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tional, Concord, MA) and pulsed with *H-thymidine
(GE Healthcare BioSciences, Piscataway, NJ). T-cell
stimulation was expressed as a stimulation index that was
calculated as the ratio of average counts per minute
(CPM) of antigen-stimulated proliferation over average
CPM of the medium background. A sample was consid-
ered positive when the average stimulation index was
greater than 5. The numbers of antigen-specific interferon
gamma (IFN-vy)-producing cells were analyzed by en-
zyme-linked immunosorbent spot (ELISpot) assay.
PBMCs were stimulated with recombinant protein anti-
gens (HCV core and NS5a proteins) and HCV overlap-
ping peptide pools (15mers overlapped by 10 amino
acids) from core (38 peptides, amino acids 1-195) and
NS3 (56 peptides, amino acids 1031-315)(Mimotopes,
Raleigh, NC). The NS3 overlapping peptide pools were
divided into two sets. The number of spots was counted
by using a computer-assisted AID ELISpot Reader Sys-
tem and AID software version 3.5 (Autoimmune Diag-
nostika GmbH, Strassberg, Germany). Antigen-specific
spot-forming unit (SFU) was calculated by subtracting
the average of background values (four wells without an-
tigen, typically fewer than 10 spots) from that of the an-
tigen-stimulated sample. The sample was considered
positive when the background-corrected SFU was greater
than 10 and twice or more the mean SFU of the preinfec-
tion samples in the same animal.

To specifically evaluate the T-cell response against the
NS2 region containing the G838R mutation, two pep-
tides of 18 amino acids (NS2-G: ITLFTLTPGYKTLL-
GQCL and NS2-R: ITLFTLTPRYKTLLGQCL) were
synthesized (Sigma-Genosys, The Woodlands, TX). PB-
MCs from both chimpanzees were stimulated with the
wild-type (WT) and mutant peptides (2 ug/mL) and an-
alyzed for IFN-7y production by IFN-y ELISpot assays as
described.

Production of JFH-1 G838R Mutant Virus. The
full genome JFH-1 construct with G838R murtation in
the NS2 region was generated by site-directed mutagene-
sis. The replication-deficient clone of JFH1 generated by
introducing a point mutation into the GDD motif of the
NS5B to abolish the RNA-dependent RNA polymerase
activity was used as a negative control (JFH-1 GND).?

Quantification of HCV RNA and HCV Core Anti-
gen. To determine the amount of HCV, total RNA was
extracted with QIAamp Viral RNA Kit from 140 uL
culture medium, or with RNeasy mini kit (QIAGEN,
Valencia, CA) from cell pellet. Copy numbers of HCV
RNA were determined by real-time quantitative RT-PCR
as described. HCV core antigen (Ag) in culture superna-
tant was quantified by highly sensitive enzyme immuno-
assay (Ortho HCV core antigen ELISA Kit, Ortho
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Clinical Diagnostics, Tokyo, Japan).!> To determine in-
tracellular HCV core Ag, the cell pellet was resuspended
with 100 uL radioimmune precipitation assay buffer con-
taining 1% sodium dodecyl sulfate, 0.5% NP40, 10 mM
Tris-HCI (pH 7.4), 1 mM ethylenediaminetetra-acetic
acid, 150 mM NaCl, and Complete Mini protease inhib-
itor cocktail (Roche Applied Science, Indianapolis, IN),
then sonicated 10 minutes and subjected to the Ortho
HCYV core antigen enzyme-linked immunosorbent assay
after centrifugation.

Titration of HCV Infectivity. To assess the intracel-
lular infectivity, cells were harvested by treatment with
trypsin-ethylenediaminetetra-acetic acid and pelleted by
centrifugation. Cell pellets were resuspended with 500
L Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and lysed by four freeze—thaw cycles. The
supernatant was collected after centrifugation and passage
through a 0.45-pm filter. These cell lysates and culture
supernatants were serially diluted fivefold and inoculated
into naive Huh7.5.1 cells seeded at 1 X 10 cells/well in
96-well flat-bottom plates and assayed for focus-forming
unit (FFU) by anti-core immunofluorescence as described
previously.1¢

Statistical Analysis. Data from repeated experiments
were averaged and expressed as mean * standard devia-
tion. Statistical analysis was performed using the Mann-
Whitney test. P values of less than 0.05 were considered
statistically significant.

Results

Clinical, Virological, and Immunological Profiles
of JFH-1-Infected Chimpanzees. Chimpanzee 10273
(CH10273) was inoculated with patient serum contain-
ing 9.6 X 10° copies of HCV RNA. Chimpanzee 10274
(CH10274) was inoculated with 1.4 X 107 copies of
JFH-1cc in culture medium. In both chimpanzees, HCV
RNA became detectable in serum by RT-PCR 3 days after
inoculation. Viremia was low, with titers of approxi-
mately 10° copies/mL. Serum ALT levels were within
normal limits, and histological observation of liver biopsy
showed no evidence of hepatitis (Fig. 1). In CH10273,
HCV RNA in serum fluctuated but persisted for 34 weeks
after inoculation, and anti-HCV was detected from 20
weeks after inoculation (Fig. 1A). In CH10274, serum
HCV RNA disappeared at 9 weeks after inoculation, and
no anti-HCV seroconversion was observed (Fig. 1B).

Immunological analysis for T-cell proliferation and
IFN-v production showed that HCV-specific immune
responses were induced in both animals (Fig. 1). Their
responses corresponded to the profiles of viremia and re-
mained at low levels after disappearance of viremia. The
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Fig. 1. Infection profiles and T cell immune responses in patient
serum-inoculated and JFH-1cc-inoculated chimpanzees. (A) Chimpanzee
CH10273 was inoculated with patient serum containing 9.6 X 10°
copies of HCV. (B) Chimpanzee CH10274 was inoculated with JFH-1cc
containing 1.4 X 107 copies of HCV. White arrows indicate the time
points at which HCV sequences were determined. T cell proliferation
assay results against HCV core and NS5a are shown as stimulation index
(middle panel). I[FN-+y responses against HCV core and NS5a proteins or
overlapping peptide pools of core and NS3 are shown as SFU per 2.5 X
105 cells (bottom panel).

T-cell proliferative responses against the HCV core and
NS5a proteins became positive 4 weeks after inoculation
and continued up to 30 and 18 weeks in CH10273 and
CH10274, respectively. Likewise, the IFN-y responses
against HCV structural and nonstructural antigens were
detected 4 weeks after inoculation and maintained 34
weeks and 16 weeks in CH10273 and CH10274, respec-
tively (Fig. 1).

HCYV Sequence Analysis. To investigate the differ-

ence and evolution of infected viruses, HCV sequences in

KATO ET AL. 735

both chimpanzees were determined directly at multiple
time points as indicated in Fig. 1. In CH10273, HCV
sequences were determined with sera collected at weeks 2,
19, and 23. Nineteen synonymous and six nonsynony-
mous mutations were already observed at week 2, and the
number of mutations increased gradually with time (Ta-
ble 1). Conversely, CH10274 showed no mutation at the
carliest time point of infection (week 2) but subsequently
developed four synonymous and seven nonsynonymous
mutations at week 7 (Table 1). The mutated amino acids
in the JFH-1 genome were distributed in E2, NS2, NS5a,
and NS5b regions (Fig. 2A). Among these mutations,
only one mutation, G838R in NS2, was identified as a
common mutation between the two chimpanzees. To as-
sess the complexity of the quasispecies, the amplified frag-
ment encompassing HVR-1 was cloned and 10 clones in
each time point were sequenced. In both animals, HVR
populations of isolated HCV indicated similarly low
complexity of heterogeneity (Fig. 2B). HCV clones iso-
lated from CH10273 contained one HVR-1 mutation
N3978S at the earliest time point of infection, and this
mutation could not be found in clones of the inoculum
(Fig. 2B). To exclude the possibility of PCR artifact, se-
quences were confirmed by independent analyses. To en-
sure that the common NS2 mutant was not present as a
minor species at the earliest time point of CH10274
(week 2), cloning (15 clones) and sequencing was per-
formed and showed the WT sequence.

