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Hepatitis C virus (HCV) is remarkably efficient in establishing persistent infection, possibly mediated by an
impaired immune response to HCV infection. There is compelling evidence that HCV can infect immune cells,
such as macrophages, B cells, and T cells. It has been previously reported that HCV core, the first protein
expressed during the early phase of viral infection, contains the immunomodulatory function of suppressing
host immune responses. This altered function of immune cells caused by HCV infection may explain the
ineffective immune response to HCV. To further characterize the immunomodulatory role of HCV core in vivo,
we generated transgenic (TG) mice by directing the expression of core protein to T lymphocytes by using the
CD2 promoter. T-lymphocyte responses, including the production of gamma interferon and interleukin-2, were
significantly diminished in these mice compared to their non-TG littermates. The inhibition of T-lymphocyte
responsiveness may be due to the increased susceptibility of peripheral T lymphocytes to Fas-mediated
apoptosis. Surprisingly, significant lymphocyte infiltration was observed in the portal tracts of livers isolated
from core TG mice, associated with increasing serum alanine aminotransferase levels. Moreover, no intrahe-
patic lymphocytes or liver damage was found in non-TG littermates and core TG mice bred to Fas-deficient lpr
mice. These results suggest that HCV core drives liver injury by increasing Fas-mediated apoptosis and liver
infiltration of peripheral T cells.

Hepatitis C virus (HCV) is a serious and growing worldwide
threat to human health. It is the major etiologic agent of
non-A, non-B hepatitis and infects an estimated 400 million
people, more than 3% of the world population. One of the
remarkable features of HCV infection is the high rate of viral
persistence. More than 80% of HCV-infected individuals de-
velop chronic disease, which can progress to liver cirrhosis and
hepatocellular carcinoma. In addition to HCV replication in
hepatocytes, immune cells, such as monocytes, B cells, and T
cells, can also support viral replication (13, 33, 41), although
studies of viral replication in the peripheral lymphocytes of
HCV-infected patients have had conflicting results (8). The
widespread cellular distribution of CD81 and low-density li-
poprotein receptor, putative HCV receptors, is consistent with
HCV binding to cells other than hepatocytes (2, 47). However,
studies of HCV pathogenesis have been hampered by the lack
of a small-animal model.

The immune response to HCV has been extensively charac-
terized and has been found to be significantly impaired in
patients chronically infected with HCV. First, HCV persis-
tence and progression of hepatitis were observed in spite of
circulating antibody to HCV (14). Second, the production of
gamma interferon (IFN-�) and interleukin-2 (IL-2) was dra-
matically suppressed in the peripheral T lymphocytes of pa-
tients chronically infected with HCV (18, 31, 64). Third, T-
lymphocyte responses to HCV gene products have been

demonstrated with multiple antigenic stimulations. However,
the magnitude of T-lymphocyte responses in patients chroni-
cally infected with HCV was dramatically decreased compared
to that in patients acutely infected with HCV (12, 30, 31, 58,
61). It is possible that this impaired T-cell response in chron-
ically infected patients may reflect an immunosuppressive
mechanism linked to the ability of HCV to establish and main-
tain persistence after infection.

While little is known about the mechanisms of immune
evasion by HCV, one possibility is that HCV generates muta-
tions in the antigenic sites recognized by B and T cells. Alter-
natively, infection of immune cells, such as macrophages and B
and T lymphocytes, may alter their functions, thus suppressing
their ability to mount an effective response (1, 41). We have
previously demonstrated that HCV core protein, the first pro-
tein produced during the early phase of viral infection, can
suppress host immune response by inhibiting antiviral cytotox-
ic-T-lymphocyte (CTL) activity in mice infected with recombi-
nant vaccinia virus expressing core protein (29).

The immunomodulatory function of core protein is intrigu-
ing in light of the finding that HCV core can bind to the
cytoplasmic domain of tumor necrosis factor receptor (TNFR)
family members, such as lymphotoxin-� receptor (35), TNFR1
(66), and Fas (22). The interaction between HCV core and
TNFR family members has been reported to modulate the
apoptosis of core-expressing cells in response to ligands of
TNFR family members, depending on the specific cell type. In
the case of T cells, the core protein increased the sensitivity of
the cells to Fas-mediated apoptosis (22, 66), which may explain
the increased Fas-mediated apoptosis observed in peripheral
blood mononuclear cells (PBMC) from patients chronically
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infected with HCV (19, 60, 62). Interestingly, other lympho-
tropic viruses, such as human immunodeficiency virus, human
T-cell leukemia virus, and cytomegalovirus, have been shown
to elicit similar effects (28, 38, 59).

