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Core IF176/177AL-HA was detected in membrane-organelle
fraction. Since we could not separate ER and Golgi fractions
by the fractionation method used, it is possible that Fiag-Core
IF176/177AL-HA localizes mainly in the Golgi rather than the
ER. These results indicate that not only the C-terminal signal
sequence but also the hydrophobic region from amino acid 139
to 144 in domain 2 and proper processing by SPP are involved
in the ER retention of HCV core protein,

DISCUSSION

Hope and McLauchlan identified three regions in the HCV
core protein, including two hydrophobic regions in the C-ter-
minal one-third of the protein and the region from amino acid
119 to 174, which was designated domain 2 (12). Domain 2 was
hypothesized to interact with lipid droplets and confer stability
to the HCV core protein (12). Although a mutation in the
signal sequence of core protein that renders it resistant to SPP
proteolysis restored retention on lipid droplets and overall
stability (30), deletion of domain 2 from HCV core protein
leads to diffusion in the cytoplasm and degradation after pro-
cessing by signal peptidase (30). Indeed, these data suggest
that mature HCV core protein is retained on lipid droplets via
domain 2, but they do not necessarily indicate that the region
is required for the ER retention of HCV core protein. The
intramembrane proteolysis of the signal sequence of HCV core
protein by SPP is abolished when helix-breaking and -bending
residues in the C-terminal signal-anchor sequence are replaced
by basic amino acids (30). However, the involvement of other
regions of HCV core protein in processing by SPP is not
known. In this study, we could demonstrate that not only the
C-terminal signal-anchor domain but also three hydrophobic
amino acids Leu'®, val'*”, and Leu™? in domain 2 are re-
quired for intramembranc proteolysis by SPP. However, this
domain is not essential for the cleavage of the core-El junction
by signal peptidase or for translocation of El into the ER,
Furthermore, the nuclear localization of domain 2 core mu-
tants possessing an unprocessed C-terminal signal-anchor se-
quence indicates that association with the ER membrane
through domain 2 is required for ER retention of HCV core
protein.

Martoglio and colleagues demonstrated, by using a Semliki
Forest virus expression system, that Ala", Ser'®3, and Cys'®*
break the w-helical structure within the signal sequence and
are essential for the intramembrane proteolysis of HCV core
protein of the type 1a Glasgow strain by SPP in BHK and Huh?
cell lines (23, 30). However, mutation of Ala', Ser'®, and
Cys'™™ in core proteins of the type 1b J1 and type la H77
strains could not inhibit signal sequence processing by SPP in
the BHK and 293T cell lines by expression with plasmid. HCV
core protein of the type la Glasgow strain shares 96.3 and
95.8% amino acid homology to those of the H77¢c and
strains, respectively. Furthermore, the signal sequences of the
core proteins of these three strains are almost identical, and
therefore the observed differences in cleavability by SPP might
be attributable to sequence other than the signal sequence or
expression system used. We reexamined the HCV core protein
signal sequence and, using the method of Garnier et al. (9),
chose to further examine lie'™ and Phe”” as residues that may
interfere with the assumption of a compact a-helix structurc
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and allow for intramembrane proieolysis by SPP. Mutation of
Hel and Phe!™ (Core IF176/177AL) of genotype 1a and 1b
strains, which is predicted to confer a-helical structure 10 the
signal sequences, inhibited processing by SPP. EGFP-Core
IF176/177AL exhibited no colocalization with an ER marker;
this differs from the case for the wild-type core protein. These
data suggest that the processing of the signal sequence by SPP
may play a role in the ER retention of HCV core protein.

Precursor HCV core protein consists of 191 amino acids and
is processed by signal peptidase from a polyprotein after trans-
location of the C-terminal signal-anchor sequence into the ER,
This is then cleaved by SPP into the mature core protein and
localizes primarily to the ER. The mature core protein, further
processed by an unidentified protease, is composed of amino
acids 151 to 153 and is detected in the nucleus (33, 47). Actu-
ally, HCV core protein is observed in the cytoplasm, nucleus,
and nucleoli in transgenic mice expressing HCV core protein
(35). Under normal conditions, the precursor core protein is
processed by SPP to 173 to 179 amino acids and localizes to the
ER. In contrast, a 179-amino-acid construct containing a lim-
ited C-terminal anchor-signal sequence, Core 179, localizes
primarily to the nucleus and to the ER to a lesser extent. This
striking difference in the subcellular localizations of Core 191
and Core 179, in conjunction with data from the Core IF176/
177AL construct, indicates that the presence of the full-length
signal-anchor sequence and proper processing by SPP is re-
quired for retention of HCV core protein on the ER mem-
brane.

We also demonstrated that the reduction in hydrophobicity
in domain 2 affects proteolysis of the signal sequence by SPP
and localization of HCV core protein. It was suggested that
HCV core protein interacts with lipid droplets containing tri-
acylglycerol and/or ER membrane through domain 2 irrespec-
tive of intramembrane protcolysis of the signal sequence (30).
A mutant HCV core protein in domain 2, EGFP-Core LVL/3A
with Leu™, Val'*®, and Leu'** replaced by Ala, was processed
by signal peptidase but not by SPP and localized to the nucleus
in spite of the presence of an unprocessed hydrophobic signal
sequence in the C terminus. This result suggests that penetra-
tion of the HCV core protein signal sequence into the ER
membrane is necessary, but not sufficient, for ER retention of
HCV core protein. Insertion of the C-terminal signal-anchor
sequence of core protein into the ER may induce conforma-
tional changes in domain 2 to render it accessible to the ER
membrane and/or lipid droplets by exposure of hydrophobic
residues in the domain, residues that arc well conserved among
various genotypes of HCV. Although it was suggested that
processed HCV core protein was retained on the ER mem-
brane via an interaction with unprocessed core protein (25) or
with the C-terminal transmembrane region of E1 (26), our
data provide a new model of the ER retention of HCV core
protein. HCV core protein is a structural protein that forms
the nucleocapsid, and virus particles are thought to be released
into ER. Therefore, retention of HCV core protein on the ER
membrane should be essential for the asscmbly of HCV,

Intramembrane-cleaving proteases have been shown to play
pivotal roles in cell regulation and signaling and are involved in
discases such as Alzheimer’s disease (52). SPP belongs to a
family of aspartic proteases family and has two aspartic acid
residues, Asp?’® and Asp™, in the enzyme active site (50).
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Signal peptidase IT also belongs to this aspartic protease family
and cleaves the signal sequence by attacking a proton of a
water molecule via an aspartic acid of the enzyme (38). Mutant
SPP bearing an Asp™®-to-Ala substitution was deficient in the
processing of HLA-A but retained binding activity to the SPP
substrate analogue TBL,K (50). We could demonsirate a di-
rect interaction by immunoprecipitation of unprocessed HCV
core proteins with mutant SPP lacking catalytic and substrate-
releasing activities by replacement of Asp?!® with Ala. Binding
of the loss-of-function SPP mutants with unprocessed core
proteins irrespective of mutation or deletion in domain 2 in-
dicates that the domain is not directly involved in the interac-
tion.

