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Abstract

The impaired function of CD8" T cells is characteristic of hepatitis C virus (HCV) persistent
infection. HCV core protein has been reported to inhibit CD8* T cell responses. To determine the
mechanism of the HCV core in suppressing Ag-specific CD8" T cell responses, we generated a
transgenic mouse, core(+) mice, where the expression of core protein is directed to the liver using
the albumin promoter. Using a recombinant adenovirus to deliver Ag, we demonstrated that core(+)
mice failed to clear adenovirus-LacZ (Ad-LacZ) infection in the liver. The effector function of LacZ-
specific CD8* T cells was particularly impaired in the livers of core(+) mice, with suppression of
IFN-y, TNF-a, and granzyme B production by CD8* T cells. In addition, the impaired CD8* T cell
responses in core(+) mice were accompanied by the enhanced expression of the inhibitory receptor
programmed death-1 (PD-1) by LacZ-specific CD8* T cells and its ligand B7-H1 on liver dendritic
cells following Ad-LacZ infection. Importantly, blockade of the PD-1/B7-H1 inhibitory pathway
(using a B7-H1 blocking antibody) in core(+) mice enhanced effector function of CD8* T cells and
cleared Ad-LacZ-infection as compared with that in mice treated with control Ab. This suggests that
the regulation of the PD-1/B7-H1 inhibitory pathway is crucial for HCV core-mediated impaired T
cell responses and viral persistence in the liver. This also suggests that manipulation of the PD-1/
B7-H1 pathway may be a potential immunotherapy to enhance effector T cell responses during
persistent HCV infection.

The hepatitis C virus (HCV)3 infection in humans is efficient in establishing persistent
infection. Early CD4* and CD8* T cell responses are crucial for controlling HCV infection
(1,2). However, the magnitude of T cell responses is decreased in chronic HCV patients as
compared with that in acute HCV patients (3,4). Particularly, CTL effector functions (e.g.,
IFN-y production and cytolytic activity) are significantly impaired in chronic HCV patients
compared with other persistent viral infections, including hepatitis B virus (5,6). This suggests
that HCV has developed effective means to evade and/or subvert host immunity, leading to
the high incidence of viral persistence.

HCV core protein has been reported to suppress T cell responses (7,8). HCV core-mediated
inhibition of T cell responses can occur via either modulation of proinflammatory cytokines
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by APCs (i.e., monocytes and dendritic cells (DCs)) or direct effect on T cells (9,10). Because
the liver is the major site of HCV infection, it is crucial to understand the regulation of host
immunity by HCV core in the liver compartment and the impact of HCV core-induced immune
dysregulation in facilitating HCV persistence. The lack of a small animal model has hampered
studies attempting to elucidate the mechanism of HCV core-mediated suppression of antiviral
CD8* T cell activity. Thus, our laboratory has generated a core transgenic mouse, core(+), in
which HCV core is expressed behind the albumin (Alb) promoter. We used this model to study
HCV core-mediated dysregulation of intrahepatic T cell responses.

Recently, it has been reported that expression of the coinhibitory molecule programmed
death-1 (PD-1) determines CD8™ antiviral T cell exhaustion. In addition, liver-infiltrating
lymphocytes in chronic HCV patients display an exhausted phenotype with increased PD-1
expression (11-13). PD-1 is a negative signaling molecule inhibiting T cell responses, and the
expression of PD-1 can be induced on T cells, B cells, NK T cells, and monocytes (14,15). In
vitro studies have shown that PD-1 signaling can inhibit proliferation and cytokine production
by both resting and previously activated CD8* T cells. The ligands for PD-1 have been
identified as B7-H1 (PD-L1) and B7-DC (PD-L2). B7-H1 is expressed in various tissues
including its constitutive expression by liver sinusoidal endothelial cells and Kupffer cells. In
comparison, the expression of B7-DC appears to be limited to DCs and macrophages. Notably,
B7-H1 and B7-DC were initially reported to exhibit a dual effect (stimulatory or inhibitory)
on T cell responses; recent reports indicate that B7-H1 plays a role in inhibiting T cell responses
while B7-DC has stimulatory functions (16-18). Furthermore, B7-H1 plays a pivotal role in
the accumulation and deletion of intrahepatic CD8* T cells (19). Importantly, the PD-1/B7-
H1 inhibitory pathway has been shown to be involved in the regulation of intrahepatic T cell
responses (20,21). However, it is currently not known how the PD-1/B7-H1 pathway
contributes to the HCV core-mediated immune dysregulation leading to viral persistence.

In this study, we demonstrate that HCV core causes failed clearance of adenovirus-LacZ (Ad-
LacZ) from the liver. In these mice, core protein impairs the generation of -galactosidase
(Bgal)-specific CD8* T cells, effector cytokine production, and cytolytic potential in the liver
following Ad-LacZ infection. Notably, the expression levels of PD-1 by intrahepatic Sgal-
specific CD8* T cells and B7-H1 on liver DCs were increased in core(+) mice following Ad-
LacZ infection as compared with that in core(—) mice. Importantly, blockade of the PD-1/B7-
H1 inhibitory pathway restored effective CD8* T cell responses in core(+) mice and enhanced
viral clearance. Taken together, the PD-1/B7-H1 inhibitory pathway plays an important role
in HCV core-mediated impairment of CD8" T cell function. This suggests that HCV core may
contribute to the impaired antiviral CD8" T cell activity observed in chronic HCV patients via
increased PD-1/B7-H1 expression.