Effect of the NS2 Mutation on HCV Life Cycle. To
assess whether this NS2 mutation could be a result of
cytotoxic T-lymphocyte escape, which has been described
in acutely HCV-infected chimpanzees,!” we tested the T
cell response of PBMC:s from various time points during
the infection against 18-mer peptides encompassing this
region (both the WT and mutant sequences were tested).
No T cell response could be detected against either the
WT or mutant peptides throughout the infection, there-
fore making cytotoxic T-lymphocyte escape mutation
highly unlikely. To assess the phenotype of the observed
common mutation, G838R in the NS2 region, JFH-1
construct with this mutation was generated (JFH-1

Table 1. Sequence Evolution of JFH-1 in Chimpanzees

Synonymous Non-synonymous
Mutations* Mutations? Total
CH10273
#1 (week 2) 19 6 25
#2 (week 19) as 15 48
#3 (week 23) 35 17 52
CH10274
#1 (week 2) 0 0
#2 (week 7) 4 7 11

*Compared with the consensus JFH-1 sequence.
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Fig. 2. HCV sequence analyses. (A) Distribution of amino acid substitutions in patient serum-inoculated (CH10273) and JFH-1cc-inoculated
(CH10274) chimpanzees. Positions of amino acid substitutions are indicated as vertical bars, and the mutated amino acids are shown at the bottom
of each panel. The amino acid numbers correspond to the JFH-1 sequence. (B) HVR-1 populations in patient serum (inoculum) and chimpanzees.
HVR-1 sequence in patient serum has been reported previously.6 HVR-1 sequences determined by direct sequencing (Direct) or cloning and
sequencing (Cloning) (10 clones at each time) in each animal are shown. Investigated time points (#1, 2, and 3) are indicated in Fig. 1. Identical

amino acids are indicated as dots.

G838R). Viral replication and production of the JFH-1
G838R mutant was compared with that of the WT JFH-1
(JFH-1 WT) by transfecting the iz vitro transcribed full-
length genome RNA into Huh7.5.1 cells. HCV RNA
levels in culture media of JFH-1 WT and JFH-1 G838R
transfected cells were 2.96 X 10° = 1.63 X 10% and
1.69 X 107 = 3.61 X 10° copies/mL on day 3, and
2.67 X 106 £ 3.69 X 10°and 1.14 X 107 * 2.23 X 10°
copies/mL on day 5, respectively (P < 0.05)(Fig. 3A). In
JFH-1 WT and JFH-1 G838R transfected cells, intracel-
lular HCV RNA levels were 1.14 X 108 + 1.36 X 107
and 3.66 X 10% = 1.20 X 107 copies/well on day 3, and
1.67 X 108 = 3.94 X 107 and 2.23 X 108 + 1.90 X 107
copies/well on day 5, respectively (P < 0.05) (Fig. 3A).
Thus, JFH-1 G838R could produce HCV RNA approx-

imately fivefold higher than the JFH-1 WT in culture
media and transfected cells (days 3 and 5, P < 0.05).
To confirm this observation, an infection study was
also conducted with cell culture—generated viruses. After
transfection of JFH1 WT and JFH-1 G838R genome
RNA, viruses in culture media were harvested, and FFU
of these viruses were titrated. The same titer of JFH1 WT
or JFH-1 G838R viruses was inoculated into naive
Huh7.5.1 cells (9 X 102 FFU, multiplicity of infection =
0.003). After infection, HCV RNA titer in culture me-
dium and infected cells was determined. Consistent with
the transfection study, HCV RNA levels in culture media
of JFH-1 G838R virus—infected cells were threefold to
sixfold higher than those of JFH-1 WT virus (days 3 and
5, P < 0.05; Fig. 3B). Intracellular HCV RNA level on
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Fig. 3. Comparison of viral replication between JFH-1 WT and JFH-1
G838R in Huh 7.5.1 cells. At various times, HCV RNA was measured in
culture media and cells by transfecting the same amount of in vitro
transcribed full genome RNA (A) and by infecting the same FFU of
JFH-1cc at a multiplicity of infection of 0.003 (B). Means of triplicate
samples * standard deviations are shown.

day 5 also appeared to be higher (fivefold) in JFH-1
G838R~infected cells (P < 0.05). Based on these data,
JFH-1 G838R replicates more efficiently than the WT.
To further investigate the mechanism of this enhanced
replication, we reasoned that this mutation could affect
any of the viral RNA synthesis, assembly, or secretion
steps. To distinguish among these possibilities, we used
Huh7-25 cells, a Huh7 cells—derived cell line lacking
CD81 expression.!! This cell line cannot be reinfected by
HCV but can support and produce infectious HCV on
transfection with the HCV genome, therefore allowing us
to address this question without the confounding effect of
reinfection. HCV RNA levels of JFH-1 G838R—trans-
fected cells in culture media were eightfold higher on day
1 and threefold higher on day 3 compared with those of
JFH-1 WT transfected cells (Fig. 4A, P < 0.05). On day
5, the HCV RNA level was still higher in JFH-1 G838R—
transfected cells, but the difference was less. The HCV
RNA levels of the replication-deficient clone, JFH-1
GND, transfected cells were substantially lower than both
NS2 mutant-transfected and WT-transfected cells (Fig.
4A). Similarly, HCV core Ag in culture media showed a
significant difference between JFH-1 WT-transfected
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and JFH-1 G838R~—transfected cells (days 1, 3, and 5,
P < 0.05)(Fig. 4B). HCV core Ag of JFH-1 GND-trans-
fected cells was under the detection limit. In contrast to
culture media data, intracellular HCV RNA and core Ag
levels in JFH-1 G838R~transfected cells were similar to
or slightly lower than those of JFH-1 WT—transfected
cells. Therefore, the G838R mutation does not appear to
affect RNA replication and probably enhances either the
assembly or secretion step.

To distinguish between these two possible effects, we
determined the infectivity titer of intracellular viral parti-
cles in transfected cells as reported previously.’® On day 3
after transfection, the intracellular infectivity titer in
JFH-1 G838R-transfected cells was approximately four-
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Fig. 4. Comparison of viral replication among JFH-1 WT, JFH-1
G838R, and JFH-1 GND in Huh 7-25 cells. At various times, HCV
production was assessed in culture media and cells by transfecting the
same amount of in vitro transcribed full genome RNA. HCV RNA titer (A),
HCV core Ag level (B), and infectivity titers (C) are shown. The data are
expressed as means of triplicate samples * standard deviations. ND, not
done.
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Table 2. Specific Intectivity and Virus Secretion in Huh7-25 Cells
Intracellular Specific Extracellular Specific Infectious
HCV RNA Intracellular Intracellular HCV RNA* Extracellular Exracellular Virus
(copies/ Intectivity* Infectivity* (coples/ Infectivity* Infectivity Secretion
Clone well) (FFU/well) (FFU/copies) well) (FFU/well) (FFU/copies) (extra/intra)
4.40 x 107 2.27 X 10? 1.09 X 1075 1.83 X 107 6.17 X 103 3.37x 107
JFH-1 WT + o = * s =+ 7.20 +2.83
1.58 x 107 5.17 X 10! 2.58 X 10~¢ 1.95 X 108 9.61 X 102 1.38 X 1073
2.19 X 107 9.89 X 102 9.05 X 1075 5.14 X 107 2.69 X 104 533 X 1074
JFH-1 G838R * =+ * * * * 6.87 £ 2.07
1.11 X 108 5.02 X 10! 2.76 X 1076 3.48 x 108 6.96 X 103 1.83 X 1074

The data are from day 3 after HCV RNA transfection of the Huh7-25 cells.
*P < 0.05 comparing JFH-1 WT and G838R.

fold higher than that in JFH-1 WT—transfected cells (P <
0.05, Fig. 4C and Table 2). Moreover, specific intracellu-
lar infectivity of JFH-1 G838R~transfected cells was ap-
proximately eightfold higher than that in JFH-1 WT-
transfected cells (P < 0.05, Table 2). Specific infectivity
in culture medium was determined as the ratio of infec-
tious virus (FFU) over HCV RNA copies. Specific infec-
tivity of the JFH-1 G838R viruses was not significantly
different from that of JFH-1 WT (Table 2). Finally, the
rate of secretion was determined by the ratio of extracel-
lular FFU over the intracellular FFU (Table 2), and no
difference was observed between JFH-1 WT and G838R-
transfected cells. Based on these data, the G838R muta-
tion in JFH-1 enhances the assembly step of HCV.