It has been demonstrated that expression of HCV core pro-
tein alone is sufficient for the induction of hepatic steatosis and
hepatocellular carcinoma in transgenic mice (24, 34, 35). Fur-
thermore, we demonstrated that nuclear localization and deg-
radation of HCV core protein is regulated by PA28vy-depen-
dent proteolysis (33). These findings suggest that HCV core
protein plays a pivotal role in the development of hepatocel-
lular carcinoma and that intramembrane proteolysis may reg-
ulate the subcellular localization of HCV core protein. Al-
though the SPP inhibitor (Z-LL),-keton suppresses cleavage of
signal sequence essential for homeostasis, host defense, etc., a
specific inhibitor against the intramembrane proteolysis of
HCV core protein, such as antagonists for the binding of HCV
core protein to ER membrane via domain 2, will be an effective
antiviral drug for patients with chronic hepatitis C. Further-
more, involvement of intramembrane proteclysis by SPP in the
processing of other HCV proteins and the fates of the peptides
cleaved by SPP in the replication and pathogenesis of hepatitis
C are subjects of future studies.
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The regulation of TT virus (TTV) gene expression was characterized. Transient-transfection assays using
reporter constructs revealed that a 113-nucleotide (nt) sequence within the untranslated region, proximal to
the transcription initiation site and containing a TATA box motif, has a basal promoter activity. This sequence
is well conserved among different TTV genotypes. Upstream stimulating factor bound to a consensus binding
matif within this region and pesitively regulates TTV transcription. Furthermore, a 488-nt region upstream of
the basal promoter exhibited enhancer activity, presumably in a cell type-specific manner. This study illus-
trates some of the mechanisms invelved in the transcriptional regulation of TTV,

TT virus {TTV), which was discovered in a patient with
acute hepatitis, is an unenveloped, single-stranded, circular
DNA virus, with a genome of approximatcly 3.8 kb (6). TTV is
thought to be a new member of the Circoviridae family of
viruses, and it was recently proposed that the virus be named
Torque Teno virus {6). The TTV genome includes an untrans-
lated region (UTR) of approximately 1.2 kb and a coding
region of approximately 2.6 kb, including two major open read-
ing frames which are sandwiched by the TATA box and poly-
adenylation signal motifs (11, 13, 15). Analyses of TTV tran-
scripts have revealed three spliced mRNA species of 3.0, 1.2,
and 1.0 kb with commeon 5’ and 3’ termini (8, 14). However,
the molecular mechanisms controlling TTV transcription are
still unknown. In this study, the basal promoter and enhancer
of a TTV isolate, SANBAN of genogroup 3 (5, 18), were
identified and functionally characterized.

First, we determined the transcription initiation sites of the
TTV genome by 5° rapid amplification of cDNA end (5'-
RACE) analysis (Marathon cDNA amplification kit; Clontech)
using poly(A)-rich RNA from a human hepatocellular carci-
noma cell line, HepG2, transfected with a cloned TTV ge-
nome. The 5'-RACE PCR products were cloned and se-
quenced. We observed two potential transcription initiation
sites, which map at nucleotides (nt) 121 and 110 (numbecred
according to the sequence deposited in DDBJI/GenBank/
EMBL databases under accession number AB0259%46). Al-
though transcription may be initiated at both sites, the upper
site was designated position +1 in this study.

The UTR of the TTV genome contains a TATA box ele-
ment between positions —40 and —35, as well as a number of
putative transcription factor-binding motifs (Fig. 1A). Despite

* Correspending author. Mailing address: Department of Virology
11, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: (81) 3-5285-1111, Fax: (81) 3-3285-
1161. E-mail: tesuzuki@nih.go.jp.

considerable genetic diversity throughout the whole genome,
the UTR sequence was relatively conserved among the differ-
ent TTV genotypes, presumably reflecting its functional con-
straints (15, 16). Thus, we analyzed transcriptional regulation
of the UTR sequence.

To characterize TTV promoter activity, a firefly luciferase
reporter plasmid, p(—890/+115), was constructed by subclon-
ing the TTV sequence from positions —890 to + 1135, which was
amplified by PCR using appropriate primers with restriction
sites at the 5’ ends, into the promoterless pGL3-Basic (Pro-
mega). Eleven different cell lines were transfected with
p{—890/+115), along with a Renilla luciferase expression vec-
tor, pRL-TK, as an internal standard for determining transfec-
tion efficiency, Luciferase activities in cell lysates prepared
after 16 h of transfection were determined (2). It is of interest
that the 1.0-kb fragment demonstrated a pronounced pro-
moter activity in all the hepatocellular carcinoma cell lines
tested. Human (Huh7, HepG2, and FLC4 [1, 2]} and mouse
(Hepal-clcT) hepatocellular carcinoma cells were tested (Fig.
1B). This fragment demonstrated the greatest activity in Huh?7
cells (~10-fold greater than in other cells). We observed sub-
stantial promoter activity in GL37 {(African green monkey kid-
ney) and CHO (Chinese hamster ovary) cells, whereas limited
activity was observed in CacoZ (human colon carcinoma),
MOLT4 (human T-cell Ieukemia), CV1 (African green mon-
key kidney fibroblast), 3T3 Swiss (mouse fibroblast), and
CMT93 (mouse rectal carcinoma) cells. These results indicate
that the UTR of the TTV genome functions as a promoter in
a cell type-specific manner.

To assess basal, proximal promoter activity in the UTR, a
series of 5’ deletions fused to the luciferase gene were con-
structed and transfected into Huh7 and HepG2 cells (Fig. 2). A
deletion extending to nt —601 [p{—601/+115)] enhanced pro-
moter activity in both cell lines (by ~1.5-fold), while deletion
of another 274 nt [p(—327/+115)] decreased promoter activily
by more than 80%, suggesting that there is a negative regula-
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FIG. 1. Functional analysis of the TTV promoter in the viral UTR. (A) Schematic representation of the 1.0-kb UTR sequence. The TATA box
element and putative transcription factor-binding sites are shown. Transcription factor-binding sites were identified using the TRASFAC database
and a search program (http://motif.genome.ad.jp/). The transcription initiation site (+1) is indicated and corresponds to nt 121 (AB025946). The
numbers at the bottom of vertical dotted lines indicate the start points of the full-length promoter construct and deletion mutants of the promoter
constructs used in Fig. 1B and 2. (B) Cell type specificity of the TTV promoter activities. Cells were transfected with p(—890/+115) (+) or
promoter-ess pGL3-Basic (—) together with pRL-TK (Renilla luciferase). Cell extracts were prepared 16 h after transfection, and luciferase
activities in the extracts were determined using a dual-luciferase reporter assay system (Promega) with the Lumat LB9501 luminometer (Berthold).
All values were normalized to Renifla luciferase activities and are shown as means = standard deviations (error bars) of three independent samples.

tory element between nt —890 and —601. A deletion extending TATA box and the transcription start sites were deleted. These
to nt —113 [p(—113/+115)] resulted in a slight to moderate findings suggest that the 113 nt immediately upstream of the
reduction in activity, but promoter aclivity still remained transcription initiation sile contains a basal promoter region
greater than that observed with p(+15/+113), in which the critical for TTV gene expression.

pGL3-Basic
p(-890/4115) —=
p(-601/+115) I P v
p(-327/+115) R M, |

-113
p{-113/+115) —{if]

5 Huh7 cells HepG2 cells
p(+15/+115) iz ‘ ‘ . . o ‘
0 200 460 800 0 10 20 30 40 50

Relative luciferase activity

FIG. 2. Deletion analysis of the TTV promoter in Huh7 and HepG?2 cells. The structures of the luciferase reporter constructs containing various
lengths of the TTV UTR seguence are shown to the left. A series of DNA fragments with 5" deletions of the TTV promoter were amplified by
PCR using the full-length TTV DNA of SANBAN isolate as a template with the same reverse primer and various forward primers. The fragments
were cloned into pGL3-Basic at Xhol and HindllI sites. The indicated constructs were transfected into Huh7 cells or HepG2 cells. Relative
luciferase activity in each transfectant was determined as described in the legend to Fig. 1B. Results are shown as means = standard deviations
{error bars) of three independent sampies.
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FIG. 3. Basal promoter activity of TTV regulated by USFE. (A} Alignment of the putative basal promoter regions from TTV isolates SANBAN
(DDBJ/GenBank/EMBL accession number AB025946), TA278 (AB017911). JA20 (AF122914), TUSO1 (AB017613), IR1031 (AB038619), S039
{AB038620), TINO (AB028668), and TYM9Y (ABO30448). The transcription imitiation site is numbered +1. The TATA box and positions of
putative binding sites for USF and SP1 are indicated. Nucleotides that are identical to those in the SANBAN isolate () are indicated. (B) Effect
of deleting DNA from the basal promoter region on the TTV basal promoter activity. A series of DNA fragments with 3’ or internal deletions of
the basal promoter region were amplificd by PCR and cloned into pGL3-Basic 2t Xhol and HindI1l sites. The indicated constructs were transfected
into Huh7 cells (gray bars) or HepG2 cells (white bars). Relative luciferase activity in each transfectant was determined as described in the legend
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FIG. 4, Enhancer activity of the 488-nt fragment (—601/—114) of the TTV UTR. The 488-nt (—614/—114) and 363-nt (—476/—114) fragments
were PCR amplified using primers with 3’ overhangs containing Bglll (sense} and BamHI (antisense) sites. The fragments were then cloned into

pGL3-Promoter at the BamHI site, The indicated constructs (left pane

1) were transfected into Huh7 cells ot HepG2 cells. Relative luciferase

activity in each transfectant was determined as described in the legend to Fig. 1B. Results are shown as means = standard deviations (error bars)

of three independent samples. $V40, simian virus 40.

