
JOURNAL OF VIROLOGY, Apr. 2007, p. 4215–4225 Vol. 81, No. 8
0022-538X/07/$08.00�0 doi:10.1128/JVI.02844-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Characterization of Hepatitis B Virus (HBV)-Specific T-Cell
Dysfunction in Chronic HBV Infection�

Carolina Boni,1† Paola Fisicaro,1† Caterina Valdatta,1 Barbara Amadei,1 Paola Di Vincenzo,1
Tiziana Giuberti,1 Diletta Laccabue,1 Alessandro Zerbini,1 Albertina Cavalli,1

Gabriele Missale,1 Antonio Bertoletti,2 and Carlo Ferrari1*
Laboratory of Viral Immunopathology, Unit of Infectious Diseases and Hepatology, Azienda Ospedaliero-Universitaria di Parma,

Parma, Italy,1 and Centre of Molecular Medicine, Agency for Science, Technology and Research, Singapore2

Received 22 December 2006/Accepted 30 January 2007

Dysfunctional CD8� T cells present in chronic virus infections can express programmed death 1 (PD-1)
molecules, and the inhibition of the engagement of PD-1 with its ligand (PD-L1) has been reported to
enhance the antiviral function of these T cells. We took advantage of the wide fluctuations in levels of
viremia which are typical of chronic hepatitis B virus (HBV) infection to comprehensively analyze the
impact of prolonged exposure to different virus quantities on virus-specific T-cell dysfunction and on its
reversibility through the blocking of the PD-1/PD-L1 pathway. We confirm that chronic HBV infection has
a profound effect on the HBV-specific T-cell repertoire. Despite the use of a comprehensive panel of
peptides covering all HBV proteins, HBV-specific T cells were rarely observed directly ex vivo in samples
from patients with chronic infection, in contrast to those from patients with acute HBV infection. In
chronic HBV infection, virus-specific T cells were detected mainly in patients with lower levels of viremia.
These HBV-specific CD8� T cells expressed PD-1, and their function was improved by the blocking of
PD-1/PD-L1 engagement. Thus, a broad spectrum of anti-HBV immunity is expressed by patients with
chronic HBV infection and this spectrum is proportional to HBV replication levels and can be improved
by blocking the PD-1/PD-L1 pathway. This information may be useful for the design of immunotherapeutic
strategies to complement and optimize available antiviral therapies.

Quantitative and qualitative impairments of virus-specific T
cells are present in different chronic viral infections, in both
humans and mice. The persistent exposure to viral antigens can
lead to virus-specific T-cell deletion or to progressive func-
tional impairment. Recent data show that these exhausted T
cells hyperexpress the programmed death 1 (PD-1) molecule
(8, 14, 19, 23) and that blocking the engagement of PD-1 with
its ligand (PD-L1) leads to an enhancement of the antiviral
functions of these T cells (1, 7, 23, 30, 32). The characterization
of the functional defects of virus-specific T cells in patients
with chronic hepatitis B virus (HBV) infection, a condition that
affects 350 million people worldwide, is still largely incomplete
and often based on an oversimplified dichotomy between pa-
tients who control acute infection and subjects with established
chronicity. While it is well documented that patients who suc-
ceed in resolving HBV infection express a vigorous and func-
tionally efficient HBV-specific T-cell response (9, 12, 13, 15, 21,
29), the degree of HBV-specific T-cell impairments which af-
fect chronically infected patients has so far been only partially
analyzed with small groups of patients by using a limited set of
well-characterized HLA-A2-restricted epitopes (3, 18, 21, 25,
27, 28, 34) or by focusing mainly on HLA class II-restricted

responses targeting HBV structural antigens (9, 11–13, 17,
26, 31).

To overcome these limitations, we performed a longitu-
dinal study of HBV-specific T-cell responses by using pools
of overlapping peptides covering the overall protein se-
quence of HBV genotype D. Well-characterized groups of
patients with anti-HBV e antigen (anti-HBe)-positive
chronic hepatitis B or with acute HBV infection were stud-
ied. Since anti-HBe-positive patients are often character-
ized by periodic flare-ups in alanine aminotransferase
(ALT) and HBV DNA levels (6, 10), the longitudinal study
of these patients allowed for the detailed evaluation of the
impact of fluctuations in HBV DNA levels and disease ac-
tivity on the profile of the global HBV-specific T-cell rep-
ertoire. In addition, using the tetramer technology coupled
to intracellular cytokine staining (ICS), we analyzed the
potential role of the PD-1/PD-L1 pathway in the modulation
of the HBV-specific T-cell function.

