal. Trib1 was found to asso-
ciate with NF-IL6 (also known as CCAAT/enhancer-binding protein (3). NF-IL6-deficient
cells showed opposite phenotypes to those in Trib1-deficient cells in terms of TLR-mediated
responses. Moreover, overexpression of Trib1 inhibited NF~IL6~dependent gene expression
by down-regulating NF-IL6 protein expression. In contrast, Trib1-deficient celis exhibited

augmented NF-IL6 DNA-binding activities with increased amounts of NF-IL6 proteins.
These results demonstrate that Trib1 is a negative regulator of NF-IL6 protein expression
and modulates NF-1L6—-dependent gene expression in TLR-mediated signaling.

Innate imimunity is promptly activated after the
invasion of microbes through recognition of
pathogen-associated molecular patterns by pat-
tern-recognition receptors, including Toll-like
receptors (TLRs) (1). The recognition of micro-
bial components by TLRs effectively stimulates
host immune responses such as proinflammatory
cytokime production, cellular proliferation, and
up-regulation of co-stimulatory molecules,
accompanied by the activation of NF-kB and
mitogen-activated protein (MAP) kinases (2. 3).
Although the inhibitory protein IkB family
members sequester NF-k13 in the cytoplasm of
unstimulated cells, TLR-dependent 1xB phos-
phorylation by the I3 kinase complex and
degradation by the ubiquitin—proteasome path-
way permit translocation of NF-k13 to the nucleus
(). MAP kinases such as c-Jun N-terminal kinase
(Jnk) and p38 are also rapidly phosphorylated
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and activated by upstream kinases in response
to TLR stimulation (5). Moreover, TLR -me-
diated activity of NF-kB and MAP kinases is
shown to be regulated at multiple steps re-
garding the strength and the duration of the
acuvation (6).

Recent extensive experiments have identi-
fied a variety of modulators that have positive
and negative effects on the activaton of NF-kB
and MAP kinases, including a family of serine/
threonine kinase-like proteins called Trib (7).
Trib consists of three family members: Tribl
(also known as ¢8fw. GIG2, or SKIPT), Trib2
(also known as ¢3fw). and Trib3 (also known
as NIPK. SINK, or SKIP3) (7-12). Trib3 has
been shown to interace with the p63 subunit
of NF-kB and to inhibit NF-kB—dependent gene
expression n vigo (1), [n terms of MAP kinascs.
Trib1. Trib2. and Trib3 reportedly bind to Jnk
and p38. and affect the acrivity of MADP kinases
and I1L-8 production in response to PMA or
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TLR ligands/IL-1 (12). However, whether Trib family
members regulate TLR-mediated signaling pathways under
physiological conditions is still unknown.

In this study, we generated Trib1-deficient mice by gene
targeting and analyzed TLR -mediated responses. Although the
activation of NF-k13 and MAP kinases in response to LPS was
comparable between wild-type and Trib1-deficient cells. micro-
array analysis revealed that a subset of LPS-inducible genes
was dysregulated in Tribl-deficient cells. Subsequent yeast
two-hybrid analysis identified the CCAAT/enhancer-binding
protein (C/EBP) family member NF-IL6 (also known as C/
EBPB) as a binding partner of Trib1, and phenotypes found
in NF-IL6-deficient cells were opposite to those observed in
Tribl-deficient cells. Moreover, overexpression of Tribl inhib-
ited NF-IL6—mediated gene expression and reduced amounts
of NF-IL6 proteins. Inversely, NF-IL6 DNA-binding activity
and LPS-inducible NF-IL6—target gene expression were up-
regulated in Tribl-deficient cells, in which amounts of NF-1L6
proteins were increased. These results demonstrate that Tribl1
plays an important role in NF-IL6—dependent gene expression
in the TLR-mediated signaling pathways.

RESULTS

Comprehensive gene expression analysis in Trib1-deficient
macrophages

To assess the physiological function of Tribl in TLR-medi-
ated immune responses, we performed a microarray analysis
to compare gene expression profiles between wild-type and
Trib1-deficient macrophages in response to LPS (Fig. 1 A and
Fig. S1, available at htp://www jem.org/cgi/content/full/
jem.20070183/DC1). Ourt of 45,102 transcripts, we first de-
fined the genes induced more than twofold after LPS stimula-
tion in wild-type cells as “LPS-inducible genes™ and identified
790 of them (Table St). We next compared the LPS-inducible
genes in wild-type and Trib!-deficient macrophages after LPS
stimulation and found 59, 703, and 28 genes as up-regulated.
similarly expressed, and down-regulated in Trib1-deficient cells,
respectively (Table ST).

Among the up-regulated genes, several were subsequently
tested by Northern blotting to confirm the accuracy. LPS-
induced expression of prostaglandin E synthase (mPGES),
lipocalin-2 (24p3), arginase type I, and plasminogen activator
inhibitor type I, which were highly up-regulated in the
microarray analysis (Table S1), was indeed enhanced in Trib1-
deficient macrophages (Fig. 1 B). Furthermore, in contrast to
proinflammatory cytokines such as TNF-a and 1L-6, which
were similarly expressed between wild-type and Tribl1-deficient
cells in response not only to LPS but also to other TLR ligands,
TL-12 p40 was down-regulated in Tribl-deficient cells com-
pared with wild-type cells (Fig. | C; Fig. S2. A—C.. available at
htep://wwav jem.org/cgi/content/full Zjem. 20070183, 1DC1:
and Table S1). Thus. the comprehensive microarray analysis
revealed that a subset of LPS-inducible genes is dysregulated
in Tribl-deficient cells.

Previous in vitro studies demonstrate that human Trib
family members modulate activation of MAP kinases and
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Figure 1. Dysregulation of a subset of LPS-inducible genes in
Trib1-deficient cells. (A) Summary of DNA chip microarray analysis.
790 LPS-inducible genes were divided into up-regulated (yellow), simi-
larly expressed {pink), and down-regulated (blue} groups, with the indi-
cated amounts of each. (B) Peritoneal macrophages from wild-type or
Trib1-deficient mice were stimulated with 10 ng/m! LPS for the indicated
periods. Total RNA (10 .g) was extracted and subjected to Northern blot
analysis for the expression of the indicated probes. (C) Peritoneal mac-
rophages from wild-type and Trib1-deficient mice were cultured with
the indicated concentrations of LPS in the presence of 30 ng/ml [FN-v
for 24 h. Concentrations of IL-12 p40 in the culture supernatants were
measured by ELISA. Indicated values are means * SD of triplicates. Data
are representative of three (B) or two (C) independent experiments. N.D.,
not detected.