Materials and Methods

Generation of transgenic core(+) mice

To generate HCV core transgenic mice, a fertilized oocyte at the single-cell stage, prepared
from C57BL/6 (H-2P) x CBA (H-2K) mice, was microinjected with the transgene construct as
shown in Fig. 1A. Candidate core(+) mice containing the core gene of the Hutchinson strain
(genotype 1a) of HCV were analyzed by PCR of tail DNAs using core-specific primers, i.e.,
a sense primer (5'-AAGAAAAACCAAACGTAACACCA-3) binding to nucleotides 24-46
and an antisense primer (5'-CCAGCTAGGC CGAGAGCCACG-3') binding to nucleotides
301-321. The founder mice were backcrossed with C57BL/6 (H-2°) mice (Taconic Farms) for
five generations. Transgenic mice expressing HCV core protein under the control of the Alb
promoter were bred at the animal facilities of the University of Virginia (Charlottesville, VA).
Progeny tail tissue samples were screened for the presence of HCV core DNA by PCR with
HCV core-specific primers. The presence and absence of core expression in transgenic mice
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are designated as core(+) and core(—), respectively. All mice were bred in a pathogen-free
facility and tested routinely for mouse hepatitis virus and other pathogens. All mice were
handled according to protocols approved by the University of Virginia Institutional Animal
Care and Use Committee.

Ad-LacZ recombinant adenovirus

Recombinant adenovirus expressing the fgal protein under the control of the human CMV
promoter (Ad-LacZ) and lacking E1 and E3 genes was generously provided by Dr. Greg Helm
(University of Virginia). Ad-LacZ was propagated in 293A cells and purified by double cesium
chloride gradient. Mice were injected i.v. with 5 x 108 PFU of Ad-LacZ.

Detection of HCV core mRNA

RNA was extracted from tissues (liver, heart, intestine, kidney, lung, spleen, and thymus) with
TRIzol reagent as recommended by the manufacturer. After RNA was treated with RNase-free
DNase I, reverse transcription of total RNAs was conducted. PCR for HCV core and g-actin
was performed. As a control, reverse transcriptase was omitted from the indicated liver
samples.

Western blot analysis for core protein

Liver samples from core(+) and core(—) mice were perfused with 1x PBS, flash frozen in liquid
nitrogen, and then homogenized in 1 x x lysis buffer (Cell Signaling Technology)
supplemented with Complete protease inhibitors (Roche). Liver lysates were boiled and then
centrifuged at 10,000 x g at 4°C for 10 min. Equivalent amounts of lysates were subjected to
SDS-PAGE separation and then transferred to an Immobilon-P polyvinylidene difluoride
membrane (Millipore). Western blot analysis was performed using a polyclonal rabbit anti-
core Ab that was generated by QED Bioscience. HRP-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch Laboratories) and Super Signal West Pico chemiluminescent substrate
(Pierce) were used for chemiluminescent detection.

Isolation of liver leukocytes and splenocytes

Intrahepatic lymphocytes were isolated from livers as described previously (22). Briefly, the
liver was perfused with PBS via the portal vein and the median lobe was taken for histology.
The rest of the liver was perfused with PBS plus 0.05% collagenase (Sigma-Aldrich) and then
washed with IMDM supplemented with 10% newborn calf serum. The liver sections were
finely minced and further digested with PBS plus 0.05% collagenase. Mononuclear cells were
purified by Nycodenz gradient centrifugation. Splenocytes were prepared by mechanical
disruption and isolation over a Ficoll gradient.

Ab staining and flow cytometric analysis

A PE-labeled H2-KP Bgal tetramer (ICPMYARV) was provided by the Tetramer Core Facility
of the National Institutes of Health (Bethesda, MD). The following reagents were used for
surface and intracellular staining: anti-CD8 allophycocyanin (clone 53-6.7), anti-PD-1 FITC
(clone J43), anti-B7-H1 PE (clone MIH5), anti-CD8 FITC (clone 53-6.7), anti-IFN-y PE (clone
XMGL1.2), and anti-TNF-a PE (clone MP6-XT22); all were purchased from eBioscience. The
anti-granzyme B (clone GB12) Ab was purchased from Caltag Laboratories. For the cell
surface labeling experiment, 2 x 108 cells were incubated with the corresponding Abs and
tetramer for 30 min at 4°C in staining buffer (PBS with 1% FBS and 0.1% NaN3). After
staining, cells were fixed in 1% formaldehyde for 10 min at room temperature. For granzyme
B staining, freshly isolated liver lymphocytes were surface stained as described above with
anti-CD8 and fgal tetramer. The cells were then stained for intracellular granzyme B using the
Cytofix/Cytoperm kit (BD Bioscience) according to the manufacturer’s instructions. For
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intracellular cytokine staining, 2 x 106 cells were incubated for 5 h in IMDM supplemented
with 10% FBS, 10 U/ml penicillin G, 2 mM L-glutamine, 0.05% 2-ME, 500 ng/ml ionomycin,
5 ng/ml PMA, and 1 xg/ml brefeldin-A (BD Biosciences). After incubation, the cells were
surface labeled with anti-CD8 as described earlier, followed by intracellular staining for IFN-
y and TNF-a. Flow cytometry data for each of the experiments were acquired using BD
FACSCaliber and BD FACSCanto devices (BD Immunocytometry Systems). Results were
analyzed using FlowJo software (Tree Star).