MATERIALS AND METHODS

Patients. A total of 27 patients were enrolled at the Unit of Infectious
Diseases and Hepatology of the Azienda Ospedaliero-Universitaria of
Parma, Parma, Italy. Twenty patients displayed clinical, biochemical, and
virological evidence of anti-HBe-positive chronic hepatitis B (HBsAg posi-
tive, anti-HBc positive, HBe negative, anti-HBe positive), with fluctuating
levels of ALT (ranging from 22 to 1,372 U/liters) and HBV DNA (ranging
from 0.049 �105 to 1,220 �105 copies/ml). Nine patients were monitored for
at least 3 years; all other patients were monitored for at least 12 months.
Patients C8 to C20 were HLA-A2 positive. Screening for HLA-A2 was per-
formed by staining peripheral blood mononuclear cells (PBMC) with a flu-
orescent anti-HLA-A2.01 antibody (Serotec).

Seven patients had clinical, biochemical, and virological evidence of acute

* Corresponding author. Mailing address: Laboratorio Immu-
nopatologia Virale, Unit of Infectious Diseases and Hepatology,
Azienda Ospedaliero-Universitaria di Parma, via Gramsci 14, 43100
Parma, Italy. Phone: 39-0521-703859. Fax: 39-0521-703857. E-mail:
cafer@tin.it.

† C. Boni and P. Fisicaro contributed equally to this work.
� Published ahead of print on 7 February 2007.

4215



HBV infection (aminotransferase levels at least 10 times the upper limit of the
normal range of levels and HBsAg and immunoglobulin M anti-HBc antibodies
detected in the serum). All patients were negative for anti-hepatitis C virus, delta
virus, human immunodeficiency virus type 1 (HIV-1), and HIV-2 antibodies and
for other markers of viral or autoimmune hepatitis. The study was approved by
the Ethical Committee of the Azienda Ospedaliero-Universitaria of Parma, and
all subjects gave written, informed consent.

Virological assessment. The presence or absence of HBsAg, anti-HBsAg, total
and immunoglobulin M anti-HBc, HBe, anti-HBe, anti-hepatitis D virus, anti-
hepatitis C virus, and anti-human immunodeficiency virus types 1 and 2 was
determined by using commercial enzyme immunoassay kits (Abbott Labs, IL;
Ortho-Clinical Diagnostic, Johnson & Johnson, Raritan, NJ; DiaSorin, Vercelli,
Italy). Levels of HBV DNA in serum samples were quantified by PCR (Cobas
Amplicor test; Roche Diagnostics, Basel, Switzerland). HBV genotyping was
performed by detecting type-specific sequences in the HBV pol gene domains B
and C (INNO-LIPA HBV genotyping line probe assay; Innogenetics, Alpha-
retta, GA).

Synthetic peptides, peptide-HLA class I tetramers, and antibodies. A panel of
315 15-mer peptides overlapping by 10 residues and covering the overall protein
sequence of HBV genotype D were purchased from Chiron Mimotopes (Victo-
ria, Australia). 15-mer peptides were pooled in 16 mixtures as indicated in Table
1. Synthetic peptides and the corresponding phycoerythrin (PE)-labeled tet-
rameric peptide-HLA class I complexes representing the HLA-A2-restricted
epitopes on the core peptide spanning amino acids 18 to 27 (FLPSDFFPSV), the
envelope peptides spanning amino acids 183 to 191 (FLLTRILTI), 335 to 343
(WLSLLVPFV), and 348 to 357 (GLSPTVWLSV), and the polymerase peptides
spanning amino acids 575 to 583 (FLLSLGIHL) and 816 to 824 (SLYADSPSV)
of HBV genotype D; the HLA-A2 restricted epitope cytomegalovirus (CMV)
pp65 (NLVPMVATV); and the influenza virus epitope matrix (GILGFVFTL)
were purchased from Proimmune (Oxford, United Kingdom) and from Beck-
man-Coulter, Inc. (Fullerton, CA). Anti-CD8 (peridinin chlorophyll protein
[PerCP]- or allophycocyanin [APC]-conjugated), anti-CD3 (PerCP-conjugated),
anti-CD4 (PE-conjugated), and anti-interleukin-2 (anti-IL-2; APC-conjugated)
antibodies were purchased from Becton Dickinson Immunocytometry Systems
(San Jose, CA). Anti-gamma interferon (anti-IFN-�)–fluorescein isothiocyanate
(FITC) was purchased from Sigma-Aldrich (St. Louis, MO). Anti-perforin
(FITC-conjugated), anti-PD-1 (FITC-conjugated), and anti-CD127 antibodies
and goat anti-mouse antibody conjugated with FITC or APC were purchased
from BD Biosciences-Pharmingen (San Jose, CA). Anti-CCR7 FITC-conjugated
antibody was purchased from R&D Systems (Minneapolis, MN).