Computer-assisted analysis of this basal promoter region
identificd potential binding sites recognized by upstream stim-
ulating factor (USF) and Spl, which are conserved among
TTV genotypes (Fig. 3A). To determine whether these se-
quences contribute to TTV promoter activity, 3' or internal
deletion mutations were introduced into p(—113/+115), which
was then examined for dual luciferase activity. Deletions, those
found in p(—92/+115) and pBPdl, reduced promoter activity
by 70 to 85%, suggesting that the USF-binding sequence is
crucial for TTV promoter activity (Fig. 3B). Peletion of a
Spl-binding sequence (pBPd4) also conferred a decrease in
promoter activity, although their effects were relatively mod-
erate, suggesting that the Spl-binding motif and/or its encom-
passing sequence may play a role in regulating TTV promoter
activity by maintaining the structural integrity of the transerip-
tional machinery.

In genes where USF regulates transcription, cotransfection
of USF expression vectors with reporter genes stimulates re-
porter activities. To further investigate the effect of USF on
TTV promoter activity, we cotransfected USF1 or USF2 ex-
pression vectors (pCMV-USF1 and pCMV-USF2) (7} with
p(—113/+115) into HepG2 cells. The cotransfection signifi-
cantly increased promoter activity (by threcfold), suggesting
that USF proteins regulate TTV transcription (Fig. 3C).

USF is a family of basic-helix-loop-helix-leucine zipper tran-
scription factors, initially identified by their ability to bind to

the 5-CACGTG-3 sequence within the adenovirus major late
promoter {3, 4, 10). USF1 and USF2 have been subsequently
shown to bind to the promoters of various cellular and viral
genes. To determine whether the TTV basal promoter was
capable of USF binding, gel mobility shift assays were per-
formed on an end-labeled oligonucleotide (nt —113 to —84)
containing the putative USF-binding motif (Fig. D). DNA-
protein-binding complexes were observed in nuclear extracts
from cells transfected with pCMV-USF1 (Fig. 3D, lane 5),
pCMV-USF2 (lane 8), and the empty vector (lane 2). An
excess of unlabeled homologous probe competed with the pro-
tein binding (lanes 3, 6, and 10), whereas a mutated USF
sequence failed to compete (lanes 4, 7, and 10). The addition
of anti-USF antibodies to the binding reaction mixture super-
shifted the DNA-protein complexes (lanes 12 and 14). The
combined data demonstrate that USF binds to its binding
motif within the TTV basal promoter to up-regulate viral tran-
scription.

On the basis of the results of the luciferase assays using 5
deletions of the TTV UTR (Fig. 2), the positive regulatory
element appears (0 be located immediately upstream of the
basal promoter. To ascertain whether the 488-bp fragment
between nt —601 and — 113 functions as the enhancer region,
this fragment or a 5’ deletion of this fragment was placed
downstream of the polyadenylation signal in pGL3-Promoter
(Promega), driven by the simian virus 40 promoter, in either

to Fig. 1B. Results are shown as a percentage of the activity in cells transfected with p(=113/+115); values arc shown as means = standard
deviations (error bars) {n = 3 per group). {C) Effects of USF overexpression on basal promoter activity. HepG2 cells were cotransfected with each
reporter construct with pCMV-USF1 (USF1). pCMV-USF2 (USF2), or emply pC, vector (Co). Luciferase activity was determined 48 h after
transfection. For each reporter construct, relative luciferase activity is presented as a percentage of the activity in pCy-transfected cells. (D) Binding
of USF proteins to the region from nt _112 to —84 in the TTV basal promater. The electrophoretic mobility shift assays were performed as
described previcusly (19). A double-stranded oligonucleotide corresponding to the TTV sequence from nt —113 to —84 was used as a probe.
Nuclear extracts from the cells transiently transfected with pCMV-USF1 (USF1; fanes 5, 6,7, 11, and 12), pCMV-USF2 (USFZ; lanes §, 9, 10, 13,
and 14), or pC, (Co; lanes 2 10 4) or no extract (lane 1) were mixed with *2P-labeled prabe for the binding reaction mixtures. Competitors, unlabeled
probe {USF), and a mutant with the USF-binding motif {(USFmut) were added at a 25.fold molar excess. The sense sequence (5'-TCACTAAC
CAATTGACCCGTCTCGCCCAAC {the mutated nucleotides are underlined]) and complementary sequence of the mutant with the USF-binding
motit were added. A supershift experiment was also performed by incubating antibody against USF1 (lane 12) or USF2 (lane 14) (+) with the

nuclear extracts before the probe was added. The positions of specific b

indicated.

inding complexes (arrows) and supershified complexes (arrowheads) are
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the sense or antisense orientation. Luciferase activity of con-
structs containing the 488-bp fragment [pEN(-601/-114) and
PEN{—-114/—601)] led to 50- and 10-fold stimulation in Huh?
and HepG2 cells, respectively. The 5° deletion extending to nt
—476 [pEN(—-476/—114) and pEN(—114/-476)] reduced en-
hancer activity (Fig. 4). No enhancement was observed by
transfection of MOLT4 cells with pEN{-601/—114) and
pEN{—114/—601) (data not shown). These results demon-
strate that the 488-bp region upstream of the basal promoter
contains an enhancer element, suggesting cell-specific tran-
scription of the TTV genome. It is noteworthy that the en-
hancer element is conserved among TTV genotypes. For ex-
ample, 72% homology has been observed between clones
SANBAN and TA278, and the database search has revealed at
least 20 potential transcription factor-binding sites within this
clement, including CREB and CRB, which are activated upon
cyclic AMP signaling-dependent phosphorylation (12, 17).

While the manuscript was being prepared, Kamada et al.
reported the promoter and enhancer activities in the UTR of
TTV, clone VT416 whose genome is 98% similar to that of
TA278, and its cell tropism (8). However, they did not identify
transcription factors that bind to the region and regulate TTV
transcription. In summary, the findings reported by Kamada et
al. and the findings of our present study emphasize the impor-
tant role of the UTR as a basal promoter and enhancer within
the UTR. Other areas of interest for further study include the
identification of additional factors involved in tissue-specific
TTV transcription and determining the significance of poly-
morphism of the regulatory elements.