In the present study, we established a TG-mouse system to
examine the role of core protein in the regulation of T lym-
phocytes and the development of liver damage. To this end, we
designed a TG-mouse model in which HCV core was ex-
pressed in T cells under the control of the CD2 promoter.
These mice exhibited suppressed T-lymphocyte responses, in-
cluding the production of IFN-� and IL-2. In addition, T lym-
phocytes derived from core TG mice were more susceptible to
Fas-mediated activation-induced apoptosis than were their
nontransgenic (NTG) littermates. Surprisingly, core TG mice
developed histological changes in the liver that resembled
those found in chronically HCV-infected patients. Portal and
lobular inflammations with focal aggregates were detectable in
TG mice, accompanied by an elevation of the serum alanine
aminotransferase (ALT) level. These results suggest that the
expression of core protein in T lymphocytes may play a pivotal
role in immune dysregulation, recruitment of apoptotic lym-
phocytes to the liver, and subsequent liver damage.

MATERIALS AND METHODS

Generation of TG mice. A fertilized oocyte at the single-cell stage, prepared
from C57BL/6 (H-2b) � CBA (H-2k) mice, was microinjected with the transgene
construct as shown in Fig. 1A. Candidate TG mice, containing the core gene of
the Hutchinson strain (genotype 1a) of HCV (29), were analyzed by PCR of tail
DNAs using core-specific primers, i.e., a sense primer (5� AAGAAAAACCAA
ACGTAACACCA 3�), binding to nucleotides 24 to 46, and an antisense primer
(5� CCAGCTAGGCCGAGAGCCACG 3�), binding to nucleotides 301 to 321.
The founder mice were backcrossed with C57BL/6 (H-2b) � CBA (H-2k) mice
(Taconic Laboratories) for five generations. To assess the role of Fas in HCV
core liver injury, core TG mice were bred with Fas-deficient mice. The mice were
used between 6 and 12 weeks of age. All mice were bred in a pathogen-free
facility and routinely tested for mouse hepatitis virus and other pathogens. All
mice were cared for and handled according to protocols approved by the Uni-
versity of Virginia Institutional Animal Care and Use Committee.

Preparation of total RNA and RT-PCR. Total RNAs were extracted from the
cells or organs of TG and control mice with TRIZOL reagent (Gibco BRL,
Grand Island, N.Y.) as recommended by the manufacturer. Nucleic acid pellets
were suspended in appropriate volumes of diethyl pyrocarbonate-treated water
and treated with RNase-free DNase I (Gibco BRL) prior to further analysis.
Reverse transcription (RT) of total RNAs was performed with murine leukemia
virus reverse transcriptase (Perkin-Elmer, Foster City, Calif.) and a random
hexamer primer (Perkin-Elmer) to generate cDNA, according to the manufac-
turer’s instructions. A portion of the cDNA was amplified with 0.5 U of Taq
polymerase (Perkin-Elmer) and the HCV core-specific primers described above.
To amplify a housekeeping gene, the hypoxanthine phosphoribosyltransferase
gene, as an internal control, the cDNA was incubated with a sense primer (5�
GTTGGATACAGGCCAGACTTTGTTG 3�) and an antisense primer (5� GAG
GGTAGGCTGGCCTATGGCT 3�). PCR for the core protein and hypoxan-
thine phosphoribosyltransferase was carried out at 94°C for 40 s, 60°C for 30 s,
and 72°C for 40 s for 35 cycles. The RT-PCR products were electrophoresed
through a 1.5% agarose-Tris-acetate-EDTA buffer gel and further analyzed by
Southern blotting with an HCV core-specific probe.

Southern blotting. A standard Southern blotting procedure was utilized to
analyze RT-PCR products. Briefly, separated RT-PCR products were trans-
ferred to a Zeta-probe GT membrane (Bio-Rad, Hercules, Calif.). To reveal the
HCV core, a gel-purified 0.6-kb EcoRI-BamHI fragment of the core DNA was
labeled with [32P]dCTP by the random-priming procedure (Amersham Pharma-
cia, Piscataway, N.J.) and used as a probe. The probe was hybridized with the
membrane at 43°C overnight and washed stringently, as suggested in the man-
ufacturer’s protocol.

Western blotting. Cell lysates were prepared with radioimmunoprecipitation
assay cell lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 2 mM EDTA,
1% sodium orthovanadate, 1% Triton X-100, 0.5% deoxycholate, 0.1% sodium

dodecyl sulfate) supplemented with phenylmethylsulfonyl fluoride (1 mM), ap-
roptonin (2 �g/ml), leupeptin (2 �g/ml), and soybean trypsin inhibitor (37.5
�g/ml) and separated by sodium dodecyl sulfate–12% polyacrylamide gel elec-
trophoresis. The proteins were tranferred to an Immobilon polyvinylidene diflu-
oride membrane (Millipore, Bedford, Mass.) that was subsequently blocked in
5% dry milk in 50 mM Tris-HCl [pH 7.5]–150 mM NaCl–0.25% Tween 20. The
membrane was incubated with anti-core antibody generously provided by Mi-
chael Lai, University of Southern California. Bound anti-core antibodies were
revealed by peroxidase-conjugated goat anti-human immunoglobulin (Boehr-
inger Mannheim, Indianapolis, Ind.) and visualized by enhanced chemilumines-
cence (Amersham Pharmacia).