LacZ staining

Liver cryosections were fixed with 0.2% glutaraldehyde for 10 min at room temperature and
then incubated with a LacZ staining solution containing 1 mg/ml 5-bromo-4-chloro-3-indolyl-
S-D-galactopyranoside (X-gal; Roche), 35 mM potassium ferrocyanide (Sigma-Aldrich), 35
mM potassium ferricyanide (Sigma-Aldrich), 2 mM MgCl, (Sigma-Aldrich), 0.02% Nonidet
P-40 (Calbiochem-Novabiochem), and 0.01% sodium deoxycholate (Sigma-Aldrich) for 2 h
at 37°C. Next, sections were counterstained with nuclear fast red. Quantification of LacZ
staining was performed with ImageJ software. Briefly, five random x40 images from the same
tissue section were acquired and the percentage of the total area staining positive was
calculated.

B7-H1 blocking Ab treatment

The blocking properties of functional grade-purified anti-mouse B7-H1 (clone MIH5) mAb
have been reported recently (23). Anti-mouse B7-H1 (clone MIH5) mAb and control rat IgG2a
(clone eBR2a) were purchased from eBioscience. Core(+) mice were infected with 5 x 108
PFU of Ad-LacZ i.v. On days 8 and 11 postinfection (p.i.) mice received either 200 ug of anti-
mouse B7-H1 or control Ab i.p. On day 14 p.i. Ad-LacZ clearance was determined using LacZ
staining and liver lymphocyte isolation was performed for flow cytometry analysis as
mentioned earlier.

Immunohistochemistry

For the detection of CD3 and Ki67, liver tissue samples were fixed in 10% buffered formalin
solution overnight and then embedded in paraffin. To stain for CD3, tissue was permeabilized
with 1mM EDTA (pH 8.0) and then blocked in 10% donkey serum. The liver tissue was stained
overnight at 4°C with goat anti-mouse CD3 (Santa Cruz Biotechnology). The number of
CD3™ T cells in the periportal and lobular regions of the liver was determined by counting
positive leukocytes in five random sections of each region at X400 magnification. Ag retrieval
was performed with 10 mM citrate buffer for the Ki67 staining. The tissue was incubated
overnight at 4°C with rat anti-mouse Ki67 (DakoCytomation). The number of lymphocytes
that express Ki67 was determined by counting Ki67 positive cells that morphologically
resemble lymphocytes in five random sections of each region at x400 magnification.

Statistical analysis

Results

Student’s t tests were used to evaluate the significance of the differences. A value of p < 0.05
was regarded as statistically significant.

Failure of CD8"* T cell-dependent clearance of Ad-LacZ infection in the liver of HCV core(+)
transgenic mice

HCV core protein has been reported to exhibit an immunomodulatory function suppressing
host immunity (24). To examine the underlying mechanism of HCV core protein in the
alteration of host immune responses to viral infection in the liver compartment, we established
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a HCV core transgenic line, core(+) mice, where the expression of core protein is directed to
the liver. To this end, a cDNA encoding core gene was inserted behind the Alb promoter (Fig.
1A) to localize HCV core expression to hepatocytes, the major sites of HCV infection and
replication. After the presence of core gene was identified by PCR, these mice were then back-
crossed onto C57BL/6 mice for at least five generations. To determine the expression of HCV
core protein in the livers of core(+) mice, Western blot analysis was performed using anti-core
polyclonal Ab. Cell lysates were prepared from core(+) mice and core(—) littermates. As shown
in Fig. 1B, the core protein (21 kDa) was detected in core(+) mice but not in core(—) mice.
Interestingly, the expression of HCV core protein in the livers of core(+) mice increases
appreciably following Ad-LacZ infection (data not shown). The expression of HCV core
mRNA in liver tissue was further confirmed by performing RT-PCR using core-specific
primers. The expression of core-specific mMRNA was detected in the liver and thymus but not
in other tissues (kidney, lung, intestine, spleen, or heart) (Fig. 1C).

To determine whether the expression of HCV core protein by hepatocytes is capable of altering
host immunity, core(+) mice and their core(-) littermate mice were infected with Ad-LacZ i.v.
at an infectious dose of 5 x 108 PFU per mouse. The recombinant adenovirus (rAd) system
(adenovirus 5, replication deficient) is advantageous to target the expression of Ag to the liver
because i.v. injection of rAd predominantly delivers the expression of Ag to the liver (25). In
addition, rAd expressing LacZ allows for monitoring the alteration of Ag-specific CD8* T cell
responses (i.e., fgal-specific CD8* T cells) by HCV core. On days 7, 14, and 21 p.i., the
clearance of Ad-LacZ infected cells was determined by performing LacZ staining of liver
sections harvested from Ad-LacZ infected core(+) mice. Because LacZ encodes for Sgal, which
produces a blue product following conversion of X-gal substrate, the level of Ad-LacZ-infected
cells was quantified by performing LacZ staining of liver tissues using X-gal as a substrate.

To this end, core(+) mice and their core(-) littermates were infected i.v. with 5 x 108 PFU of
Ad-LacZ. Liver tissues were collected on days 7, 14, and 21 p.i. and LacZ staining on frozen
liver sections was performed to evaluate HCV core-mediated modulation of Ag persistence.
We did not observe a discernible difference in the clearance of Ad-LacZ infection between
core(+) and core(—) mice at 7 days p.i. (Fig. 2A). However, core(—) mice were able to
successfully clear the majority of Ag by day 14. In contrast, core(+) mice were impaired in
their ability to clear LacZ Ag by day 14. Moreover, only modest clearance of Ad-LacZ infection
between days 7 and 14 was observed in core(+) mice. This is in contrast to the robust clearance
of LacZ Ag exhibited by core(—) mice. Interestingly, LacZ Ag persisted at significant levels
in the livers of core(+) mice out to day 21 p.i., suggesting that the expression of core protein
in the liver dysregulates effective intra-hepatic immune responses.