We are grateful to M. Sawadogo (University of Texas M. D. Ander-
son Cancer Center, Houston, Tex.) for providing pCMV-USF1,
pCMV-USFZ, and pC,. We thank M. Yahata and 5. Yoshizaki for
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Pseudotype hepatitis C virus enters immature myeloid dendritic cells
through the interaction with lectin
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Abstract

Dendritic cells (DC) are the most potent antigen-presenting cells that regulate immune responses. One of the mechanisms for
hepatitis C virus (HCV) persistence is the ability of HCV to suppress DC function, Direct HCV infection to blood DC has been
implicated for DC dysfunction. To clarify the susceptibility of each DC subset to HCV, we used pseudotype vesicular stomatitis virus
{VSV) coated with chimeric HCV envelope glycoproteins (E1 and E2). We demonstrate that pseudotype VSV enters myeloid DC
{MDC) but not plasmacytoid DC (PDC). The highest efficicncy of pseudotype VSV entry to MDC was observed when MDC were
cultured with GM-CSF. Such efficiency decreased when MDC are matured with the treatment of IL-4, CpG oligodeoxynucleotide, or
CD40 ligand. Mannan inhibited pseudotype VSV entry 1o MDC, but Ca®* chelators failed to do so. These results show that
pscudotype VSV possessing HCV-E1 and E2 enters immature MDC through the interaction with lecting in a Ca®"-independent

manner.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Hepatitis C virus; Envelope proteins; Pseudotype virus; Dendritic cells; Lectin

Introduction

Hepatitis C virus (HCV), a single-stranded plus-sense
RNA virus belonging to the fraviviridae family (Miller
and Purcell, 1990), causes persistent infection in morc
than 70% of infected patients. The most important feature
of HCV persistence is the potential for liver discase
progression from mild hepatitis to liver cirthosis and
hepatocellular carcinoma (HCC) (Alter et al., 1989).
Chronic HCV infection is a serious health problem
because the total number of HCV-positive HCC patients
is growing worldwide. One of the mechanisms for HCV
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persistence is the ability of HCV to escape from the host
cellular immune response (Farci et al, 1992; Weiner et
al., 1995). Cumulative studies show that functional im-
pairment of immunocompetent cells is found in patients
with chronic HCV infection (Corado et al, 1997; Wede-
meyer et al, 2002), suggesting that HCV has various
arms for suppressing the immune response.

Dendritic cells (DC} are the most potent antigen-
presenting cells (APC) that regulate various immune
responses (Banchereau and Steinman, 1998; Hart,
1997). Blood DC mainly consist of two subsets, that
is, myeloid and plasmacytoid DC (Lin, 2001). Myeloid
DC (MDC) are characterized by their potent immunosti-
mulatory properties for both primary and secondary T-
cell responses against virus. Plasmacytoid DC (PDC),
previously known as interferon (IFN)-producing cells,
produce a large amount of type 1 IFN upon virus
infection (Liu, 2001). However, some viruses such as
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measles virus or HIV have been shown to infect mono-
cyte-derived DC (MoDC) or PDC and subsequently
inhibit their immunostimulatory functions (Grosjean ef
al.,, 1997; Paterson et al, 2001; Schnorr ¢t al., 1997).
Previous studies including our own have shown thar
MoDC from patients with chronic HCV infection are
functionally impaired (Bain et al., 2001; Kanto et al,,
1999). In addition, our recent investigation revealed that
the function of both types of blood DC is suppressed as
well in HCV-infected patients (Kanto T. et al, unpub-
lished data). These results led us to hypothesize that
HCV infection to DC is one of the mechanism for DC
dystunction in chronic hepatitis C patients.

The existence of the HCV genome in blood cells
including DC has been shown in several studies by means
of rcverse transcription (RT)-PCR (Bain et al., 2001;
Lerat et al, 1996, 1998; Navas et al., 2002), The
detection of the positive strand of HCV-RNA does not
enable to define whether HCV enters cells or only adheres
to their surface. Alternatively, the negative strand of
HCV-RNA has been used as a swTogate marker of
HCV replication (Navas et al., 2002). Recently, Matsuura
et al. (2001) established the pseudotype vesicular stoma-
titis virus (VSV) having chimeric HCV E1 and E2 protein
as an envelope (VSV-E1E2). Because it has a green
fluorescent protein (GFP) reporter gene in its genome,
the infected cells can be viewed under fluorescence.
Using this system, we tried to clarify the susceptibility
of cach DC to HCV. Consequently, we demonstrate that
MDC is susceptible to VSV-E1E2 but PDC is not.
Furthermore, we showed that the lectin-containing mole-
cules on MDC are critically involved in VSV-E1E2 entry.
Our study provides useful information for the exploration
of target molecules that efficiently block HCV entry to
DC.

Results
Immature MDC are susceptible to VSV-EIE2

We inoculated pseudotype VSV on various cells separat-
ed from PBMC or cord blood. Because no positive fluores-
cence was obtained from CD4 T cells, CD8 T cells, B celis,
NK cells, and fresh PDC inoculated with VSV AG-G which
is complemented with the VSV G protein, the susceptibility
of these cells to VSV-E1E2 could not be estimated. In
contrast, VSV AG-G entered fresh MDC, monocytes, and
CD34" hematopoietic precursor cells on the day of separa-
tion, whereas VSV-E1E2 and VSV AG did not. Thus, fresh
MDC as weil as DC precursors are not susceptible to VSV-
EIE2 (Fig. 1)

To examine the influence of differentiation or matura-
tion of DC on the susceptibility to the pseudotype VSV,
MDC were cultured in the presence of GM-CSF with or
without IL-4. Phenotypic analysis revealed that day 4
MDC cultured with GM-CSF and IL-4 had higher expres-
sion of CD1a and CD86 than those cultured with GM-CSF
only (Fig. 2), showing the role of IL-4 in DC maturation.
No significant difference was observed in the expression of
CDtlle, CD40, CD80, CDR3, and HLA-DR between these
MDC (Fig. 2). On day 4 of culture in the presence of IL-3,
PDC showed higher expressions of CD40, CD8&0, CD83,
and CD86 when compared to the day of separation {(data
not shown).

After the inoculation with VSV AG-G, positive signals
were obtained from day 4 MDC and day 4 PDC,
regardless of the difference of cytokines used (Figs. 3A
and B). No significant signals were detected from day 4
MDC and day 4 PDC inoculated with VSV AG. With
respect to VSV-E1E2, GFP™ cells were obscrved in day 4
MDC but not in day 4 PDC (Figs. 3A and B). In

WVSVAG-G
VEV-E1EZ
OVSVAG

0 10 20 30

40 50 60 70 80

GFP positive cells (%)

Fig. 1. Freshly isolated DC are not susceptible to VSV-E1E2, Freshly isolated CD34™ hematopoietic precursor ceils, monocytes, or MDC were inoculated with
pseudotype VSVs and the percentages of GFP” cells were determined by flow cytometry. Representative results from three experiments are shown.
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Fig. 2. Phenotypes of MDC cultured with GM-CSF or GM-CSF and 1L4. Flow cytometric analyses of surface molecules on day 4 MDC, obtained from
healthy volunteers, cultured with GM-CSF (A} or with GM-CSF and IL-4 (B). Representative resulis from three subjects are shown. Open histograms represent
the results with isotype Ab and filled ones represent those with relevant Abs. Fluorescence intensity is shown in the x-axis and the number of cells is shown in

the v-axis.

comparison of the culture conditions for MDC, higher
percentage of GFP" cells was observed in day 4 MDC
cultured with only GM-CSF than those with GM-CSF
and IL-4 (Fig. 3B).

To confirm the reliability of the pseudotype VSV
system in the assessment of E!E2-mediated virus entry,
we quantified HCV-RNA in day 4 cultured MDC or PDC
after inoculation of a window-period serum from a
hepatitis C patient. Among the cells examined, the highest
HCV RNA titer was dectected in day 4 MDC cultured
with GM-CSF (Fig. 3C), which was compatible with the
results obtained with the pseudotype VSV. In contrast
with the results of VSV-E1E2 inoculation, low-level HCV
RNA were detected by quantitative RT-PCR in PDC
inoculated with authentic HCV (Fig. 3C). To further
investigate whether HCV replicates in each DC subset
after HCV inoculation, we performed strand-specific RT-
PCR for the detection of negative-strand HCV-RNA as a
surrogate marker of HCV replication. Positive strand of
HCV-RNA was detected both in MDC cultured with GM-
CSF and PDC with IL-3, whereas negative strand was
detected in GM-CSF-MDC but not in IL-3-PDC (Fig.
3D). These results suggest that HCV replicates in GM-
CSE-MDC but not in IL-3-PDC. Therefore, the data with
the pseudotype VSV system correctly reflect the suscep-
tibility of cells to authentic HCV.