NF-«kB (7-12). Both wild-tvpe and Tribl-deficient cells
showed similar levels and time courses of phosphorvlation
of p38, Ink and exwracellular signal-regulared kinase, and
IxBo degradation (Fig. S2 D). indicating that the dysregulated
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expression of LPS-inducible genes in Trib1-deficient cells
might be the independent of activation of NF-kB and
MAP kinases.

Interaction of Trib1 with NF-IL6

To explore signaling aspects of Tribl deficiency other than
NF-kB and MAP kinases, we performed a yeast-two-hybrid
screen with the full length of human Trib1 as bait to identify
a binding partner of Tribl and identified several clones as
being positive. Sequence analysis subsequently revealed that
three clones encoded the N-terminal portion of a member of
the C/EBP NF-IL6 (unpublished data). We inidally tested
the interaction of Tribl and NF-IL6 in yeasts. AH109 cells
were transformed with a plasmid encoding the full length of
Trib1 together with a plasmid encoding the N-terminal portion
of NF-IL6 obtained by the screening (Fig. 2 A). We next ex-
amined the interaction in mammalian cells using immuno-
precipitation experiments. HEK293 cells were transiently
transfected with a plasmid encoding the full length of mouse
Trib] together with a plasmid encoding the full length of mouse
NF-IL6. Myc-tagged NF-IL6 was coimmunoprecipitated

with Flag-Tribl (Fig. 2 B), showing the interaction of Tribl
and NF-IL6 in mammalian cells.

TLR-mediated immune responses in NF-IL6-deficient
macrophages

An in vitro study showing the interaction of Trib1l and NF-
IL6 prompted us to examine the TLR-mediated immune
responses in NF-IL6—deficient cells, because LPS-induced
expression of mPGES is shown to depend on NF-IL6 (13).
We initially analyzed the expression pattern of genes atfected
by the loss of Tribl in NF-1L6—deficient macrophages by
Northern blotung. LPS-induced expression of 24p3, plas-
minogen activator inhibitor type II, and arginase type I, as
well as mPGES, was profoundly defective in NF-IL6—defi-
cient cells (Fig. 2 C). We next tested [L-12 p40 production
by ELISA. As previously reported, IL-12 p40 production
by LPS stimulation was increased in a dose-dependent fash-
ion in NFE-IL6—deficient cells compared with control cells
(Fig. 2 D) (14). In addition. the production in response to
bacterial lipoprotein (BLP), macrophage-activating lipopep-
tide-2 (MALP-2), or CpG DNA was also angmented in

B

Bait Prey - - + + Flag-Trib1
4 - + - + Mve-NF-IL6
1 Empty Empty - IP: Flag
2 IB: Myc
2 Trib1 Empty IP: Myc
3 - - s IB: Myc
3 Trib1 NF-IL6
IP: Flag
4 4| Empty | NFILG ;mes| o0
Cebpb+/- Cebpb-I- D E |
0 360 3 6 (h 14 7 B Cebpb +/
- 12 .’E‘ 6 O Cebpb -I-
mPGES £ 10 D 5
- 2 8 =
= @ Cebpb +/~ =3 4
- 2p3 3 6 wCepb 2 g
~ 4 )
[ |pan 3, = f
- Argll 0
| I 9 0 10 100 0

|m - % Wb;l B-actin

Figure 2.

LPS (ng/ml)

Association of Trib1 with NF-IL6 and TLR-mediated responses in NF-IL6-deficient macrophages. (A} Plasmids expressing hu-

man Trib1 fused to the GAL4 DNA-binding domain or an empty vector were cotransfected with a plasmid expressing NF-1L6 fused to GAL4 trans-
activation domain or an empty vector. Interactions were detected by the ability of cells to grow on medium lacking tryptophan, leucin, and histidine
(-L-W-H). The growth of cells on a plate lacking tryptophan and leucine (-L-W) is indicative of the efficiency of the transfection. (B) Lysates of
HEK293 cells transiently cotransfected with 2 jug of Flag-tagged Trib1 andfor 2 g Myc-tagged NF-IL6 expression vectors were immunoprecipi-
tated with the indicated antibodies. [C) Peritoneal macrophages from wild-type or NF-IL6-deficient mice were stimulated with 10 ng/mi LPS for
the indicated periods. Total RNA (10 jug) was exiracted and subjected to Northern blot analysis for expression of the indicated probes. (D and E)
Peritoneal macrophages from wild-type and NF-IL6-deficient mice were cultured with the indicated concentrations of LPS (D) or with 100 ng/mt
BLP, 30 ng/ml MALP-2, or 1 uM, CpG DNA (E) in the presence of 30 ng/mi IFN-~y for 24 h. Concentrations of IL-12 p40 in the culture supernatants
were measured by ELISA. Indicated values are means = SD of triplicates. Data are representative of three (B) and two (C-E) separate experiments.

N.D.. not detected.
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NEF-IL6—deficient cells (Fig. 2 E). Together, compared with Tribt-
deficient cells, converse phenotypes in terms of TLR-mediated
immune responses are observed in NF-IL6—deficient cells.