These observations were further confirmed by examining the clearance of Ad-LacZ infection
in large numbers of core(+) and core(—) mice following Ad-LacZ infection. LacZ-stained liver
tissue slides were analyzed by ImageJ analysis and revealed an impaired clearance of Ad-LacZ
infection in core(+) mice (Fig. 2B). These results suggest that the expression of HCV core in
hepatocytes may be responsible for suppressing and/or delaying the host immune responses to
viral infection.

Cell-mediated immune responses are critical to successful clearance of adenovirus from the
liver (26,27). To confirm the role of CD8" T cell responses in clearing Ad-LacZ infection, we
used Rag1~~ (deficient in T and B cells) and f,-microglobulin (8,M)~~ (deficient in CD8* T
cells) mice. To this end, Ragl™~ and f;M~~ mice were infected i.v. with 5 x 108 PFU of Ad-
LacZ and the clearance of Ad-LacZ infection was examined. As expected, the expression of
LacZ Ag was maintained in the livers of Ragl ™~ mice on days 7 and 14 after Ad-LacZ infection
(data not shown). Importantly, f,M~~ mice infected i.v. with Ad-LacZ also failed to clear Ad-
LacZ infected cells by day 14 p.i. In comparison, C57BL/6 control mice infected with Ad-
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LacZ successfully cleared Ad-LacZ infection (Fig. 2C). This confirms that CD8* T cells are
crucial for the clearance of Ad-LacZ infection.

The impaired Ag-specific CD8* T cell responses are restricted to the liver, but not to the
spleen, in core(+) mice

To determine whether impaired CD8" T cell responses could account for the failure to clear
Ad-lacZ infection in core(+) mice, we examined the magnitude of Sgal-specific CD8* T cell
responses and their effector function in the livers of core(+) mice. Core(+) and core(-) mice
were infected i.v. with 5 x 108 PFU of Ad-LacZ, and liver lymphocytes were isolated on days
7 and 14 p.i. to examine the impact of the core on CD8* T cell responses, which have been
shown to be critical for the control of Ad-LacZ infection. As shown in Fig. 3A, the frequency
of Bgal-specific CD8* T cells staining positive for class | MHC H2-KP restricted Sgal tetramer
(ICPMYARYV) in core(+) mice was 2-fold lower at day 7 and 3-fold lower at day 14 than that
in core(-) mice. In addition, the percentage of CD8" T cells expressing the cytolytic protease
granzyme B was significantly diminished in core(+) mice at day 14 (Fig. 3B). IFN-y and TNF-
a production by intrahepatic CD8" T cells in core(+) mice on days 7 and 14 p.i. was also
suppressed as compared with core(—) mice following PMA/ionomycin stimulation (Fig. 3C).
Interestingly, we have also observed impaired effector cytokine production by intrahepatic
CDS8™* T cells in core(+) mice during vaccinia virus infection (data not shown). This suggests
that HCV core-expressing hepatocytes significantly impair antiviral effector CD8* T cell
responses in the liver.

To determine whether core-mediated impairment of CD8* T cell responses is restricted to the
liver compartment (where core protein is expressed), splenic CD8* T cell responses were
analyzed in core(+) and core(—) mice at day 14 following Ad-LacZ infection. Core expression
in the liver did not alter the magnitude of the splenic Bgal-specific CD8* T cell population (Fig.
4). The percentage of Bgal tetramer® CD8* T cells in the spleen was comparable between core
(+) and core(—) mice at day 14 p.i. In addition, the spleen compartment of core(+) mice did not
exhibit decreased levels of effector cytokine production (IFN-y and TNF-$) or granzyme B
production by CD8* T cells. This suggests that CD8* T cell dysregulation in core(+) mice is
restricted to the liver compartment where HCV core is expressed. These findings also suggest
that core-mediated dysregulation of CD8* T cell responses occurs at the effector phase and not
during the initiation of the immune response or T cell induction phase.

PD-1 and B7-H1 expression remains up-regulated during Ad-LacZ infection in core(+) mice