Mazturation stimuli protect MDC from VSV-E1E2

Based on the findings described above, we hypothesized
that the more MDC mature, the less susceptible they are to
VSV-EIE2. To find the substances protecting DC from
HCV infection, we treated MDC with various maturation
factors for the inoculation study. In MDC cultured with GM-
CSF, the addition of IL-4, CpG oligodeoxynucleotide
(ODN) 2006, or CD40 ligand {CD 40L) to the culwre
significantly reduced the percentage of GFP™ cells with

VSV-E1E2 without influencing their susceptibility to VSV
AG-G (Fig. 4). On the other hand, IFN-e, polyl:C, TNF-«,
and lipopolysaccharide (LPS) reduced the percentage of
GFP”" cells with both VSV-E1E2 and VSV AG-G (Fig. 4).
Phenotypic analysis revealed that TL-4 up-regulated the
expression of CDla and CD86 on MDC cultured with
GM-CSF (Fig. 2). CpG ODN or CD40L also up-regulated
the expression of CD1a, CDE3, and CD&6 on MDC cultured
with GM-CSF (data not shown), Therefore, immature DC
lose their susceptibility to VEV-E1E2 as they develop to be
more mature state.

Lectin on DC is involved in VSV-E1E2 entiry to DC

The C-type lectins expressed on DC are reported to
interact with various viruses as well as microbial agents
{Geijtenbeek et al, 2000; Tailleux et al, 2003). These
studies led us to consider the involvement of lectins in
VSV-ELE2? entry to DC. Thus, we first used mannan to
examine whether it inhibits VSV-EIE2 entry to MDC,
The pretreatment of MDC with mannan reduced the
percentage of GFP' cells with VSV-E1E2 in a dose-
dependent manner without having any Impact on VSV
AG-G entry (Fig. 5A). Such an inhibitory effect of
mannan was confirmed with MDC inoculated with au-
thentic HCV (data not shown). A Dp-mannose-specific
lectin, methyl a-p-mannopyranoside (Kaku et al, 1991),
also inhibited VSV-E1E2 entry to MDC in a dose-
dependent fashion at concentrations from 10 to 40 ug/
ml (data not shown). In contrast, galactose had no effect
on the infection with either VSV-E1E2 or VSV AG-G in
MDC (Fig. 5A). Interestingly, EDTA did not reduce the
infectivity of VSV.E1E2, whereas it completely abolished
that of VSV AG-G (Fig. 5A). Thesec data demonstrate that
mannose-type carbohydrate is involved in the interaction
of DC with VSV-EIE2 in a Ca®"-independent manner.
The trearment of MDC with antihuman DC-SIGN Ab,
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Fig. 3. Myeloid DC culmred with GM-CSF are susceptible to VSV-E1EZ or authentic HCV from patient serum. Day 4 MDC cultured with GM-CSF or with
GM-CSF and [L-4 or day 4 PDC cultured with IL-3 were inoculated with VSV AG, VSV AG-G, or VSV-E1E2. They were viewed under fluorescence
microscopy {A) and the percentages of GFP™ cells were analyzed by flow cytometric analysis (B). The results of fluorescence microscopy are the representative
ones from three subjects. The results of flow cytometric analysis are expressed as the mean + SD from three representative experiments. *P < 0.001 vs. VSV-
E1E2-inoculated day 4 MDC culrured with GM-CSF. (C) Quantitative analysis of HCV RNA in DC inoculated with HCV-positive patient serum was
performed as deseribed in Materials and method. D4-GM or D3-GM/4 represents MDC cultured with GM-CSF or GM-CSF and IL4 for 4 days, D4-IL 3
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which is able to block the binding of DC-SIGN 1o
ICAM-3 (Wu et al,, 2002), did not inhibit the entry of
either VSV-E1E2 or VSV AG-G (Fig. 3B). To see
whether the expression of DC-SIGN on MDC parallels
their susceptibility to VSV-E1E2, we compared the ex-
pression of DC-SIGN between MDC cultured with GM-
CSF and those with a combination of GM-CSF and 1L-4.
The expression of DC-SIGN was higher on MDC cul-
tured with GM-CSF and IL-4 than on those with GM-

CSF (Fig. 5C), which is contrary to their susceptibility to
VSV-EIE2. These results show that DC-SIGN is less
likely to be involved in the VSV-E1E2 entry to MDC.
Human hepatoblastoma cell line, HepG2, is one of the
most sensitive cells to pseudotype VSV (Matsuura et al.,
2001). To compare the machinery of VSV-EIE2 entry
between MDC and HepG2, we inoculated it to mannan-
treated HepG2. In contrast to MDC, mannan did not
inhibit the VSV-E1E2 entry to HepG2 (Fig. 5D), suggest-
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ing that the molecules responsible for VSV-E1E2 entry
differ berween HepG2 and MDC. Furthermore, it also
shows that marnnan affects the molecules on MDC but not
those on VSV-EIE2.

Discussion

Using the pseudotype VSV system, we have demonstrat-
ed that each DC subset has distinct susceptibility to HCV.
First, VSV-E1E2 enters MDC but not PDC, which is in
sharp contrast with PDC susceptibility to HIV (Patterson et
al., 2001). Second, MDC cultured with GM-CSF are more
susceptible to VSV-E1E2 than freshly prepared MDC or
those cultured with GM-CSF and IL-4, showing that HCV
targets immature MDC. Third, certain molecules containing
the lectin domain on MDC are involved in the interaction
with VSV-E1E2. .

One of the suggested mechanisms of persistent HCV
infection is the functional suppression of immunocompetent
cells, including NK cells, T cells, and DC (Bain ct 2l., 2001;
Corado ¢t al.,, 1997; Kanto ct al., 1999; Wedcmeyer ct al,,
2002). The possibility being raised for such immunological
impaimment is that HCV directly infects these blood cells. To
elucidate this issue, investigators have used RT-PCR 1o
examine whether the HCV genome is detectable or not in
blood cells recovered from HCV-infected patients (Bain et
al., 2001; Lerat et al., 1996, 1998). However, the existence
of HCV-RNA does not enable to define whether HCV enters
cells or only adheres to their surface. Instead of qualitative
RT-PCR, we used the pscudotype VSV system to study the
HCV El1E2-mediated virus entry to each DC subset. The
pseudotype VSV system is a valid model for investigating
the early steps of HCV infection, that is, viral attachment,
receptor binding, and membrane fusion. Also, it enables us

to estimate the efficiency of HCV El1E2-mediated virus
entry to target cells. However, there are several limitations
in this system. First, the positive results with pseudotype
VSV do not indicate the replicative ability of HCV in the
relevant cells. Because pseudotype VSV is constructed from
VSV genome, their replication capacity is not exactly the
same as HCV. Second, the evaluation of pseudotype VSV
entry is possible only in cells that permit VSV replication. In
other words, it cannot be used to determine the entry of
VSV-E1E2 in the cells that suppress VSV replication. In this
study, we could not evaluate the susceptibility of T, B, NK
cells or fresh PDC to VSV-EIE2.

Alternatively, we performed an inoculation experiment
with authentic HCV particle to confirm the reliability of the
pseudotype VSV system. Quantitative RT-PCR assay
showed that the highest titer of HCV-RNA was detected in
MDC cultured with GM-CSF; however, low titer of HCV-
RINA was detected in PDC. We hypothesized that the reason
such discrepancy occurs between two assays is that RT-PCR
amplified HCV genome from HCV attached to the surface
of PDC. Swand-specific RT-PCR showed that negative
strand of HCV-RNA, a surrogate marker of HCV replica-
tion, was detected in MDC cultured with GM-CSF but not
in PDC. These results indicate that HCV enters and repli-
cates in MDC but not in PDC, which are well correlated
with those of pseundotype VSV entry.

