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Alterations of cytokine responses are thought to favor the establishment of persistent hepatitis C virus
(HCYV) infections, enhancing the risk of liver cirrhosis and hepatocellular carcinoma. Here we demonstrate
that the expression of the HCV core (C) protein in stably transfected T cells correlates with a selective
reduction of interleukin-2 (IL-2) promoter activity and IL-2 production in response to T-cell receptor trigger-
ing, whereas the activation of IL-4, IL-10, gamma interferon, and tumor necrosis factor alpha was moderately
increased. This altered cytokine expression profile was associated with a perturbation of mitogen-activated
protein (MAP) kinase responses. Extracellular regulated kinase and p38 were constitutively phosphorylated in
C-expressing cells, while triggering of the costimulatory c-Jun N-terminal kinase (JNK) signaling cascade and
activation of the CD28 response element within the IL-2 promoter appeared to be impaired. The perturbations
of MAP kinase phosphorylation could be eliminated by cyclosporine A-mediated inhibition of nuclear factor of
activated T cells, suggesting that the inactivation of JNK signaling and hyporesponsiveness to IL-2 induction
were downstream consequences of C-induced Ca** flux in a manner that mimics the induction of clonal anergy.

Hepatitis C virus (HCV), a positive-strand RNA virus be-
longing to the Flaviviridae family, is estimated to infect approx-
imately 170 million people worldwide. Only a fraction of acute
HCYV infections resolve within a few months. In the majority of
cases, the virus establishes persistent infections, a significant
proportion of which progress to fibrosis, cirrhosis, liver failure,
or hepatocellular carcinoma (reviewed in reference 35). Al-
though a primary HCV infection often elicits a humoral im-
mune response that modulates the acute infection, antibodies
are not detected in many patients or appear late (47). Further-
more, the presence of isolate-specific antibodies against virus
glycoproteins does not correlate with virus clearance (4), and
their absence in HCV-infected agammaglobulinemic children
does not increase the risk of virus persistence (7, 12), suggest-
ing that the humoral response is neither sufficient nor required
for the resolution of HCV infection. In contrast, there is com-
pelling evidence for a role of cell-mediated immunity in the
outcome of primary HCV infection. HCV clearance is associ-
ated with a vigorous and sustained cellular immune response
against multiple viral epitopes, whereas individuals with
chronic infections often have a relatively weaker and narrower
cytotoxic T-lymphocyte (CTL) response (11, 14, 19, 29, 42, 54,
72, 80). Furthermore, HCV-specific CD8" T cells detected
during chronic infections often express a dysfunctional pheno-
type characterized by a low expression level of gamma inter-
feron (IFN-y) (2, 33), while CD4™ T cells display a Th2 phe-
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notype characterized by low IFN-y and interleukin (IL-2) and
high IL-4 and IL-10 production (23, 81, 83, 86).

The modulation of T-cell responses is the hallmark of many
persistent infections and is often associated with the expression
of specific viral products. The HCV genome is translated into
a polyprotein of about 3,000 amino acids that is cleaved by
cellular and viral proteases into three structural proteins and at
least six nonstructural proteins (45). Three HCV gene prod-
ucts have been suggested to have immunomodulatory func-
tions. The structural protein E2 (78) and the nonstructural
protein NS5A (27, 28) modulate interferon responses by inter-
acting with the interferon-inducible, double-stranded RNA-
dependent protein kinase R (PKR). In addition, the HCV core
(C) protein binds to certain members of the tumor necrosis
factor (TNF) receptor superfamily and modulates TNF-a re-
sponses in some cell types (63). Furthermore, in vitro (8, 9, 15,
55, 71, 76) and some in vivo (43, 57, 58, 76) studies have
indicated that HCV may replicate in B and T lymphocytes,
suggesting that the activity of immunocompetent cells may be
directly influenced by virus infection. In line with this possibil-
ity, we have previously shown that the expression of HCV C
affects intracellular signaling that is essential for the activation
of the IL-2 promoter in T cells (5).

The synthesis of IL-2 is tightly regulated at the transcrip-
tional level and requires simultaneous triggering of the T-cell
receptor (TCR) complex and the coreceptor CD28 (59). Trig-
gering of the TCR causes the activation of a complex array of
proximal signals, resulting in Ca®" oscillations and protein
kinase C (PKC)/p21**-mediated activation of two mitogen-
activated protein (MAP) kinases, extracellular regulated ki-
nase (ERK) and p38. The costimulatory pathway, induced by
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simultaneous triggering of the TCR and CD28, includes the
activation of NF-«kB and a third MAP kinase pathway compris-
ing the c-Jun N-terminal kinase (JNK). We have recently re-
ported that the expression of HCV C in human T cells pro-
motes the leakage of Ca®" from intracellular stores and causes
Ca®" oscillations that favor the activation of nuclear factor of
activated T cell (NFAT)-regulated promoters (6). We have
now studied the effects of HCV C expression on cytokine
synthesis. We demonstrate here that the stable expression of
HCV Cin T cells induces an anergic state characterized by a
decreased IL-2 response and impaired activation of the JNK
signaling pathway.

