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ABSTRACT The antiviral effects of hepatitis C virus (HCV)-specific CD8 T cells have
been shown in an HCV replicon system but not in an authentic infectious HCV cell
culture (HCVcc) system. Here, we developed tools to examine the antigenicity of
HCV-infected HLA-A2-positive Huh7.5 hepatoma cells (Huh7.5A2 cells) in activating
HCV-specific CD8 T cells and the downstream antiviral effects. Infectious HCV epitope
mutants encoding the well-defined genotype 1a-derived HLA-A2-restricted HCV NS3-
1073 or NS5-2594 epitope were generated from a genotype 2a-derived HCV clone
(Jc1Gluc2A) by site-directed mutagenesis. CD8 T-cell lines specific for NS3-1073 and
NS5-2594 were expanded from HCV-seropositive persons by peptide stimulation in
vitro or engineered from HCV-seronegative donor T cells by transduction of a lentivi-
ral vector expressing HCV-specific T-cell receptors. HCV-specific CD8 T cells were
cocultured with Huh7.5 cells that were pulsed with titrating doses of HCV epitope
peptides or infected with HCV epitope mutants. HCV-specific CD8 T-cell activation
(CD107a, gamma interferon, macrophage inflammatory protein 1�, tumor necrosis
factor alpha) was dependent on the peptide concentrations and the relative per-
centages of HCV-infected Huh7.5A2 cells. HCV-infected Huh7.5A2 cells activated
HCV-specific CD8 T cells at levels comparable to those achieved with 0.1 to 2 �M
pulsed peptides, providing a novel estimate of the level at which endogenously pro-
cessed HCV epitopes are presented on HCV-infected cells. While HCV-specific CD8
T-cell activation with cytolytic and antiviral effects was blunted by PD-L1 expression
on HCV-infected Huh7.5A2 cells, resulting in the improved viability of Huh7.5A2
cells, PD-1 blockade reversed this effect, producing enhanced cytolytic elimination of
HCV-infected Huh7.5A2 cells. Our findings, obtained using an infectious HCVcc sys-
tem, show that the HCV-specific CD8 T-cell function is modulated by antigen expres-
sion levels, the percentage of HCV-infected cells, and the PD-1/PD-L1 pathways and
has antiviral and cytotoxic effects.

IMPORTANCE We developed several novel molecular and immunological tools to
study the interactions among HCV, HCV-infected hepatocytes, and HCV-specific CD8
T cells. Using these tools, we show the level at which HCV-infected hepatoma cells
present endogenously processed HCV epitopes to HCV-specific CD8 T cells with anti-
viral and cytotoxic effects. We also show the marked protective effect of PD-L1 ex-
pression on HCV-infected hepatoma cells against HCV-specific CD8 T cells.
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CD8 T cells are critical antiviral effector cells that mediate both viral clearance and
the pathogenesis of liver disease in hepatitis C virus (HCV) infection. In a chimpan-

zee model of acute hepatitis C, the onset of liver inflammation and viral decline
coincided with the detection of increased levels of CD8 T cells in the liver (1), whereas
CD8 T-cell depletion prolonged the period of viremia with attenuated liver inflamma-
tion upon reinoculation of previously HCV-immune animals (2). In patients with acute
hepatitis C, successful viral clearance has been associated with a vigorous and broad
HCV-specific CD8 T-cell response (3). For example, CD8 T cells mediated the gamma
interferon (IFN-�)-mediated noncytolytic control of HCV replication, and the relevance
of cytotoxic T-lymphocyte escape variants was shown by direct coculture of HCV-
specific CD8 T cells with Huh7 cells transfected with HCV replicons (4–6). In contrast,
HCV persists with antiviral effector CD8 T-cell dysfunction (7–9).

T-cell dysfunction in chronic hepatitis C is associated with the induction of multiple
intrinsic and extrinsic inhibitory pathways, such as the PD-1, CTLA-4, and Tim-3 path-
ways, as well as regulatory T cells and cytokines (10–14). These regulatory pathways
also contribute to other chronic viral infections and tumor immunity. For example, PD-1
expression on CD8 T cells specific for HCV as well as hepatitis B virus (HBV) or human
immunodeficiency virus (HIV) has been associated with functional impairment that can
be restored by PD-1 blockade in vitro, with further synergy occurring through the
CTLA-4, Tim-3, and 4-1BB pathways (10, 11, 14). The therapeutic effect of PD-1 blockade
was also seen by a transient decline in the viral load with an enhanced intrahepatic
HCV-specific CD4 and CD8 T-cell response in 1/3 chimpanzees (15). Furthermore, a
single infusion of an anti-PD-1 monoclonal antibody resulted in a 4-log reduction in
HCV RNA titers in 3/10 patients with chronic hepatitis C, including 1 that experienced
an elevation of alanine aminotransferase levels to levels 17-fold above the upper limit
of normal (16).

Interest in the development of immunotherapy for HCV infection has declined due
to the availability of highly effective oral antivirals. However, interactions between
antiviral CD8 T cells and virus-infected hepatocytes may be relevant to treatment
approaches for other conditions, including liver cancer due to HCV or HBV, as well as
chronic hepatitis B (17, 18). In this regard, differential levels of cytolytic and noncytolytic
HCV suppression were displayed by T-cell receptor (TCR)-redirected human T cells
targeting HCV NS3 and NS5 upon coculture with HCV replicon cells (19). However, little
is known about CD8 T-cell interactions with Huh7.5 cells that are truly infected (rather
than transfected) with HCV.

In this study, we wished to examine the interactions between HCV-specific CD8 T
cells and HCV-infected Huh7.5 cells and to define the factors involved in HCV-specific
CD8 T-cell activation with antiviral and cytolytic effects. To this end, we established a
coculture system with HCV-infected HLA-A2-positive (HLA-A2�) Huh7.5 cells (Huh7.5A2
cells) and CD8 T cells specific for 2 different HLA-A2-restricted HCV epitopes that were
naturally expanded from HCV-seropositive persons or engineered by transduction of a
lentiviral vector expressing the HCV-specific TCR. We further examined the impact of
the PD-1/PD-L1 pathway on these interactions.