The Thl response is thought to be needed to eradicate
HCV from hosts (Gerlach et al, 1999). Myeloid DC
potentially activate CD4+T cells to support Thl differen-
tiation (Liu, 2001). We found that MDC from HCV-
infected patients are less able to induce the Thl response
than the normal counterpart (Kanto T., unpublished data).
It has been reported that MoDC expressing HCV protein
were impaired in the stimulation of allogeneic T cells and
IL-12 production, indicating an inhibitory capacity of HCV
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protein on DC function (Sarobe et al., 2002). These data
suggest that direct HCV infection to myeloid DC suppress
their function. Thus, the protection of DC from HCV
infection is a rational approach to improve DC-mediated
anti-HCV immune response. In the present study, we
demonstrate that some of the maturation stimuli are capa-
. ble of protecting DC from VSV-E1E2 entry. However,
MoDC from HCV-infected patients are reported to be
resistant to maturation stimuli, such as TNF-oo (Auffer-
mann-Gretzinger et al., 2001). Thus, further investigation

is necessary to determine the effective modulation that
allows MDC to mature in HCV infection. As shown in this
study, CpG ODN or CD40L stimulated MDC to mature
and become less susceptible to VSV-E1E2. The potent
ability of CpG ODN to stimulate a DC-inducing Thi
response has been demonstrated in vivo tumor treatment
models (Heckelsmiller et al., 2002). Therefore, CpG ODN
are promising as a DC adjuvant in HCV-infected patients
that potentially leads to MDC maturation as well as
boosting Thl response.
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It is arguably nccessary to identify molecules that are
responsible for HCV entry to protect DC. Previously,
tetraspanin CD81 has drawn much attention as a presumed
HCV recepror due to its high affinity to HCV-E2 (Pileri et
al.. 1998). However, its involvement in VSV-E1E2 entry is
unlikely because the CDR1 is equally expressed on both
MDC and PDC but is lacking on the VSV-E1E2-sensitive
cell line HepG2 (Fhint et al., 1999). In this study, we showed
some of the characteristics of the molecules on DC involved
in VSV-EIE2 entry. They are myeloid-lineage specific,
inducible by GM-CSF, down-regulatable by IL-4 or other
maturation stimuli. In addition, they possess some lectin
domain, as evidenced by the inhibition of VSV-E1E2 as
well as authentic HCV entry -with mannan, These results
raised the possibility that such molecules are categorized as
members of C-type lectins, such as DC-SIGN, mannose
receptor (MR), Langerin, DEC205, BDCA2, or asialogly-
coprotein receptor. (Figdor et al., 2002) Recently, two
independent studies have demonstrated that HCV El and
E2 glycoproteins efficiently bind to DC-SIGN (Lozach et
al., 2003; Pohhnann et al., 2003). However, the involvement
of DC-SIGN in VSV-E1E2 entry is less likely because its
expression on MDC did not parallel the susceptibility to
VSV-E1E2. In addition, the treatment with anti-DC-SIGN
Ab did not inhibit VSV-E1E2 entry. Furthermore, the
treatment with EDTA failed to block VSVLEIE2 entry to
MDC, showing that the VSV-E1E2 entry occurs in a Ca**-
independent manner. It is still obscure in which step lectins
are involved in VSV-E1E2 entry to MDC. From an analogy
with the intcraction of HIV with DC-SIGN (Geijienbeck et
al., 2000), it is conceivable that lectins are essential for HCV
attachment to MDC. Nevertheless, the possibility remains
that HCV entry receptors or co-receptors, which may be
other than lectins, exist on MDC. With the aid of the
pseudotype VSV system, exploration has been underway
to identify the molecules on MDC that are critically in-
volved in HCV infection,

Materials and method
Reagents

Recombinant human IL-4 and GM-CSF were purchased
from PeproTech (London, UK). Recombinant human solu-
ble CD40L, human TNF-o and IL-3, and mouse monoclo-
nal antihuman DC-SIGN (CD209/DC-SIGN1) Ab (12507)
were from R & D Systems (Minncapolis, MN). LPS,
polyl:C, mannan, galactose, and methyl o-D-mannnopyra-
noside were from Sigma (St. Louis, MO). Recombinant
human IFN-y was from Strathman Biotech GmbH (Ham-
burg, Germany). Human lymphoblastoid IFN-a was pro-
vided by Sumitomo Pharmaceuticals (Osaka, Japan).
Unmethylated CpG ODN 2006 (Krug et al, 2001) was
synthesized at and purchased from Sigma Genosys (Hok-
kaido, Japan). Isotype IgG (mouse IgGagp) for the blocking

experiments was kindly provided from the JT laboratory
(Osaka, Japan).

Separation of DC precursors and other cells from PBMC

After informed consent had been obtained from healthy
volunteers, buffy coats were isolated from venous blood
drawn from them at the Osaka Red Cross Blood Center
(Osaka, Japan). PBMC were collected from buffy coats by
Ficoll-Hypaque density-gradient centrifugation. B cells,
MDC, and PDC were magnetically isolated by using
CDI19 microbeads, BDCA-1, or BDCA-4 DC isolation kits
from Miltenyi Biotec (Bergish-Gladbach, Germany), respec-
tively. BDCA-1" and BDCA-4" cells are phenotypically
compatible with MDC and PDC, respectively (Dzionek et
al., 2000). CD4, CD8 T cells, and NK cells were separated
from PBMC by using the relevant Stem-Sep kits (Stem Cell
Technologies Inc, Vancouver, BC). CD34" hematopoietic
precursor cells were isolated from cord blood mononuclear
cells by using CD34-microbeads from Miltenyi. The purity
of all isolated cells was more than 90% as determined by
FACS Caliber (Becton Dickinson Immunocytometry Sys-
tems, San Jose, CA).

Culture of DC

Isolated MDC were cultured for 4 days in IMDM
(GIBCO Laboratories, Grand Island, NY) supplemented
with 10% FCS, 50 IU/ml penicillin, 50 pg/ml streptomycin,
2 mM vr-glutamine, 10 mM Hepes buffer, and 10 pM
nonessential amino acid (Complete medium, CM) contain-
ing 50 ng/ml GM-CSF with or without 10 ng/ml IL-4. PDC
were cultured for 4 days in CM in the presence of 50 ng/ml
of IL-3.

Flow cytometry

The expression of surface molecules on DC was ana-
lyzed by FACS Caliber (Becton Dickinson). For the stain-
ing, DC were stored with specific Abs or isotype Abs for 30
min at 4 °C in PBS containing 2% of BSA and 0.1% of
sodium azide. The following FITC-, PE-, PerCP-, or PC5-
conjugated antihuman mAbs were used: CDla (NA1/34;
DAKO, Glostrup, Denmark), CDlic (KB%0; DAKO),
CD14 (M5E2; Becton Dickinson), CD40 (5C3; BD Phar-
mingen, San Diego, CA), CDR0 (L307.4; BD Pharmingen),
CD83 (HB15a; Immunotech, Marseille, France), CD&6
(IT2.2; B70/B7-2, BD Pharmingen), CDw123 (7G3; IL-3
receptorer chain, BD Pharmingen), DC-SIGN (120507; R &
D Systems), and HLA-DR (L243; Becton Dickinson),

Assessment of pseudonype VSV entry into cells
To find which blood cells are susceptible to HCV

infection, we used pseudotype VSV possessing chimeric
HCV EI and E2 protein which was gencrated as described
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previously (Matsuura et al.,, 2001). The pseudotype VSV
consists of recombinant VSV in which glycoprotein (G)
gene is replaced with a reporter gene encoding GFP.