MATERIALS AND METHODS

Chemicals and immunological reagents. All chemicals used were of analytical
grade. Restriction endonucleases, T4 DNA polymerase, Tag polymerase, and T4
DNA ligase were obtained from MBI Fermentas (Vilnius, Lithuania). Tonomy-
cin, 12-O-tetradecanoylphorbol 13-acetate (TPA), cyclosporine A, and puromy-
cin were purchased from Sigma-Aldrich Corp. (St. Louis, Mo.). The anti-CD3
antibody (Ab) HIT3a and the phycoerythrin-labeled anti-IL-2 Ab MQ1-17H12
were obtained from Pharmingen (San Diego, Calif.). Horseradish peroxidase-
and phycoerythrin-linked anti-immunoglobulins were obtained from Dako A/S
(Glostrup, Denmark). Beetle luciferin was purchased from Promega Corp.
(Madison, Wis.). The monoclonal Ab (MAb) C7-50 (56), which recognizes HCV
C, was a gift from Jack Wands (Harvard Medical School, Boston, Mass.). Anti-
bodies to IkB-a and the phosphorylated forms of SEK1, JNK1/2, ERK1/2, p38,
and c-Jun were purchased from Cell Signaling (Beverly, Mass.). The MAb 9.3
recognizing CD28 was a gift from Bristol-Myers Squibb Pharmaceutical Re-
search Institute (Seattle, Wash.).

Cells, cell culture, and plasmids. The human T-lymphoma Jurkat cell line,
subclone E6-1, and its HCV C-expressing derivatives JHC.d, JHC.g, and JHC.h
(6) were cultured in RPMI 1640 supplemented with 10% fetal calf serum. For
production of the pGL2-IL-2-luc plasmid, a PCR-amplified fragment corre-
sponding to positions —393 to +3 of the IL-2 promoter (the primers for ampli-
fication were 5'-ACTCTTGCTCTTGTTCAC-3" and 5'-TGATAGGGAACTC
TTGAA-3") was ligated into the pATg vector by use of a LigATor kit (R&D
Systems Europe Ltd). The IL-2 fragment was then transferred to the KpnI and
HindIII sites of pGL2-Basic (Promega Corp.) containing the firefly luciferase
gene. The following reporter plasmids were used: NFAT-luc, containing the
luciferase gene driven by three copies of the NFAT-responsive element (posi-
tions —286 to —257 of the human IL-2 gene) linked to the human IL-2 promoter
(=72 to +47) (61); IL-4-luc, containing nucleotides —741 to +60 of the murine
IL-4 enhancer-promoter cloned upstream of the luciferase gene in pBS-LUC
(77); IL-10-luc, containing nucleotides —890 to +120 of the human IL-10 gene
cloned into the basic luciferase reporter plasmid pGL3B (49); TNF-a-luc, con-
taining a 1,311-nucleotide intervening sequence between the human TNF-f and
TNF-a genes cloned into the luciferase plasmid pXPT2 (64); IFN-y-lacZ, con-
taining nucleotides —538 to +64 of the human IFN-y gene cloned upstream of
the lacZ gene in pEQ3 (62); and RE/AP-luc, containing four CD28 response
element/AP1 sites (positions —168 to —143 of the human IL-2 gene) driving
luciferase expression (70). The plasmid p-v-Jun carries the entire human v-jun
gene driven by the cytomegalovirus immediate early promoter (3).

Analysis of cytokine gene expression. Jurkat cells and derivatives thereof were
transfected by the DEAE-dextran procedure as previously described (5). The
cells were divided into aliquots at 40 h posttransfection and then stimulated with
50 ng of TPA/ml and 1 wM ionomycin or a 1:5,000 dilution of the 9.3 MAb
recognizing CD28. Seven hours later, the cells were washed once in phosphate-
buffered saline (PBS) and lysed in a buffer containing 25 mM Tris-phosphate (pH
7.8), 2 mM 1,4-dithiothreitol (DTT), 10% glycerol, and 1% Triton X-100. Lu-
ciferase and B-galactosidase activities were measured with a Sirius luminometer
from Berthold Detection Systems (Pforzheim, Germany) by the use of beetle
luciferin from Promega and a Galacto-Star kit from Tropix (Bedford, Mass.),
respectively. Statistical significances were determined by Student’s two-tailed ¢
test.

Protein expression, degradation, and phosphorylation. For protein degrada-
tion and phosphorylation assays, cell cultures were treated for 20 min at 37°C
with TPA (50 ng/ml) and ionomycin (1 uM) or mouse ascites of 9.3 (diluted
1:2,500). Cellular extracts were prepared by solubilization in sodium dodecyl
sulfate (SDS) sample buffer (65 mM Tris [pH 6.8], 2% SDS, 10% glycerol, 5%
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mercaptoethanol, and 1% bromphenol blue). Proteins were resolved by electro-
phoresis in an SDS-12% polyacrylamide gel and were then transferred to a
nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). HCV C was
recognized by MAb C7-50 (mouse ascites diluted 1:5,000) (56). The degradation
of IkB-a was determined by quantitation of the remaining IkB-o by the use of
specific antibodies in an immunoblot assay. The phosphorylation of ERK1/2,
p38, SEK1, and JNK1/2 was analyzed by immunoblotting with phosphospecific
antibodies to the respective antigens. Bound secondary Ab was detected by
enhanced chemiluminescence (Pierce, Rockford, IIL.).