RESULTS
Natural and engineered CD8 T cells are activated by HLA-A2-transduced

Huh7.5 cells presenting exogenously pulsed cognate HCV epitope peptides. To
develop a coculture system with HCV-infected hepatoma cells and well-defined HLA-
A2-restricted HCV-specific CD8 T cells, HCV-permissive Huh7.5 cells were transduced
with a lentivirus that encodes HLA-A2 (Fig. 1A). The resulting HLA-A2� Huh7.5 cells
(Huh7.5A2 cells) could present exogenously pulsed known HLA-A2-restricted HCV
epitope peptides to activate HCV-specific CD8 T cells in a peptide-specific manner (Fig.
2). Figure 2A shows HLA-A2/peptide tetramer staining (left) and the peptide-specific
activation (right) of CD8 T cells with a natural HCV-specific TCR (nT cells) that were
expanded from spontaneous HCV resolvers. CD8 T cells isolated from healthy HCV-
seronegative donors were also engineered to express HCV-specific TCR by in vitro
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transduction with lentiviruses that encode HCV-specific T-cell receptors, as previously
described (20, 21). These CD8 T cells with an engineered HCV-specific TCR (eT cells)
could also bind specific HLA-A2/peptide tetramers with peptide-specific chemokine
production and CD107a mobilization (Fig. 2B), thereby enabling the use of seronegative
donor T cells in our study. Both nT cells and eT cells were used in our study.

Natural and engineered HCV-specific CD8 T cells are activated by HCV-
transfected or HCV-infected Huh7.5A2 cells that express endogenously processed
and presented genotype 1a-derived cognate HCV epitopes. We next examined if
Huh7.5A2 cells are (i) permissive for HCV replication and infection and (ii) capable of
processing and presenting endogenously synthesized HLA-A2-restricted HCV epitopes.
As shown in Fig. 3A, Huh7.5A2 cells were readily transfected by genotype 2a-derived
Jc1 and genotype 1a-derived H77s constructs. The culture supernatant of Jc1-
transfected Huh7.5A2 cells could efficiently infect naive Huh7.5A2 cells, as shown in Fig.
3B, but minimal infectivity was shown for the culture supernatant of H77s-transfected
Huh7.5A2 cells (data not shown). Nonetheless, HCV-specific CD8 T cells were activated
upon coculture with H77s-transfected Huh7.5A2 cells (Fig. 3C), indicating that HCV
epitopes can be endogenously processed and presented in the context of HLA-A2 by
Huh7.5A2 cells.

FIG 1 Huh7.5 target cell lines and HCV clones and their derivatives. (A) High-level expression of HLA-A2, PD-L1, and/or GFP in transduced
Huh7.5 cell lines. Huh7.5 cells were transduced with lentiviruses to express HLA-A2, PD-L1, and GFP and further purified by FACS. A high
level of expression of greater than 94% was confirmed by FACS. (B) Full-length HCV clones and their variants. The H77s (genotype [Geno]
1a) construct was kindly provided by Stanley Lemon (University of North Carolina) and Min-Kyung Yi (University of Texas, Galveston, TX).
The Jc1Gluc2A (genotype 2a) construct was kindly provided by Brett Lindenbach (Yale University) and Charles Rice (Rockefeller University).
Jc1-1073-1a and Jc1-2594-1a were derived from the Jc1Gluc2A clone by site-directed mutagenesis and encode immunogenic genotype
1a-derived HLA-A2-restricted CD8 T-cell epitopes NS3-1073 and NS5B-2594, respectively. Asterisks overlying the schematic map of HCV
constructs indicate the general locations of NS3-1073 and NS5B-2594 epitopes. The amino acid sequences of NS3 from residues 1073 to
1082 and NS5 from residues 2594 to 2602 are shown, with the genotype 1a-derived sequence being shown in black font and the genotype
2a-derived sequences being shown in red font. Correct substitutions were confirmed by sequence analysis. (C) Gating strategy for CD8
T cells following coculture. The red gate shows that the population in the conventional lymphoid/live gate is enriched for CD8 T cells,
whereas the blue gate (the hepatocyte [HC] gate), which has higher FSC-H/SSC-H values, mostly contains CD8-negative cells. (D)
Identification of Huh7.5A2GFP target cells by GFP expression in coculture. The green box gate for GFP� cells on the middle FACS panel
identifies most events in the HC gate (right FACS panel) and HCV� population. The red box gate for GFP� cells shows mostly low
FSC-H/SSC-H values without HCV expression outside the HC gate, as shown in the left FACS panel. Numbers in the FACS plots indicate
the frequency of the parent for gated cells.
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The infectious HCV clone Jc1 is based on genotype 2a and does not encode the
immunogenic genotype 1a-derived NS3-1073 and NS5B-2594 sequences. Therefore,
the Jc1 construct was modified by site-directed mutagenesis to encode the genotype-
1a-derived NS3-1073 (CINGVCWTV) or NS5B-2594 (ALYDVVSKL) sequence as described
in Materials and Methods. Huh7.5A2 cells could be transfected with these epitope
mutants (designated Jc1-1073-1a and Jc1-2594-1a, respectively), and the mutants
showed a high level of replication and infectivity similar to those of the original Jc1
strain (Fig. 3D). NS3-1073-specific CD8 T cells could be activated by Huh7.5A2 cells
infected with Jc1-1073-1a but not with the original Jc1 virus (Fig. 3E). Similarly,
NS5B-2594-specific CD8 T cells were readily activated by Jc1-2594-1a-infected
Huh7.5A2 cells (Fig. 3E, bottom). Furthermore, Huh7.5A2 cells infected with Jc1-1073-1a
were more immunogenic than those transfected with H77s (Fig. 3F, top), despite
comparable HCV NS5A expression levels according to both the percentage of cells
expressing NS5A and the mean fluorescence intensity (MFI) (Fig. 3F, bottom).