Mixed-lymphocyte reaction. Primary mixed-lymphocyte reactions were per-
formed with spleen responders from core TG mice and their NTG littermates.
Purified responder cells (105) were then mixed with 2 � 105 irradiated spleno-
cytes isolated from BALB/c (H-2d) mice (employed as stimulators) and incu-
bated for 4 days at 37°C. The cells were pulsed with 0.5 �Ci of [3H]thymidine per
well followed by further culture for 16 h. [3H]thymidine incorporation was
measured using a betaplate reader (Wallac). For measuring alloreactive CTL
activity, 1.5 � 107 purified splenocytes from core TG mice and their NTG
littermates were cultured with 3 � 107 BALB/c mouse splenocytes, employed as

FIG. 1. Generation of HCV core-expressing TG mice. (A) Dia-
gram of the transgene construct. The HCV core gene was placed
downstream of the CD2 promoter. The stippled box indicates cDNA
encoding the HCV core protein. A 10.5-kb EcoRI-NotI fragment was
introduced into mouse embryos. ATG*, start codon. (B) Expression of
core-specific mRNA in TG mice. RT-PCR was performed to examine
the expression of the core gene in TG mice, followed by Southern blot
analysis using 32P-labeled core probe. RT-PCR analysis was performed
on RNA samples isolated from the spleens of mice from three inde-
pendent TG lines (3691, 3692, and 3753), their NTG littermates, and
C57BL/6 mice as a negative control. Plasmid DNA containing the core
gene (pCI-core) was used as a positive control. (C) Western blot of
core protein. To confirm the expression of core protein, cell lysates
obtained from the spleens of core TG and NTG mice were loaded and
blotted with anti-core monoclonal antibodies.
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stimulators, for 5 days at 37°C. The alloreactive CTL activity was measured using
a standard 51Cr release assay with the effector to-target ratio (40:1, 13:1, 4:1, and
1:1), as previously described (29). The T cells were incubated with 51Cr-labeled
P815 (H-2d) or EL4 (H-2b) for 4 h in 96-well round-bottom plates. The super-
natants were harvested and assessed for 51Cr release.

ELISA for cytokine production. Primary mixed-lymphocyte cultures were pre-
pared using spleens harvested from mice and isolated with Isopaque Ficoll
gradient. The T cells were resuspended at 106/ml in Iscove’s Dulbecco modified
Eagle’s medium containing 10 �g of penicillin-streptomycin/ml, 10% fetal calf
serum, and 10 mM L-glutamine and stimulated with anti-CD3 antibody for 1 to
6 days. The culture supernatants were analyzed by ELISA (BD PharMingen, San
Diego, Calif.) for IFN-� and IL-2 production.

Flow cytometry analysis. Thymuses, lymph nodes, and spleens were obtained
from core TG mice and their NTG littermates. A single-cell suspension was
prepared by homogenizing the tissues with a pestle. Total lymphocytes were
determined by trypan blue exclusion. Cells (2 � 106) were incubated on ice for
10 min with anti-FcR antibody and stained in fluorescence-activated cell sorter
(FACS) medium (Iscove’s medium, 10% newborn calf serum) with phyco-
erythrin-conjugated anti-CD4, fluorescein isothiocyanate (FITC)-conjugated an-
ti-CD8, phycoerythrin-conjugated anti-CD3, and FITC-conjugated anti-B220
(BD PharMingen) at 4°C for 45 min in a 96-well round-bottom plate. After being
washed, the stained cells were measured using a FACScan flow cytometer (Bec-
ton Dickinson, Mountain View, Calif.) and analyzed using CellQuest software.

Fas-mediated apoptosis of splenic T lymphocytes. Purified splenocytes (5 �
106) from core TG mice and their NTG littermates were stimulated with plate-
bound anti-CD3 antibody (1 �g/ml) for 24 h at 37°C. To induce Fas-mediated
apoptosis, activated T cells were treated with 0.25 �g of Jo-2 anti-mouse Fas
monoclonal antibody (PharMingen, San Diego, Calif.)/ml and 0.25 �g of protein
G (Sigma, St. Louis, Mo.)/ml for 6 h at 37°C. The percentage of viable cells in the
culture was determined by staining the cells with 2 �g of propidium iodide or
FITC-annexin V (Roche, Indianapolis, Ind.)/ml, according to the manufacturer’s
instructions, and subsequent FACS analysis.