Flow cytometry. The expression of CD3 and CD28 was investigated by flow
cytometry with a phycoerythrin-conjugated anti-CD3 Ab (BD Biosciences, San
Jose, Calif.) and a 1:300 dilution of 9.3 mouse ascites, respectively. A fluorescein
isothiocyanate-conjugated anti-mouse Ab was used as a secondary Ab for CD28
staining. As a negative control, an equal mix of Simultest control v,/y,, and
Simultest control y,,/y; was used. For flow cytometry analyses of IL-2 expres-
sion, 0.5 X 10° cells were stimulated with either TPA (10 ng/ml) and ionomycin
(1 pM) or monoclonal antibodies to the TCR and CD28 (HIT3a [0.8 wg/ml] and
mouse ascites of 9.3 [diluted 1:5,000], respectively) for 6 h in the presence of 2
1M monensin. Washed cells were fixed in the presence of 4% paraformaldehyde
and permeabilized in PBS containing 1% fetal calf serum, 0.1% NaN3, and 0.1%
saponin. The cells were then stained in the same buffer with 3 ug of R-phyco-
erythrin-conjugated rat anti-human IL-2 MAb MQ1-17H12/ml. Stained cells
were analyzed on a FACScan flow cytometer (BD Biosciences), and data analysis
was performed with CellQuest software.

Electrophoretic mobility shift assay. Cell cultures were stimulated with TPA
(50 ng/ml) and ionomycin (1 wM). After 4 h, nuclei were isolated by disruption
of the cells with a low-salt buffer followed by centrifugation. The cells were
washed in PBS and lysed in a buffer containing 10 mM HEPES (pH 7.4), 10 mM
KCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.2 mM phenylmethylsulfonyl fluoride, 10 pg
of leupeptin/ml, and 0.025% NP-40. The nuclei were pelleted, and nuclear
proteins were extracted with a buffer containing 20 mM HEPES (pH 7.4), 420
mM NaCl, 1.5 mM MgCl,, 0.5 mM DTT, 0.2 mM EDTA, 0.2 mM phenylmeth-
ylsulfonyl fluoride, 10 wg of leupeptin/ml, and 5% glycerol. Nuclear extracts
equivalent to 5 pg of bovine serum albumin were incubated together with 0.2 ng
of the 3?P-labeled, double-stranded monomer of the murine IL-2 distal NFAT
binding site (5'-GATCGCCCAAAGAGGAAAATTTGTTTCATACAG-3)
(38) in a buffer containing 10 mM Tris-Cl (pH 7.5), 50 mM NaCl, 1 mM DTT,
0.5 mM EDTA, 5% glycerol, and 1 pg of poly(dI-dC)/ml. After 30 min at 25°C,
the reaction mixture was resolved in a 5% nondenaturing polyacrylamide gel,
and the protein-DNA complexes were visualized by autoradiography.

ELISA. Cells were stimulated for 24 h with either TPA (50 ng/ml) and iono-
mycin (1 pM) or monoclonal antibodies to the TCR and CD28 (HIT3a [100
ng/ml] and mouse ascites of 9.3 [diluted 1:5,000], respectively). The IL-2 con-
centrations in supernatants from approximately 200,000 cells were determined by
use of a human IL-2 Opt EIA ELISA kit (Pharmingen) according to the man-
ufacturer’s instructions.

RESULTS

Altered cytokine gene expression and protein production in
HCV C-expressing cells. We have previously shown that the
expression of HCV C induces Ca*" oscillations in Jurkat cells
and favors the selective activation of NFAT (5, 6). To investi-
gate this phenomenon further, we investigated cytokine pro-
moter activity and protein production in parental Jurkat cells
and in three stable HCV C-expressing sublines, namely,
JHC.d, JHC.g, and JHC.h (Fig. 1A). Physiologic induction was
mimicked by ligation of the TCR complex and CD28 with
specific Abs. The concentration of secreted IL-2 in tissue cul-
ture supernatants was determined after 24 h by ELISA. Su-
pernatants from control Jurkat cells contained approximately
1.3 ng of IL-2/ml, while significantly less IL-2 (0.3 to 0.5 ng/ml)
was detected in supernatants from HCV C-expressing cell lines
(Fig. 1B). This decreased inducibility was not a consequence of
a reduced expression of critical surface receptors, since HCV
C-expressing cell lines analyzed by flow cytometry were indis-
tinguishable from parental cells with respect to the expression
of CD3 and CD28 (data not shown).
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FIG. 1. Decreased IL-2 production in HCV C-expressing cells.
(A) The expression of HCV C was investigated in parental Jurkat cells
(Jk) and C-transfected sublines (JHC.d, JHC.g, and JHC.h) by West-
ern blotting. The position of the molecular size marker (in kilodaltons)
is indicated. (B) IL-2 synthesis was induced by triggering of surface
receptors with specific antibodies (anti-CD3 and anti-CD28, left panel)
or by treatment with TPA and ionomycin (right panel). The amounts
of IL-2 in cell culture supernatants were determined by an ELISA at
24 h postinduction. (C) Numbers of IL-2-secreting cells were deter-
mined by flow cytometry. Cell lines were stimulated with TPA and
ionomycin in the presence of monensin. After 6 h, the cells were fixed,
permeabilized, and stained with a phycoerythrin-labeled Ab recogniz-
ing human IL-2. (D) Transcriptional activation of IL-2 gene in cells
expressing HCV C. Control and C-expressing cell lines were trans-
fected with a luciferase reporter plasmid driven by the IL-2 promoter.
At 40 h posttransfection, the cells were stimulated with TPA and
ionomycin for 6 h, and the luciferase activity, presented in relative light
units (RLU), was determined. The data presented are representative
of three independent experiments.
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The triggering of CD3 and CD28 initiates a complex signal-
ing cascade including protein tyrosine phosphorylation and
inositol phospholipid turnover that can be mimicked by stim-
ulation with TPA and ionomycin, which act as a PKC activator
and a Ca®>* ionophore, respectively. Although pharmacological
triggering was a more potent inducer of IL-2 in Jurkat cells (30
ng/ml) than the triggering of surface receptors, C-expressing
cells were also less (<3 ng/ml) responsive to this treatment
(Fig. 1B). To investigate whether this deficiency was due to an
impaired secretion of IL-2, we detected intracellular IL-2 in
permeabilized cells by flow cytometry. Whereas approximately
one-fourth of the parental Jurkat cells or mock-transfected
clonal cells that did not contain the C-encoding plasmid ex-
pressed IL-2, only a minor fraction (1 to 4%) of the cells
expressing HCV C were positive for IL-2 (Fig. 1C).