HCV-infected Huh7.5A2 cells activate HCV-specific CD8 T cells at levels com-
parable to those achieved with 0.1 to 2 �M peptide concentrations. Little is known
about the level of endogenous antigen presentation in HCV-infected cells. Therefore,
we compared the levels of HCV-specific CD8 T-cell activation between cocultures with
HCV-infected Huh7.5A2 cells (i.e., Jc1 epitope mutants) and cocultures with HCV-
infected Huh7.5A2 cells pulsed with titrating doses of HCV peptides. As shown in Fig.
4A, HCV-specific CD8 T cells showed increasing effector function as the peptide
concentration increased, although they were heterogeneous in their functional hierar-
chy (Fig. 4B). For example, engineered HCV NS3-1073-specific eT cells showed a greater
IFN-� response than CD107a mobilization, whereas the other two CD8 T-cell lines
showed higher levels of macrophage inflammatory protein 1� (MIP-1�) expression and
CD107a mobilization. As shown in Fig. 4B, maximal activation up to the level of the
percentage of tetramer-positive (tetramer�) CD8 T cells (shown as dashed line) and/or
a plateau could be reached at peptide concentrations of between 1 and 10 �M (Fig. 4B).
Importantly, HCV-infected Huh7.5A2 cells activated HCV-specific CD8 T cells at levels
comparable to those achieved with 0.1 to 2 �M peptide concentrations, providing
novel estimates of the level of endogenous processing and presentation of two
well-defined HLA-A2-restricted HCV CD8 T-cell epitopes in HCV-infected cells.

The level of HCV-specific CD8 T-cell activation is also associated with the
relative percentage of HCV-infected Huh7.5A2 cells. We examined if the percentage

FIG 2 Natural and engineered CD8 T cells are activated by HLA-A2-transduced Huh7.5 cells presenting
exogenously pulsed cognate HCV epitope peptides. HCV-specific CD8 T cells specific for well-defined
HLA-A2-restricted HCV NS3-1073 or NS5B-2594 epitopes were expanded from natural HCV resolvers (nT
cells) (A) or engineered from seronegative donor by lentiviruses expressing HCV-specific T cell receptors
(eT cells) (B), as shown by MHC/peptide tetramer (Tet) staining (left panels) as well as peptide-specific
activation with CD107a mobilization and/or MIP-1� expression upon exposure to Huh7.5A2 cells pulsed
exogenously with cognate peptides in vitro (right panels). To stimulate HCV-specific CD8 T cells,
Huh7.5A2 cells were seeded overnight at 1 � 105 cells in a 48-well plate or 2 � 105 cells in a 24-well plate,
pulsed with or without 10 �M cognate peptide for 1 h, and washed 3 times before the addition of 1 �
105 nT or eT cells. After 6 h of coculture, CD8 T cells were collected, washed, stained, and analyzed by
FACS. Numbers in the FACS plots indicate the frequency of the parent for gated cells.
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of HCV-positive (HCV�) Huh7.5A2 cells (as measured by flow cytometry) correlated with
the HCV-specific effector function. As shown in Fig. 5A, HCV-specific IFN-�, tumor
necrosis factor alpha (TNF-�), and MIP-1� expression as well as CD107a mobilization
increased as the frequency of HCV-infected Huh7.5A2 target cells increased. The
HCV-specific CD8 T-cell effector function was also compared to target cell/effector cell
(T/E) ratios, calculated as the number of HCV NS5A-positive Huh7.5A2 target T cells/
number of HCV-specific tetramer� CD8 effector T cells (Fig. 5B). As shown in Fig. 5B, the

FIG 3 Natural and engineered HCV-specific CD8 T cells are activated by HCV-transfected or HCV-infected
Huh7.5A2 cells that express endogenously processed and presented genotype 1a-derived cognate HCV
epitopes. (A) HCV expression, detected by anti-HCV NS5A, in Huh7.5A2 cells following transfection with
the H77s (genotype 1a) or Jc1Gluc2A (genotype 2a) construct. (B) Kinetics of HCV NS5A expression in
Huh7.5A2 cells after infection with the culture supernatant of Jc1Gluc2A-transfected Huh7.5A2 cells. (C)
Representative results of FACS showing HCV-specific activation of HCV NS3-1073-specific (top) and HCV
NS5B-2594-specific (bottom) nT cells upon coculture with HCV H77-transfected but not mock-transfected
Huh7.5A2 cells. (D) Representative FACS showing HCV NS5A expression in Huh7.5A2 cells following
infection with Jc1, Jc1-1073-1a, and Jc1-2594-1a. (E) Activation of CD8 T cells specific for genotype
1a-derived HCV NS3-1073 or NS5B-2594 by Huh7.5A2 cells infected with Jc1 epitope mutants but not
with the original Jc1 clone. Results are shown for nT cells (top) and eT cells (bottom). NS3-1073- or
NS5B-2594-specific CD8 T cells were detected by MHC/peptide tetramer (left) and activated by endog-
enous epitope presentation from HCV-infected (but not mock- or Jc1-infected) Huh7.5A2 cells (right). To
examine HCV-specific CD8 T-cell activation, HCV-infected or -transfected Huh7.5A2 cells were seeded at
1 � 105 cells in a 48-well flat-bottom plate or 2 � 105 cells in a 24-well flat-bottom plate and incubated
overnight to 24 h before coculture with 0.5 � 105 to 1 � 105 nT or eT cells for 6 h in 3 to 4 replicates,
followed by FACS analysis. (F) (Top) Comparison of HCV-specific CD8 T-cell effector function between
mock-infected, H77s-transfected (79% HCV�), and Jc1-1073-1a-infected (86% HCV�) Huh7.5A2 cells. Error
bars indicate standard deviations. (Bottom) HCV expression of H77s-transfected and Jc1-1073-1a-infected
Huh7.5A2 target cells by FACS multicolor plots and histogram overlays (the gray-shaded histogram
represents the mock-infected control). Numbers in the FACS plots indicate the frequency of the parent
for gated cells.
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HCV-specific CD8 T-cell activation level increased as the T/E ratio increased. As an
example, at a T/E ratio of 5 (i.e., five HCV-infected Huh7.5A2 target cells to one
HCV-specific CD8 T cell), approximately �30% of HCV-specific CD8 T cells showed
CD107a mobilization and �15% showed IFN-� production (Fig. 5B). As shown in Fig. 5B,
nT cells showed significant correlations between the T/E ratio and all four effector
functions examined, whereas eT cells showed significant correlations for IFN-� and
TNF-� expression but not for MIP-1� expression or CD107a mobilization. Collectively,
these findings suggest that HCV-specific CD8 T-cell activation is influenced by the
relative frequency of HCV-infected target cells.