Inhibition of NF-IL6 by Trib1 overexpression

To test whether Tribl down-regulates NF-IL6~dependent
activation, HEK293 cells were transfected with an NF-IL6—
dependent luciferase reporter plasmid together with NF-1L6
and various amounts of Tribl expression vectors (Fig. 3 A).
NF-IL6-mediated luciferase activity was diminished by co-
expression of Tribl in a dose-dependent manner. Moreover,
RAW?264.7 macrophage cells overexpressing Trib1 exhibited
reduced expression of mPGES and 24p3 in response to LPS
(Fig. S3 A, available at http://www jem.org/cgi/content/full/
jem.20070183/DC1). We next tested NF-IL6 DNA-binding
activity by EMSA and observed less NF-IL6 DNA-binding
activity in HEK293 cells coexpressing NF-1L6 and Trib1 than
in ones transfected with the NF-IL6 vector alone (Fig. 3 B).
presumably accounting for the down-regulation of the
NF-IL6~dependent gene expression by Tribl. We then ex-
amined the effect of Trib1 on the amounts of NF-1L6 proteins
by Western blotting. Although the diminution of NF-IL6 by
Tribl was marginal when excess amounts of NF-IL6 were ex-
pressed, we found that the transient expression of lower levels of
NF-IL6, together with Trib1, resulted in a reduction of NF-1L6
in HEK293 cells (Fig. 3 C). Also, endogenous levels of NF-
ILG6 proteins in RAW264.7 cells overexpressing Tribl were
markedly less than those in control cells (Fig. 3 D). These results
demonstrated that overproduction of Trib1 might negatively
regulate NF-IL6 activity in vitro.

Up-regulation of NF-IL6 in Trib1-deficient cells

We next acrempted to check the in vivo status of NF-1L6 in
Tribl-deficient cells by comparing the NF-IL6 DNA-bind-
ing activity in Tribl-deficient macrophages with that in
wild-type cells by EMSA. Although LPS-induced NF-kB~
DNA complex formation in Tribl-deficient cells was simi-
larly observed, Tribl-deficient cells exhibited elevated levels
of C/EBP-DNA complex formation compared with wild-
type cells (Fig. 4 A). We further examined whether the
C/EBP-DNA complex in TribT-deficient cells contained
NE-IL6 by supershift assay. Addition of anti—-NF-IL6 anti-
body into the C/EBP-DNA complex yielded more super-
shifted bands in Trib1-deficient cells than in wild-type cells
(Fig. 4 B). In addition, the C/EBP-DNA complex was not
shifted by the addition of anti-C/EBPS (also known as
NF-IL6B) antibody (Fig. S4 A, available at htp://www
Jem.org/cgi/content/full/jem.20070183/DC1), suggesting
that NF-1L6 DNA-binding activity is augmented in Tribl-
deficient cells. We then examined the amounts of NF-1L6
proteins by Western bloting (Fig. 4 C). Compared with
wild-type cells, Tribl-deficient cells showed increased
levels of NF-IL6 proteins. Finally. we examined NF-IL6
mRNA levels by Northern blotting and observed enhanced
expression of NF-IL6 mRNA in Trib1-deficient cells (Fig.
4 D). which is consistent with the autocrine induction of
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Figure 3. Inhibition of NF-IL6 activity by Trib1 overexpression.

(A) HEK293 cells were transfected with an NF-IL6-dependent luciferase
reporter together with either Trib1 andfor NF-IL6 expression plasmids. Lucif-
erase activities were expressed as the fold increase over the background
shown by lysates prepared from mock-transfected celfs. Indicated values are
means * SD of triplicates. (8) HEK293 cells were transfected with 0.1 g
NF-IL6 expression vector together with 4 pg Trib1 expression plasmids.
Nuctear extracts were prepared, and C/EBP DNA-binding activity was deter-
mined by EMSA using a probe containing the NF-IL6 binding sequence from
the mouse 24p3 gene. (C) Lysates of HEK293 cells transiently cotrans-
fected with 2 pg of Flag-tagged Trib1 alone or the indicated smounts of
Myc-tagged NF-1L6 expression vectors were immunoblotted with anti-Myc
or -Flag for detection of NF-IL6 or Trib1, respectively. (E) RAW 264.7 cells
stably transfected with either an empty vector or Flag-Trib1 were stimulated
with 10 ng/ml LPS for the indicated periods. The cell tysates were immuno-
blotted with the indicated antibodies. A protein that cross-reacts with the
antibody is indicated (7). Data are representative of three (A and C) and two
(B and D), separate experiments.
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Figure 4. Up-regulation of NF-IL6 activity in Trib1-deficient cells.
(A) Peritoneal macrophages from wild-type or Trib1-deficient mice were
stimulated with 10 ng/mi LPS for the indicated periods. Nuclear extracts
were prepared, and C/EBP DNA-binding activity was determined by EMSA
using a CfEBP consensus probe. (B) Nuclear extracts of wild-type and Trib1-
deficient unstimulated macrophages were preincubated with anti-NF-IL6,
followed by EMSA to determine the C/EBP DNA-binding activity. Super-
shifted bands are indicated (*). {C} Peritoneal macrophages from wild-type
or Trib1-deficient mice were stimulated with 10 ng/ml LPS for the indicated
periods and lysed. The cell lysates were immunoblotted with the indicated
antibodies. A protein that cross-reacts with the antibody is indicated (*).

(D) Totat RNA {10 g} from unstimulated peritoneal macrophages from
wild-type or NF-iL6-deficient mice was extracted and subjected to North-
ern blot analysis for expression of the indicated probes. Data are represen-
tative of two (A and B) and three (C and D) separate experiments.

NF-IL6 mRNA in a previous study (15). Thus, Tribl may neg-
atively control amounts of NF-IL6 proteins, thereby affecting
TLR-mediated NF-IL6—dependent gene induction.

DISCUSSION

In this study, we demonstrate by microarray analysis and bio-
chemical studies that Trib1 1s associated with NF-JL6 and negates
NF-IL6—dependent gene expression by reducing the amounts of
NF-IL6 proteins in the context of TLR-mediated responses.

JEM

Especially regarding IL-12 p40)., although the microarray data
showed an almost twotold reduction of the mRINA in Trib1-
deficient cells (Table S1), the production was three to four times
lower than that in wild-type cells (Fig. 1 C), suggesting trans-
lational control of IL-12 p40 by Trib1 in addition to the tran-
scriptional regulation. Moreover, the transcription of the
IL-12 p40 gene itself may be affected by not only the amount
of NF-IL6 proteins but also the phosphorylation or the isoforms
such as liver-enriched activator protein and liver-enriched in-
hibitory protein (16-18). The molecular mechanisims of how
Trib!l deficiency affects IL-12 p40 production on the tran-
scriptional or translational levels through NF-IL6 regulation
need to be carefully studied in the future.