The synthesis of IL-2 is regulated by both transcriptional and
posttranscriptional mechanisms. To investigate whether the
hyporesponsiveness of C-expressing cells correlated with a de-
creased activity of the IL-2 promoter, we transfected an IL-2
promoter-driven luciferase reporter plasmid into C-expressing
and control cells. Strong reporter gene activity was observed
when control cells were stimulated with TPA and ionomycin,
as expected, whereas 5 to 20% of this activity was observed
with cell lines expressing HCV C (Fig. 1D).

To further characterize the cytokine profile of C-expressing
cells, we compared the induction of other cytokine genes as-
sociated with either the Th1 (IFN-y and TNF-a) or Th2 (IL-4
and IL-10) phenotype with that of IL-2 in reporter assays.
Whereas the activity of the IL-2, IL-4, and IFN-y promoters
was barely detectable in unstimulated C-expressing cells (data
not shown), increased basal activities were observed for the
IL-10 (two- to threefold) (P < 0.05; n = 16) and TNF-« (three-
to fivefold) (P < 0.05; n = 22) promoters (Fig. 2A). Treatment
with TPA and ionomycin induced all cytokine promoters (ex-
cept IL-10 [data not shown]) in Jurkat and C-expressing cell
lines (Fig. 2B). However, whereas the IL-2 gene was less in-
ducible in C-expressing cells, increased expression was ob-
served for IL-4 (2- to 7-fold) (P < 0.05; n = 19), IFN-vy (6- to
11-fold) (P < 0.01; n = 16), and TNF-«a (2- to 4-fold) (P <
0.05; n = 22).

Decreased inducibility of the CD28 response element via the
costimulatory pathway in HCV C-expressing cell lines. The
induction of IL-2 synthesis is dependent on the triggering of
multiple signaling cascades and the activation of transcription
factors that bind to specific elements in the IL-2 promoter.
Whereas TCR triggering is essentially mediated via the distal,
composite NFAT/AP-1 element, the costimulatory activation
of IL-2 induction is mediated via the composite CD28 response
element (CD28RE), which contains two nonconsensus binding
sites, one for NF-kB and one for AP-1 (10, 40, 53, 70). To
analyze whether the expression of HCV C affects the integrity
of the TCR and costimulatory signaling pathways, we trans-
fected the cell lines with reporter plasmids controlled by either
the distal, composite NFAT/AP-1 element or the composite
CD28RE. In Jurkat cells, induction by TPA and ionomycin
resulted in a potent activation of both promoters, as expected
(Fig. 3). In C-expressing cell lines, no significant difference in
NFAT activation was observed compared to the parental cell
line. In contrast, significantly less (2 to 30%) (P < 0.001; n =
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FIG. 2. Altered transcriptional activation of various cytokine pro-
moters in HCV C-expressing cell lines. Cells were transiently trans-
fected with proximal cytokine promoters coupled to either a luciferase
(IL-2, IL-4, IL-10, or TNF-a) or a B-galactosidase (IFN-y) reporter
gene. At 40 h posttransfection, the cells were stimulated with TPA and
ionomycin for 6 h, and the reporter activities were determined.
(A) Relative cytokine induction without stimulation. (B) Relative cy-
tokine induction after stimulation with TPA and ionomycin. For each
reporter gene, all activities were normalized to those of control cells.
Values are means * standard errors of the means (SEM) of four to six
independent experiments.

14) activity was observed with the CD28RE, indicating im-
paired inducibility via the costimulatory pathway.