Discussion

Although HCV-associated fulminant hepatitis is rare,
several cases have been reported.©19-25 The HCV JFH-1
strain was isolated from one of these cases, and its unique
characteristic of robust replication in cell culture might be
related to the cause of fulminant hepatitis. Previously,
HCV from a patient with fulminant liver failure has been
shown to cause severe acute hepatitis with high viremia in
a chimpanzee, although its molecular clone could not
replicate in culture cells and did not induce severe hepa-
titis in the chimpanzee.26?7 In our previous study, JFH-
lcc induced a transient and attenuated infection in a
chimpanzee.8 The infection profile was different from the
typical course of HCV infection either with patient sera or
infectious RNA molecules in chimpanzees.?8-32 Because
this observation was unexpected, we reasoned that the
lower virulence of this strain 7z vive might be related to
the age of the chimpanzee. The chimpanzee used in the
previous study was older (>25 years of age), and older
chimpanzees typically do not develop significant disease
on HCYV infection. Another possible cause was the char-
acteristics of the viral inoculum. JFH-1cc inoculated in
the chimpanzee was monotypic because it was generated

in culture cells. The original JFH-1 virus replicating in the
fulminant hepatitis patient existed as a mixture of various
viral species and might induce a different outcome iz vivo.
Thus, to elucidate the pathogenesis and replication capac-
ity of the original JFH-1 strain in vivo, the patient serum
and the JFH-1cc were inoculated into juvenile chimpan-
zees (5 years old). However, both chimpanzees showed
attenuated infection with low-titer viremia, no ALT ele-
vation, and absence of histological hepatitis during the
acute phase of infection. Therefore, the manifestation of
fulminant hepatitis of the original patient was likely a
result of host factors, with the caveat that humans and
chimpanzees might respond differently to HCV infec-
tion.

Similar to our previous study, the chimpanzee inocu-
lated with monotypic JFH-1cc showed a short duration of
infection and absence of seroconversion. Conversely, the
chimpanzee inoculated with the patient serum showed a
longer course of infection and developed anti-HCV anti-
bodies. Immunological analysis with T-cell proliferation
and IFN-vy ELISpot assays showed that HCV-specific im-
mune responses were similarly induced in both animals
and abated with the disappearance of viremia. Consistent
with the longer viremia, the chimpanzee inoculated with
the patient serum had a longer duration of detectable
HCYV immune response (Fig. 1). These differences could
be explained by the sequence variations of the infecting
HCV. In the chimpanzee inoculated with the patient se-
rum, the infecting HCV showed a low sequence complex-
ity but exhibited some sequence diversity already at week
2. The infecting HCV had a sequence alteration in the
HVR-1 (N3975), but this sequence alteration could not
be found in any of the 20 clones of the inoculum (Fig.
2B).6 In addition, the NS2 G838R mutation was also not
detected by cloning (six clones) and sequencing of the
inoculum. Thus, this infecting HCV was probably se-
lected from a minor species in the patient serum. It has
been reported that minor clones in human serum were
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selected during HCV infection in chimpanzees.3® The
selected clones were in the lighter fraction of the sucrose
density gradient of the inoculum, which is devoid of im-
munoglobulins. Similar selection might have occurred in
our study. The dominant clones in the inoculum might
not be infectious because of binding to neutralizing anti-
bodies. As a result, the infection-competent minor clone,
selected during the infection, became the dominant spe-
cies. Furthermore, this infecting minor clone could persist
longer, although the characteristics of this clone and
mechanisms for persistence are still unknown. HCV
clones in CH10273 showed several other mutations at 2
weeks postinfection and accumulated additional muta-
tions in E2, N§2, NS3, NS4b, NS5a, and NS5b regions
over time (Fig. 2). Some of these regions contain known
T-cell epitopes, although the major histocompatibility
complex haplotype of this animal is unknown. In this
chimpanzee, heterogeneity of the inoculating viruses
might have contributed to the emergence of escape mu-
tants from the host immune system, resulting in a pro-
longed infection. Similar observations have been reported
in acute HCV infection in chimpanzees and humans.34-36

In HCV strains isolated from these two chimpanzees,
one common mutation G838R in the NS2 region was
identified. This mutation has not been reported among
the adaptive mutations emerged in the JFH-1 virus pas-
saged in cell culture.3”-3% This mutation likely arose e
novo because one of the chimpanzees was inoculated with
a molecular clone, and the week 2 sample did not harbor
this mutation. NS2 is a membrane-associated cysteine
protease, composed of three transmembrane domains and
a protease domain.%® Although the NS2 region is dispens-
able for RNA replication, it is essential for production of
infectious virus in cultured cells.41-43 Furthermore, the
significance of this region has been shown in the estab-
lishment of replication-competent and infection-compe-
tent intergenotypical chimeric viruses.#445 The identified
common mutation G838R was at the end of the first
transmembrane domain,% and mutations in the trans-
membrane domains have been shown to improve the
yield of infectious virus production in several studies.4547
Thus, some advantage of this mutation in HCV replica-
tion and production could be expected. This mutation
was shown to enhance HCV production in Huh7.5.1
cells. Detailed analysis with CD81-negative Huh7-25 cell
demonstrated that viral assembly was affected by this mu-
tation. Production of infectious virus in JFH-1 G838R—
transfected cells was eightfold higher than that in the
JFH-1 WT—transfected cells. Thus, this mutation en-
hances the assembly of infectious virus particle in cultured
cells, and as a result, increases infectious virus production
in the culture medium. This mutation represents the first
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identified in vivo adapted mutation that is not immuno-
logically mediated and probably confers a replication ad-
vantage to the virus 7z vivo. This adaptive mutation,
unlike the other adaptive mutations reported in vitro with
poor infectivity in vivo, likely results from a highly bio-
logically relevant event in the dynamic interaction be-
tween HCV and host. Finally, it is possible that
compensatory mutations in other regions of the virus may
contribute to the overall biological adaptive response of
the virus iz vivo.

This study demonstrates that the HCV JFH-1 strain
either generated in cell culture as a monotypic virus or
obtained from patient serum is associated with attenuared
infection in chimpanzees; however, the virus can rapidly
evolve with adaptive mutations to facilitate propagation
of the virus in a susceptible host.
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While hepatocytes are the major site of hepatitis C virus (HCV) infection, a number of studies
have suggested that HCV can replicate in lymphocytes. However, in vitro culture systems to
investigate replication of HCV in lymphocytic cells are severely limited. Robust HCV culture
systems have been established using the HCV JFH-1 strain and Huh-7 cells. To gain more
insights into the tissue tropism of HCV, we investigated the infection, replication, internal
ribosome entry site (IRES)-dependent translation and polyprotein processing of the HCV JFH-1
strain in nine lymphocytic cell lines. HCV JFH-1 failed to infect lymphocytes and replicate, but
exhibited efficient polyprotein processing and IRES-dependent translation in lymphocytes as well
as in Huh-7 cells. Our results suggest that lymphocytic cells can support HCV JFH-1 translation
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and polyprotein processing, but may lack some host factors essential for HCV JFH-1 infection