The name Trib is originally derived from the Drosophila
mutant strain tribbles, in which the Drosopliila tribbles protein
negatively regulates the level of Drosophila C/EBP slbo protein
and C/EBP-dependent developmental responses such as bor-
der cell migration in larvae (19-22). It is also of interest that
Tribl-deficient female mice and Drosophila in adulthood are
both infertile (unpublished data) (18). In mammals, other Trib
family members such as Trib2 and Trib3 have recently been
shown to be involved in C/EBP-dependent responses (23, 24).
Mice transferred with bone marrow cells, in which Trib2 is
retrovirally overexpressed, display acute myelogenous leuke-
mia—like disease with reduced activities and amounts of
C/EBPa (23). In addition, ectopic expression of Trib3 inhibits
C/EBP-homologous protein—induced ER  stress—mediated
apoptosis (24). Thus, the function of tibbles to inhibit C/EBP
activities by controlling the amounts appears to be conserved
throughout evolution.

Given the up-regulation of the mRNA in Tribl-deficient
cells (Fig. 4 D), the reduction of NF-IL6 in Tribl-overex-
pressing cells (Fig. 3 C), the auto-regulation of NF-IL6 by it-
self (15), and the degradation of C/EBPa by Trib2 (23) and
slbo by tribbles (22), the loss of Trib1 might primarily result in
impaired degradation of NF-IL6 and, subsequently, in exces-
sive accumulation of NF-IL6 via the autoregulation in Trib1-
deficient cells.

In this study, we focused on the involvement of Trib1 in
TLR-mediated NF-]IL6—dependent gene expression. However,
given that the levels of NF-ILG proteins were increased in
Trib1-deficient cells, it is reasonable to propose that other
non—TLR-related NF-IL6-dependent responses might be en-
hanced in Tribl-deficient mice. Moreover, Trib3 is also shown
o be involved in insulin-mediated Akt/PKDB activation in the
Jiver by mechanisims apparently unrelated to C/EBP. suggest-
mg that Trib family members possibly function in a C/EBP-
independent fashion (25-27). Future studies using mice Jacking
other Trb family members. as well as Trib1. may help to un-
ravel the nature of mammalian wibbles in wider points of view.,

MATERIALS AND METHODS

Generation of Tribli-deficient mice. A genomic DNA containing the
Trib 1 gene was isolated from the 1298V mouse genomic library and char-

acterized by restriction enzymi mapping and sequencing analysis. The gene

encoding mouse Trib1 consiste of three exons. The @ ing vector was

constructed by replacing a 0.4-kb fragment encoding the second exon of the
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Tirb I gene with a neomycin resistance gene cassetee (o) (Fig. S1A). The
argeting vector was transfected into embryonic stem cells (E14.1). G318 and
gancyclovir doubly resistant colonics were selected and sereened by PCR
and Southern blot analysis (Fig. S1 B). Homologous recombinants were mi-
croinjected into C37BL/6 female mice, and heterozyvgous F1 progenies were
intercrossed to obtain Trib7%*~ mice. We interbred the heterozygous mice
to produce offspring carrying a null mucadon of the gene encoding Tribt.
Tribl-deficient mice were born at the expected Mendelian ratio and showed
a slight growth retardation with reduced body weighe undl 2-3 wk after
birth (unpublished data). Tribl-deficient that mice survived for >6 wk were
analyzed in this study. To confirm the disruption of the gene encoding
Tribl, we analyzed toal RNA from wild-type and Tribl-deficient perito-
neal macrophages by Northern blotting and found no transeripts for Trib1 in
Tribi-deficient cells (Fig. S1 C). All animal experiments were conducted
with the approval of the Animal Research Committee of the Research Insti-
tute for Microbial Discases at Osaka University.

Reagents, cells, and mice. LPS {a TLR4 hgand) from Salmonella minncsota
Re 395 and and-Flag were purchased from Sigma-Aldrich. BLP (TLR 1/
TLR2), MALP-2 (TLR2/TLRG). and CpG oligodeoxynucleotides (TLRY)
were prepared as previously described (28). Antphosphorviated exoraceltular
signal-regulated kinase. Jnk. and p38 antibodies were purchased from Cell
Signaling. Anti-NF-IL6 (C/EBPR). C/EBPS, actin, IkBa, and Myc-probe
were obtained from Santa Cruz Biotechnology. Inc. NF-1Lo—de¢ficient mice
were as previously described (29). Epitope-tagged Tribl fragments were
generated by PCR using ¢cDNA from LPS-stimulated mouse peritoneal
macrophages as the template and cloned into pcDNAJ expression vectors,

according to the manufacturer’s instructions (Invitrogen).

Measurement of proinflammatory cytokine concentrations. Peritoneal
macrophages were collected from peritoneal cavities 96 h after thioglycollate
injection and cultured in 96-well plates (107 cells per well) wich the indicated
concentratons of the indicated ligands for 24 h, as shown in the figures.
Concentrations of TNF-q, IL-6, and 1L-12 p3} in che culture supernatane
were measured by ELISA. according to manufacturer’s instrucdons (TNF-o
and 1L-12 p40. Genzyme: IL-6, R&D Systems).

Luciferase reporter assay. The NF-iL6—dependent reporter plasmids were
constructed by inserting the promoter regions (~1200 to +53) of the mouse
24p3 gene amplified by PCR into the pGL3 reporter plasmid. The reporeer
plasmids were transiently cotransfected into HEK293 with the control Renilla
luciferase expression vectors using a reagent (Lipofectamine 2000; Invitrogen).
Luciterase activities of rotal cell lysates were measured using the Dual-Luciferase
Reporter Assay System (Promiega). as previously described (28).

Yeast two-hybrid analysis. Yeast twvo-hybrid screening was performed as
described for the Matchmaker two-hybrid system 3 (CLONTECH Labora-
torics, ne.). For construction of the bait plasmid. the full length of human
Trib1 was cloned in frame into the GAL4 DNA-binding domain of pG-
BKT7. Yeast strain AHT0Y was tanstormed with the bait plasmid plus the
hunin lung Macchmaker ¢DNA library After screening of 10° clones. posi-
tive clones were picked. and the pACT2 library phsmids were recovered
ierichia coli. The insert cONA was

from individual clones and expanded in Es
sequenced and characterized with the BLAST program (National Center tor

Biotechnology Information).