Increased DNA binding of NFAT in HCV C-expressing cells.
Since the NFAT-luc reporter contains a trimer of one of the
composite NFAT/AP-1 sites, the difference in inducibility be-
tween the entire IL-2 promoter and the NFAT reporter might
be a consequence of the number of NFAT elements. To ex-
clude the possibility that a potentially weaker activation of
NFAT remained undetected by the more sensitive NFAT-luc
reporter, we analyzed the specific DNA binding of NFAT in an
electrophoretic mobility shift assay by using a probe corre-
sponding to a monomer of the distal NFAT site. In both cell
lines, a mobility shift sensitive to a cold competitor was in-
duced, indicating specific DNA binding (Fig. 4). JHC.d cells
displayed increased DNA binding of NFAT compared with
parental Jurkat cells.
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FIG. 3. Impaired inducibility of composite CD28 responsive ele-
ment in cells expressing HCV C. Jurkat (Jk) and C-expressing cell lines
(JHC.d, JHC.g, and JHC.h) were transfected with reporter plasmids
containing either three distal composite NFAT elements or four com-
posite CD28 responsive elements linked to the luciferase gene. At 40 h
posttransfection, the cells were stimulated with TPA and ionomycin for
6 h, and the relative luciferase activities were determined. For each
reporter gene, all activities were normalized to those of stimulated
control cells. Values are means = SEM of three independent experi-
ments.

Constitutive phosphorylation of the MAP kinases ERK1/2
and p38 in HCV C-expressing cells. Besides the requirement
of NFAT, the induction of IL-2 requires the activation of
different MAP kinase signaling pathways. Two of these, the
ERK and p38 MAP kinase pathways, are activated by trigger-
ing of the TCR without concomitant costimulation (18). To
elucidate whether the expression of C would compromise the
activation of the TCR-triggered MAP kinase pathways, we
analyzed the phosphorylation status of ERK1/2 and p38 in
unstimulated and stimulated cells. Whereas no basal phos-
phorylation of ERK1/2 and p38 was detected in Jurkat cells,
the addition of TPA and ionomycin resulted in phosphoryla-
tion, as expected (Fig. 5). In C-expressing cells, ERK1/2 and

Jurkat JHC.d
TPA+lono + + - + + -
Competitor - + - - + -

X
N 'l
als .

FIG. 4. Specific DNA binding of activated NFAT in JHC.d cells.
Nuclear extracts were prepared from stimulated Jurkat and JHC.d
cells and were incubated with a labeled oligonucleotide corresponding
to the IL-2 distal NFAT site in the absence or presence of a 50-fold
excess of cold oligonucleotide. The bound complexes were resolved in
a 5% native polyacrylamide gel. The positions of DNA complexes
containing NFAT/AP1 (upper band) or NFAT (lower band) are indi-
cated with arrows. Results that are representative of three experiments
are shown.
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FIG. 5. Activation of MAP kinases ERK1/2 and p38 in HCV C-
expressing cells. Phosphorylated ERK1/2 and p38 in control cells (Jk)
and HCV C-expressing cells (JHC.d, JHC.g, and JHC.h) were detected
in Western blots by the use of phosphospecific antibodies to ERK1/2
and p38. Where indicated, the cells were stimulated with TPA and
ionomycin (Iono) for 20 min. The expected positions of the two iso-
forms of ERK1/2 (42 and 44 kDa) and p38 are indicated to the left.
The positions of molecular size markers (in kilodaltons) run in parallel
are indicated to the right. The data presented are representative of
three independent experiments.

p38 were constitutively phosphorylated under basal conditions
and could be further phosphorylated by stimulation.

No effect of HCV C on inducible degradation of IkB-a.
Although TCR triggering is sufficient to activate NFAT and
ERK, a simultaneous costimulation of CD28 is required for
the activation of NF-kB and JNK (65, 75). The activation of
NF-«kB requires phosphorylation-dependent degradation of
the NF-kB-associated inhibitor IkB-a, which acts by seques-
tering NF-kB in the cytosol. To examine whether HCV C
affected IkB-a degradation, we stimulated the cell lines with
TPA and ionomycin and analyzed IkB-a expression by West-
ern blotting. A time course analysis revealed that IkB-a levels
reached a minimum at 20 min postinduction in Jurkat cells
(data not shown). The degradation of IkB-a in C-expressing
clones was not significantly different from that in parental cells
(Fig. 6).

HCYV C confers hyporesponsiveness to costimulation via the
JNK signaling pathway. Besides NK-«B activation, costimula-
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FIG. 6. Degradation of IkB-a in cells expressing the C protein. The
degradation of IkB-a in control cells (Jk) and cells expressing HCV C
(JHC.d, JHC.g, and JHC.h) was detected by immunoblotting. Where
indicated, the cells were stimulated with TPA and ionomycin (Iono)
for 20 min. The expected position of IkB-a (37 kDa) is indicated to the
left, and the positions of molecular size markers (in kilodaltons) are
indicated to the right. The data presented are representative of three
independent experiments.
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FIG. 7. Decreased inducibility of JNK signaling pathway in cells
expressing HCV C. The activation of the JNK signaling pathway in
control cells (Jk) and HCV C-expressing cells (JHC.d, JHC.g, and
JHC.h) was analyzed in immunoblots by the use of phosphospecific
antibodies to SEK1, JNK1/2, and c-Jun. Where indicated, the cells
were stimulated with TPA and ionomycin (Iono) for 20 min. The
expected positions of SEK1 (46 kDa), the two isoforms of JNK1/2 (46
and 54 kDa), and c-Jun (48 kDa) are indicated to the left. The posi-
tions of molecular size markers (in kilodaltons) are indicated to the
right. The data presented are representative of four independent ex-
periments.

tory signaling triggers the JNK pathway, which ultimately
causes the phosphorylation-dependent activation of c-Jun. To
investigate whether the expression of HCV affected JNK-me-
diated signaling, we analyzed the phosphorylation status of
c-Jun and the upstream kinases SEK1 and JNK. Treatment
with TPA and ionomycin resulted in the phosphorylation of
SEK1, JNK, and c-Jun in Jurkat cells, as expected (Fig. 7). In
contrast, no or only minimal phosphorylation of SEK1, JNK,
and c-Jun was detected in C-expressing clones, indicating that
these cells were relatively insensitive to costimulation via the
JNK signaling pathway.