The PD-1/B7-H1 inhibitory pathway has been reported to play an important role in the
dysregulation of effector T cell responses during viral infection (28). For instance, the
expression of PD-1 is increased on functionally exhausted CD8* T cells during chronic viral
infection. In addition, B7-H1 regulates the accumulation and deletion of activated CD8* T
cells in the liver. To assess the role of the PD-1/B7-H1 inhibitory pathway in core-mediated
dysregulation of antiviral CD8* T cell responses, we examined the kinetics of expression for
both PD-1 and B7-H1 in the livers of core(+) and core(—) mice following Ad-LacZ infection
(Fig. 5). In naive mice, PD-1 is not expressed by CD8* T cells (Fig. 5A, Day 0) while B7-H1
is constitutively expressed by liver DCs. Interestingly, there was not a basal difference in the
expression of B7-H1 by bulk liver cells (data not shown) or liver DCs observed between core
(+) and core(-) mice (Fig. 5B, Day 0). During early time points after Ad-LacZ infection (day
7), the level of PD-1 expression by Sgal-specific CD8* T cells was similar between core(+)
and core(—) mice. At day 14 p.i., PD-1 expression by Sgal-specific CD8* T cells in core(-)
mice begins to decrease. Notably, the down-regulation of PD-1 expression seen in core(—) mice
corresponds with successful clearance of Ad-LacZ Ag. In contrast, the expression of PD-1 by
Saal-specific T cells remained elevated out to day 21 p.i. in core(+) mice.
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Interestingly, higher levels of B7-H1 expression by DCs were observed in the livers of core
(+) mice at various time points (days 7, 14, and 21) following Ad-LacZ infection (Fig. 5B).
The elevated expression of PD-1 by Sgal-specific CD8" T cells and B7-H1 by bulk liver cells
seen in the core(+) mice at day 21 p.i. was statistically significant when mean fluorescence
intensity (MFI) values from two independent experiments were pooled (Fig. 5C). DCs have
been shown to play an important role in shaping CD8" T cell responses at the site of the
infection. To determine whether B7-H1 expression by DCs is altered in core(+) mice, the
intensity of B7-H1 expressed by CD11c* cells was analyzed at days 14 and 21 p.i. We observed
elevated expression of B7-H1 by DCs in core(+) mice at both time points (Fig. 5D). Taken
together, enhanced expression of PD-1 by virus-specific CD8* T cells and B7-H1 in the livers
of core(+) mice during Ad-LacZ infection suggests a potential role for the PD-1/B7-H1
inhibitory pathway in the core-mediated dysregulation of effector CD8* T cell responses and
the Ag persistence observed in core(+) mice.

Blockade of the PD-1/B7-H1 inhibitory pathway enhances viral clearance and CD8* T cell
responses in core(+) mice

To assess the role of the PD-1/B7-H1 inhibitory pathway in core-mediated dysregulation of
effector T cell responses and Ag persistence, we treated Ad-LacZ infected core(+) mice with
either B7-H1 blocking Ab or control rat IgG2a Ab on days 8 and 11 p.i. (Fig. 6). Viral Ag
clearance was monitored by performing LacZ staining on frozen liver sections isolated on day
14 p.i. (Fig. 6A). Treatment of core(+) mice with B7-H1 blocking Ab reduced viral Ag load
by >5-fold in core(+) mice when compared with core(+) mice treated with control Ab (Fig.
6B). Strikingly, B7-H1 blockade completely cleared LacZ Ag in two of the five core(+) mice.
Furthermore, treatment of core(+) mice with B7-H1 blockade significantly increased the
numbers of intrahepatic Sgal-specific T cells and enhanced their effector function (Fig. 6, C-
E). Intrahepatic CD8* T cells showed significantly up-regulated expression of granzyme B
(Fig. 6D) and enhanced production of IFN-y with a slight increase in TNF-a production (Fig.
6E) following anti-B7-H1 treatment of core(+) mice. In contrast, only a slight increase in
CD8™* T cell effector response was detected in core(—) mice treated with anti-B7-H1 Ab (data
not shown).

Blockade of the PD-1/B7-H1 inhibitory pathway in core(+) mice enhances T cell proliferation
and infiltration to the lobular region of the liver

A crucial factor involved in the successful control of intrahepatic infections is the effective
extravasation and infiltration of virus-specific CD8* T cells into the lobular region of the liver
(29-32). The slow flow of the liver compartment allows for deletion of virus-specific CD8* T
cells by liver sinusoidal endothelial cells as they migrate into the liver (33-36). To examine
the effect of anti-B7-H1 treatment on the infiltration of T cells into the liver, we analyzed the
localization of CD3* cells by performing immunohistochemistry on liver tissues harvested
from core(+) mice treated with either B7-H1 blocking Ab or control Ab (Fig. 7A). Importantly,
we observed a significant increase in the total number of T cells that are able to infiltrate into
the lobular areas of the liver of B7-H1-treated core(+) mice (Fig. 7B). However, there was only
a negligible difference in the number of T cells in the periportal regions between the B7-H1
blockade treatment group and the control group (Fig. 7C). Interestingly, anti-B7-H1 blockade
treatment was still able to enhance T cell infiltration into the lobular regions of infected livers
when it was administered to the mice at later time points (days 14 and 17) (data not shown).

To assess the ability of anti-B7-H1 blockade treatment to enhance T cell proliferation at the
site of Ad-LacZ infection in core(+) mice, we determined the expression of Ki67 by intrahepatic
lymphocytes by immunohistochemistry. As shown in Fig. 7D, blockade of the PD-1/B7-H1
inhibitory pathway in core(+) mice was able to increase the proliferation of liver lymphocytes.
Taken together, these findings suggest that blockade of the PD-1/B7-H1 pathway can improve
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T cell infiltration into infected tissue where antiviral T cells can carry out their cytotoxic T cell
responses on virally infected cells. In addition, we have also found that anti-B7-H1 blockade
treatment enhances T cell proliferation and expansion at the site of Ad-LacZ infection.