Hepatitis C virus (HCV) is a major cause of chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma
(Choo et al, 1989; Saito et al, 1990). Infection with
HCV is frequently associated with B-cell-related diseases,
such as mixed cryoglobulinaemia and non-Hodgkin’s
lymphoma (Hausfater et al., 2000). A number of studies
have suggested that HCV can replicate not only in
hepatocytes, but also in lymphocytes (Ducoulombier et
al., 2004; Karavattathayyil et al., 2000, Lerat et al., 1998),
whereas the determinants of HCV tropism are still
unknown. The development of HCV strain JFH-1, which
generates infectious HCV in culture, has made an
important contribution to the study of the HCV life cycle
(Lindenbach et al., 2005; Wakita et al., 2005; Zhong et al.,
2005). The HCV life cycle is divided into several steps.
After entry into the cell and uncoating, the HCV life cycle
leads to translation, polyprotein processing, RNA replica-
tion, virion assembly, transport and release. The JFH-1
subgenomic replicon can replicate in non-hepatic cell lines,
such as HeLa cells and 293 cells, suggesting that the host
factors required for HCV replication are not hepatocyte-
specific (Kato et al, 2005b). The SB strain of HCV
(genotype 2b strain) was isolated from an HCV-infected
non-Hodgkin’s B-cell lymphoma and has been reported to
infect B and T cells (Kondo et al, 2007; Sung et al., 2003).
The virus titres of the SB strain in lymphocytes were,
however, lower than those of JFH-1 in Huh-7 cells and the
expression of HCV proteins was not confirmed (Kondo et
al., 2007). It is unknown whether HCV JFH-1 can infect

and replicate in lymphocytes. To gain more insight into the
tissue tropism of HCV infection, we investigated the
infection, replication, IRES-dependent translation and
polyprotein processing of the JFH-1 strain in nine
lymphocytic cell lines.

We first sought to determine whether HCV JFH-1 can
infect lymphocytic cell lines. We chose nine lymphocytic
cell lines derived from Burkitt’s lymphoma, the EBV-
immortalized human B cell line, lymphoblasts and acute T-
cell leukaemia. CIR, IB4, Namalwa, P3HR1 and Raji cells
were Epstein-Barr virus (EBV)-positive (Table 1).
Infectious HCV was generated from HCV JFH-1 RNA in
Huh-7 cells (Shirakura et al., 2007; Wakita et al., 2005) and
the calculation of the 50 % tissue culture infectious dose
(TCIDsp) was based on methods described previously
(Lindenbach et al., 2005). These cell lines (1 x 10° cells per
well of a six-well plate) were incubated with 2 ml inoculum
(5x10° or 5x10* TCIDs, ml™') for 3 h, washed three
times with PBS, and cultured in fresh medium. The culture
medium was changed every 2 days. Cells were harvested at
0 (3 h post-infection [p.i.]), 4 and 8 day p.i. HCV core
antigen within cells was quantified by immunoassay
(Ortho HCV-core ELISA kit; Ortho-Clinical Diagnostics).
As shown in Fig. 1(a), increasing the HCV titre of the
inoculum resulted in a 7.2-fold increase in the levels of
HCV core protein in Huh-7 cells at 3 h p.i. Increasing the
HCV titre of the inoculum resulted in a 1.5- to 3.2-fold
increase in the levels of the core protein in CIR, BL41,
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HCV JFH-1 strain in lymphocytes

replicating cells, a reporter replicon plasmid was con-
structed as follows. The gene encoding green fluorescence
protein (GFP) was fused to the neomycin resistance gene
using an overlap PCR amplification technique and the
fusion product was inserted into pSGR-JFHI. The resultant
plasmid was pSGR-GFPneo-JFH1. This plasmid was
linearized with Xbal and used as a template for in vitro
transcription using an AmpliScribe T7 High Yield
Transcription kit (Epicentre Biotechnologies). RNA was
transfected with high transfection efficiency and low
cytotoxicity using the Nucleofector system (Amaxa
Biosystems) (Coughlin et al., 2004; Miyahara et al., 2005;
Van De Parre et al., 2005). The transfection efficiencies
ranged from 60 to 80 % after optimization of transfection
conditions (Table 1). GFP expression was monitored
periodically during the selection of HCV-replicon cells by
G418 (Table 1). The GFP-expressing cells were detected at
day 3 post-transfection (p.t.) in Huh-7, P3HRI, Raji, CIR
and Namalwa cells. The rate of GFP expression in Huh-7
cells was more than 50 %. The rate of GFP-expression in
lymphocytic cell lines was less than 1%, despite the high
transfection efficiencies. After 3 weeks of G418 selection,
SGR-GFPneo-JFH1 replicon cells were established in Huh-
7 cells, but not in lymphocytic cells. These data suggest that
JFH-1 subgenomic replicon RNA cannot replicate in the
lymphocytic cell lines.

To facilitate quantification of replication, we performed
luciferase assays using subgenomic replicon RNA (SGR-
JEH1/Luc) carrying firefly luciferase as a reporter. SGR-
JFH1/Luc RNA was in vitro-transcribed using the linearized
pSGR-JFH1/Luc (Kato ef al, 2005a) as template DNA.
Cells were harvested at 4, 24, 48 and 72 h p.t. and luciferase
activities were assayed with luciferase assay reagent
(Promega). Assays were performed at least in triplicate.
There were significant differences in luciferase activities at
4 h p.t. among the cell lines, probably because there were
differences in transfection efficiencies and the doubling
time of the cell lines. Thus, the replication activity was
expressed relative to the reporter activity determined 4 h
p-t. for each cell line, which was set to 1 (Fig. 2a). HCV
subgenomic replicon RNA efficiently replicated in Huh-7
cells (Fig. 2a). Replication-deficient subgenomic replicon
RNA encoding a GDD to GND mutation in NS5B served as
a negative control in Huh-7 cells. The luciferase activities of
replication-deficient subgenomic replicon RNA in lym-
phocytic cell lines also decreased rapidly (data not shown).
As shown in Fig. 2(a), the luciferase activities of HCV
subgenomic replicon RNA in lymphocytic cell lines
decreased rapidly, suggesting that HCV subgenomic
replicon RNA did not replicate efficiently in lymphocytic
cell lines. Thus, these two different replicon assays
demonstrated that the HCV JFH-1 subgenomic replicon
failed to replicate in our lymphocytic cell lines.

To determine which steps of the HCV life cycle are
impaired, we further examined translation and polyprotein
processing. At first, we assessed HCV IRES-dependent
translational efficiencies in the lymphocytic cell lines. Cells

were co-transfected with the subgenomic replicon RNA
(SGR-JFH1/Luc) and a capped RNA encoding Renilla
luciferase (cap-luc). Cap-luc RNA was in vitro-transcribed
using a T7 mMessage mMachine kit (Ambion). The HCV
IRES activities in IB4, Namalwa and P3HRI cells were as
high as in Huh-7 cells. The HCV IRES activities in Jurkat
and Raji cells were about 50 % of those in Huh-7 cells, and
the HCV IRES activities in Bjab, BL41 and Ramos cells
were less than 25 % of those in Huh-7 cells. On the other
hand, the HCV IRES activity in CIR cells was about
twofold higher than in Huh-7 cells (Fig. 2b). Replication-
deficient subgenomic replicon RNA encoding a GDD to
GND mutation in NS5B showed a luciferase activity level
similar to that of the wild-type, suggesting that the
luciferase activity at 4 h after transfection reflected
translational levels but not replication levels (data not
shown). Our data indicate high HCV IRES activities in all
cell lines, except in Bjab, BL41 and Ramos.

The HCV polyprotein is translated in subgenomic replicon
cells in an encephalomyocarditis virus (EMCV) IRES-
dependent manner. To rule out the possibility that the
EMCV IRES-dependent translation is impaired in lym-
phocytic cell lines, we assessed the EMCV IRES-dependent
translational efficiencies. We assayed EMCV IRES activity
using EMCV IRES-driven luciferase RNA (EMC-luc) and
Cap-luc RNA. The EMCV IRES activity was five- to tenfold
higher in C1R, Namalwa, IB4 and P3HRI1 than in Huh-7
cells (Fig. 2c). From these results, HCV IRES and EMCV
IRES exhibited sufficient translational activity in CIR,
Namalwa, P3HRI and Raji cells, suggesting that IRES-
dependent translation was not impaired in these lympho-
cytic cell lines.