Microarray analysis. Peritoneal macrophages from wikd-tvpe or Tribl-
deficient mice were left unwreated or were wreated for 4 b with 16 ngyml
LPS i the presence of 30 ng/ml IFN-y. The ¢DNA was synthesized and
hybrdized o Murine Genome 430 2.0 mierosrray chips Affvinetring ac
cording o the manufacturer’s instructions. Hyhndized chips were sained

and washed and were scanned widh a scanner (GeneArrav, Affvinetrix,

Microarray Saire software (version 5.0 Atfvinerrix) was used for data analysis.
Micromray daca have been deposited in the Gene Expression Ommibus under
accession no. GSES7SK.
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Western blot analysis and immunoprecipitation. Peritoneal macro-
phages were stimulated with the indicated ligands for the indicated periods.
as shown in the figures. The cells were ysed in a lysis butfer (1% Nonidet P-
40. 130 mM NaCl, 20 mM Tris-Cl [pH 7.5]. 5 mM EDTA) and a protease
inhibitor cocktail (Roche). The cell lysaces were separated by SDS-PAGE
and transferred to polvvinylidene difluoride membranes. For immuno-
precipitation, cell lysates were precleared with prowin G—sepharose (GE Health-
care) for 2 h and incubated with protein G-sepharose containing 1 g of the
antibodics indicated in the figures for 12 h. with rotation ac 4°C. The inumuno-
precipitants were washed four tmes with lysis buffer, eluted by boiling wich
Lacoumli sample buffer. and subjected to Western blot analysis using the in-
dicated antibodies. as previously described (28).

EMSA and supershift assay. 2 X 10° peritoneal macrophages were stimu-
lated with the indicared stimulants for the indicated periods. as shown in the
figures. 2 X 10° HEK293 cells were transfecred with 0.1 pg Myec—NF-IL6
and/or 4 pg Flag-Tribt expression vectors. Nuclear extracts were purified
from cells and incubated with a probe containing a consensus C/EBP DNA-
binding sequence (3'-TGCAGATTGCGCAATCTGCA-3': Fig. 4, A and B)
or mouse 24p3 NF-IL6 binding sequence (sense, 3’ ~-CTTCCTGTTGCT-
CAACCTTGCA -3'; anusense. 3'-TGCAAGGTTGAGCAACAGGAAG
—3": Fig. 3 B). clectrophoresed, and visualized by autoradiography. as previ-
ously described (28, 30). When the supershift assay was performed. nuctear
extracts were mixed with the supershifi-grade antbodies indicated in the

tigures before the incubation with the probes tor 1 h onice.

Online supplemental material. Fig. St showed our strategy for the tar-
gered disruption of the mouse Trib ! gene. Fig. S2 showed the status of pro-
inflammatory cytokine production in response to various TLR ligands and
LPS-induced activation of MAP kinases and 1k B degradation. Fig. S3 showed
decreased expression of NFE-IL6—dependent gene in Tribl-overexpressing
cells. Fig. $4 showed that the C/EBP-DNA complex in Tribl-deticient cells

contained NF-1L6, but not C/EBPS. Table $1 provides a complete hist of

the LPS-inducible genes studied, Online supplemental material is available ac

heep://wwav jem.org/egi/content/full Zjemn. 200701 83/DC1,
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SUMMARY

Hepatitis C virus (HCV) is the major causative agent of blood-borne hepatitis. The majority of HCV-infected
individuals develop chronic hepatitis, which eventually progresses to liver cirrhosis, and hepatocellular carcinoma.
Although the precise mechanisms of entry, replication, assembly, egress and pathogenesis of HCV are largely
unknown, information about viral receptor candidates has accumulated by the development of pseudotype viruses
and an in vitro replication system of the HCV JFH1 strain. Furthermore, the autonomous RNA replication system
based on the artificial viral genome revealed that HCV replicates in the intracellular replication complex composed
of viral and host proteins. Recently, an immunosuppressant, cyclosporin A and inhibitors for sphingolipid synthesis
and chaperon were reported to inhibit the replication of HCV by counteracting the interplay between host and
viral proteins. This review considers the current knowledge of the host proteins that participate in HCV replication
and the possibility of developing novel therapeutics intervention for chronic hepatitis C. Copyright , 2007 John Wiley

& Sons, Ltd.
Received: 22 March 2007; Accepted: 10 April 2007

INTRODUCTION

Hepatitis C, which is caused by infection with
hepatitis C virus (HCV), is a serious form of
chronic hepatitis with steatosis and cirrhosis, and
eventually leads to hepatocellular carcinoma [1].
HCV is classified into a member of genus Hepaci-
virus of the family Flaviviridae [1]. Epidemiological
study reveals that 170 million individuals world-
wide are infected with HCV, mostly through
blood-borne infection [2]. Introduction of combi-
nation therapy with interferon alpha and ribavirin
improved therapeutic efficacy, but had no effect on
half of the individuals infected with a high viral
load of HCV genotype 1 [3,4]. Therefore, effective
therapeutic measures are required for the treat-
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Molecular Virology, Researclt Institute for Microbial Diseases, Osaka
University 3-1 Yamada-oka, Suita, Osaka 565-0871, Japan.
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Abbreviations used

CaM, calmodulin binding domain; Dhhi, Desert hedgehog: ER, endo-
plasnic reticulum; FBD, FK506-binding domain; FKBP, FK506-bind-
ing proteins; HCV, hepatitis C wirus; Ihh, Indian hedgeliog; MSP,
major sperm protein; NS, nonstructural; ORPs, oxysterol-binding
protein-related proteins; Pic, Patched; Sino, Smoothened; Shh, Sonic
hedgehog; VAMP, vesicle-associated membrane protein.

ment of hepatitis C patients who are not respon-
sive to chemotherapy. An HCV replicon system
was established as a representative functional sys-
tem composed of an antibiotic gene for selection
and HCV genomic RNA for autonomous replica-
tion in the intracellular compartments around the
endoplasmic reticulum (ER) [5]. Studies on HCV
replication have used the replicon system, and
small chemicals targeted to HCV proteins have
been identified [6~10]. On the other hand, a pseu-
dotype viral system based on the vesicular stoma-
titis virus and retrovirus has been developed to
study the receptor determination and the entry
mechanism [1]. Recently, an in vitro cell culture
system for HCV of genotype 2a, which is highly
sensitive to interferon therapy [11,12], has been
developed [13-15]. However, a robust cell culture
system for the HCV 1a and 1b genotypes, which
are both the most prevalent genotypes in the
world and resistant to interferon therapy, has not
yet been successful.

