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Hepatitis C virus (HCV)-specific CD8 cell exhaustion may represent a mechanism of HCV persistence. The
inhibitory receptor PD-1 has been reported to be up-regulated in exhausted CD8 cells. Therefore, we studied
PD-1 expression longitudinally during acute HCV infection. Most HCV-specific CD8 cells expressed PD-1 at
the time of acute illness, irrespective of the final outcome. PD-1 expression declined with the acquisition of a
memory phenotype and recovery of an efficient CD8 cell function in resolving HCV infections, whereas high
levels were maintained when HCV persisted and HCV-specific CD8 cells remained dysfunctional. Blocking
PD-1/PDL-1 interaction with an anti-PDL-1 antibody improved the capacity of expansion of virus-specific CD8

cells.

Adaptive immunity has a central role in the pathogenesis of
hepatitis C virus (HCV) infection, and understanding the be-
havior of the T-cell response is crucial for the design of effec-
tive strategies to control HCV.

At the acute stage of HCV infection, HCV-specific CD8
cells have been reported to be poorly functional irrespective of
the final outcome of the disease (6, 11, 13-15). However, at this
stage, virus-specific CD8 cells are expected to be predomi-
nantly effectors, which should be able to express efficiently
antiviral effector functions ex vivo, based on the accepted mod-
els of CDS8 cell differentiation following exposure to viral
pathogens (16-17). The reasons why HCV-specific CDS cells
do not efficiently exert effector functions at the time of acute
hepatitis C and why this functional impairment persists when
HCYV infection becomes chronic are not well understood.

A possible mechanism responsible for this behavior of the
HCV-specific CDS8 response is exhaustion, which might be
sustained initially by the rapid kinetics of HCV replication and
spread following infection and later on by the persistent expo-
sure of CD8 cells to high antigen concentrations. Many recent
studies indicate that the PD-1/PD-1 ligand (PD-L1) pathway
can play a role in T-cell exhaustion occurring when T cells are
chronically exposed to high antigen loads and that blockade of
PD-1/PDL-1 interaction can allow restoration of exhausted
CDS cells (1, 3, 4, 10, 12). Thus, high expression of the inhib-
itory PD-1 receptor seems to be a signature of functional CD8
cell exhaustion.

To define the role of PD-1 and CDS cell exhaustion in HCV
infection, we analyzed longitudinally throughout a follow-up
ranging from 1 to 56 weeks the expression of PD-1 for 19
patients with acute hepatitis C, 9 of whom had a self-limited
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infection and 10 of whom had a chronic evolution of infection
(Table 1). Analysis was initially performed by flow cytometry
on tetramer-positive CDS8 cells specific for NS3 1073-1081 or
NS4B 1992-2000 for 10 HLA-A2" patients. At the time of
acute illness when patients were seen for the first time in the
clinic, most circulating tetramer-positive HCV-specific CD8
cells expressed PD-1, both in self-limited and in persistent
infections (Fig. 1), and displayed predominantly an effector
memory phenotype (data not shown). Negative PD-1 expres-
sion on influenza virus-specific CD8 cells derived from the
same patients with acute hepatitis (Fig. 2A) suggested selective
expression of PD-1 by HCV-specific CDS cells. In line with this
finding, only a limited fraction of total CDS§ cells from patients
with resolving infection were PD-1 positive at the time of acute
illness, as recently reported for acute hepatitis B virus infection
(Fig. 2B) (2). However, a significantly greater percentage of
the total CDS cell pool was PD-1 positive for patients with a
chronically evolving infection (Fig. 2B and C), even if PD-1 was
analyzed for all patients at the time they were first referred to
the clinic. This different degree of PD-1 expression was not
simply due to different levels of CD8 activation, because other
activation markers, such as HLA-DR and CD69, were similarly
expressed at the time of clinical presentation by CDS8 cells
derived from the two categories of patients (data not shown).
PD-1 expression was then evaluated after the acute stage of
hepatitis C, when effector CDS cells are expected to undergo
a progressive differentiation into long-lived CD127" memory
cells if infection is successfully controlled but not if the virus
persists (5, 7-9). In keeping with this prediction, HCV-specific
CDS8 cells progressively acquired the expression of CD127 in
patients with self-limited hepatitis, whereas in patients with
chronic evolution of the disease, CD127 remained predomi-
nantly negative during the follow-up (Fig. 3A and B).
Acquisition of a memory phenotype in resolving HCV in-
fection was associated with a decline in PD-1 expression. Four
to six months after clinical presentation, PD-1 was expressed in
a limited percentage of HCV-specific CDS8 cells from patients
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TABLE 1. Clinical and virological characteristics of cells from
patients with acute HCV infection”

Level

Patient of Titer of Viral Expression of Outcome

no. ALT HCV RNA  genotype HLA-A2

1 876 3,200 1b pos Self-limited
2 751 543,653 3 pos Self-limited
3 874 37,507,596 3 pos Self-limited
4 430 34,413 1b pos Self-limited
5 1,701 ND 3 pos Self-limited
6 1,150 15,024 ND neg Self-limited
7 1,616 7,203 ND neg Self-limited
8 212 2,011,899 1 neg Self-limited
9 940 <3,200 2 neg Self-limited
10 2,219 185,463 1b pos Chronic