To determine whether HCV polyprotein is properly
processed in lymphocytes, we examined the processing of
HCV non-structural (NS) proteins. The construct pSGR-
JFH1/Luc expresses the polyprotein NS3-NS4A-NS4B-
NS5A-NS5B. The HCV NS3/4A protease is responsible
for proteolytic processing at each cleavage site. We used the
eukaryotic transient-expression system based on a recom-
binant vaccinia virus carrying bacteriophage T7 RNA
polymerase (T7vac) (Fuerst et al, 1989). To express the
SGR-JFH1/Luc encoding HCV NS proteins, 5 x 10° cells
were transfected with 5 pg pSGR-JFH1/Luc and infected
with 2.5x10° p.fu. T7vac, harvested at 24 h p.i, and
analysed by Western blotting. Completely processed NS3,
NS5A and NS5B proteins were detected in Bjab, Raji, IB4
and Namalwa cells as well as in pSGR-JFH1/Luc-trans-
fected Huh-7 cells and HCV-JFH1-infected Huh-7 cells
(Fig. 2c). The unprocessed polyprotein was not detected by
immunoblotting in these lymphocytic cell lines (data not
shown). These results suggest that the HCV polyprotein is
efficiently processed in these lymphocytic cells.

In this study, we demonstrated that HCV JFH-1 failed to
infect and replicate in nine lymphocytic cell lines. In
contrast, HCV IRES-dependent translation and polypro-
tein processing by NS3/NS4A protease functioned properly
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translational efficiencies and polyprotein pro-
cessing. (a) Subgenomic replicon assay. JFH-
1 subgenomic replicon RNA was transfected
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48 and 72 h p.. The replication activity was
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control. (b) HCV IRES-dependent translational
efficiency. To determine the HCV IRES activ-
ities, we co-transfected cells with SGR-JFH1/
Luc RNA and Cap-Renilla luciferase RNA. The
IRES activity of each cell line is expressed in
relation to Huh-7 IRES activity, that is, as the
ratio of HCV IRES-driven firefly luciferase
activity to cap-driven Renilla luciferase activity.
The difference in HCV IRES activity between
Huh-7 cells and the lymphocytic cell line was
significant (**, P<0.01, Student's t-test).
(c) EMCV IRES-dependent translational effi-
ciency. To determine the EMCV IRES activ-
ities, we co-transfected cells with EMCV-
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ase RNA. The IRES activity of each cell line is
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ase activity. The difference in EMCV IRES
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in these cells. Moreover, subgenomic replicon RNA failed
to replicate in these cell lines. Our data suggest that
lymphocytic cell lines may lack some host factors required
for infection and replication of HCV-JFH1.

Viral entry often requires sequential interactions between
viral proteins and several cellular factors. Several molecules
(CD81, Claudin-1, Scavenger receptor class B member IR,
LDL-receptor and glycosaminoglycans) have been reported
to be involved in HCV binding and entry (Barth et al., 2003;
Evans et al., 2007; Pileri et al., 1998; Scarselli et al., 2002).
Further investigation will be required to clarify HCV
binding and entry into lymphocytic cell lines.

HCV IRES and EMCV IRES exhibited sufficient trans-
lational activities in C1R, IB4, P3HR1, Namalwa and Raji
cells. All these cell lines are EBV-positive. EBV-encoded
nuclear antigen (EBNA1) has been reported to support
HCV replication (Sugawara et al,, 1999). Two small EBV-
encoded RNA species (EBERs) bind to the HCV IRES
region (Wood et al, 2001). These findings raise the
possibility that HCV IRES activities may be modified by
the EBV genome.

HCV JFH-1 subgenomic replicon RNA could not replicate
in all lymphocytes tested in this study. The HCV SB strain,
however, has been reported to infect Raji, Daudi, Molt-4
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and Jurkat cells (Kondo et al., 2007; Sung et al., 2003). Still
unknown is how hepatotropism and lymphotropism of
HCV are determined. The GB virus B (GBV-B) is most
closely related to HCV and the GBV-B infection of
tamarins has been proposed as a good surrogate model
for chronic hepatitis C (Bukh et al., 2001; Jacob et al., 2004;
Lanford et al., 2003; Martin et al, 2003). A recent report
has shown that GBV can disseminate to not only liver but
also a variety of extrahepatic tissues such as haematolym-
phoid and genital tissues in tamarins (Ishii et al, 2007).
Viral RNA cloned from plasma and liver from the tamarins
showed no sequence heterogeneity, suggesting that host
factors determine the pleiotropism (Ishii et al, 2007). It
remains unclear how host factors and/or viral factors
determine the tissue tropism of HCV. Further studies will
be required to clarify the molecular mechanisms of HCV
tissue tropism.
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Hepatitis C Virus-Infected Hepatocytes Extrinsically
Modulate Dendritic Cell Maturation To Activate T Cells
and Natural Killer Cells

Takashi Ebihara,' Masashi Shingai,! Misako Matsumoto,! Takaji Wakita,? and Tsukasa Seya!

Dendritic cell maturation critically modulates antiviral immune responses, and facili-
tates viral clearance. Hepatitis C virus (HCV) is characterized by its high predisposition
to persistent infection. Here, we examined the immune response of human monocyte-
derived dendritic cells (MoDCs) to the JFH1 strain of HCV, which can efficiently
replicate in cell culture. However, neither HCV RNA replication nor antigen production
was detected in MoDCs inoculated with JFH1. None of the indicators of HCV interact-
ing with MoDCs we evaluated were affected, including expression of maturation mark-
ers (CD80, 83, 86), cytokines (interleukin-6 and interferon-beta), the mixed lymphocyte
reaction, and natural killer (NK) cell cytotoxicity. Strikingly, MoDCs matured by
phagocytosing extrinsically-infected vesicles containing HCV-derived double-stranded
RNA (dsRNA). When MoDCs were cocultured with HCV-infected apoptotic Huh7.5.1
hepatic cells, there was increased CD86 expression and interleukin-6 and interferon-
beta production in MoDCs, which were characterized by the potential to activate NK
cells and induce CD4™ T cells into the T helper 1 type. Lipid raft-dependent phagocy-
tosis of HCV-infected apoptotic vesicles containing dsRNA was indispensable to MoDC
maturation. Colocalization of dsRNA with Toll-like receptor 3 (TLR3) in phagosomes
suggested the importance of TLR3 signaling in the MoDC response against HCV.
Conclusion: The JFH1 strain does not directly stimulate MoDCs to activate T cells and
NK cells, but phagocytosing HCV-infected apoptotic cells and their interaction with the
TLR3 pathway in MoDCs plays a critical role in MoDC maturation and reciprocal
activation of T and NK cells. (HEpATOLOGY 2008;48:48-58.)

Abbreviations: CPZ, chlorpromazine; CTL, cytotoxic T lymphocyte; DG, dendbitic cell: DC-SIGN, dendritic cell-specific intercellular adbesion molecule 3-grabbing
nonintegrin; dsRNA, double-stranded RNA; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; HCV, hepatitis C virus; IFN,
interferon; IENAR, type I IFN-alpha receptor; IL, interleukin; IRF, IFN regulatory factor; MBCD, methyl-beta-cyclodextrin; MDAS, melanoma differentiation associated
gene 5; mAb, monoclonal antibody; MoDC, monocyte-derived dendritic cell; MOL multiplicity of infection; MV, measles virus; NK, natural killer: NKG2D, natural killer
group 2, member D; PAMP, pathogen associated molecular pastern; PBMC, peripheral blood mononuclear cells; pDC, plasmacytoid DC; poly IC, polyinosinic:polycytidylic
acid; RIG-I, retinoic acid inducible gene I; RSV, respiratory syncyrial virus; RT-PCR, reverse-transcription polymerase chain reaction; siRNA, small interfering RNA;
SNARF, far red immunaftuorescence dye; Thl, T helper 1; TLR, Toll-like receptor; TNE, tumor necrosis factor.
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epatitis C virus (HCV) is a single-strand, posi-
H tive-sense RNA virus belonging to the flaviviri-

dae family. HCV develops persistent infection
in <70% of infected patients, and eventually causes
chronic hepatitis, cirrhosis, and hepatocellular carcinoma
in some patients.! Once chronic infection is established in
patients with HCV, spontancous viral clearance fails,!
although how HCV remains persistently infecting the
liver is unknown. It has been accepted that successful viral
clearance by the host is largely attributed to robust induc-
tion of type I interferon (IFN) and antiviral cellular effec-
tors, cytotoxic T lymphocyte (CTL) and natural killer
(NK) cells.2> In HCV-infected patients and chimpan-
zees, type | IFN induction and activation of HCV-specific
CD4* T/CD8* T cells and NK cells are indeed detected
during acute infection.*6 However, why these antiviral
factors cannot eradicate HCV from most patients is not
addressed. Facilities for inducing the antiviral effectors
and their role against HCV persistence have not been well
determined. A main cause for the deficiency of knowledge
on the host response to HCV is the lack of an appropriate
model for experimental HCV infection.