HCV possesses a single positive strand RNA
genome encoding a large polyprotein composed
of approximately 3000 amino acid residues [1].
The polyprotein is cleaved by the viral proteases

Copyright € 2007 John Wiley & Sons, Ltd.
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NS2 and NS3 and by host proteases including sig-
nal peptidase and signal peptide peptidase. Viral
structural protein, capsid protein (core) and two
envelope proteins (E1 and E2) occupy the N-term-
inal third of the polyprotein, while nonstructural
(NS) proteins located in the remaining region.
NS3, NS4A, N54B, NS5A and NS5B are essentially
required for autonomous replication in the repli-
con cells [5]. NS3 possesses the RNA helicase and
protease activities [16,17], and NS4A fulfils ancho-
ring NS3 on the intracellular membrane [18]. NS4B
is a membrane protein modelling the ER mem-
brane in order to make it suitable for efficient
HCV viral replication [19]. NS5A is a phosphopro-
tein required for HCV replication [20], because
adaptive mutations for efficient RNA replication
in the HCV replicon were selectively introduced
into the NS5A coding region [21]. NS5B is the
active subunit of the replication complex known
as an RNA-dependent RNA polymerase [22].
Recent reports suggest that several host proteins
attend to the formation of the HCV replication
complex (9,10,23,24]. In this review, we summarise
the physiological and pathological functions of the
host proteins that directly or indirectly participate
in the replication of HCV.

IMMUNOPHILINS AND HSP90
The peptide bond cis/trans isomerases catalyse the
conversion between cis and trans peptide bonds for

correct folding of the protein substrate, including
peptidyl prolyl cis/trans isomerase (PPlase), such
as the families of cyclophilins [25], FK506-binding
proteins (FKBP) [26,27] and parvulins [28] and the
secondary amide peptide bond cis/trans isomerase
(APlase) [29]. Cyclophilin and FKBP are classified
as immunophilins capable of binding to immuno-
suppressants cyclosporine and FK506, respectively
[30]. The family members do not share a homolo-
gous domain with each other, based on their amino
acid sequences, substrate specificities and inhibitor
sensitivities. Recently, cyclophilin B and FKBPS8
were shown to interact with NS5B and NS5A,
respectively, and to regulate HCV replication
[9,10], suggesting that the immunophilins are pro-
mising therapies for chronic hepatitis C (Figure 1).

Cyclophilin B

A study of the host gene related to resistance to
retrovirus infection revealed that HIV capsid inter-
acts with cyclophilin A [31], which is incorporated
into viral particles, but its precise functions in the
viral life cycle have not been elucidated yet. HIV
particles lacking cyclophilin A exhibited no
abnormality in virus packaging, reverse transcrip-
tase activity or capsid stability [32]. However, in
macaque cells, cyclophilin A modulates conforma-
tion of gag capsid protein to facilitate the interac-
tion with TRIMSalpha, a potent antiretroviral
restriction factor and confers resistance to human
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Figure 1. Structures of cyclophilin B and FKBPS. Cyclophilin B possesses a cyclophilin domain and a transmembrane region. FKBPS has
an FK506-binding domain (FBD), three sets of tricopeptide repeats (TPRs), a calmodulin-binding domain (CaM) and a transmembrane
region (TM). Both proteins catalyse the conversion between cis and trans propyl peptide bonds for correct folding of protein substrate
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retrovirus, which participates in the establishment
of host range restriction [33,34].

Cyclophilin B, formerly called s-cyclophilin, is
identified as a 20kDa secreted neurotrophic factor
for spinal cord cells of chick embryo [35], and it is
secreted into human milk and blood [36,37]. Extra-
cellular cyclophilin B enhances the retrotransloca-
tion of prolactin into nucleus {38], is implicated in
the presynaptic function by interacting with
synaptin I, and impairs the correct folding of prion
protein in the presence of cyclosporin A, leading to
accumulation in aggresomes [39]. Therefore, cyclo-
philin B may regulate the correct folding and
translocation of host proteins under extracellular
and intracellular conditions, although its precise
functions are still unknown.

Cyclosporin A and its derivatives capable of
inhibiting cyclophilins were shown to inhibit
HCV RNA replication and to be effective in the
treatment of hepatitis C patients [9,40,41]. Inoue
et al. [42] reported at the first time that cyclosporin
A is effective for the treatment of hepatitis C
patients. Cyclosporin derivatives lacking the abil-
ity to interact with cyclophilin lost their inhibitory
effect on HCV replication [9]. Cyclophilin B was
shown to specifically interact with NS5B, the
HCV RNA-dependent RNA polymerase, around

Cyclosporin A

the ER of the HCV replicon cells and to promote
NS5B’s association with the viral RNA [9]. Cyclos-
porin A was shown to disrupt interaction between
NS5B and cyclophilin B [9] (Figure 2). Treatment
with cyclosporin A and knockdown of cyclophilin
B suppressed the replication of HCV, suggesting
that cyclophilin B plays an important role in
HCYV genome replication by enhancing the interac-
tion between NS5B and viral RNA [9].

FKBPS8

HCV NS5A is an essential component of the viral
replication complex, although NS5A’s function
has not been clarified yet. We screened the human
fetal brain and liver libraries using a yeast two-
hybrid system that employs HCV NS5A as bait
and identified FKBP8 as an NS5A-binding partner
[10] (Figure 2). An immunoprecipitation analysis
revealed that NS5A bound to FKBP8 but not to
FKBP52 or cyclophilin D, all three of which have
homology to each other.