Altered MAP kinase activation can be restored by calcium
depletion or by cyclosporine A treatment. Since NFAT is ac-
tivated by the Ca®*-dependent phosphatase calcineurin (26),
we hypothesized that hyporeponsiveness in C-expressing cells
might be a downstream consequence of HCV C-induced Ca**
oscillations. To address this question, we analyzed whether
constitutive ERK1/2 and p38 phosphorylation and the defect in
JNK signaling could be abolished by Ca** depletion or by a
treatment with cyclosporine A, an inhibitor of calcineurin. Af-
ter C-expressing cells were cultured for 24 h in the presence of
cyclosporine A, the phosphorylation of ERK1/2 or p38 was no
longer observed (Fig. 8A and B).

Besides its role in the activation of NFAT, calcineurin also
cooperates with PKC-6 in the activation of JNK (85). Since the
inhibition of calcineurin would interfere with the ionomycin-
induced activation of JNK, a combination of TPA and a MAb
recognizing CD28 was used for the induction of JNK phos-
phorylation in this experiment. As with TPA and ionomycin,
the phosphorylation of JNK was induced in Jurkat cells by this
treatment but was not induced in HCV C-expressing clones
(Fig. 8C). However, after overnight culturing in the presence
of cyclosporine A, the phosphorylation of JNK could be in-
duced in two (JHC.d and JHC.g) of the three C-expressing
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FIG. 8. Altered MAP kinase activation is restored by treatment
with cyclosporine A. Control cells (Jk) and cells expressing HCV C
(JHC.d, JHC.g, and JHC.h) were stimulated with TPA and an anti-
CD28 antibody (a«-CD28) for 20 min. Where indicated, the cells had
been pretreated with cyclosporine A (CsA; 50 ng/ml) or cultured in
calcium-free medium (—Ca®*) for 24 h. Phosphorylated forms of
ERK1/2 (A), p38 (B), and JNK1/2 (C) in cellular extracts were de-
tected by Western blotting as described in the legend to Fig. 6. The
positions of molecular size markers (in kilodaltons) are shown to the
right. The data presented are representative of three independent
experiments.

clones, indicating that defective JNK activation can be abol-
ished by an inhibition of the Ca®"-calcineurin pathway.

Restored inducibility of the CD28 responsive element by
ectopic expression of v-Jun. To investigate whether the im-
paired activation of c-Jun in C-expressing cells was a direct
cause of the decreased inducibility of the CD28RE, we by-
passed the JNK signaling cascade by cotransfection of a plas-
mid expressing v-Jun, which is active independent of JNK. The
expression of v-Jun caused increased reporter activity in both
Jurkat and JHC.d cells (Fig. 9). However, the effect of v-Jun
was much more potent in JHC.d cells than in Jurkat cells, and
the significantly decreased inducibility of the CD28RE ob-
served in C-expressing cells was eliminated.

DISCUSSION

The mechanisms by which HCV evades immune responses
to establish and maintain persistent infections remain poorly
understood. Whereas a cell-mediated immune response may
result in the resolution of an acute HCV infection, it is most
often inadequate and may display several abnormalities. The
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FIG. 9. Restored inducibility of CD28 responsive element by ec-
topic expression of v-Jun. Jurkat (Jk) and C-expressing (JHC.d) cells
were cotransfected with a luciferase reporter plasmid driven by four
composite CD28REs and either an empty vector control (=) or a
plasmid encoding v-Jun. At 40 h posttransfection, the cells were stim-
ulated with TPA and an Ab recognizing CD28 (a-CD28) for 6 h, and
luciferase activities was determined. The data presented are means =
SEM of four independent experiments, which were normalized to
stimulated Jurkat cells.

induction of adaptive immunity to HCV is remarkably slow
and weak, as it often takes between 4 and 8 weeks before
HCV-specific CD8" T cells can be detected (79). Further-
more, in patients who develop chronic infections, the frequen-
cies of virus-specific CTL precursors are much lower than
those typically observed for other viral infections (84). The
effector T cells that recognize HCV peptides appear to be
incompletely differentiated and functionally impaired (2, 33,
84), and immature CTLs directed to unrelated viral peptides
have recently been discovered in HCV-infected individuals
(48). Functionally impaired T cells are found in other persis-
tent viral infections (2, 69, 87), and it has been suggested that
these cells are arrested due to a lack of CD4*-T-cell help (39).
During chronic HCV infections, CD4" T cells are poorly ac-
tivated (11, 54, 83), and since up to 40% of intrahepatic CD4™"
T cells have been shown to express viral antigens (8), we
reasoned that the altered T-cell responsiveness may be due to
the activity of HCV gene products. In line with such a scenario,
we have previously shown that the expression of HCV Cin the
CD4" Jurkat T-cell line induces Ca** oscillations that favor
the selective activation of NFAT during transient expression
(5, 6).