Histological and biochemical analysis of liver. Spleen and liver tissues were
harvested from core TG mice and their NTG littermates. The tissues were cut
into small pieces, fixed in 10% neutral-buffered formalin for �24 h, and embed-
ded in paraffin. Histological studies were performed on paraffin sections stained
with hematoxylin and eosin. Serum samples were collected for subsequent ALT
measurements with an Olympus Model 640 automated analyzer.

Detection of HCV core antigen and terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assay. The detection of HCV
core antigen was performed on 5-�m-thick liver paraffin sections. After depar-
affination, samples were permeabilized in 0.01 mM citrate acetic buffer, pH 6.0,
with microwave treatment (800 W for 10 min) and blocked with 3% bovine serum
albumin and 10% normal goat serum in phosphate-buffered saline for 30 min.
The tissue sections were incubated with anti-core rabbit polyclonal antibody
diluted 1:400 (American QUALEX, San Clemente, Calif.) at 4°C overnight.
After the tissues were washed with phosphate-buffered saline containing 0.2%
Tween, biotin-conjugated goat anti-rabbit immunoglobulin G (BD PharMingen)
was applied at a 1:1,200 dilution for 30 min, followed by incubation with ABC
complex (VECTOR laboratories, Burlingame, Calif.). The reaction was devel-
oped with diaminobenzidine (DAB) staining with nickel enhancement peroxi-
dase (Vectastain ABC kit; VECTOR Laboratories) according to the manufac-
turer’s instructions. As a negative control, the primary antibody was tested in
NTG littermates. The slides were counterstained with methyl blue.

To detect fragmented DNA in situ, a TUNEL assay was performed on par-
affin-embedded sections of spleens and livers according to the manufacturer’s
instructions (ApopTag manual; Intergen Co., Purchase, N.Y.), and the sections
were counterstained with hematoxylin.

Statistics. A two-tailed Student’s t test was used to determine significance.

RESULTS

Generation of core TG mouse lines. To characterize the
immunomodulatory function of HCV core protein in vivo, we
generated core TG mice by inserting core-encoding cDNA
under the control of the CD2 promoter (Fig. 1A). The expres-
sion plasmid contains the 5-kb CD2 promoter and the 5.5-kb
locus control region of the human CD2 gene (67). The CD2
promoter has been shown to direct T-cell expression of a

desired gene in a position-independent and copy number-de-
pendent manner (54, 67).

Three lines of core TG mice (3691, 3692, and 3753) were
identified by PCR. These mice were then backcrossed into
C57BL/6 � CBA mice, and their offspring have a stable pres-
ence of the transgene throughout five generations. The expres-
sion of core mRNA was confirmed by RT-PCR amplification
of RNA isolated from the spleens of core TG mice, followed by
Southern blot analysis (Fig. 1B). Furthermore, the transcrip-
tion of the core protein was also determined by Western blot
analysis of cell lysates from the spleens of core TG mice. As
shown in Fig. 1C, a prominent 21-kDa band was detected,
corresponding to HCV core protein (52).

T-lymphocyte responsiveness was inhibited in core TG mice.
Since the immune response to HCV is significantly impaired in
patients chronically infected with HCV, infection by HCV of
immune cells may alter their function and result in the inef-
fective immune response to the virus. To determine whether
the expression of core protein in T cells alters their function,
we examined cell-mediated immune responses in both core TG
mice and their NTG littermates. To this end, we assessed
T-cell-proliferative and cytolytic responses to allogeneic stim-
ulus by performing a standard mixed-lymphocyte reaction. As
shown in Fig. 2A and B, the cytolytic activity and proliferative
response of T cells to allogeneic stimulation in core TG mice
were reduced to 80 to 90 and 60%, respectively, of those of the
NTG littermates. Moreover, core TG mice also failed to gen-
erate primary CTL responses against vaccinia virus infection
(data not shown). These results suggest that the expression of
core protein in T lymphocytes is responsible for inhibiting the
generation of T-lymphocyte responses.

We next examined the effect of core on the production of the
proinflammatory cytokines IFN-� and IL-2 by peripheral T
lymphocytes in response to T-cell receptor (TCR) stimulation
using anti-CD3 antibody. The production of IFN-� and IL-2
was also markedly diminished in core TG mice (80 to 90%
after 4 days of stimulation) compared to that of their NTG
littermates (Fig. 2C and D). This suggests that HCV core
protein may inhibit T-lymphocyte responsiveness in response
to TCR stimulation by interfering with T-cell development,
activation, and/or differentiation.