11 1,462 340,025 1b pos Chronic

12 324 ND 1 pos Chronic

13 513 4,858,409 3 pos Chronic

14 1,060 11,652,683 1b pos Chronic

15 397 411,425 1b neg Chronic

16 964 16,424 3 neg Chronic

17 875 6,775,737 3 neg Chronic

18 459 3,722,564 3 neg Chronic

19 1,214 4,375,448 2C neg Chronic

“ ALT, Ulliter; HCV RNA, copies/ml; pos, positive; neg, negative; ND, not
determined.
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who succeeded in resolving infection, ranging from 18 to 30%
of tetramer-positive cells (Fig. 1). In contrast, in patients with
chronically evolving hepatitis, PD-1 was still expressed after a
similar interval of time from clinical presentation in virtually
all tetramer-positive cells (Fig. 1), which maintained an effec-
tor memory phenotype (data not shown). The difference in
PD-1 expression by HCV-specific CDS cells between the two
categories of patients was statistically significant (P = 0.008).
As in the acute stage of infection, control influenza virus-
specific CDS8 cells derived from resolving and persisting infec-
tions were PD-1 negative (Fig. 2A). Moreover, the proportion
of PD-1-positive CDS8 cells among the total CDS8 pool declined
in chronically evolving infections compared to that in the acute
phase of illness, acquiring a level of expression comparable to
that of resolved infections (Fig. 2B and C). Decline of PD-1 on
HCV-specific CD8 cells is in line with previous observations
(14, 15), indicating that after the acute phase of infection, a
recovery of the CD8 cell function is detectable for patients with
self-limited hepatitis in terms of gamma interferon and inter-
leukin 2 production. On the other hand, persistent impairment
of the CDS8 function in chronic patients is associated with
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FIG. 1. Analysis of PD-1 expression in HCV-specific CDS8 cells. The dot plots show the percentages of tetramer-positive/PD-1-positive cells at
two different time points corresponding to the acute phase of infection and to a later time point (24 to 30 weeks of follow-up after clinical
presentation) in patients with self-limited (shaded area) or chronic evolution of (white area) disease. Flow cytometry analysis, gating on total CD8
cells, was performed with specific anti-PD1 or with isotype control immunoglobulin G1 antibodies (PD-1 fluorescein isothiocyanate; Becton
Dickinson Biosciences, San Diego, CA) on HCV-specific CD8 cells detected by tetramer staining with two phycoerythrin-labeled tetrameric
peptide-HLA class I complexes (Proimmune LTD, Oxford, United Kingdom), containing the HCV peptides NS3 1073-1081 (CINGVCWTYV) and
NS4B 1992-2000 (VLSDFKTWL). The study was approved by the Ethical Committee of the Azienda Ospedaliero-Universitaria di Parma, and all
subjects gave written informed consent. N.D., Not determined; Pt, patient.
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FIG. 2. PD-1 expression in influenza virus-specific and total CD8 cells. (A) Representative dot plot analysis of PD-1 expression analyzed on
FLU-specific tetramer-positive cells (influenza virus epitope matrix GILGFVFTL) for two representative patients with different evolution of
hepatitis C virus infection at two different time points. Pt, patient. (B) Percentages of PD-1-positive cells among the total CD8" subset detectable
during the acute phase of HCV infection and 6 to 12 months of follow-up for patients with self-limited (black bars) or chronically evolving acute
(white bars) hepatitis. Each rhomb in the left panel depicts the viremia levels detected for each patient at the time of PD-1 analysis. Statistical
analysis was performed by the Mann-Whitney test. (C) Fluorescence intensities of PD-1 expressed by total CD8" cells for patients with different
outcomes of the disease.
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FIG. 3. Longitudinal evolution of CD127 expression on HCV tetramer-positive CDS8 cells. (A) Percentage of tetramer-positive/CD127" CD8
cells during a 50-week follow-up from the time of clinical presentation in patients with self-limited (white squares and upper panel) and chronically
evolving (black triangle and lower panel) acute hepatitis C. The right panels illustrate CD127 expression for each individual patient at the different
time points analyzed. (B) Dot plots of CD127/PD-1 expression analyzed at two different time points on HCV tetramer-positive cells (NS3
1073-1081) for two representative patients with different outcomes of acute HCV infection.

persistent expression of PD-1, supporting the possibility of
exhaustion as a crucial mechanism of CD8 cell inactivation in
HCV infection.