Discussion

In this report, we demonstrate that intrahepatic expression of HCV core impairs pgal-specific
CD8* T cells, resulting in failed clearance of Ad-LacZ infection. The functional analysis of
Bgal-specific CD8* T cells revealed that the expression of HCV core by hepatocytes alters the
magnitude of the pgal-specific CD8* T cell response and suppresses both CD8* T cell effector
cytokine production (i.e., IFN-y and TNF-a) and cytolytic potential. In addition, high levels of
PD-1 expression by intrahepatic fgal-specific CD8" T cells and B7-H1 expression by liver
DCs were sustained in core(+) mice as compared with that in core(—) mice. Suppression of
CD8* T cell responses was limited to the liver compartment where core is expressed and was
not observed in the spleen. Importantly, blockade of the PD-1/B7-H1 inhibitory pathway
rescued exhausted CD8* T cells in core(+) mice and led to successful clearance of Ad-LacZ
infection.

Chronic HCV infection in humans is characterized by CD8* T cell exhaustion and dysfunction
(37). Recently, it has been reported that increased expression of PD-1 is associated with the
impaired HCV-specific CD8* T lymphocytes observed in chronic HCV patients (11-13).
However, the underlying mechanism(s) for HCV-mediated impaired CD8* T cell responses
has yet to be determined. Based on our finding of impaired intrahepatic CD8* T cell responses
in core(+) mice, it is possible that HCV core-induced T cell dysfunction may contribute one
of the viral factors that causes impaired CD8™" T cell responses as seen in chronic HCV patients.
From our study we found that splenic CD8* T cell responses are not altered in core(+) mice.
One possible explanation is that HCV core-expressing hepatocytes may not inhibit the CD8*
T cell response at the induction phase. Instead, the inhibition may rather occur at the point
where CD8* T cells enter the livers of core(+) mice and either undergo apoptosis or become
defective in further proliferation/effector activity. That is, it is likely that HCV core-expressing
hepatocytes alter the liver inflammatory conditions, thereby inhibiting CD8" T cell responses
either directly or indirectly by DC dysregulation. Furthermore, we have observed increased
caspase-3 staining by intrahepatic CD8* T cells in core(+) mice during Ad-LacZ infection,
indicating enhanced apoptosis of T cells as a potential mechanism for the observed
dysregulation of T cell responses in the livers of core(+) mice (data not shown).

Based on our findings that impaired CD8" T cell responses correlate with sustained PD-1
expression in core(+) mice, it is likely that the PD-1/B7-H1 pathway plays a major inhibitory
role in our HCV core transgenic model. The role of PD-1/B7-H1 as a mechanism for liver
tolerance has been well established. Indeed, PD-1 expression by T cells has been shown to
inhibit intrahepatic antiviral immune responses at the effector phase (20,21,38). The initial
induction of PD-1 by CD8* T cells in both core(+) and core(-) mice at the early stage of viral
infection provides further evidence that PD-1 plays an important role in controlling intrahepatic
T cell responses. However, at later time points the expression of PD-1 by Sgal-specific
intrahepatic CD8* T cells remains significantly elevated in core(+) mice whereas it decreases
appreciably in core(—) mice. Our studies suggest that enhanced expression of PD-1 and B7-
H1 in core(+) mice following Ad-LacZ infection modulates both antiviral immunity and
effector CD8" T cell deletion. The loss of PD-1 expression by CD8" T cells in core(—) mice
at later time points during Ad-LacZ infection is likely due to successful viral control, leading
to clearance of Ag from the liver. The sustained PD-1 expression in core(+) mice is due to
higher levels of B7-H1 expression by liver DCs in core(+) mice and an inability to rapidly clear
viral Ag. More so, we believe that enhanced expression of PD-1 on Sgal-specific CD8* T cells
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is due to a partially exhausted phenotype exhibited by the T cells in an environment
characterized by Ag persistence.

Currently, it remains unclear how intrahepatic expression of HCV core suppresses CD8* T
cell responses during Ad-LacZ infection. It is possible that HCV core is secreted from
hepatocytes in core(+) mice and that extracellular core protein exerts an immunomodulatory
function. However, we were unable to detect secreted HCV core by using ELISA on our core
(+)-infected mice (data not shown). This could be due to a detection limit with our core ELISA.
However, we would rather believe that the expression of HCV core alone (not as polyproteins
including the E1 and E2 glycoproteins) might not allow for an appreciable secretion of HCV
core in core(+) mice. Thus, itis likely that intracellular core protein plays a role in the impaired
antiviral activity of CD8* T cells as observed in core(+) mice.

Based on the importance of innate immunity linking to adaptive immunity, it is tempting to
speculate on the potential mechanism of HCV core-mediated suppression of antiviral CD8* T
cell responses. First, HCV core has been shown to alter type 1 IFN responses in vitro (39—
41). Type 1 IFNs induce DC maturation and NK cell activation. Furthermore, the production
of type 1 IFNs is believed to be critical to overcome baseline tolerance in the liver and thus
HCV core-mediated alteration of type 1 IFNs in our murine model may explain the observed
dysregulation of CD8* T cell responses. Second, HCV core expression by hepatocytes has
been shown to impair NK-mediated activation of DC cells in vitro (42,43). Indeed, a human
cell line expressing HCV core has been reported to up-regulate HLA-E, a ligand for NK
inhibitory receptors. Recently, the immunoregulatory role for NK cells has emerged such that
NK cells can influence adaptive immune responses by their ability to secrete
immunomodulatory cytokines and chemokines. It is possible that altered expression of NK
inhibitory ligands in core(+) mice impairs the induction of effector immune responses. Third,
IL-10 has been shown to be a key mediator in the suppression of T cell responses during
persistent viral infection (44,45). Interestingly, anti-IL-10R treatment during chronic
lymphocytic choriomeningitis virus infection was shown to enhance antiviral T cell responses
and reduce expression of PD-1 by T cells (46). It is possible that HCV core-expressing
hepatocytes alter DC activation and function and lead to enhanced IL-10 production. As aresult
of DC dysfunction, core(+) mice might not generate effective CD8" T cell responses.