FKBP8 belongs to the FKBP family based on
sequence similarity, but lacks the amino acid resi-
dues essential for either FK506 binding or PPlase
activity [43]. Recent biochemical and enzymologi-
cal studies indicate that FKBP8 has weak PPlase
activity and low affinity to FK506 [44,45], suggest-
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Figure 2. Interaction of HCV NS5A and NS5B proteins with immunophilins and Hsp90. Cyclophilin B interacts with NS5B. FKBPS inter-

acts with NS5A and Hsp90 through the different regions within TPR domains. Lys® and Arg’

11 of the FKBPS carboxylate clamp motif

are required for binding to the MEEVD motif of Hsp90. Cyclosporin A inhibits interaction between cyclophilin B and NS5B. Geldana-

mycin is an inhibitor of the ATPase activity of Hsp90
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ing that FK506 is unable to modulate FKBPS func-
tion. Previously, FKBP8 was termed FKBP38 or
FKBPr38 (FKBP-related protein 38kDa) from the
deduced molecular weight of 38kDa based on
the fact that the incomplete amino acid sequence
was missing the N-terminal part of the authentic
FKBPS. The true transcription and translation initia-
tion sites were identified in the upstream of the
original start site in the genomic sequences [46].
The FKBPS$ splicing variants of 44 and 46kDa
were detected in mouse but not in human, and
the 45kDa of human FKBP8 corresponds to the
44 kDa of murine protein [46].

The physiological function of FKBPS8 is largely
unknown, but is slightly elucidated from the
data of genetically manipulated mice [47]
FKBP8—/— mice exhibit a phenotype similar to
that of mutant mice under the excessive activation
of the Sonic hedgehog (Shh) protein, a secreted
morphogen that regulates the patterning and
growth of many tissues in the developing mouse
embryo [47]. Human and mouse have three spe-
cies of hedgehog proteins: Indian hedgehog
(Ihh), Desert hedgehog (Dhh) and Shh [48,49].
Ihh and Dhh are predominantly expressed in
bone and gonads, respectively, whereas Shh is ubi-
quitously expressed in many organs such as brain,
liver and lungs. Shh is secreted as glycoprotein
from the ventral midline of the spinal cord and is
involved in the regulation of the genes related to
the control of ventral fate in the spinal cord and
forebrain [50,51]. Hedgehog protein generally
binds to the receptor protein Patched (Ptc) and
then inhibits the function of the membrane protein
Smoothened (Smo) [52,53]. Smo activates the pro-
tein kinase A, which suppresses the transcription
factor GLI protein by phosphorylation {54]. Phos-
phorylated GLI was inactivated by cleavage and
acts as a transcriptional repressor against a full
length of GLI in hedgehog signalling [54]. Hedge-
hog protein binds to the receptor Ptc and then
inhibits Smo, leading to the accumulation of the
full length of the GLI protein [55]. Deficiency in
the murine Shh gene or knockouts of the genes
required for Shh signal transduction abolished
control over morphological formation [51,56]. On
the other hand, excessive Shh signalling exhibited
the opposite phenotype, including cells that inap-
propriately adopt ventral identities for dorsal
identities [48,57]. FKBP8-deficient mice were
reported to exhibit phenotypes similar to those of

mice expressing excessive Shh signalling, except
that the FKBP8-deficient mice had no abnormal-
ities of the limb pads, bronchial arches or somites
[47]. Shh—/~ and FKBP8-/— double knockout
embryos showed partial rescue of cyclopia and
holoprosencephaly, but still showed limb out-
growth defect [47]. These results suggest that Shh
signalling in the brain is overlapped with FKBPS8-
controlled signalling including phosphorylation
and protein-protein interaction. Shirane ef al. [58]
suggest that FKBP8 is an inherent phosphatase
inhibitor and retains Bcl-2 on mitochondrial mem-
brane to inhibit apoptosis. However, there was no
difference between wild-type and FKBP8-deficient
mice with respect to apoptosis, suggesting that
FKBP8 deficiency does not affect physiological
apoptosis. FKBP8 may modulate a phosphatase
such as calcineurin to enhance the phosphoryla-
tion required for suppression of Shh signalling.

Hsp90

Proteomics analysis reveals that FKBP8 forms a
complex with Hsp90 to act as a co-chaperone
[10]. Although both NS5A and Hsp90 bound to
the TPR domain of FKBPS, interaction between
NS5A and FKBP8 did not affect homomultimerisa-
tion of FKBP8 or complex formation with Hsp90.
The amino acid residues of the carboxylate clump
position in the TPR domain of FKBPS8 grasp the C-
terminal MEEVD muotif of Hsp90. Mutations of the
residues in the carboxylate clump of FKBPS8 sup-
pressed the interaction with Hsp90 but not that
with NS5A, suggesting that FKBPS interacts with
NS5A and Hsp90 at different sites within the
TPR domain. Knockdown of FKBP8 and treatment
with geldanamycin, an ATPase inhibitor of Hsp90,
downregulated HCV replication in HCV replicon
cells. These data suggest that recruitment of Hsp90
to the replication complex through the interaction
between FKBP8 and NS5A is crucial for the repli-
cation of HCV (Figure 2). It is also feasible to spec-
ulate that NS5A modulates the activity of unidentified
phosphatases by the interaction with FKBP8 to
facilitate the replication of HCV RNA. Although
Hsp90 was shown to be involved in the cleavage
between NS2Z and NS3 {59], NS2 is not required
for the replication of the HCV genome (5].

Hsp90 was suggested to be involved in the enzy-
matic activity and intracellular localisation of sev-
eral viral enzymes, including polymerases. Hsp90
was shown to bind to a viral polymerase subunit
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of influenza virus to facilitate the replication com-
plex formation and the nuclear localisation of the
viral polymerase subunit [60,61]. The DNA poly-
merase of herpes simplex virus type 1 required
the chaperone activity of Hsp90 for the nuclear
localisation of the polymerase [62]. Flock house
virus utilises Hsp90 to assemble the complex of
the RNA-dependent RNA polymerase on the
intracellular membrane [63]. Knockdown and
treatment with Hsp90 inhibitor revealed that
Hsp90 activity is important for the rapid growth
of negative strand RNA viruses [64]. Furthermore,
Hsp90 was shown to be required for the activity of
the hepatitis B reverse transcriptase [65,66]. Hsp90
generally requires the co-chaperone protein to
acquire specificity to the substrate client. There-
fore, Hsp90 and co-chaperones are crucial mole-
cules required for the efficient replication of a
broad range of viruses and are an ideal target for
antivirals with broad spectra. Recently, Hsp90
inhibitors were shown to drastically impair the
replication of poliovirus without any emergence
of escape mutants [67].