In the present study, we found that the stable expression of
HCV C in transfected Jurkat cells altered the basal cytokine
profile and induced a hyporesponsive state characterized by
decreased IL-2 inducibility. The overall alterations in the cy-
tokine profile suggest that C expression drives Jurkat cells to a
Th2-like phenotype, which is in line with the observation that
chronic HCV infections are associated with a skewed cytokine
profile, including low IL-2 and high IL-10 production (23, 81,
83, 86). Whereas IL-2 promotes Thl cell proliferation and is
required for sustained CD8"-T-cell responses (22), IL-10 acts
as a general suppressor of inflammatory responses and induces
an anergic state in Th1 and Th2 cells (32). The hyporespon-
siveness of the C-expressing Jurkat cells shared many features
with clonal anergy, which is induced by the triggering of Ca**
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FIG. 10. Simplified scheme of IL-2 promoter and the signaling
pathways involved in its regulation. The targets for artificial inducers
and inhibitors used in this study are indicated along with the targets
affected by HCV C (arrows pointing up- or downwards). The compos-
ite distal NFAT/AP-1 and CD28RE/AP-1 elements are indicated by
gray boxes. Notably, the effects on MAP kinase phosphorylation were
likely downstream consequences of C-induced Ca** flux, since these
perturbations could be eliminated by a cyclosporine A treatment. For
further details, see the text. DAG, diacylglycerol; PLC-y, phospho-
lipase C-vy,; PTKs, protein tyrosine kinases.

signaling without concomitant costimulation (reviewed in ref-
erence 67). Besides compromising IL-2 induction, the anergi-
zation of primary T cells is also accompanied by defective
proliferation, and although this effect cannot be addressed in
the IL-2-independent Jurkat lines, it is noteworthy that a de-
creased proliferative capacity of CD4" T cells has been ob-
served during chronic HCV infections (11, 54, 83). Notably,
our C-expressing Jurkat clones were hyporesponsive not only
to triggering of the TCR but also to treatment with TPA and
ionomycin. Whereas potent pharmacological agents often
overcome T-cell anergy (44), exceptions have been reported
when short incubation times between anergy induction and
restimulation are used (18). The fact that this did not occur in
C-expressing cells supports the significance of our study.
Luciferase reporter assays indicated a decreased inducibility
of the IL-2 promoter in C-expressing cells. The IL-2 promoter
contains binding sites for a variety of transcription factors,
including NFAT, AP-1, NF-«B, and Oct (reviewed in reference
68) (Fig. 10). The binding and transcriptional activation of
these factors are regulated by a complex array of signals de-
livered by the TCR and CD28, including protein tyrosine ki-
nases, inositol phospholipid turnover, intracellular Ca** flux,
calcineurin, protein kinase C, and MAP kinases. Whereas an-
ergic T cells induced by TCR triggering display normal Ca**/
NFAT signaling, defects have been described in signaling that
is essential for the activation of AP-1, e.g., p21™ and the MAP
kinases ERK, p38, and JNK (16, 25, 44). It is not clear whether
an ERK deficiency contributes to anergization or is a conse-
quence of anergy, since the inhibition of ERK1/2 activity by the
pharmacological agent PD90859 has no effect on the induction
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of anergy (17). In C-expressing cells, the TCR-dependent sig-
naling pathways remained inducible. As reported previously,
triggering of the TCR evokes a sustained Ca** flux in cells
constitutively expressing HCV C (6). We have now demon-
strated that Ca?*- and calcineurin-dependent DNA binding
and activation of NFAT can be induced in C-expressing cells.
NFAT binds in cooperation with AP-1, and the activation of
the composite distal NFAT element is thus dependent on in-
tact ERK signaling, since ERK-dependent phosphorylation of
Elk is required for synthesis of the AP-1 component c-Fos. The
phosphorylation of ERK1/2 and p38 was consistently induced
by TPA and ionomycin. In addition, ERK1/2 and p38 were
slightly phosphorylated even in the absence of stimulation.

The costimulatory pathway integrates signals from the TCR
and CD28, resulting in the activation of NF-kB and the JNK
signaling cascade. Together with c-Rel, phosphorylated c-Jun
mediates the costimulatory signal to the composite CD28RE in
the IL-2 promoter. We did not observe significant differences
in the degradation of the NF-kB inhibitor IkB-« in control and
HCV-expressing cells, suggesting that this signaling pathway
remained intact. In contrast, the induction of the costimulatory
MAP kinase cascade involving SEK1, JNK1/2, and c-Jun was
blocked and the inducibility of the composite CD28RE was
decreased, suggesting that the hyporesponsiveness in C-ex-
pressing cells was a consequence of selective inactivation of the
JNK signaling cascade. Consistently, the inducibility of the
CD28RE could be restored by the ectopic expression of v-Jun,
which is active independent of JNK.

The effects of HCV C on signaling via the MAP kinases
ERK, p38, and JNK were observed earlier in cells of nonhe-
matopoietic origin, e.g., HepG2, BALB/3T3, and HEK293
cells (24, 30, 34, 73, 82). The MAP kinases are activated indi-
rectly in a cell-dependent manner by members of the conven-
tional (o, B1, B2, and v) and novel (9, €, 6, and m) PKCs, with
the latter being insensitive to Ca®" (reviewed in reference 37).
Whereas in most cells both ERK and JNK kinases can be
activated by PKC-a, only ERK is activated by conventional
PKCs in T cells. Since conventional PKCs are activated by
Ca®", a conceivable explanation is thus that the stimulatory
effects that we and others have observed for HCV C on ERK
are a consequence of the Ca®"-dependent activation of con-
ventional PKCs. Furthermore, the different effects of HCV C
on JNK phosphorylation, by which JNK is activated in nonhe-
matopoietic cells but not in T cells, may reflect the T-cell-
specific inability of conventional PKCs to activate JNK.