Isolation of PBMC and in vitro expansion of HBV-specific CD8 cell popula-
tion. PBMC were isolated from fresh heparinized blood by Ficoll-Hypaque
density gradient centrifugation and resuspended in RPMI 1640 supplemented
with 25 mM HEPES, 2 mM L-glutamine, 50 �g/ml of gentamicin, and 8% human
serum (complete medium). For CD8 expansion, PBMC were resuspended in
complete medium supplemented with IL-7 (5 ng/ml) and IL-12 (100 pg/ml) at a
concentration of 2 � 106/ml, seeded at 200 �l/well in 96-well plates, and stimu-
lated with HLA-A2-restricted HBV peptides at a 1 �M final concentration.

Recombinant IL-2 (50 IU/ml) was added on day 4 of culture, and the immuno-
logical assays were performed on day 10. For PBMC stimulation with overlap-
ping 15-mer peptides covering the overall HBV protein sequence, only IL-2 was
added on day 4.

Cell surface and intracellular staining. (i) Staining with tetramers and other
surface markers. A total of 1 � 106 to 4 � 106 PBMC, either freshly isolated or
obtained following in vitro expansion of CD8 cell populations for 10 days, were
incubated for 30 min at room temperature with PE-labeled tetramers in RPMI
1640 and 8% human serum. After a wash with phosphate-buffered saline–0.1%
fetal calf serum, staining was performed for 15 min in the dark by using FITC-,
PerCP-, or APC-conjugated antibodies. The cells were then washed and
analyzed immediately on a BD Biosciences flow cytometer (FACSCalibur) by
using the CellQuest software. Tetramer-positive responses are reported as
the percentage of tetramer-positive T cells among the total CD8 population.
Frequencies of tetramer-positive cells exceeding 0.02% of CD8� cells were
considered to indicate positive responses. The expansion (n-fold) was calcu-
lated as the ratio between the percentage of tetramer-positive T cells after 10
days of in vitro stimulation and the percentage of tetramer-positive T cells
detected ex vivo.

(ii) IFN-� staining. Tetramer-stained cells were incubated in medium alone
(control) or with viral peptides (1 �M) for 1 h; brefeldin A (10 �g/ml) was added
for an additional 18 h of incubation. After washing, the cells were stained with
anti-CD8 PerCP-conjugated monocolonal antibody for 20 min at 4°C and then
fixed and permeabilized as described above. Cells were finally stained with
FITC-conjugated anti-IFN-� for 15 min at room temperature, washed again, and
analyzed by flow cytometry.