Two breakthroughs have now made it possible to in-
vestigate the immune response against HCV. First, Toll-
like receptors (TLRs) and other innate immune receptors
of dendritic cells (DCs) were found to be involved in the
host antiviral IFN response, followed by CTL and NK
cell activation.27-2 Some reports revealed that HCV pro-
teins participate in the regulation of IFN-inducing innate
responses.'%12 Second, an in vitro amplifiable 2a type
HCV strain, JFH1, was established by Wakita et al.!3 and
Zhong et al."* Infection studies for testing HCV replica-
tion and the immune response are therefore now feasible
in vitro.

There are two major subsets of DCs in humans: plas-
macytoid DCs (pDCs) expressing TLR7 and TLR9 and
myeloid DCs expressing Toll-like receptor 3 (TLR3) for
viral RNA/DNA recognition. Cytoplasmic RNA sensors,
retinoic acid inducible gene I (RIG-I)-like receptors, also
participate in viral RNA recognition and IFN induction.”
RNA virus infection allows pDCs to induce type I IFN via
TLR7.15 On the contrary, myeloid DCs recognize virus-
derived double-stranded RNA (dsRNA) to activate path-
ways for IFN-beta production and NK/CTL induction.”
9,16 What happens in the pathway of myeloid DC
maturation during HCV infection can now be experi-
mentally followed up in infected cells as the JFH1 strain
can be used for in vitro infection studies. Hence, we inoc-
ulated monocyte-derived (Mo)DCs with JFH1 of HCV.

Here, we show evidence that the JFH1 strain has no
direct route for MoDC infection and MoDCs phagocy-
tosing HCV-infected apoptotic vesicles participate in
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MoDC maturation and reciprocal activation of T cells
and NK cells.

Materials and Methods

Cell Lines, Antibodies, and Reagents. Huh7.5.1
cells were kindly provided by Dr. Francis V. Chisari (The
Scripps Research Institute, La Jolla, CA), and maintained
in Dulbecco’s modified Eagle’s medium—based medi-
um.'¥ Following materials were obtained as indicated:
anti-HCV-core monoclonal antibody (mAb; C7-50)
from Affinity BioReagents (Golden, CO), mAbs against
CD80, CD83, and CD86 from Immunotech (Fullerton,
CA), anti-dsRNA mAb (K1) from English & Scientific
Consulting Bt (Szirak, Hungary), biotin-conjugated
anti-TLR3 mAb from eBioscience (San Diego, CA), flu-
orescein isothiocyanate—labeled goat anti-mouse immu-
noglobulin G from American Qualex (San Clemente,
CA), Streptavidin Alexa Fluor 594 conjugate and
SNARF1 from Molecular Probe (Carlsbad, CA), Methyl-
beta-cyclodextrin (MBCD), chlorpromazine (CPZ), and
bafilomycin (BAF) from Sigma-Aldrich (St. Louis, MO).

Preparation of Immature MoDCs, NK Cells, and T
Cells. CD14% monocytes and autologous NK cells were
isolated from human peripheral blood mononuclear cells
(PBMCs) using a MACS system (Miltenyi Biotec, Ber-
gisch Gladbach, Germany).!7 Cells purified by this tech-
nique had an average purity of 95%, as assessed by flow
cytometry. Immature MoDCs were generated from
monocytes using human granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF; PeproTech, Rocky Hill,
NJ) and interleukin (IL)-4 (PeproTech).!” Autologous
NK cells were stocked in Cell Banker (Diaton, Tokyo,
Japan) at —80°C. Allogeneic CD4* and CD8™ T cells
were also negatively isolated by a MACS system (Miltenyi
Biotec).

Stimulation of Immature MoDC, Cytokine Assay,
Immunofluorescent Staining, and Flow Cytometry.
The immature MoDCs (2 X 10°) were inoculated with
HCYV and respiratory syncytial virus (RSV) ata multiplic-
ity of infection (MOI) of one or treated with polyinosinic:
polycytidylic acid (poly I:C; 10 ug/mL), and cultured ina
24-well plate. The cells and culture supernatant were har-
vested at indicated time points for reverse transcription
polymerase chain reaction (RT-PCR), fluorescence-acti-
vated cell sorting (FACS), and enzyme-linked immu-
nosorbent assay (ELISA; IFN-beta, IFN-gamma;
Fujirebio, Inc., Tokyo, Japan; IL-6; BD Biosciences,
Franklin Lakes, NJ). In some experiments, immature
MoDCs (2 X 10%) were cocultured with HCV- or non-
infected apoprtotic cells (4 X 10%). MoDCs were treated
with MBCD (1 mM), CPZ (5 ug/mL), and BAF (100
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nM) for 1 hour before coculture. The viability of these
MoDCs was examined by proidium iodide staining. After
2 days of coculture, the MoDCs were isolated from the
apoptotic cells by Ficoll-Paque Plus (GE-Healthcare,
Waukesha, WI) using the manufacturer’s methods, and
used for further analysis to assess MoDC functions. The
cell lysates were produced from the apoptotic cells by
three freeze/thaw cycles, followed by centrifugation at
15,000 rpm for 5 minutes or by sonication three times for
20 seconds on ice. Total RNA was extracted by Trizol
(Invitrogen, Carlsbad, CA) by the manufacturer’s meth-
ods. MoDCs (5 X 10° cells) were transfected with 0.625
ug total RNA by N-[1-(2,3-Dioleoyloxy)propyl]-N, N,
N-trimethylammonium methyl-sulfate (DOTAP; Roche,
Mannheim, Germany) and cultured in 24-well plates for
1 day. Huh7.5.1 cells were transfected with poly I:C using
Lipofectamine 2000 (Invitrogen) by the manufacturer’s
methods. ELISA for determination of cytokine levels,
flow cytometry, and immunofluorescent staining were
performed as reported.!7-18

Virus Propagation. The method to generate infec-
tious HCV particles was referred to an iz vitro system
using the plasmid pJFH-1.1 Noninfected cell superna-
tant was used as noninfected control. The concentrated
virus had a titer of 1 to 2 X 10° ffu/mL. A RSV field-
isolate strain (RSV2177) was propagated with Hep-2 cells
as described.'” The titer of RSV2177 was determined by
50% tissue culture infective dose (TCID50) with Hep-2
cells.

Real-time PCR Quantification of Positive-Strand
and Negative-Strand HCV RNA. Total Trizol-ex-
tracted RNA was analyzed by reverse transcription-PCR
(RT-PCR) with a modification of the previously de-
scribed  strand-specific rTth RT-PCR method.!” RT
primers for complementary DNA synthesis of positive
and negative strand HCV RNA were GTGCACGGTC-
TACGAGACCT and GAGTGTCGTACAGCCTC-
CAG, respectively. Positive-strand and negative-strand
HCV PCR amplifications were performed using Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen)
with 200 nM of paired primers, forward CGG-
GAGAGCCATAGTGG and reverse AGTACCA-
CAAGGCCTTTCG. The PCR conditions were 95°C
for 10 minutes, followed by 40 cycles of 95°C for 15
seconds and 60°C for 1 minute. This PCR method could
detect 10 copies of positive-strand or negative-strand
HCV.