The different effects of HCV C on cytokine expression likely
reflect structural differences in respective promoter regions
and specific requirements for induction. Except for IL-10, all
analyzed cytokine promoters contain binding sites for NFAT
(52) and were hence responsive to TPA and ionomycin. How-
ever, whereas most NFAT elements in the IL-2, IL-4, and
IFN-y genes in fact are composite sites that require the coop-
eration of NFAT with AP-1, the predominant NFAT site in the
TNF-a promoter is a quasi-palindromic k3 site that recruits
NFAT dimers and is hence inducible by triggering of the Ca*"/
NFAT pathway alone (51). Consistent with increased Ca**
signaling, the basal expression of TNF-a was indeed increased
in C-expressing cells. Finally, the IL-10 promoter is mainly
regulated via the p38 pathway (49), and the increase in con-
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stitutive IL-10 production observed in C-expressing cells was
conceivably a consequence of increased basal p38 activity.

The facts that TCR-triggered anergy induction can be pre-
vented by cyclosporine A (66) and that it is associated with the
expression of a specific set of NFAT-regulated genes (50)
underscore the critical involvement of the Ca®*/calcineurin
pathway for the induction of clonal anergy. In C-expressing
cells, inactivation of the Ca*"/calcineurin pathway by calcium
deprivation or cyclosporine A treatment eliminated the con-
stitutive phosphorylation of ERK1/2 and p38 and restored the
inducibility of JNK1/2 activation, indicating that the altered
signaling of these pathways was a downstream consequence of
the increased Ca®* flux. Conceivable targets of the Ca®"/cal-
cineurin pathway include the NFAT-driven, anergy-associated
genes (50) and the MAP kinase phosphatases, which inhibit
JNK activity by dephosphorylation (31, 46). Notably, treatment
with cyclosporine A has been demonstrated to reduce the viral
load during anti-HCV therapy (1, 36). Whereas cyclosporine A
is normally used for the suppression of allograft reactions, its
inhibitory effects on NFAT can also prevent the acquisition of
an anergic phenotype. Although direct antiviral effects cannot
be excluded, it is therefore conceivable that cyclosporine A
treatment facilitates the reversal of an anergic state, which
would then allow a restart of the immune response. Further-
more, it should be stressed that the effects of C expression
appear to be different in transient transfections than in stable
cell lines, since the transient expression of C is not associated
with an anergic phenotype in spite of its potent activation of
NFAT (5). These contradictory results may reflect different
exposure times to C in respective settings, since the acquisition
of the anergic phenotype requires sufficient time to allow the
expression of NFAT-regulated genes.

The ability of the C protein to activate NFAT can be abol-
ished by the deletion of its carboxy-terminal domain, which
targets C to the endoplasmic reticulum (ER) (5). Infection by
viruses that assemble on the ER membrane often results in the
overexpression and accumulation of structural proteins, which
may cause nonspecific perturbations of the ER membrane that
lead to activation of the Ca>*/NFAT pathway and subsequent
conversion to an anergic state. The overexpression of trans-
fected C may have a similar nonspecific effect. However, it
seems unlikely that the ectopic overexpression of C is the sole
cause of the phenotype observed in our experiments since we
were able to isolate a C deletion mutant that failed to activate
NFAT despite high-level accumulation in the ER (A.
Bergqvist, unpublished observation). It should be stressed that
although the high replication rate (up to 10'? infectious parti-
cles per day [60]) suggests that a substantial amount of the
main virion component C is produced during a natural HCV
infection, the levels of C in infected lymphocytes have not been
determined and further studies are warranted to determine
whether the expression levels in the Jurkat lines reflect what
occurs in vivo.

Our findings are in line with studies of the in vivo effects of
HCV C expression and JNK deficiency on T-cell responses. In
heterologous expression systems based on either infection with
recombinant vaccinia virus or T-cell-specific transgenic expres-
sion, HCV C was demonstrated to be associated with immune
suppression characterized by a decreased activation of CTLs
and a decreased expression of IL-2 and IFN-vy (41, 74). Exper-
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iments with knockout mice suggest that JNKs are critical for
Th1 differentiation, CTL function, and the resolution of infec-
tions with intracellular parasites (13, 20, 21). In summary, our
results indicate that HCV C expression in vitro leads to an
inactivation of JNK signaling and hyporesponsiveness to 1L-2
induction as downstream consequences of the C-induced Ca**
flux in a manner that mimics the induction of clonal anergy.
Given the requirement for IL-2 for sustained CD8"-T-cell
proliferation in nonlymphoid tissues, an anergic state would
reduce the prospects for a strong intrahepatic T-cell response,
which is necessary to control the infection. Although the rele-
vance of our findings in the context of HCV infection remains
to be established and although other factors conceivably con-
tribute to chronicity, our data provide a plausible model for the
insufficient CTL response that is typically associated with HCV
persistence.
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