HCV-specific CD8 effector T-cell function levels are blunted by PD-L1 expres-
sion in Huh7.5A2 cells and enhanced by PD-1 blockade. We then examined the
effect of PD-1/PD-L1 interactions in our HCV coculture system, using HCV-specific CD8
T cells that express PD-1 and Huh7.5A2 cells with and without PD-L1 expression. Figure
6A shows a high level of PD-1 expression in NS3-1073-specific CD8 nT cells expanded
with cognate peptide stimulation (without concurrent PD-L1 or PD-L2 expression;
data not shown), whereas PD-L1 was expressed in 99.9% of PD-L1-positive (PD-L1�)
Huh7.5A2 cells (Fig. 1A). Surprisingly, CD107a mobilization (but not IFN-�, TNF-�, or
MIP-1� expression) in NS3-1073-specific CD8 nT cells was significantly reduced in

FIG 4 HCV-infected Huh7.5A2 cells can activate HCV-specific CD8 T cells to levels comparable to those achieved with 0.1
to 2 �M peptide concentrations. (A) Representative FACS plots of NS3-1073-specific (top) and NS5B-2594-specific (bottom)
TCR-transduced eT cells cocultured with Huh7.5A2 cells pulsed with various concentrations of peptides or with Huh7.5A2
cells infected by Jc1-1073-1a or Jc1-2594-1a (far right, top and bottom, respectively). Specifically, Huh7.5A2 cells were
plated at 1 � 105 cells in a 48-well flat-bottom plate, cultured overnight, pulsed for 1 h with titrating doses of peptides
or medium, and washed 3 times before 6 h of coculture with 0.5 � 105 nT or eT cells in 3 to 4 replicates (anti-CD107a was
added at the start of coculture; GolgiStop protein transport inhibitor was added after 1 h), followed by surface and
intracellular staining for FACS. (B) HCV-specific CD8 T-cell activation after coculture with Huh7.5A2 cells pulsed with
titrating doses of HCV peptides and with HCV-infected Huh7.5A2 cells (29 to 60% HCV NS5A-positive cells). The y axes show
HCV-specific CD8 T-cell activation levels. The x axes show peptide concentrations. The levels of activation of CD8 T cells
cocultured with HCV-infected Huh7.5A2 cells are shown on the far right of each panel, with colored dotted lines
extrapolating comparable CD8 T-cell activation levels and the corresponding peptide concentrations in cocultures with
peptide-pulsed Huh7.5A2 cells. Error bars indicate standard deviations. The horizontal dashed lines show the percentage
of tetramer-positive CD8 T cells in each eT cell or nT cell line. Numbers in the FACS plots indicate the frequency of the
parent for gated cells.
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cocultures with PD-L1� Huh7.5A2 cells compared to cocultures with wild-type (WT)
Huh7.5A2 cells (Fig. 6B and C). This suggested that the PD-1/PD-L1 interaction has a
greater impact on cytolytic capacity than cytokine production by HCV-specific CD8 T
cells in this system.

In contrast, pretreatment of CD8 T cells with anti-PD-1 before coculture with
peptide-pulsed PD-L1� Huh7.5A2 cells enhanced HCV-specific CD107a mobilization as
well as IFN-� and TNF-� production (Fig. 6D). As expected, PD-1 blockade did not
promote a similar functional enhancement of PD-L1-negative Huh7.5A2 cells (data not
shown). Although �90% of HCV-specific nT cells were CTLA-4 positive, CTLA-4 block-
ade did not enhance HCV-specific CD8 T-cell function since B7 expression was lacking
in Huh7.5A2 cells in this system (data not shown).

PD-L1 expression on HCV-infected Huh7.5A2 cells protects their viability in re-
sponse to HCV-specific CD8 T cells. Based on the cytolytic potential detected in
HCV-specific CD8 T cells, we then compared the frequencies of and HCV expression
levels (on a per cell basis) for HCV-infected Huh7.5A2 cells cocultured with HCV-specific
and nonspecific CD8 T cells. To distinguish between viable Huh7.5A2 cells from CD8�

effector T cells and debris in the cocultures, Huh7.5A2 cells were transduced with green
fluorescent protein (GFP) and sorted to a high purity (�99%) (Fig. 1A). As shown in Fig.
1D, GFP-positive (GFP�) and HCV� cells were detected largely in the hepatocyte gate,
whereas GFP-negative (GFP�) cells were smaller than hepatocytes according to their
forward scatter (FSC) and side scatter (SSC) characteristics. As shown in representative
fluorescence-activated cell sorting (FACS) plots and bar graphs in Fig. 7A, cocultures
with HCV-specific CD8 T cells retained significantly fewer GFP� cells (both total and
HCV� GFP� cells) and showed lower levels of HCV expression in GFP� cells on the basis
of the percentage of HCV�/GFP� cells and the MFI of HCV NS5A/GFP� cells than

FIG 5 The level of HCV-specific CD8 T-cell activation is associated with the percentage of HCV-infected Huh7.5A2
cells. (A) The HCV-specific effector function is compared to the percentage of cells expressing NS5A in cocultures
with Huh7.5A2 cells (the percent NS5A expression was modified by serial dilution of HCV-infected Huh7.5A2 cells).
(B) Comparison of HCV-specific CD8 effector T-cell function with the target cell/effector cell ratio (the ratio between
the number of HCV NS5A-positive Huh7.5A2 target cells and the number of tetramer-positive CD8 effector T cells).
Infected Huh7.5A2 cells were plated at 1 � 105 cells in a 48-well flat-bottom plate or 2 � 105 cells in a 24-well
flat-bottom plate for 24 h and cocultured with 0.5 to 2 � 105 nT or eT cells for 6 h in 3 to 4 replicates. The number
of HCV� target cells per well was calculated from the total number of Huh7.5A2 cells plated times the percentage
of HCV NS5A-positive Huh7.5A2 cells. The number of tetramer-positive CD8� T cells was calculated from the
percentage of tetramer-positive CD8 T cells times the number of CD8 T cells added per well. Results consisting of
25 data points from 8 independent experiments are shown. Open circles, eT cells (from three healthy donors); black
triangles, nT cells (from one HCV resolver). P values were calculated by the nonparametric Spearman test.
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cocultures with nonspecific CD8 T cells (Fig. 7A). These findings are consistent with the
cytolytic elimination of HCV-infected GFP� Huh7.5A2 cells by HCV-specific CD8 T cells.