As an envelope, it possesses chimeric HCV El and E2
proteins (VSV-E1E2). The viruses were purified by centri-
fugation at 25000 rpm for 2 h at 4 °C in SW28 rotor
{Beckman Coulter Inc., Fullerton, CA) through 20% (v/w)
and 60% (v/w) discontinuous sucrose gradient and were
stored at —80 °C. To determine RNA copy numbers in the
viral samples, TagMan EZ RT-PCR kit (PE Applied Bio-
systems, Foster City, CA) was used. We used forward and
reverse primers (5'-cattattatcattaaaaggctc-3’ and 5'-gata-
caaggtcaaatattccg-3') that amplify a 323-bp segment of the
pseudotyped VSV RNA and also used a dual fluorophore-
labeled probe 5™-(6-carboxy-fluorescein)-atccagtggaa-
tacccggcagattac-(6-carboxy-tetramethyl-rhodamine)-3'. The
sequence detector (ABI Prism 7000, PE Applied Biosys-
tems) allows measurement of the amplified products in
indirect proportion to the increase in fluorescence emission
continuously during the PCR amplification. The copy
numbers in samples were determined based on the standard
curve drawn by a known amount of in vitro synthesized
pseudotyped VSV RNA. Because VSV efficiently replicates
in a wide range of mammalian cells, we are able to
determine the cells exhibiting susceptibility to pseudotype
VSV by the expression of GFP. We used VSV AG which
has no envelope protein as a negative control. Similarly,
VSV AG-G was used as a positive control which is
complemented with the VSV G protein. Various separated
blood cells were prepared in CM at 5 x 10* cells/well on
96-well culture plates. Next, they were inoculated with the
pseudotype viruses, VSV-EIE2 (1 x 10'? RNA copies/
well), VSV AG (1 x 10> RNA copies/well), or VSV AG-G
(1 x 10'" RNA copies/well) and incubated for 16 h at 37
°C. The infected cells (GFP* cells) were observed under
fluorescence microscopy, and their positive percentages
were determined by FACS analysis. The net percentage of
infected cells was expressed as % infection = (% of GFP*
cells with VSV-E1E2 or VSV AG-G) — (% of GFP" cells
with VSV AG).

To find the substances which potentially protect DC from
HCV infection, we examined IFNa, IFNv, IL-3, IL-4, CpG
ODN 2006, CD40L, polyl:C, TNFa, or LPS for this
purpose. The appropriate concentrations of these reagents
were determined in a separate series of experiments. [FNeg,
IFNvy, IL-3, or IL-4 was added to DC on the day of
separation. CpG ODN 2006, CD40L, polyl:C, TNFa, or
LPS was added to DC 24 h before the inoculation of
pseudovirus. To compare the inhibitory effect of reagents
in VSV-EIE2 entry into cells, we determined the ratio of
infection of cells with and without treatment,

DC express various molecules containing the lectin do-
main, some of which are reported to be essential for the
attachment to virus (Figdor ct al,, 2002). To examine whether
lectin-containing molecules on DC are involved in HCV
infection, we tested mannan, methyl a-D-mannopyranoside,

and galactose for the inhibition of VSV-EIE2 entry. Day 4
MDC cultured with GM-CSF were preincubated with various
concentrations of mannan, methyl e-p-mamopyranoside, or
galactose at 37 °C for 180 min and inoculated with the
pseudotype VSV, We also treated DC with EDTA, (3 mM),
monoclonal antihuman DC-SIGN Ab (50, 10, or 2 pg/ml), or
isotype IgGp before the pseudotype VSV inoculation. To
compare DC with hepatoblastoma cell line, HepG2, we
treated HepG2 with mannan before the inoculation.

Quantitative analysis of HCV RNA in cells inoculated with
HCV particles from patient serum

To test the susceptibility of each DC subset to authentic
HCV, we quantified HCV RNA in cells that had been
inoculated with patient serum by means of real-time PCR.
We used the commercial HCV scroconversion panel as an
inoculum, which contains high HCV RNA titer (I x 10°
copies/ul) and no anti-HCV antibody (BioClinical Partners,
Inc, USA). We added 3 pl/well of inoculum to DC on 96-
well plates and incubated them at 37 °C for 24 h. DC were
harvested and washed three times with IMDM supple-
mented with 1% FCS and then total RNA was extracted
from DC using RNeasy Mini Kit (QIAGEN, Germany). To
measure HCV RNA, TagMan EZ RT-PCR kit (PE Applied
Biosystems) was used. We used forward and reverse primers
[5-cgggagagecatagtgg-3' (positions 130—146) and $'-agtac-
cacaaggecttteg-3' {positions to 272 to 290)] that amplify a
161-bp segment of the 5 noncoding region of HCV RNA
and also used a dual fluorophore-labeled probe [5-(6-
carboxy-fluorescein)-ctgcggaaceggtgagtacac (positions
148-168)- (6-carboxy-tetramethyl-thodaminc) -3']. The se-
quence detector {(ABI Prism 7000} allows measurement of
the amplified products in indirect proportion to the increasc
in fluorescence emission continuously during the PCR
amplification. The copy number in the samples was deter-
mined based on the standard curve drawn by a known
amount of in vitro synthesized HCV RNA.

The strand-specific RT-PCR assay for HCV-RNA in cells
inoculated with authentic HCV particles

To detect negative-strand HCV-RNA that is indicative of
RNA replication, we performed the strand-specific RT-PCR
assay referring to the methods described by Navas et al.
(2002) with some modifications. We used the same batch of
HCV seroconversion panel as an inoculum as described in
the above section. We added 3 pl/well of inoculum to DC on
96-well plates and incubated them at 37 °C for 24 h. After
the washing of DC for three times, total RNA was extracted
from DC as the same way as we did in quantitative RT-PCR,
As a control for the detection of HCV-RNA, 9 pl of
inoculum was used. We used sense and anti-sense primers
[5-cacteccctgtgaggaactactgte-3' (positions 38—62) and §-
atggtgeacggtetacgagacctec-3 (positions 319-343) that am-
plify a 306-bp segment of the 5’ noncoding region of HCV
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genome. Ten microliters of purified RNA was used for
reverse transcription {RT) with 10 pl of RT reaction mixture
coniaining the thermostable recombinant Thermus thermo-
philus (1'Tth) enzyme (PE Applied Biosystems). Synthesis of
cDNA was carried out with strand-specific primers, sense
primer was used to obtain negative-strand RNA, and ant-
sense primer was used to obtain positive-strand RNA,
respectively. Reverse transcription was carried out at 70
°C for 15 min. Subsequently, the same primers were used in
reverse order in the PCR rounds. Thinty-five cycles of PCR
(94 °Cfor45 s, 60 °C for 45 5, 72 °C for 45 s) followed by
7 min of extension at 72 °C were carried out on GeneAmp
PCR System {PE Applied Biosystems). One-fifth of the
PCR products was subjected to electrophoresis on 2%
agarose gel and stained with ethidium bromide for obser-
vation under UV light. The expected molecular size of PCR
products derived from target HCV RNA was 306 bp.

Statistical analysis

The paired ¢ test was used to test the significance of the
pseudotype VSV entry to MDC. Statistical analyses were
performed with the Statview version 4.5 software (Abacus
Concepts, Berkeley, CA). A P value of less than 0.05 was
considered statistically significant.
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Abstract