HCV core does not interfere with the development of T
lymphocytes. To determine whether core-mediated inhibition
of T-lymphocyte responses might be due to defects in the
development of T lymphocytes, we examined the developmen-
tal status and cellularity of T lymphocytes in TG mice. Thymus-
and peripheral lymphoid-organ (i.e., lymph nodes and spleen)-
derived CD4�- and CD8�-T-cell populations were examined
by FACS. As shown in Fig. 3, the ratios of CD4� CD8�

double-positive and CD4� CD8� double-negative thymocytes
were similar in core TG mice and their NTG littermates. In
addition, the ratios of single-positive CD4� and CD8� T cells
in peripheral lymphoid organs were similar in core TG mice
and their NTG littermates. These results demonstrate that
HCV core does not interfere with T-cell development, and
they are consistent with previous reports of the role of Fas in
the deletion of peripheral but not thymic T lymphocytes (55).
Therefore, HCV core may alter the activation and/or differen-
tiation of peripheral T lymphocytes.

Increased sensitivity of activated peripheral T lymphocytes
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to Fas-mediated apoptosis in core TG mice. In light of earlier
findings that HCV core can interact with the cytoplasmic do-
main of Fas (22), the expression of HCV core in T lymphocytes
may modulate the Fas-mediated apoptotic pathway. To test
this possibility, we performed TUNEL assays of the spleens
from core and NTG mice. As shown in Fig. 4A, a large number
of TUNEL-positive lymphocytes are detectable in the spleens
of core TG mice but are rarely found in their NTG littermates.
In addition, since B220, the high-molecular-weight B-cell iso-
form of CD45, has been reported to serve as a useful marker
for dying T cells, we assessed the apoptotic status of HCV
core-expressing T lymphocytes by examining the CD3� B220�

phenotype in peripheral lymphocytes (25). More CD3� B220�

lymphocytes were detectable in core TG mice than in their
NTG littermates, suggesting that the peripheral lymphocytes of
core TG mice are more prone to apoptosis (Fig. 4B).

We further sought to determine whether HCV core in-
creased the susceptibility of activated T lymphocytes to Fas-
mediated apoptosis by treating activated T lymphocytes with
anti-Fas antibody. T lymphocytes isolated from the spleens of
core TG mice were more sensitive to Fas-mediated activation-
induced cell death than cells from NTG littermates (Fig. 4C).
This suggests that the increased Fas-mediated apoptosis of the
T lymphocytes of core TG mice might be responsible for the
suppression of T-lymphocyte responses, including the inhibi-
tion of IFN-� and IL-2 production.

Increased liver inflammation and serum ALT levels in core
TG mice. Several studies have reported that apoptotic and
activated T lymphocytes accumulate in the liver during the
clearance phase of peripheral immune responses (16). These
lymphocytes are able to induce hepatocyte death (25, 49), as
evidenced by increases in serum ALT levels (26, 49), in a
Fas-dependent manner (26). To determine whether these Fas-
sensitive peripheral T lymphocytes of core TG mice are re-
cruited to the liver and subsequently induce liver injury, we
examined the liver histology and serum ALT levels of core TG
and NTG mice. To examine the dependency on functional Fas
expression in this procedure, we bred core TG mice with Fas-
deficient lpr mice.

Core TG mice demonstrated higher liver inflammatory ac-
tivity than their NTG littermates: 8 out of 21 versus 0 out of 8,
respectively (P � 0.01). The increased number of intrahepatic
lymphocytes circulating in sinusoids was also associated with
spotty necrosis in the lobular area and more intense inflam-
mation in the portal region. In contrast, no lymphocytic infil-
tration was found in the livers of core-lpr mice (Fig. 5A).
Serum ALT levels in core TG mice were significantly higher
than those in their NTG littermates (P � 0.002), indicating
that expression of core protein in T cells is responsible for
inducing hepatitis (Fig. 5B). In contrast, ALT levels were nor-
mal in core-lpr mice, suggesting that Fas may be involved in
liver injury induced by HCV core. However, there was no

FIG. 2. Immune dysregulation in core TG mice. (A) Proliferation of primary alloreactive T cells. Splenic responders were isolated from core
TG or NTG mice and were cocultured with irradiated splenic stimulators from BALB/c (H-2d) or C57BL/6 (H-2b) mice for 4 days. The proliferation
of responder cells was measured by uptake of [3H]thymidine. Cell cultures were performed in triplicate. Similar results were obtained in two
separate experiments. (B) Alloreactive CTL activity. Splenocytes isolated from core TG and NTG mice were cocultured with irradiated splenocytes
from BALB/c (H-2d) mice. After 5 days of coculture, the T cells were assayed for cytolytic activity against P815 target cells (H-2d) with the indicated
effector-to-target ratios. (C and D) Splenocytes from core TG and NTG mice were stimulated with anti-CD3 antibody. The supernatants were
harvested on days 1, 2, 3, 4, and 5 after stimulation. IL-2 (C) and IFN-� (D) production was measured by ELISA. The error bars indicate standard
deviations.
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correlation between the grade of liver inflammation and serum
ALT levels, as previously reported in patients with chronic
hepatitis C (11, 17) and in other mouse models (26, 43). There
was no evidence of infection with pathogens, including murine
hepatitis virus, in core mice and their NTG littermates (data
not shown).