We then examined if PD-L1 expression in Huh7.5A2 target cells modified their
elimination by CD8 T cells. As shown in Fig. 7B, the percentages of GFP� and HCV�

GFP� cells were significantly higher for PD-L1� than WT Huh7.5A2 cells following
coculture with HCV-specific CD8 T cells (P � 0.0001). These differences persisted when
they were compared as the ratios between cocultures with HCV-specific and nonspe-
cific CD8 T cells, suggesting that PD-L1 expression on HCV-infected Huh7.5A2 cells
protects against their elimination by HCV-specific CD8 T cells. However, PD-L1 expres-
sion on Huh7.5A2 cells was not associated with increased HCV expression (by both the
percentage of HCV�/GFP� cells and the MFI of HCV NS5A/GFP� cells), suggesting that
PD-L1 may have a greater impact against the cytotoxic activity than the antiviral activity
of HCV-specific CD8 T cells in our system.

To examine if PD-1 blockade may reverse the cytoprotective effect of PD-L1,
Jc1-1073-1a-infected PD-L1� Huh7.5A2 cells were cocultured with HCV NS3-1073-
specific or nonspecific CD8 T cells that had been pretreated with anti-PD-1 blocking or
isotype antibody. As shown in Fig. 7D and E, anti-PD-1 pretreatment of HCV-specific
CD8 T cells significantly reduced the total percentages of GFP�, HCV� GFP�, and
HCV�/GFP� cells among Huh7.5A2 cells but did not have a significant effect on HCV
expression according to the MFI. Similar results were obtained in three independent
experiments with various T/E ratios (data not shown). Thus, PD-L1 expression on
HCV-infected cells promoted the survival of HCV-infected Huh7.5A2 cells by attenuat-
ing the HCV-specific CD8 T-cell cytolytic effector function, whereas PD-1 blockade
enhanced the cytolytic elimination of HCV-infected cells.

FIG 6 The HCV-specific CD8 effector T-cell function is blunted by PD-L1 expression in Huh7.5A2 cells and
enhanced by PD-1 blockade. (A) A representative FACS plot showing high levels of PD-1 expression in
the HCV-specific CD8� T-cell line used in the assay. (B) Representative FACS plots of HCV-specific CD8 T
cells cocultured with peptide-pulsed Huh7.5A2 cells without PD-L1 expression (WT Huh7.5A2) and with
PD-L1 expression (PD-L1� Huh7.5A2, 99.9% PD-L1� cells) pretreated with isotype IgG (iso) or anti-PD-1
blocking antibody (�PD-1). (C) Ratio of the HCV-specific CD8 T-cell effector function upon coculture with
PD-L1� Huh7.5A2 cells and WT Huh7.5A2 cells. (D) Ratio of HCV-specific CD8 T-cell effector functions
(CD107a mobilization and expression of IFN-�, TNF-�, and MIP-1�) between cocultures of PD-L1�

Huh7.5A2 cells that were pretreated with anti-PD-1 or with isotype antibody. Huh7.5A2 cells were plated
at 1 � 105 cells in a 48-well flat-bottom plate and incubated for 24 h before the addition of 0.3 � 105

nT cells for 6 h. The Huh7.5A2 cells in selected wells were pulsed with 10 �g/ml peptides for 1 h and
washed 2 times with medium before the addition of T cells. Dotted horizontal lines indicate a ratio of 1.0.
Error bars indicate standard deviations. P values were calculated by the Student t test (n � 3). Numbers
in the FACS plots indicate the frequency of the parent for gated cells.
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FIG 7 PD-L1 expression on HCV-infected Huh7.5A2 cells protects their viability in response to HCV-specific CD8 T cells. (A) Elimination of
HCV-infected Huh7.5 cells by HCV-specific CD8 T cells following coculture. (Left) Representative FACS plots showing GFP and HCV NS5A
expression in HCV Jc1-1073-1a-infected GFP-labeled Huh7.5A2 cells following coculture with nonspecific and HCV NS3-1073-specific CD8
T cells. Green-boxed gates are total GFP� cells (consisting mostly of the population with high FSC/SSC characteristics consistent with
hepatocytes, as shown in Fig. 1D). The red-outlined gate includes GFP� cells that were also positive for HCV NS5A expression. (Right) Bar
graphs show significantly reduced mean percentages of GFP�, HCV� GFP�, and HCV�/GFP� cells and the MFI of HCV NS5A/GFP� cells
in cocultures with HCV-specific CD8 T cells compared to those of nonspecific CD8 T cells. Error bars indicate standard deviations, and P
values were calculated by the Student t test (n � 3). (B) Representative FACS plots of HCV-infected WT and PD-L1� Huh7.5A2GFP target
cells after coculture with nonspecific or HCV-specific CD8 T cells. (C) (Left) Bar graphs compare the average percentages of GFP� cells in
the hepatocyte gate, HCV� GFP� cells in the hepatocyte gate, and HCV� cells in GFP� cells in the hepatocyte gate, and the MFI of HCV�

GFP� cells between cocultures with HCV-specific and nonspecific CD8 T cells with WT (black bars) and PD-L1� (gray bars) Huh7.5A2GFP-

(Continued on next page)
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DISCUSSION

Much is known about the phenotype, function, and mechanisms of dysfunction of
HCV-specific CD8 T cells isolated from HCV-infected patients (22). However, due to a
lack of convenient in vitro and in vivo models of HCV infection, there are limited data
regarding the direct impact of HCV-specific CD8 T cells on HCV and HCV-infected
hepatocytes. For example, CD8 T-cell-mediated cytolytic and noncytolytic control of
HCV replication was shown in vitro using HCV-specific CD8 T cells from an HCV-infected
patient with HCV replicon cells (4, 5), including a study examining CD8 T-cell responses
to well-defined HLA-A2-restricted HCV epitopes expressed by HLA-A2-transduced HCV
replicon cells. More recently, the antiviral efficacy of HCV-specific CD8 T cells against
HCV replicon cells was associated with their expression of not only IFN-� but also
CD127 and PD-1 (23). In our study, we examined the antiviral effect of HCV-specific
CD8 T cells and their regulation in an authentic infectious HCV cell culture (HCVcc)
system using (i) infectious HCV clones encoding well-defined HCV CD8 T-cell
epitopes and (ii) HCV-specific CD8 T cells expanded from HCV resolvers with natural
TCR or engineered from healthy controls by transduction of the lentiviral vector
expressing HCV-specific TCR.