Immunophilins and Hsp90 may be involved in
HCV replication through the correct folding of
the replication complex required for efficient enzy-
matic activity. In addition, cyclophilin B may also
participate in the translocation of NS5B, as seen in
the polymerase subunits of influenza virus, to
facilitate binding to viral RNA. Elucidation of the
HCV replication complex may lead to the develop-
ment of new therapeutics for chronic hepatitis C.

VESICLE-ASSOCIATED MEMBRANE
PROTEIN-ASSOCIATED PROTEINS

VAPs were originally identified as proteins that
bind to vesicle-associated membrane protein
(VAMP) in the nematode Aplysia and were desig-
nated as VAMP-associated protein 33kDa (VAP-
33) [68]). After that, one homologue and its splicing
variant were identified as VAP-B and -C, respec-
tively [69], and VAP-33 has been renamed VAP-
A. Although VAP-A was suggested to be required
for delivery of components into the presynaptic
membrane of Aplysia ganglion [68,70], in mouse
organs both VAP-A and -B localise in the intracel-
lular membrane compartments, including ER, but
not in the VAMP [68,71]. In addition, VAP-A, -B
and -C are ubiquitously expressed in mammalian
organs, such as heart, placenta, lung, liver, skeletal
muscle and pancreas [72], suggesting that VAP

proteins possess have other functions besides neu-
rotransmitter release [69,70,73].

VAP is a type Il membrane protein composed of
three functional domains: the N-terminal half of
the protein, which is highly homologous with the
nematode major sperm protein (MSP); the coiled-
coil domain and the transmembrane domain.
VAP-A shares 60% identity with VAP-B, while
VAP-C is the splicing variant of VAP-B that lacks
a transmembrane domain [69]. MSP was identified
as one of the major proteins of the nematode
sperm [74] and forms a microfilament required
for amoeboid motility through the push—pull theo-
ry. MSPs form a subfilament by homodimerisation
through the Ig-like domain and coiled coil around
each other to form a filament. Several filaments are
further assembled around each other to make a
macrofiber [75,76]. The MSP-like domain was
identified in several mammalian, avian, arthropod,
plant and fungal proteins but not in protist pro-
teins [77].

VAP-interacting proteins share the FFAT motif
represented by the consensus amino acid sequence
EFFDAXE as determined by a comparison of oxy-
sterol-binding protein-related proteins (ORPs)
[78]. However, both VAMP and tubulin are cap-
able of binding to VAP proteins in an FFAT-inde-
pendent manner [70,79-81]. In yeast, Opilp is the
transcriptional repressor of the INO1 gene, which
encodes an inositol-1-phosphate synthase [72,82].
SCS2p is a yeast homologue of VAP and interacts
with Opilp through the FFAT motif to regulate the
expression of the INO1 gene [78]. In mammals,
ceramide is transported by the cargo protein
CERT from ER to Golgi for the synthesis of sphin-
gomyelin [83,84]. VAP-A and -B could anchor
CERT via the FFAT motif to uptake ceramide by
CERT in ER [85], suggesting that VAPs serve as
anchors for the transporter of ceramide in mam-
malian cells rather than as a component of neuro-
transmitter release machinery.

VAP-A and -B were reported to be NS5A-bind-
ing host proteins by the screening of the human
hepatoma cell line library using NS5A as bait in
yeast [23,24]. GST pulldown and immunoprecipi-
tation analyses revealed that NS5A and NS5B
interact with human VAP-A and that the N-term-
inal MSP domain and the coiled-coil domain of
VAP-A are responsible for the binding to NS5B
and NS5A, respectively [24] (Figure 3). Several
host kinases were shown to phosphorylate NS5A,
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Figure 3. Interaction between HCV NS5A protein and VAPs. VAP-A and VAP-B make homo- and hetero-dimers with each other. The
VAP dimer interacts with NS5A and NS5B through the coiled-coil domain and the MSP domain, respectively. VAP-A and VAP-B share
62.9 and 84.9% homology in total and in the MSP domain, respectively

and the hyperphosphorylation of NS5A abrogates
the interaction with human VAP-A, which leads to
the downregulation of HCV replication [20,86-88].
Adaptive mutation for an efficient replication of
HCV RNA in the Huh7 cell line was associated
with hypophosphorylation of NS5A, which
enhances binding to VAP-A [20]. NS5A of HCV
genotype la H77 strain was shown to be hyper-
phosphorylated in both yeast and replicon cells,
and no interaction with VAP-A was detected in
yeast, suggesting that hyperphosphorylation of
NS5A may suppress HCV RNA replication
through by counteracting binding to VAP-A [20].
However, we have demonstrated that NS5A of
genotype la H77 strain is capable of binding not
only to VAP-A but also to VAP-B at levels similar
to that of genotype 1b in mammalian cells [23].
Several reports suggest that HCV replication
takes place on the detergent-resistant membrane
fraction [6,89,90]. NS4B is predominantly asso-
ciated with a lipid-raft-like detergent-resistant
fraction, and both NS5A and NGS5B are co-localised
in the similar fraction in the presence of NS4B [89].

VAP-A was also localised in the detergent-resis-
tant fraction, suggesting that it plays an important
role in HCV replication, because the dominant
negative mutant of VAP-A suppressed the replica-
tion of HCV RNA [89]. VAP-B forms a homodimer
and heterodimer with VAP-A, and knockdown of
VAP-A or VAP-B led to a substantial suppression
of HCV replication [23,91], suggesting that hetero-
dimerisation of VAPs could regulate HCV replica-
tion (Figure 3). The host proteins possessing the
FFAT motif are related to biosynthesis and translo-
cation of lipid [81], whereas NS5A and NS5B do
not have the typical FFAT motif. Although replica-
tion of HCV RNA did not affect lipid biosynthesis,
lipid components are required to form the HCV
replication complex as described below. VAPs
might be involved in the transport of lipid compo-
nents to the HCV replication complex through the
interaction with NS5A and NS5B, resulting in the
upregulation of HCV replication. VAP-B was
shown to interact with Nir2 protein through the
FFAT motif and to remodel the ER structure [92].
It can therefore be speculated that VAPs are asso-
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