The effector function of liver-infiltrating lymphocytes on he-
patocyte damage was confirmed by performing TUNEL assays.
Numerous intrahepatic lymphocytes were TUNEL positive in
core TG mice compared to their NTG littermates (Fig. 5C).
Moreover, liver damage is detectable in core TG mice, with
most TUNEL-positive hepatocytes around regions of lympho-
cyte infiltration. No TUNEL-positive hepatocytes were de-
tected in NTG littermates or core-lpr mice (data not shown).
This suggests that intrahepatic lymphocytes may induce hepa-
tocyte damage by bystander killing, independent of direct an-
tigen recognition.

Immunohistochemical localization of core protein in T lym-
phocytes of core TG mouse livers. To determine whether liver-
infiltrating lymphocytes in core TG mice express core protein,
immunohistochemical analysis using anti-core antibody was
performed on liver tissue obtained from core TG mice and
their NTG littermates. As shown in Fig. 6, in the livers of core
TG mice, core protein was expressed in the cytoplasm of in-
filtrated lymphocytes located in the portal tract and some scat-
tered in the lobular area. In contrast, no expression of core was
detected in other cell types or in NTG littermates. These re-
sults suggest that in core TG mice the lymphocytes localized in

the portal area of the liver represent core-expressing T lym-
phocytes.

DISCUSSION

Infection of peripheral blood cells with HCV may play an
important role in HCV pathogenesis by altering the function of
immune cells and leading to ineffective immune responses to
HCV. It is important to point out that chronically HCV-in-
fected patients develop other immunological disorders (lupus,
arthritis, cryoglobulinemia, glomerunephritis, non-Hodgkin’s
lymphoma, and other autoimmune diseases), suggesting the
pathological role of HCV replication in immune cells. No
animal model so far has been focused on the infection of
immune cells by HCV, with the exception of that of
Bronowicki et al. (10). Those authors demonstrated the per-
sistence of HCV RNA for 2 months in human mononuclear
blood cells inoculated into immunosupressed (SCID) mice.
Moreover, several studies indicate that HCV core protein is
responsible for suppressing T-lymphocyte responsiveness (20,
27, 29, 65). Although studies aimed at investigating the mech-
anism of HCV-induced immune dysregulation are crucial to
design effective HCV therapeutics, these studies have been
hampered by the lack of a small-animal model. To examine the
effect of HCV core expressed in extrahepatic sites and to
characterize the immunomodulatory role of HCV core pro-
tein, we have established a TG-mouse line that directs expres-
sion of HCV core protein to T lymphocytes, using the CD2
promoter. Using this TG-mouse model, we observed suppres-
sion of CD4�- and CD8�-T-lymphocyte responses, including
decreased IFN-� and IL-2 production. However, the thymic
development of T lymphocytes appeared to be normal in core
TG mice. Moreover, an increased susceptibility of peripheral T
lymphocytes to activation-induced cell death through Fas-me-
diated apoptosis was observed in core TG mice. Surprisingly, a
remarkable lymphocytic infiltration was detectable in the he-
patic portal tracts of core TG mice, similar to one of the
characteristic histological features of patients chronically in-
fected with HCV. Furthermore, ALT levels in core TG mice
were significantly higher than those in their NTG littermates,
suggesting that expression of core may induce liver damage.

Interestingly, the suppression of T-lymphocyte responses,
including the inhibition of IFN-� and IL-2 production, is con-
sistent with the status of immune responses in chronically
HCV-infected patients. They are characterized by the failure
to mount vigorous, sustained, virus-specific CD4�- and CD8�-
T-cell responses in the acute phase of HCV infection and are
consequently unable to eradicate the virus (12, 31, 48, 56, 61).
Therefore, HCV core-mediated inhibition of T-lymphocyte re-
sponses may contribute to the ineffective host immune re-
sponse in chronic HCV infection. However, this observation is
not consistent with the reports of other investigators, who
failed to detect immune dysregulation in their core TG mice
(57). This discrepancy could be due to variation in HCV core
expression, as most other core TG-mouse lines direct the tran-
scription of core protein to hepatocytes. The expression of
genes under the control of the CD2 promoter have been de-
tected in T cells (21, 54, 67), as confirmed by a CD2–enhanced
green fluorescent protein (EGFP)–TG-mouse model, where
approximately 95% of peripheral blood EGFP-positive cells