A key feature of our study was the use of an infectious HCVcc system. Although it
was not directly compared with an HCV replicon system, the HCVcc system may more
closely resemble the in vivo scenario due to continued viral spread and adaptation.
Notably, genotype 2a-derived Jc1 mutant clones retained their infectivity and replica-
tive capacity, despite genotypic substitutions of NS3-1073 or NS5A-2594 epitope
sequences. Consistent with the mutable quasispecies nature of HCV, epitope mu-
tations were tolerated without compromising infectivity and replicative capacity.
Moreover, the substituted genotype 1a epitope sequences were processed and
presented in the context of HLA-A2, resulting in the activation of HCV-specific CD8
T cells in an epitope-specific and HLA-A2-restricted manner. This was not bystander
activation, since HCV-specific CD8 T-cell activation did not occur in Huh7.5A2 cells
infected with wild-type genotype 2a virus or HLA-A2-negative Huh7.5 cells.

Our HCVcc system provided a novel opportunity to examine the level at which
HCV-infected hepatocytes can present endogenously processed HCV epitopes and
activate HCV-specific CD8 T cells. HCV-specific CD8 T cells showed a dose-dependent
increase in antigen-specific effector function when they were cocultured with Huh7.5
cells pulsed with titrating doses of exogenous HCV peptides. This was not due to
expansion of HCV-specific CD8 T cells from HCV-seropositive donors with a diverse
affinity for TCR, since a similar dose dependence was also observed for engineered CD8
T cells expressing the same HCV-specific TCR. Compared to peptide-pulsed Huh7.5A2
cells, HCV-infected Huh7.5A2 cells activated HCV-specific CD8 T cells at levels similar to
those achieved with 0.1 to 2 �M peptide concentrations (Fig. 4). Huh7.5A2 cells infected
with the Jc1-1073-1a epitope mutant were more immunogenic than H77s-transfected
Huh7.5A2 cells, despite similar HCV expression levels (Fig. 3F). Increased HCV-specific
CD8 T-cell activation by Jc1 virus was also intriguing since Jc1 was derived from the
JFH1 clone, which was isolated from a unique patient with fulminant hepatitis C. While
Huh7.5 cells are not primary hepatocytes and have a deficient interferon response, our

FIG 7 Legend (Continued)
positive target cells. The percentages of GFP� and HCV� GFP� target cells were greater when HCV-specific CD8 T cells were cocultured
with PD-L1� than WT Huh7.5A2GFP target cells. (Right) Bar graphs show the average ratios for the percentages of GFP� cells in the
hepatocyte gate, HCV� GFP� cells in the hepatocyte gate, and HCV� cells in GFP� cells, and the MFI of HCV� GFP� cells between
cocultures with HCV-specific and nonspecific CD8 T cells. PD-L1 expression was associated with increased ratios between cocultures with
HCV-specific and nonspecific CD8 T cells for the percentages of GFP� and HCV� GFP� cells but not for the percentages of HCV� cells
among GFP� cells or the MFI of HCV� GFP� cells. Error bars indicate standard deviations, and P values were calculated by the Student
t test (n � 3). (D) (Top) Representative FACS plots of HCV-infected PD-L1� Huh7.5A2 cells following coculture with nonspecific or
HCV-specific CD8 T cells that were pretreated with isotype or anti-PD-1 (�PD1) antibodies. (E) Bar graphs compare average ratios for the
percentages of GFP�, HCV� GFP�, and HCV�/GFP� cells and the MFI of HCV� GFP� cells between cocultures with HCV-specific or
nonspecific CD8 T cells. Error bars indicate standard deviations, and P values were calculated by the Student t test (n � 4). In these
experiments, Huh7.5A2 cells were plated at 1 � 105 cells in a 24-well flat-bottom plate overnight, followed by the addition of 1 � 106

nT cells for 24 h of coculture. Numbers in the FACS plots indicate the frequency of the parent for gated cells.
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findings show that they can efficiently process and present HCV epitopes, including the
genotype 1a-derived HCV NS3-1073 epitope in the context of a genotype 2a-derived
flanking sequence.

We speculate that the percentage of HCV-infected hepatocytes and their levels of
endogenous HCV epitope expression are lower in vivo in HCV-infected patients than in
the HCVcc system in vitro. Indeed, the estimated percentage of HCV-infected hepato-
cytes in patients with chronic hepatitis C varies widely and ranges from 1% to 50% in
association with serum HCV RNA titers (24), whereas the percentages of HCV� Huh7.5
cells were generally higher (29 to 95%) in our assays. Since the HCV-specific CD8 T-cell
activation level was associated with the available number of HCV-infected target cells
(Fig. 4), we further speculate that only a small percentage of HCV-specific CD8 T cells
may be fully activated in vivo due to the limited number of HCV-infected cells with high
levels of epitope expression, thus contributing to further HCV persistence.

Another distinct aspect of our study was the use of CD8 T cells that were transduced
by lentiviruses to express T-cell receptors specific for well-defined HLA-A2-restricted
HCV-specific CD8 T-cell epitopes. These engineered HCV-specific eT cells were derived
with variable transduction efficiencies (15 to 40%) from total CD8 T cells from HCV-
seronegative healthy donors. Similar to CD8 T cells transduced with TCRs specific for
HIV and HBV (18, 21), HCV-specific eT cells showed antigen-specific activation and
antiviral activities that were comparable to those of nT cells. The eT cells from healthy
seronegative donors and nT cells from spontaneous HCV resolvers may be more
functionally competent than functionally exhausted HCV-specific CD8 T cells in patients
with chronic hepatitis C (10–14), despite the high level of induction of PD-1 and CTLA-4
expression after in vitro expansion. Somewhat surprisingly, in our system, HCV-specific
CD8 T cells exerted a more cytolytic function (e.g., CD107a mobilization, elimination of
HCV-infected GFP� Huh7.5 cells) than an antiviral function. These eT cells (and lenti-
viruses expressing HCV-specific TCRs) may prove useful in further probing host-virus
interactions and their regulation to dissect their various functions. Furthermore, while
their use against HCV in this era of highly effective direct antiviral drugs is unlikely (25),
TCR-engineered T cells and other immunotherapeutic approaches provide exciting new
avenues to treat cancer, chronic infection, and autoimmunity (26, 27).