Induction and Certification of Apoptosis. A total of
1 X 105 Huh7.5.1 cells were plated in a 24-well plate and
infected with the JFH1 strain at an MOI of 1. At indi-
cated timed intervals, the infected cells and poly I:C-
transfected cells were pretreated with cycloheximide
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Fig. 1. MoDCs are not permissive for HCV replication. (A) Huh7.5.1

cells and MoDCs were inoculated with HCV at an MOI of 1 and cultured
for 3 days. The presence of HCV core antigens was assessed by
immunofluorescent staining. (B) Real-time RT-PCR to detect positive-
strand and negative-strand HCV RNA. Data show means = SD from three
independent experiments using three different donors.

(20 pg/mL; Sigma) for 30 minutes, followed by tumor
necrosis factor (TNF)-alpha (10 ng/mL; Pepro-Tech).
The HCV-infected and noninfected apoptotic cells were
harvested after another 24-hour culture. Using the HCV-
infected apoptotic cells, we examined the presence of
HCV core antigens and dsRNA by FACS using anti-
HCV core mAb and anti-dsRNA mADb, respectively. Ap-
optosis was assessed by 4',6-diamidino-2-phenylindole-
staining, DNA fragmentation, and FACS by using
fluorescein isothiocyanate—labeled annexin-V and proidium
iodide (Roche).20

Assay for Lymphocyte Proliferation by MoDC. Af-
ter 2 days culture of MoDCs with HCV, poly I:C (10
pg/mL), or the apoptotic cells, MoDCs were harvested
and treated with mitomycin C (20 ug/mL) in phosphate
buffered saline for 45 minutes. For the proliferation assay,
the stimulated-MoDCs (1 X 10%) were cultured with 1 X
10° allogeneic PBMCs, CD4 " T cells, or CD8" T cells in
U-bottom 96-well plates for 6 days. During the last 24
hours of culturing, [*H]thymidine (1 mCi/well) was
added to the culture medium. Then the cells and medium
were harvested separately by a cell-harvester, and the ra-
dioactivity was measured by a liquid scintillation counter
(Aloca, Tokyo, Japan). For the analysis of CD4™ T cell
polarization, the stimulated-MoDCs (1 X 10%) were
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Fig. 2. HCV fails to induce MoDC maturation and cytokine response.
MoDCs were inoculated with HCV at an MOI of 1 and cultured for 48
hours. (A) The supernatant was assayed for production of IFN-beta and
IL-6. (B) The cells were harvested for FACS and (C) mixed lymphocyte
reaction (MIR). Allogeneic PBMC were cultured with the inoculated-
MoDCs for 6 days. Proliferation was determined by [3H]thymidine uptake.
Data show means = SD of duplicate or triplicate samples from one
experiment representative of three donors.

treated with mitomycin C and cultured with allogeneic
CD4" T cells (1 X 10°) for 6 days. Then the cells were
washed and transferred to new round-bottom 96-well
plates. Phorbol 12-myristate 13-acetate (10 ng/mL; Sig-
ma-Aldrich) and ionomycin (1 pg/mL; Sigma-Aldrich)
were added and plates were incubated for a further 24
hours. Supernatants were harvested for cytokine produc-
tion (IL-4, IFN-gamma; GE-Healthcare).

MoDC-NK Coculture and ' Cr Release Assay. The
stimulated-MoDCs were harvested for MoDC-NK cocul-
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ture at indicated time points. Autologous NK cells (5 X 10°)
were cocultured with the MoDCs (1 X 10°) in 24-well plates
for 24 hours. Transwell (Corning) was inserted to block the
MoDC-NK cell contact. The supernatants and NK cells
were collected from the MoDC-NK coculture and assayed
for IFN-gamma production (GE Healthcare) and cytotox-
icity against K562. Cytotoxicity was determined by standard
51Cr release assay as described.!”

Gene Silencing of TLR3 in MoDC. Small interfering
RNA (siRNA)-based gene knockdown was preformed with
MoDC:s by electroporation as described.?! siRNA duplexes
(small interfering TLR3: cat #107056, negative control: cat
#AM4635) were obtained from Ambion (Tokyo, Japan).
Expression of TLR3 was examined by SYBR green real-time
PCR using forward primer, AAGACCCATTATG-
CAAAAGATTCAA and reverse primer, TCCAGATTTT-
GTTCAATAGCTTGTTG. MoDCs (1 X 106 cells) were
electroporated with these siRNA and cultured for 4 hours.
Then, HCV-infected or noninfected apoptotic Huh7.5.1
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Fig. 3. MoDCs inoculated with HCV barely activate NK cells. MoDCs
were harvested at 24 hours after inoculation of RSV and HCV. Autologous
NK cells were cocultured with the MoDCs for 24 hours. (A) The super-
natant were assayed for NK IFN-gamma production. (B) NK cells were
harvested for 51Cr release assay to examine NK cytotoxic activity against
K562. A representative of the three similar experiments with individual
donors is shown.
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Fig. 4.  Preparation of HCV-infected apoptotic Huh7.5.1 cells.
Huh7.5.1 cells were infected with HCV at an MOI of 1 and culture for 4
or 5 days. Apoptosis was induced by cycloheximide and TNF-alpha after
4 days culture. At 5 days after infection, the apoptotic cells were
harvested for counting 4’,6-diamidino-2-phenylindole stained apoptotic
nuclei, FACS and examination of DNA fragmentation. (A) Typical apo-
ptotic cells stained with 4’,6-diamidino-2-phenylindole were counted
among <1000 cells and percent cell apoptosis was determined. Data
are means = SD from three independent experiments, each performed
in triplicate. (B) HCV-core antigens were detected in the HCV-infected
apoptotic cells by FACS. (C) DNA was extracted from HCV- or noninfected
apoptotic Huh7.5.1 cells and electrophoresed on agarose gels to eval-
uate DNA fragmentation. (D) HCV- and noninfected Huh7.5.1 cells were
examined for stages of apoptosis by FACS using annexin V-fluorescein
isothiocyanate (FITC) and proidium iodide. Data shown are representa-
tive of three independent experiments.

cells (2 X 100 cells) were added to the wells. After 48 hours of
culture, the supernatants were harvested and examined for
cytokine concentrations by ELISA.

Results

MoDCs Are Not Permissive for HCV Replication.
MoDCs and Huh7.5.1 cells were inoculated with the
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JFHI strain at an MOI of 1, then the cells were harvested
for immunofluorescent staining and sequence-specific re-
al-time RT-PCR at indicated time points after inocula-
tion. HCV genome RNA (negative sense of HCV RNA)
was replicated in Huh7.5.1 cells but not to a detectable
level in MoDCs at 2 to 3 days after inoculation (Fig. 1B).
Accordingly, HCV core antigens were detected in
Huh7.5.1 cells, but not in MoDCs, by immunofluores-
cent staining until 3 days after HCV inoculation (Fig.
1A). Similar results were obtained with monocyte-derived
macrophages and BDCA4* pDCs (data not shown).

MoDC Maturation and Cytokine Response Against
the JFHI Strain. DCs work as key producers of innate
inflammatory cytokines in response to pathogen-associ-
ated molecular patterns (PAMPs). However, MoDCs in-
oculated with JFH1 (MOI = 1) did not produce IFN-
gamma or IL-6 over the noninfected control (Fig. 2A).
MoDC:s stimulated with PAMPs mature to up-regulate
CD80/CD86 expression and activate T cells. Some re-
ports showed that the MoDC maturation was induced
following incorporation of HCV pseudotype particles
into the MoDCs.22 However, expression of costimulatory
molecules (CD80, CD86) and a maturation marker
(CD83) were not up-regulated by inoculation with the
JFH1 strain (MOI = 1; Fig. 2B). MoDCs cocultured
with JFH]1 strain did not enhance the proliferation of
allogeneic PBMC compared with noninoculated MoDCs
(Fig, 2C).