FIG. 3. Normal T-cell development and cellularity in core TG
mice. Phenotypic analysis was done on thymocytes and peripheral T
lymphocytes (spleen and lymph nodes) isolated from core TG mice
and their NTG littermates. Purified thymocytes and splenocytes were
stained with anti-CD4 and anti-CD8 antibodies. The percentages of
cells expressing the indicated markers are shown in each quadrant. The
results shown are representative of three independent experiments.
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were T cells. No expression of EGFP protein or other trans-
genes have been detected in B cells, monocytes, or neutrophils
(54). Furthermore, T-cell proliferation and IL-2 production by
EGFP� cells were comparable to those by EGFP� cells from
NTG littermates, indicating that introduction of the transgene
did not alter T-cell functions. Since HCV can replicate in
immune cells, such as macrophages, B cells, and T cells (9, 10,
51), the HCV core-induced immune dysregulation may depend
for its intracellular expression on immune cells rather than
hepatocytes. Furthermore, the magnitude of allogeneic re-
sponses in CBA (H-2k) versus BALB/c (H-2d) mice was similar
to that in C57BL/6 (H-2b) versus BALB/c (H-2d) mice (24).
This suggests that suppression of T-lymphocyte responses in
core TG mice was not due to minor differences in the genetic
background of our murine model but to the immunomodula-
tory function of HCV core.

An increased susceptibility of splenic T lymphocytes to ac-
tivation-induced cell death through Fas-mediated apoptosis

was detected in core TG mice, associated with a reduction of
splenocytes. Moreover, T cells displaying an activated, pre-
apoptotic phenotype circulate in higher proportions in core
mice, suggesting a likely immunodysfunction in this popula-
tion. Compelling evidence indicates that in chronically HCV-
infected patients, liver disease severity is related to peripheral-
T-cell Fas-mediated apoptosis (19, 60, 62) but not to serum
ALT levels or virus load (11, 19, 46). These patients showed a
clear association between the increased sensitivity of PBMC to
apoptosis, a decrease in their number, and persistence of HCV
infection (42, 60). Morever, no genotype difference among
genotypes 1, 2, and 3 was detected in the increased sensitivity
of PBMC to apoptosis, suggesting an intrinsic characteristic of
HCV infection. Therefore, the decrease in the number of
PBMC observed in chronically HCV-infected patients might
be due, in part, to the acceleration of Fas-mediated apoptosis
caused by direct interaction with HCV core.

A striking finding of this study is the induction of liver injury,

-Tg

-Tg

-Tg

FIG. 4. Increased apoptosis of T lymphocytes in core TG mice. (A) Apoptosis of splenic T cells by TUNEL assay. Spleen tissues were harvested,
formalin fixed, and embedded in paraffin. To detect the fragmented DNA, terminal deoxynucleotidyl transferase was labeled with digoxigenin on
the free 3� OH DNA termini in situ. The labeled DNA fragments are detected using anti-digoxigenin antibody conjugated to peroxidase. The
positive signal in the nuclei of splenocytes from core TG mice was clearly visible. No apoptotic lymphocytes were detected in the spleens of NTG
mice. (B) Phenotype of T cells in peripheral organs by FACS analysis of CD3 and B220 markers. Double-positive CD3 and B220 cells are indicative
of an activated preapoptotic state. Slightly more circulating peripheral T cells exhibit a CD3� and B220� phenotype in core TG mice than in their
NTG littermates. The percentages of cells expressing the indicated markers are shown in each quadrant. (C) Increased Fas-mediated apoptosis
of activated T lymphocytes in core TG mice. Splenocytes isolated from core TG mice and their NTG littermates were stimulated with anti-CD3
antibody for 24 h and treated with anti-Fas antibody for 6 h. The activated T lymphocytes undergoing Fas-mediated apoptosis were determined
by staining the cells with propidium iodide. The stained cells present in the gated lymphocyte population were analyzed by flow cytometry. (�, P
� 0.05). The results were reproducible in two independent experiments. The error bars indicate standard deviations.
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with a remarkable inflammation in the portal area and the
focus of necrosis in the lobular region and high serum ALT
levels in core TG mice. This liver pathology resembles that in
chronic HCV infection (4, 23). This liver inflammation was not
found in young mice of any HCV core TG-mouse lines when
expression of core protein was directed to hepatocytes. One
possible explanation for this is the genetic background of the

mice. In contrast to other studies using C57BL/6, CD1, FVB,
or SJL mice to establish core TG mice, our murine model has
been generated on a CBA � C57BL/6 background. Another
factor might be the different HCV genotype, since the other
studies used genotype 1b and our strain is genotype 1a. How-
ever, HCV core has been reported to be associated only with
the induction of hepatic steatosis in young TG mice and the