In conclusion, we developed a novel system to examine CD8 T-cell interactions with
an infectious HCVcc system using both naturally expanded and engineered CD8 T cells.
We further show that the HCV-specific CD8 T-cell function is modulated by antigen
expression levels, the percentage of HCV-infected cells, and the PD-1/PD-L1 pathways
and has antiviral and cytotoxic effects. These findings with the HCVcc system may be
relevant in HCV immune pathogenesis and have potential relevance to the develop-
ment of immunotherapeutics against chronic infection and cancer.

MATERIALS AND METHODS
Research subjects as sources for T-cell cocultures. The research subjects were recruited from the

Liver Clinic at the Philadelphia Corporal Michael J. Crescenz Veterans Affairs (VA) Medical Center
(CMCVAMC) and the Clinical Translational Research Center at the University of Pennsylvania and
provided informed consent. The study was approved by the institutional review board of each of those
institutions. The subjects included three anti-HCV-positive, HCV RNA-negative spontaneous HCV resolv-
ers previously shown to be HLA-A2� and to have an HLA-A2-restricted CD8 T-cell response to the
NS3-1073 and NS5B-2594 epitopes (7, 10). In addition, eight healthy HCV-seronegative control subjects
without a known liver disease were included. We excluded persons who had had acute or chronic
hepatitis C within the previous 1 year and individuals with human immunodeficiency virus (HIV) or
hepatitis B virus (HIV) infection, autoimmune diseases, or conditions that precluded phlebotomy.

Lymphocyte isolation. Peripheral blood lymphocytes (PBLs) were isolated from blood by density
centrifugation using Ficoll-Histopaque (Sigma-Aldrich, St. Louis MO) before use, as previously described
(28, 29).

Expansion of HCV-specific nT cells from HCV-seropositive subjects. Short-term HCV-specific CD8
T-cell lines were established from spontaneous HCV resolvers by stimulating their PBLs with antigenic
peptides (10 �M) and recombinant interleukin-2 (rIL-2; 100 IU/ml), with the further addition of rIL-2 every
3 to 4 days and weekly restimulation using autologous feeder cells as previously described (30).
HCV-specific CD8 T cells were detected by flow cytometry using major histocompatibility complex
(MHC)/peptide tetramers and/or intracellular cytokine staining (11). These CD8 T cells with a natural
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HCV-specific TCR (nT cells) showed HLA-A2-restricted and peptide-specific activation upon coculture with
HLA-A2� antigen-presenting cells.

Lentiviral vectors expressing HCV-specific TCR. HCV-specific TCR � and � chains were isolated and
cloned into a lentiviral vector to transduce primary CD8 T cells as described before (20, 21). Briefly,
HCV-specific CD8 T cells were expanded from the PBLs of HCV resolvers by NS3-1073 or NS5B-2594
peptide stimulation, stained with specific MHC/peptide tetramers, and sorted by flow cytometry to
�90% purity. The resulting HCV-specific CD8 T cells were used to generate a cDNA library to isolate
HCV-specific TCR � and � chains, which were cloned into the lentiviral vector.

Expansion of HCV-specific eT cells from healthy control CD8 T cells by transduction of a
lentiviral vector expressing HCV-specific TCR. HCV-seronegative healthy donor CD8 T cells were
purified with a CD8 T-cell isolation kit (Miltenyi Biotech), stimulated overnight with anti-human CD3/
CD28 beads (Invitrogen) in a cell/bead ratio of 1:1 and 100 IU/ml rIL-2, and transduced with the lentiviral
vector expressing the TCR specific for HCV NS3-1073 or NS5B-2594 (multiplicity of infection, 50) in the
presence of 8 �g/ml SureENTRY transduction reagent (SABiosciences). Transduced cells were cultured in
5% CO2 at 37°C. The cell concentration was maintained at 0.5 million to 1 million cells per ml with
frequent medium changes and the addition of rIL-2 (100 IU/ml) every 2 to 3 days. Anti-human
CD3/CD28-specific beads were removed on day 5. The HCV-specific T-cell frequency was determined
after 7 to 10 days of culture by the use of an MHC/peptide tetramer specific for HCV NS3-1073 or HCV
NS5B-2594 (3, 31). These CD8 T cells with an engineered HCV-specific TCR (eT cells) showed HLA-A2-
restricted and peptide-specific activation upon coculture with HLA-A2� antigen-presenting cells.

HCV-replicating Huh7.5 hepatoma cells. Huh7.5 cells (generously provided by Charles Rice,
Rockefeller University) were transduced with a lentiviral vector expressing HLA-A2 (pELNS HLA-A2) (32)
and further purified by flow cytometry with stable HLA-A2 expression (�94%) (Fig. 1). Further transduc-
tion of HLA-A2� Huh7.5 cells with lentiviral vectors expressing GFP and/or PD-L1 (pELNS GFP and pELNS
PD-L1) resulted in three additional cell lines, the Huh7.5A2PDL1, Huh7.5A2GFP, and Huh7.5A2GFP�PDL1
cell lines, with �97% stable expression (Fig. 1A).