ELISPOT assays. Enzyme-linked immunospot (ELISPOT) assays were per-
formed using the panel of 315 15-mer peptides pooled in 16 mixtures as de-
scribed above. HBV-specific T-cell responses were analyzed after overnight in-
cubation with individual peptide mixtures of either PBMC (ex vivo analysis) or
short-term polyclonal T-cell lines previously expanded in vitro by 10 days of
stimulation with the same peptide mixtures used for the ELISPOT assays (in
vitro analysis). Briefly, 96-well plates (Multiscreen-IP; Millipore S.A.S.,
Malshelm, France) were coated overnight at 4°C as recommended by the man-
ufacturer with 5 �g/ml capture mouse anti-human IFN-� monoclonal antibody
(1DIK; Mabtech, Sweden). Plates were then washed seven times with phosphate-
buffered saline–0.05% Tween 20 and blocked with RPMI 1640–10% fetal calf
serum for 2 h at 37°C. PBMC (2 � 105/well) or T cells from short-term polyclonal
T-cell lines (5 � 104/ well) were seeded in duplicate for each individual peptide
mixture. Plates were incubated for 18 h at 37°C in the presence or absence of
peptides. After a wash with phosphate-buffered saline–0.05% Tween 20, 50 �l of
1 �g/ml biotinylated secondary mouse anti-human IFN-� monoclonal antibody
(7B6-1; Mabtech, Sweden) was added. After 3 h of incubation at room temper-
ature, plates were washed four times, 100 �l of goat alkaline phosphatase anti-
biotin antibody (Vector Laboratories Inc., Burlingame, CA) was added to the
wells, and the plates were incubated for a further 2 h at room temperature. Plates
were then washed four times, and 75 �l of alkaline phosphatase-conjugated
substrate (5-bromo-4-chloro-3-indolyl phosphate; Bio-Rad Laboratories, Hercu-
les, CA) was added. After 4 to 7 min, the colorimetric reaction was stopped by
washing with distilled water. Plates were air dried, and spots were counted using
an automated ELISPOT reader (AID ELISPOT reader system; Autoimmune
Diagnostika). Numbers of IFN-�-secreting cells were expressed as the numbers
of spot-forming cells per 2 � 105 cells. The number of specific IFN-�-secreting
cells was calculated by subtracting the value for the unstimulated control from
the value for the stimulated sample. While unstimulated controls for ex vivo
analysis were the same for all stimulated PBMC samples, distinct controls were
set up for each individual polyclonal T-cell line derived from 10 days of PBMC
stimulation with individual peptide mixtures. Positive controls consisted of
PBMC stimulated with phytohemagglutinin. Wells were considered positive if
they had values at least two times the background value and the number of spots
was more than 10. To avoid the possibility of missing weakly positive wells, all in
vitro experimental sample sets with a ratio of spot-forming cells in peptide-
stimulated and unstimulated wells of more than 1.5 were retested by ICS. ICS
was also applied to every positive sample to determine the T-cell subset (CD8�

or CD4�) responsible for IFN-� production.
PD-1/PD-L1 blockage. Adherent mononuclear cells isolated from PBMC of

patients with chronic HBV infection were incubated for 45 min at 37°C with
anti-PD-L1 (10 �g/ml) or isotype control antibody (e-Bioscience, Boston, MA).
Cells were then washed and coincubated for 10 days with nonadherent cells and
specific peptides (the HBV core peptide spanning amino acids 18 to 27 or pools
of overlapping 15-mer peptides covering the overall HBV protein sequence) at
the final concentration of 1 �M (IL-2 was added on day 4). On day 10, cells were

TABLE 1. HBV amino acid coordinates of 15-mer peptide pools

Peptide
mixture HBV regiona Peptides Amino acid

position

1 HBV x 1–15 1–85
2 HBV x 16–30 76–154
3 HBV core 31–51 1–115
4 HBV core 52–72 106–214
5 HBV ENV 73–92 1–110
6 HBV ENV 93–111 101–205
7 HBV ENV 112–130 196–300
8 HBV ENV 131–149 291–389
9 HBV POL 150–170 1–115
10 HBV POL 171–191 106–220
11 HBV POL 192–212 211–325
12 HBV POL 213–233 316–430
13 HBV POL 234–254 421–535
14 HBV POL 255–274 526–635
15 HBV POL 275–294 626–735
16 HBV POL 295–315 726–832

a ENV, envelope; POL, polymerase.
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stained with surface antibodies, tetramers, anti-IFN-�, and anti-IL-2 and ana-
lyzed by flow cytometry.

Statistical analysis. Levels of IFN-� production in groups with different
viremia levels were compared by using the Mann-Whitney test. The correlation
between HBV DNA log10 values and frequencies of HBV-specific T cells was
evaluated by using linear regression analysis and Spearman’s correlation coeffi-

cient. The percentages of CD127� cells and PD-1-positive cells among tetramer-
positive CD8 lymphocytes in patients with acute and chronic HBV infections
were compared by using the Mann-Whitney test. Frequencies of tetramer-posi-
tive CD8 cells and IFN-�- and IL-2-producing CD8 T cells in samples from
chronic patients upon peptide stimulation in the presence or absence of anti-
PD-L1 antibody were compared by using the Wilcoxon paired test.