MoDCs Exposed to the JFHI Strain Do Not Acti-
vate NK Cells. MoDCs are known to recognize PAMPs
and promote NK cell activation via MoDC/NK recipro-
cal interaction.” We have reported that NK cells are acti-
vated by MoDCs infected with RNA viruses, such as
RSV, influenza virus, and measles virus.!” We inoculated
MoDCs with RSV or the JFH1 strain at an MOI of 1 and
cocultured the MoDCs with autologous NK cells. After
1-day of coculture, NK cell IFN-gamma and cytotoxicity
were markedly induced by RSV-treated MoDCs but not
HCV-treated MoDCs (Fig. 3A,B).

HCV-Infected Apoptotic Cells Induce MoDC Mat-
uration and Cytokine Responses. Then, we moved on
to whether HCV-infected cells affect MoDC maturation.
We first cocultured MoDCs with HCV-infected or non-
infected Huh7.5.1 cells and examined IL-6 production
by MoDCs. MoDCs cocultured with HCV-infected
Huh7.5.1 cells secreted more IL-6 than those with non-
infected Huh7 cells (Fig. 5A). However, since HCV in-
fection induced apoptosis in Huh7.5.1 cells, HCV-
infected and noninfected Huh7 cells were not in the same
apoptotic stages (Fig. 4A). We had to exclude the possi-
bility that apoptotic events themselves affect MoDC mat-
Therefore, we forced HCV-infected and

uration.
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Fig. 5. HCV-infected apoptotic cells induce MoDC maturation and cytokine response. MoDCs were cocultured with HCV-infected/noninfected
apoptotic or nonapoptotic cells for 2 days. Polyl:C stimulation was used as a positive control. (A,B) The culture supematants were assayed for
determination of IFN-beta and IL-6. The MoDCs were isolated from the apoptotic cells and used for (C) FACS and (D) mixed lymphocyte reaction
(MLR). MoDC maturation was examined by the expression of CD80, CD83, and CD86 (C, a representative of three donor experiments). Allogeneic
PBMCs were cultured with the MoDCs for 6 days. Proliferation was determined by [*H]thymidine uptake (D, means = SD of triplicate samples from

one representative of three donors).

noninfected cells to induce full apoptosis by cyclohexi-
mide and TNF-alpha to the same level of apoptotic stages
(Fig. 4A). HCV core antigens were detected in 20.5% of
the HCV-infected apoptotic cells (Fig. 4B). Apoptotic
nuclei were observed in almost all of HCV-infected and
noninfected cells (Fig. 4A). DNA ladder formation, a
hallmark of apoptosis, was detected in HCV-infected and
noninfected apoptotic Huh7.5.1 cells to similar levels
(Fig. 4C). Apoptotic cells, either infected or noninfected,
gave similar profiles by flow cytometry using annexin-V
for early apoptosis and propidium iodide for late apopto-
sis (Fig. 4D).

We applied these HCV-infected and noninfected ap-
optotic cells to MoDCs and determined the concentra-
tion of IFN-beta and IL-6 in the culture supernatants.
HCV-infected apoptotic cells facilitated the production
of [FN-beta and IL-6 by MoDCs compared with nonin-
fected apoptotic cells (Fig. 5B). In this context, HCV
products, rather than undergoing apoptosis, in infected
cells are an essential factor for induction of MoDC mat-
uration (Fig. 5A).

We next examined whether MoDC maturation was
induced by HCV-infected apoptotic cells. After coculture

of MoDCs with the apoptotic cells, MoDCs were isolated
from the apoptotic cells using Ficol Paque. Purity of these
isolated MoDC:s reached over 98%, judged by 5(6)-Car-
boxyfluorescein diacetate N-succinimidyl ester labeled
MoDCs (data not shown). CD86 of the maturation
markers on MoDCs (Fig. 5C) was especially more ex-
pressed on these cells by HCV-infected apoptotic cells
than by noninfected apoptotic cells. HCV-infected apo-
ptotic cells slightly enhanced the expression levels of ma-
jor histocompatibility complex class I, class I, and human
leukocyte antigen-E on MoDCs (data not shown).
MoDCs also acquired the increased ability to stimulate
allogeneic PBMCs, CD4* T cells, and CD8" T cells in
response to HCV-infected apoptotic cells (Figs. 5D and
6A).

We determined the ability of CD4* T cells to pro-
duce IFN-gamma (a Thl cytokine) and IL-4 (a T
helper 2 cytokine) after coculture of allogeneic CD4*
T cells and MoDCs exposed to HCV-infected apopto-
tic cells. These CD4™ T cells produced higher levels of
IFN-gamma and lower levels of IL-4 (Fig. 6B) com-
pared to the noninfected control, suggesting that
HCV-infected apoptotic cells modulate MoDC func-
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Fig. 6. HCV-infected apoptotic cells modulate MoDC function to po-
larize the Thl shift. (A) After 2 days culture with HCV-infected and
noninfected apoptotic cells, the isolated MoDCs {1 X 10%) were cultured
with allogeneic CD4*T cells and CD8* T cells (1 X 105) for 6 days.
Proliferation was determined by [3H]thymidine uptake, (B) Allogeneic
CD4™* T cells were harvested after 6 days culture with the MoDCs and
stimulated with phorbol 12-myristate 13-acetate and ionomycin for 24
hours. The supernatants were collected to assess the levels of IFN-
gamma and IL-4 by ELISA. Poly I:C stimulation was used as a positive
control. Data shown are means *+ SD of duplicate or triplicate samples
from one experiment representative of three donors.

tion to promote Thl-dominant immunity in the
Th1/T helper 2 balance.

HCV-Infected Apoptotic Cells Stimulate MoDCs
To Activate NK Cells. We next evaluated whether these
mature MoDCs could enhance NK activity via MoDC-NK
interaction. After exposure of MoDCs to HCV-infected or
noninfected apoptotic cells, MoDCs were isolated as de-
scribed above. HCV-infected apoptotic cells promoted
MoDC function to augment NK cell cytotoxicity but not
IFN-gamma production compared to noninfected cells (Fig.
7A,B). This up-regulation of NK cell cytotoxicity through
MoDC-NK interaction was canceled by separating MoDCs
from NK cells with a transwell insertion (Fig. 7C). This
suggested that cell-cell contact was the key factor for MoDC-
mediated NK cell cytotoxicity induced by coculture with
HCV-infected apoptotic cells.

MoDC Maturation Relied on TLR3 Signal Evoked
by dsRNA in Apoptotic Vesicles. We surveyed the
mechanism of MoDC maturation by HCV-infected ap-
optotic cells. Since HCV is a positive single-strand RNA
virus, dsRNA was detected in HCV-containing apoptotic
vesicles by mAb against dsRNA (Fig. 8A). To investigate
whether MoDCs were taking up these apoptotic vesicles,
we labeled HCV-infected apoptotic cells with the far red
fluorescent dye, SNARF-1. MoDCs phagocytosed the
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SNAREF-1-labeled vesicles containing dsRNA, which par-
tially colocalized with TLR3 (Fig. 8B,C). N-[1-(2,3-Dio-
leoyloxy)propyl]-N, N, N-trimethylammonium methyl-
sulfate (DOTAP)-based transfection was employed for
the targeting of RNA to the TLR3-containing endo-
some.??> HCV-derived RNA allowed MoDCs to induce
IL-6 production as in control poly I:C (Fig. 8D). IL-6 of
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Fig. 7. NK cell activation by MoDCs exposed to HCV-infected apopto-
tic cells. After 2 days culture with HCV-infected and noninfected apo-
ptotic cells, the isolated MoDCs were cultured with autologous NK cells
for 24 hours. (A) NK cytotoxic activity against K562 was determined by
51Cr release assay. Poly I:C stimulation was used as positive control, (B)
Supernatant of the MoDC-NK coculture was assayed for NK cell IFN-
gamma production. In some experiments, transwell was used to block
MoDC-NK cell contact. (C) Using these NK cells, cytotoxic activity was
measured by S'Cr release assay. Data shown are means = SD of
duplicate or triplicate samples from one experiment representative of
three donors.
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