Full-length HCV clones. HCV plasmids included genotype 2a-derived Jc1Gluc2A (called Jc1 in this
article) (33) expressing the Gaussia luciferase from Brett Lindenbach (Yale University) and Charles Rice
(Rockefeller University, New York, NY), genotype 1a-derived H77s from Min-Kyung Yi (University of Texas,
Galveston, TX) (34), and the genotype 2a-derived JFH1 clone from Takaji Wakita (National Institute of
Infectious Diseases, Japan) (35). The Jc1Gluc2A clone was further modified by site-directed mutagenesis
to express well-defined genotype 1a-derived HLA-A2-restricted HCV CD8 T-cell epitope NS3-1073
(CINGVCWTV) or NS5B-2594 (ALYDVVSKL) derived from H77s using a QuikChange II XL site-directed
mutagenesis kit (Agilent Technologies), resulting in clones Jc1-1073-1a and Jc1-2594-1a, respectively.
The forward and reverse primers used for site-directed mutagenesis were as follows: NS3-1073F (5=-GT
CCTTCCTCGGAACATGCATCAATGGGGTATGCTGGACTGTCTACCACGGAGCTGGC-3=), NS3-1073R (5=-GCCA
GCTCCGTGGTAGACAGTCCAGCATACCCCATTGATGCATGTTCCGAGGAAGGAC-3=), NS5B-2594F (5=-GAAAA
TGGCCCTCTATGACGTGGTTAGCAAGCTTCCTCAGGCGGTAATGG-3=), and NS5B-2594R (5=-CCATTACCGCC
TGAGGAAGCTTGCTAACCACGTCATAGAGGGCCATTTTC-3=). The boldface in the sequences represents
genotype 1a-derived sequences, and underlining represents optimum epitope sequences. Figure 1B
shows the HCV constructs and the corresponding sequences of NS3-1073 and NS5B-2594.

To establish a culture supernatant with infectious HCV, HCV RNA was transcribed from the available
HCV clones and electroporated into Huh7.5 cells as previously described (36). The culture supernatant
was harvested, filtered through a 0.45-�m-pore-size filter, concentrated, examined for infectivity by
determination of the 50% tissue culture infective dose, and stored in aliquots at �80°C.

Detection of HCV expression in Huh7.5 cells by flow cytometry. HCV expression in HCV-infected
or -transfected Huh7.5 cells was detected using a protocol adapted from Blight et al. (37). Briefly, Huh7.5
cells were (i) detached from the culture plate by adding trypsin-EDTA (0.05%) for 1 to 2 min, (ii) washed
with culture medium, (iii) fixed with 2% paraformaldehyde (PFA) for 30 min, (iv) permeabilized by 0.1%
saponin for 15 min, (v) stained with primary anti-NS5A antibody (monoclonal antibody 9E10, kindly
provided by Charles Rice) for 30 min, (vi) washed twice with phosphate-buffered saline (PBS), and (vii)
stained with the secondary antibody goat anti-mouse IgG (Alexa Fluor 647; Life Technologies) for 30 min.
Cells were fixed with 2% PFA, acquired with a FACSCanto flow cytometer (Becton Dickinson), and
analyzed with FlowJo software (TreeStar, Ashland, OR).

Coculture of HCV-specific CD8 T cells and HCV-expressing Huh7.5 target cells. HCV-infected or
uninfected Huh7.5 target cells were seeded (1 � 105 cells in a 48 well-plate or 2 � 105 cells in a 24-well
plate) overnight before the addition of effector CD8 T cells at various target cell-to-tetramer� effector cell
ratios for 6 to 24 h of coculture. In selected experiments, Huh7.5 cells were pulsed with HCV peptide at
various concentrations for at least 1 h and washed 3 times with complete medium before being
cocultured with effector CD8 T cells.

CD8 T cells were examined for antigen-specific expression of IFN-�, TNF-�, and MIP-1� as well as
CD107a mobilization after 6 h of coculture/stimulation. Anti-CD107a was added at the start of coculture,
whereas 0.7 �g/ml GolgiStop was added after 1 h of coculture. After coculture, nonadherent cells were
aspirated from the plate, washed, and stained with live/dead cell stain (Invitrogen) and surface markers,
followed by permeabilization, intracellular staining, and FACS analysis as previously described (11). In
selected experiments, effector T cells were pretreated with blocking antibodies for 1 h before coculture.
For analysis of Huh7.5 hepatoma cells, adherent Huh7.5 cells were detached from the culture plate by
adding trypsin-EDTA (0.05%) for 1 to 2 min, washed with culture medium, and stained for HCV expression
as described above.
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Gating strategy in FACS analysis of cocultured CD8 T cells and Huh7.5 cells. Acquired FACS data
were analyzed using FlowJo software (TreeStar, Ashland, OR). HCV-specific CD8 T-cell frequency and
function were examined by gating on live CD8 T cells. Figure 1D shows the enrichment of CD8 T cells
in a lymphoid/live gate defined by forward scatter (FSC) and side scatter (SSC) appearance. To distinguish
the Huh7.5 target cells from CD8 T cells and cellular debris in the cocultures, Huh7.5A2GFP cells (�99%
GFP� cells) were used to identify Huh7.5 target cells on the basis of GFP expression. As shown in Fig. 1D,
most GFP� cells were identified within the hepatocyte gate and had higher forward and side scatter
values than GFP�, cells which showed low forward-scatter-height (FSC-H) and side-scatter-height (SSC-H)
values, consistent with smaller cells or debris.

Detection of HCV replication in Huh7.5 cells. Infected Huh7.5 cells were fixed with 2% PFA for 30
min, permeabilized by 0.1% saponin for 15 min, and then stained by primary anti-NS5A antibody
(monoclonal antibody 9E10; kindly provided by Charles Rice) for 30 min. Cells were washed twice with
PBS and secondarily stained with goat anti-mouse IgG (Alexa Fluor 647; Life Technologies) for 30 min.
Cells were subsequently fixed again with 2% PFA and then acquired by FACS.

Antibodies and peptide. Anti-human CD8 (conjugated to allophycocyanin [APC]-H7), CD107a
(fluorescein isothiocyanate), IFN-� (phycoerythrin [PE]-Cy7), MIP-1� (PE), and TNF-� (APC) were pur-
chased from BD Biosciences. Anti-human CD3 (Alexa Fluor 700), HLA-A2 (APC), and PD-L1 (APC) were
purchased from eBioscience. Purified anti-PD-1, purified mouse IgG1 isotype, and PD-1 (PE) were
purchased from BioLegend. HCV HLA-A2-restricted NS3-1073 peptide (CINGVCWTV) and NS5B-2594
peptide (ALYDVVTKL) were synthesized by Invitrogen. MHC/peptide tetramers were purchased from Life
Technologies.

Statistics. Immunologic parameters were compared by the Student t test or nonparametric Wilcoxon
test. Correlations were tested by the Spearman rank correlation test. P values of �0.05 were considered
significant.
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