Nevertheless, our studies demonstrate that in vivo treatment with anti-B7-H21 blocking Ab can
restore effective antiviral intra-hepatic T cell responses in core(+) mice. Importantly, blockade
of this pathway enhances viral clearance by releasing HCV core-mediated immune
suppression. At this point, it is not clear if the increased numbers of virus-specific T cells
observed in the B7-H1 blockade group is due to decreased deletion of activated T cells in the
liver. We have shown thus far that the proliferation marker Ki67 is expressed at higher levels
in core(+) mice that received anti-B7-H1 blocking Ab. Importantly, we have also observed a
decreased TUNEL-positive signal in the livers of core(+) mice treated with B7-H1 blockade
(J. R. Lukens, unpublished observations). These results suggest that the observed increase in
the frequency of ggal-specific T cells in the anti-B7-H1 treatment group is due to both decreased
deletion of CD8* T cells and enhanced proliferation of virus-specific CD8* T cells.
Interestingly, blockade of the PD-1 pathway might affect the ability of activated CD8* T cells
to infiltrate into the lobular region where virus-infected hepatocytes reside. Furthermore, anti-
B7-H1 blockade treatment may be a potential therapeutic treatment strategy to treat chronic
HCYV patients. The HCV core transgenic model described in this report will be useful for testing
the efficacy of therapeutic agents to restore antiviral CD8* T cell activity as well as their
effector function on viral clearance.

In summary, we report that the expression of HCV core in the liver compartment of mice
impairs adenovirus clearance and CD8" T cell responses. The suppressed CD8™ effector T cell
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responses observed in core(+) mice coincides with an elevated expression of PD-1 by virus-
specific CD8"* T cells and B7-H1 by liver DCs. Importantly, blockade of the PD-1/B7-H1
inhibitory pathway rescues viral clearance, CD8" T cell effector cytokine production, and
granzyme B expression in core(+) mice. These findings implicate a potential therapeutic
strategy to manipulate the PD-1/B7-H1-negative signaling pathway to restore effector T cell
responses in chronic HCV patients.
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FIGURE 1.

Intrahepatic expression of HCV core by transgenic mice. A, Diagram of the HCV core(+)
transgene construct. The HCV core gene was inserted downstream of the Alb promoter. The
dotted box indicates cDNA encoding the HCV core protein. B, Expression of core protein in
core(+) mice. Liver samples from core(+) and core(—) mice were prepared for Western blot
analysis using anti-core Ab. C, Liver-specific expression of core mMRNA. Various tissues
harvested from core(+) mice were used to determine the mRNA expression of the core gene
by RT-PCR. As a control, reverse transcriptase was omitted from the indicated liver tissue
samples (—RT). H, Heart; I, intestine; K, kidney; Li, liver; L, lung; S, spleen; T, thymus.
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FIGURE 2.

HCV core-mediated dysregulation of Ad-LacZ clearance. A, Core(+) and core(—) mice were
infected with 5 x 108 PFU of Ad-LacZ i.v. and mice were analyzed for clearance of fgal Ag
on days 7, 14, and 21 p.i. Frozen liver sections were analyzed by LacZ staining (original
magnification x40). The displayed images are representative of at least three independent
experiments. B, The percentage of liver area positive for LacZ staining was quantified using
ImageJ software. The bars indicate the average percentage of liver area that scored positive for
LacZ staining (+SEM). Data were pooled from separate experiments and the total number of
mice analyzed for LacZ staining for each group is indicated in the bars of the graph (*, p <
0.05; **, p < 0.005;***, p <0.0001). C, CD8" T cell-dependent clearance of Ad-LacZ-infected
hepatocytes. oM~ and control mice were infected with 5 x 108 PFU of Ad-LacZ i.v. The
liver tissues were harvested on day 14 p.i. and used for LacZ staining.
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FIGURE 3.

Impaired CD8* T cell responses in the livers of core(+) mice. Core(+) and core(-) mice were
infected with 5 x 108 PFU of Ad-LacZ i.v. A, fgal-specific CD8" T cells were analyzed from
the livers of Ad-LacZ-infected core(+) and core(—) mice on days 7 and 14 p.i. using MHC class
| H2-KP Bgal tetramer (tet). The percentages of CD8* T cells that are Agal tetramer* are
indicated. Data show one representative mouse per group (n = 3). Results are representative
of three independent experiments for the day 7 data and four independent experiments for the
day 14 data. B, Granzyme B (GrB) expression by intrahepatic CD8* T cells 14 days p.i. The
numbers adjacent to the histogram legends represent the percentage of liver CD8* T cells
expressing granzyme B. The results are representative of four separate experiments with at
least three mice per experimental group. C, Effector cytokine production (IFN-y and TNF-a)
by intrahepatic CD8* T cells on day 7 and 14 p.i. with Ad-LacZ. Liver lymphocytes were
restimulated with PMA/ionomycin for 5 h and intracellular IFN-y and TNF-a production was
determined for the CD8* T cell population. The numbers in the dot plots represent the
percentage of CD8" T cells that are positive for the corresponding cytokine. Data show one
representative mouse per group (n = 3). The results are representative of two independent
experiments.
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FIGURE 4.