The polyprotein precursor of the Hepatitis C virus (HCV) contains multiple membrane-spanning domains that define the membrane
topology and subsequent maturation of the viral structural proteins. In order to examine the biogenesis of the E1-E2 heterodimenic complex,
we inserted an affinity tag (S-peptide) at specific locations within the envelope glycoproteins. In particular, and based on the prediction that
the E1 glycoprotein may be able to assume a polytopic topology containing two membrane-spanning dormains, we inserted the affinity tag
within a putative cytoplasmic loop of the E1 glycoprotein. The HCV structural polyprotein containing this tag (at amino acids 295/296) was
highty expressed and able to form a properly processed and noncovalently associated E1-E2 complex. This complex was bound by murine and
conformation-dependent human monoclonal antibodies (MAbs) comparably to the native untagged complex. In addition, MAb recognition
was retained upen reconstituting the tagged E1-E2 complex in lipid membrane as topologically constrained proteoliposomes. Our findings are
consistent with the model of a topologically flexible El glycoprotein that is able to adept a polytopic form. This form of the EI-E2 complex

may be important in the HCV life cycle and in pathogenesis.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis and Hver cirrhosis worldwide. It is estimated that
over 170 million persons are infected with HCV and at
risk for hepatocellular carcinoma (World Health Organiza-
tion, 1999), HCV is an enveloped RNA virus and the sole
member of the Hepacivirus genus within the Flaviviridae
family. The single-stranded, positive-sense RNA genome
of HCV contains a single open-reading frame that en-
codes a viral polyprotein precursor of approximately 3000
amino acids (Grakoui et al.,, 1993; Selby et al., 1993).
Membrane-spanning domains within the polyprotein force
threadings through the membrane of the rough endoplasmic
reticulum (ER) and the mature viral proteins are liberated
from the precursor polyprotein by the action of viral and
cellular proteases ((Dubuisson, 2000; Reed and Rice, 2000)
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and references therein). The structural proteins of the virus
are contained in the N-terminal portion of the polyprotein
(in order: Core and the El and E2 envelope glycoproteins)
and are generated by signal peptidase cleavage in the lu-
men of the ER. A small membrane protein of unknown
function, p7, is encoded downstream of the E2 glycopro-
tein and is also produced by cellular signal peptidase. The
nonstructural proteins of the virus (NS2, N§3, NS4A and
B and NSSA and B) are contained in the C-terminal por-
tion of the polyprotein and lie on the cytosolic side of the
ER membrane. The mature NS proteins are generated by
viral proteases in the cytoplasm. Because there is no ro-
bust cell culture system for HCV propagation (reviewed by
(Bartenschlager and Lohmann, 2001)), details of envelope
glycoprotein biogenesis and virion assembly have not been
studied under conditions of productive infection.

Multiple membrane-spanning domains define the topol-
ogy of the HCV polyprotein precursor during biogenesis.
Biochemical and genetic studies indicate that the E1 and
E2 glycoproteins adopt a Type I (von Heijne, 1988) topol-
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ogy in the ER membrane: each glycoprotein is anchored
by a single C-terminal transmembrane domain and presents
an N-terminal ectodomain ({Op De Beeck et al., 2001) and
references therein). The C-terminal membrane-spanning do-
mains of the HCV EI and E2 glycoproteins also encode the
signal peptide sequences of the downstream proteins (E2
and p7, respectively); the signal peptide of the El glyco-
protein is contained within the C-terminal region of Core.
These transmembrane domains are additionally important
for the formation of the properly folded, noncovalently as-
sociated E1-E2 complex (Michalak et al.,, 1997; Op De
Beeck et al., 2000; Patel et al., 2001). During biosynthesis,
the HCV envelope glycoproteins are slow to fold properly
(Choukhi et al,, 1998; Dubuisson and Rice, 1996 Merola
et al., 2001), and misfolding is thought to result in the iso-
lation of predominantly disulfide-crosslinked complexes. In
addition, the transmembrane domains also function as ER
retention signals that largely prevent progress of the E1-E2
complex through the exocytic pathway (Cocquerel et al.,
1998; Cocquerel et at,, 1999; Dubuisson et al., 1994; Duvet
et al., 1998; Flint and McKeating, 1999), Recent studies in-
dicate that some E1-E2 complex may be transported to the
plasma membrane (Bartosch et al., 2003; Drummer et al.,
2003; Hsu et al., 2003).

In order to study the biogenesis of the HCV envelope gly-
coproteins, we have defined conditions for the isolation of
noncovalently associated E1-E2 complexes. To probe this
structure, we have introduced an affinity tag at specific lo-
cations in El, E2 and p7. Here, we show that the E1 glyco-
protein can readily accommodate a tag at position 295/296
— in a region bounded by a predicted transmembrane he-
lix on one side and the C-terminal transmembrane domain
on the other. Affinity purification and membrane reconsti-
tution of the tagged E1-E2 complex suggests that the El
glycoprotein may exhibit topologic flexibility that includes
a polytopic form in which the tagged region comprises a
cytoplasmic loop joining two membrane-spanning regions.
The existence of a topologically distinct form of the E1-E2
complex may have important implications in HCV biology
and pathogenesis. '

2. Materials and methods
2.1, HCV expression plasmids

The infectious HCV cDNA (genotype 1b) used in these
studies was originally isolated from an HCV carrier (Aizaki
et al., 1998) and the region encoding Core, the El and E2
glycoproteins and p7 was adapted to enable translation of
the structural portion of the polyprotein (pCAG HCV aa
1-810, (Takikawa et al., 2000)). The numbering of the HCV
amino acids is from the initiating methionine of the polypro-
tein. The pCAG HCV expression cassette (Bgll-BgllIl) was
transferred to the BamHI site of pcDNA 3.1 (Invitrogen) and
a properly oriented insert was identified. The unique Kpnl

site within the pcDNA 3.1 polylinker was subsequently de-
stroyed in pHCV-AKpn 10 facilitate subsequent manipula-
tions.

The PHD-htm algorithm (Rost et al., 1993); accessed
at (Columbia University Bioinformatics Center, 2002) was
used to predict transmembrane helical regions within the
HCV structural proteins. Based on these predictions and
other considerations described in the text, sites of potential
cytosolic exposure in E1, E2 and p7 were identified and en-
gineered to include the 15 amino acid S-peptide (Spep) affin-
ity tag KETAAAKFERQHMDS (Kim and Raines, 1993:
Fig. 1A).

Molecular cloning to insert a DNA sequence encoding
the affinity tag within the HCV membrane proteins uti-
lized two oligonucleotides. The upstream oligonucleotide
included, at its 3’ end, a sequence complementary to that en-
coding HCV amino acids N-terminal to the Spep insertion
site. This was followed (in the 5’ direction on the oligonu-
cleotide primer) by a sequence complementary to that en-
coding a triple glycine (Glys) linker, the Spep, and another
Glys linker. The latter Glyz was followed by an additional
threonine that enabled the inclusion of a Kpnl site (GGT
ACC) near the 5’ end of the oligonucleotide. The second
primer was complementary to the Kprl site and included at
its 3’ end a sequence encoding HCV amino acids C-terminal
to the Spep insertion site. Using the pHCV-AKpn plasmid,
these two oligonucleotides were extended for 25 cycles of
PCR using Herculase DNA Polymerase (Stratagene). Fol-
lowing Dpnl digestion to inactivate the original plasmid, the
mixture was digested with Kpni and the newly synthesized
plasmid was allowed to recircularize in the presence of T4
DNA ligase. Transformation of Escherichia coli resulted in
the recovery of plasmids encoding a perfect splice of the
Glys-Spep-Glys-Thr cassette within the respective E1, E2
and p7 coding regions. The insertions were confirmed by
DNA sequencing. Three clones of each were carried forward
in subsequent expression studies to exclude the possibility
of adventitious changes elsewhere. The resulting plasmids
encoding Spep-tagged HCV Core-E1-E2-p7 polyprotein are
identified as E1Spep, E2Spep and p7Spep, respectively. For
some studies, p7 expression was ablated from the HCV and
E1Spep constructs by the intreduction of a TAA stop codon
at the E2—p7 junction (Ap7).

2.2. Monoclonal antibodies

Murine MAbs directed to HCV Core (#cl11-7, #c11-10
and #cl1-14), El (#299 and #384) and E2 (#187) were
prepared against HCV aa 1-810 polyprotein expressed in
insect cells (Matsuura et al., 1994; Takikawa et al., 2000).
These MADs are reactive in Western blot analysis, Murine
anti-E1 MADb #159 (Triyatni et al,, 2002) was kindly pro-
vided by J. Lau (Ribapharm, Inc.). Human MAbs directed
to E1 (H-111 and H-114, unpublished) and E2 {CBH-2, 5,
and 7; (Hadlock et al., 2000; Trivatni et al., 2002)) were
derived from HCV-infected individuals and were kindly