-Tg

-Tg

-Tg

FIG. 5. Liver pathology in core TG mice. (A) Increased liver inflammation activity in core TG mice. Livers were harvested from core, NTG,
and core-lpr mice. Sections of liver tissues were stained with hematoxylin and eosin. A remarkable lymphocytic infiltration was detectable in the
portal tract and lobular areas of core TG mice, while no inflammation was detected in their NTG littermates and core-lpr mice. (B) Elevation of
ALT levels in core TG mice. Blood was collected from 6- to 12-week-old core TG, NTG, and core-lpr mice to measure the levels of ALT as an
indicator of liver damage. Horizontal lines indicate arithmetic mean. The serum ALT levels in core TG mice were significantly higher than those
in their NTG littermates and core-lpr mice (�, P � 0.002). (C) Confirmation of liver injury by TUNEL analysis. Following the same protocol used
for the experiments shown in Fig. 4A, livers from core mice and their NTG littermates were analyzed by TUNEL assay. Some intrahepatic
lymphocytes recruited in core TG mice were activated and preapoptotic. After their expansion in the liver, they underwent apoptosis (arrows),
indicated by red signal in the nucleus. The consequence of this liver inflammation is the induction of apoptosis of bystander hepatocytes
(arrowheads) in core TG mice. This phenomenon was not detectable in NTG mice.
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development of hepatic tumors at 16 months of age (32, 39,
40). The site of HCV core transcription could explain the
major discrepancy for liver histology between this study and
previous reports. Expression of HCV core in hepatocytes may
have a direct effect on lipid metabolism (6, 37, 45, 50), leading
to the formation of lipid vacuoles in hepatocytes in TG-mouse
models (32, 39, 40, 45). However, expression of HCV core in
immune cells may induce liver damage through modulation of
the host immune system. The elevation in serum ALT levels
reflects the induction of liver injury and was not detectable in
other TG-mouse lines, where the expression of HCV core is
directed to hepatocytes.

The mechanisms responsible for HCV-mediated liver dam-
age are poorly understood (7). While the mechanism of core-
induced liver injury observed in our TG-mouse model has yet
to be identified, some hypotheses could explain this result.
Several reports provide compelling evidence that the liver is
responsible for extrathymic deletion of lymphocytes, recruiting
activated and apoptotic T lymphocytes (25, 36, 44, 49). There-
fore, it is likely that the increased number of intrahepatic
lymphocytes in core TG mice might be the consequence of
recruitment of circulating activated preapoptotic peripheral T
lymphocytes induced by core protein. The role of those intra-
hepatic lymphocytes in liver damage has been extensively stud-
ied by using a line of OVA-specific CD8� TCR TG mice, by
injecting class I major histocompatibility complex-restricted
OVA257-264 peptide (26, 49). Activated T cells are more sus-
ceptible to apoptosis upon activation. They disappear from the
lymph nodes and spleen and accumulate in the liver, where
they undergo clonal expansion followed by apoptosis. Serum
ALT levels were elevated upon activation, as OVA-specific
CD8� T cells accumulated in the portal area, suggesting that
liver-infiltrating lymphocytes are able to induce liver damage
(26, 49), possibly in a Fas-dependent manner (26). This pro-
vides a model of autoimmune hepatitis, because hepatocytes
are merely bystanders, having little to do with actual antigen
presentation.

It is interesting to point out that in chronic hepatitis C,

intrahepatic lymphocytes have been shown to have migrated
from extrahepatic sites into the liver, where they display effec-
tor functions that lead to liver injury (44, 63). Several reports
indicate a pathogenic role for autoimmunity in HCV-mediated
liver injury, as chronic HCV infection shares features of auto-
immune hepatitis type 2. First, intraportal lymphoid aggregates
are characteristic of chronic hepatitis C, containing infiltrates
of activated CD4� and CD8� T cells similar to those in auto-
immune hepatitis (4, 23, 53). Second, cytokine-dependent mol-
ecules, such as class I and class II HLA and immune adhesion
molecules, are predominantly found in hepatocytes and bile
duct cells during a natural HCV infection (3, 5). Third, the
autoantibodies and immunologically related diseases for
chronic hepatitis C are similar to those in autoimmune hepa-
titis (15, 34).

In this report, we provide evidence that the expression of
HCV core protein in T cells induces immune dysregulation by
increasing apoptosis of T lymphocytes and that the develop-
ment of liver damage results from recruitment of these apo-
ptotic lymphocytes into the liver.
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