No difference in splenic pgal-specific CD8* T cell responses between core(+) and core(-)
mice. Core(+) mice and core(-) littermates were injected i.v. with 5 x 108 PFU of Ad-LacZ.
On day 14 p.i., lymphocytes from spleen tissues were analyzed for the magnitude of pgal-
specific CD8* T cells and their effector function as described in the legend of Fig. 3. Data show
one representative mouse per group (n = 3). The results are representative of two independent
experiments. Tet, Tetramer.
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FIGURE 5.

Kinetics of PD-1 and B7-H1 expression in the livers of core(+) and core(—) mice. Core(+) and
core(—) mice were infected with 5 x 108 PFU of Ad-LacZ i.v. A, Kinetics of PD-1 expression
by pgal-specific CD8* T cells on intrahepatic lymphocytes from core(+) and core(-) mice
infected with Ad-LacZ. Representative data of one mouse from a litter of core(+) and core(-)
mice are shown. Data are representative of at least two independent experiments. For day 0
the expression of PD-1 was assessed on the bulk CD8* T cell population. B, Kinetics of B7-
H1 expression by liver DCs from core(+) and core(—) mice infected with Ad-LacZ.
Representative data of one mouse from a litter of core(+) and core(—) mice are shown. C, The
MFI values of PD-1 expressed on Bgal-specific CD8* T cells and B7-H1 expressed by bulk
liver cells from core(+) and core(—) mice on day 21 following Ad-LacZ infection were pooled
from two independent experiments (xSEM) (*, p < 0.05; **, p < 0.005). The bar graph on the
left represents the MFI of PD-1 expressed on Sgal-specific CD8* T cells from core(+) and core
(=) mice on day 21 following Ad-LacZ infection. The bar graph on the right represents the
MFI1 of B7-H1 expressed by bulk liver cells on day 21 p.i. D, The MFI expression of B7-H1
(xSEM) by intrahepatic CD11c* leukocytes from core(+) and core(—) mice on days 14 and 21
p.i. (n = 3). Data are representative of four independent experiments for the day 14 data and
two independent experiments for the day 21 data (*, p < 0.05).
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FIGURE 6.

Blockade of the PD-1/B7H1 inhibitory pathway increases Ad-LacZ clearance and CD8* T cell
function in core(+) mice. Core(+) mice were infected with 5 x 108 PFU of Ad-LacZ i.v. and
then received either anti-B7-H1 (aB7-H1; 200 ug i.p.) or control (rat IgG2a) treatment on days
8 and 11 p.i. Liver tissues were harvested on day 14 p.i. A, LacZ staining was performed on
the liver sections isolated 14 days p.i. The displayed images are representative of two
independent experiments. B, The percentage of liver area positive for LacZ staining was
quantified using ImageJ software (***, p < 0.0001). Results are pooled from two independent
experiments. C, fgal-specific CD8" T cell numbers in the liver were analyzed on day 14
(xSEM). Data pooled from two independent experiments are represented (*, p < 0.05). D,
Granzyme B (GrB) expression by intrahepatic CD8* T cells. The numbers adjacent to the
histogram represent the percentage of liver CD8* T cells expressing granzyme B (+SEM).
Represented data was pooled from two independent experiments. E, Effector cytokine
production (IFN-y and TNF-a) by intrahepatic CD8* T cells 14 days p.i. with Ad-LacZ.
Following PMA/ionomycin stimulation, intracellular IFN-y and TNF-a production was
determined for the CD8* T cell population as described in the legend of Fig. 3C. The numbers
in the dot plots represent the percentage of CD8* T cells that are positive for the corresponding
cytokine (xSEM). Data are representative of two independent experiments.
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FIGURE 7.

Blockade of the PD-1/B7-H1 inhibitory pathway increases the number intrahepatic T cells
infiltrating into lobular regions of core(+) mice. Core(+) mice were infected with 5 x 108 PFU
of Ad-LacZ i.v. and then received either anti-B7-H1 (aB7-H1; 200 g i.p.) or control (rat
1gG2a) treatment on days 8 and 11 p.i. and liver tissue was harvested on day 14 p.i. The day
21 mice received either anti-B7-H1 blocking treatment or control Ab as mentioned above on
days 14 and 17 p.i. Liver tissue was harvested either on day 14 or day 21 p.i. A, Harvested liver
tissue was analyzed by immunostaining with anti-CD3 Abs (original magnification x100).
Arrows indicate the infiltration of T cells into lobular regions. T cells residing in the periportal
region of the liver are designated with arrowheads. Sections are representative of two
independent experiments. B and C, Quantification of lobular (B) and periportal T cells (C) in
the liver of the core(+) mice. The number of CD3* T cells in the periportal and lobular regions
of the liver was determined by counting positive leukocytes in five random sections of each
region at x400 magnificaiton. Mean numbers of T cells in each compartment are indicated
(xSEM). Data are representative of two independent experiments (*, p < 0.05; ns, not
statistically significant). D, Liver tissue was harvested from Ad-LacZ infected core(+) mice
that received either anti-B7-H1 or control Ab treatment as mentioned above and sections were
stained for Ki67 to analyze leukocyte proliferation in the liver. The number of Ki67* leukocytes
was quantified by counting positive leukocytes in five random sections of each region at x400
magnification. Mean numbers of Ki67* lymphocytes in the livers of infected mice are indicated
(xSEM). Data are representative of three independent experiments.
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