To assess whether the elevated expression of PD-1 really
affects the HCV-specific CDS cell function, signaling through
PD-1 was inhibited by blocking PD-1 interaction with its ligand
by an anti-PDL-1 antibody. Adherent mononuclear cells puri-
fied from peripheral blood mononuclear cells of patients with
chronically evolving infection were incubated with anti-PDL-1
or control antibody. The capacity of CD8" cells to expand
upon peptide-specific stimulation was tested by tetramer stain-
ing, analyzing the frequency of HCV-specific CDS8 cells before
and after 10 days of peptide stimulation. As shown in Fig. 4,
PDL-1 blockade enhanced HCV-specific proliferation in a

dose-dependent manner. Indeed, the capacity of expansion
upon peptide stimulation was very poor, because the frequency
of HCV-specific tetramer-positive cells after 10 days of in vitro
culture differed slightly from the frequency detectable ex vivo.
The inhibition of PD1/PDL-1 engagement by the addition of
anti-PDL-1 to the culture restored the capacity of HCV-spe-
cific CDS cells to expand efficiently. This functional restoration
was detectable for all patients tested, although different levels
of improvement were observed for individual patients. This
effect of PD-1/PDL-1 blockade was not observed with cyto-
megalovirus (CMV)-specific CD8 cells, which expressed low
levels of PD-1 and were not impaired in their capacity to
proliferate.

In conclusion, PD-1 is expressed at a high level on HCV-
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FIG. 4. Effect of anti-PDL-1 antibody on peptide-induced proliferation of HCV-specific CDS cells. Frequencies of tetramer-positive (tetramer-
pos) CD8 cells are illustrated ex vivo (gray area) and upon specific peptide stimulation of T-cell lines (white area) in the absence or in the presence
of different anti-PDL-1 concentrations. For these experiments, adherent mononuclear cells isolated from peripheral blood mononuclear cells of
patients with chronically evolving infection were incubated for 45 min with different concentrations (2 or 5 pg/ml) of anti-PD-L1 (e-Bioscience,
Boston, MA) or control antibody (negative control for mouse immunoglobulin G1 Ab-1; Fremont, CA). Cells were then washed and coincubated
for 10 days with nonadherent cells and specific peptides (HCV NS3 1073-1081 or CMV pp65) at the final concentration of 1 pwg/ml (interleukin
2 was added on day 3). White squares ([J) indicate tetramer-positive cells specific for CMV pp65 (NLVPMVATYV); black rhombs (#) indicate
tetramer-positive cells specific for HCV (CINGVCWTYV); gray triangles (&) indicate HCV NS3 1073 tetramer-positive CD8 cells stimulated with

the specific peptide in the presence of a control isotype antibody.

specific CDS cells during the acute phase of infection, irrespec-
tive of the subsequent outcome to recovery or viral persistence.
This is in keeping with PD-1 expression on early effector CDS8
cells in both acute self-limiting and persistent lymphocytic cho-
riomeningitis virus infection in mice (1). At the time of acute
illness, in chronically evolving HCV infection, a greater pro-
portion of the total CD8 cell population was PD-1 positive
than was observed with resolving HCV infections. At this time,
alanine aminotransferase levels were comparable in self-lim-
ited and persisting infections, while viremia was generally
higher for the latter group of patients (Table 1). The different
HCV RNA titers raise the possibility that patients with differ-
ent outcomes are studied at different stages of acute infection.
Nevertheless, patients with self-limited infection with a level of
viremia similar to those of patients with chronic evolution
(patients 3 and 8) showed low PD-1 expression, and con-
versely, cells from patient 16, with levels of viremia below 10°
and chronic evolution of the disease, displayed high PD-1
expression. All these observations may be consistent with the
possibility that both groups of patients were studied at a similar
time of infection but viremia levels were different because of
different viral kinetics associated with resolution or persistence
of the virus. Thus, the different PD-1 profiles of total CDS cells
may actually represent a relevant difference of acute-phase
response between self-limited and evolving infections, and
PD-1 expression by total CDS cells may represent a promising
early marker of disease progression.

After the acute stage of infection, the expression of PD1 by
HCV-specific CD8 cells declined in self-limited infections con-

currently with CD8 differentiation towards a memory CD127"
phenotype, as observed also in acute hepatitis B virus infection
(2). For patients with chronic evolution of infection, HCV-
specific CDS8 cells maintained high levels of PD-1 and re-
mained functionally impaired, with no switch from an effector
to a memory phenotype. Restoration of antiviral CDS function
concurrent with PD-1 decline in self-limited HCV infection
and persistence of CD8 impairment concomitant with persis-
tent expression of high levels of PD-1 by HCV-specific CDS§
cells support a role for the PD-1/PD-L1 pathway in modulating
CDS8 function under conditions of sustained high levels of
HCYV antigen stimulation. This is confirmed by the observation
that blockade of PD1/PDL-1 interaction enhances prolifera-
tion of HCV-specific CD8 cells. This functional restoration was
observed with HCV-specific but not with CMV-specific CD8
cells, in keeping with the low PD-1 expression on CMV-specific
CDS8 cells (data not shown). The possibility of restoring the
CDS function by inhibiting the PD-1/PDL-1 pathway needs to
be further investigated with patients with a long-lasting condi-
tion of chronic hepatitis by also testing cytokine production
and cytotoxic activity. Nevertheless, the data of this report
strongly suggest that this mechanism can be a therapeutic tar-
get to revert T-cell dysfunction in chronic hepatitis C.
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