FIG. 1. Results from ex vivo and in vitro ELISPOT assays for IFN-� and the identification of the responding T-cell subsets in samples from patients
with chronic HBV infection. (A) Ex vivo IFN-� ELISPOT analysis was performed with samples from seven chronic hepatitis B patients (C1 through C7)
studied longitudinally at three time points throughout a 12-month period by using 16 pools of 15-mer peptides covering the overall protein sequence of
HBV genotype D. ALT and HBV DNA levels are expressed at the top of each histogram. (B) ELISPOT analysis was also performed after 10 days of
in vitro stimulation with the same pools of peptides in the presence of IL-2. Samples from seven chronic hepatitis B patients were analyzed at the same
time points as those assessed ex vivo. Levels of IFN-�-producing cells are represented as numbers of spot-forming units (SFU) per 200,000 PBMC. The
number of specific IFN-�-secreting cells was calculated by subtracting the value for the unstimulated control from the value for the stimulated sample.
The positive control consisted of PBMC stimulated with phytohemagglutinin. Each bar represents the response to an individual peptide mixture. The
graph at the bottom of each panel indicates the responding T-cell subsets (CD4 and CD8) in the samples from the group of seven chronic hepatitis B
patients. After the identification of the immunogenic peptide mixtures by ELISPOT assays, the responding T-cell subsets were defined by intracellular
cytokine staining with individual peptide pools either ex vivo (A) or after 10 days of in vitro peptide stimulation (B). Chronic hepatitis B patients were
studied at three time points throughout the study period. Each bar represents the percentage of total positive (pos.) tests with the indicated peptide pools.
Bars in the insets represent the mean percentages (� standard errors) of positive responses expressed by CD4 and CD8 cells relative to the total (tot.)
number of tests. x, x antigen peptide pools; env, envelope peptide pools; pol, polymerase peptide pools.
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RESULTS

Longitudinal analysis of HBV-specific T-cell responses.
HBV-specific T-cell responses in seven anti-HBe-positive
chronic hepatitis B patients (infected with HBV genotype D)
with periodic disease flare-ups were tested longitudinally by
using ELISPOT assays of samples ex vivo and after in vitro
stimulation using a panel of overlapping 15-mer peptides cov-
ering all HBV proteins. Data from three time points charac-
terized by different levels of HBV DNA and ALT in serum
samples were analyzed for each patient (Fig. 1). For compar-
ison, the T-cell responses in six patients with acute self-limited
HBV infection were analyzed ex vivo at the time of clinical
presentation and those in three of these patients were also
analyzed sequentially from the time of acute illness. Despite
the use of the comprehensive panel of HBV peptides, HBV-
specific T-cell responses were very rarely observed ex vivo in

samples from chronic HBV patients and, when detectable, they
were always very weak (from 3 to 27 spots per 200,000 PBMC).
IFN-�-producing T cells were detectable at much higher fre-
quencies ex vivo in samples from acute patients (12 to 350
spot-forming cells per 200,000 PBMC) (data not shown).

IFN-� production was detected in samples from all anti-
HBe-positive chronic patients after the in vitro expansion of
T-cell populations, with the exception of patient C7, who de-
veloped a severe ALT flare-up with a particularly elevated and
persistent increase of HBV viremia (more than 1 � 107 DNA
copies/ml) (Fig. 1B). Virus-specific T-cell responses were gen-
erally directed against more than a single peptide pool and
were more vigorous in samples from patients who showed
levels of HBV DNA constantly below 1 � 106 to 1.5 � 106

copies/ml (patients C2, C3, and C4) than in those from patients
with higher levels of HBV DNA (patients C1, C6, and C7)

FIG. 2. Longitudinal analysis of HBV-specific T-cell responses in relation to the different virological profiles for anti-HBe-positive chronic
patients. (A) IFN-� production by CD4 and CD8 T cells from seven chronic hepatitis B patients (Pt C1 through Pt C7) was tested by ICS after
10 days of in vitro peptide stimulation; levels of HBV DNA were determined at the same time points. Each bar represents the total frequency of
IFN-�-positive cells among the overall CD4� (striped bars) or CD8� (gray bars) population at each individual time point as determined by
summing the responses to each individual peptide pool as detected by ICS. Black lines indicate HBV DNA levels. Panel B illustrates the inverse
relationship between IFN-� production and the level of HBV viremia, as shown by linear regression analysis. Each square in panel C illustrates
the percentage of IFN-�-positive T cells among total T cells detected at different levels of viremia (HBV DNA, �1 � 106 copies/ml, 1 � 106 to
10 � 106 copies/ml, and �10 � 106 copies/ml). A statistically significant difference between the levels of IFN-� production in the first (HBV DNA,
�1 � 106 copies/ml) and third (HBV DNA, �10 � 106 copies/ml) groups and between the second (HBV DNA, 1 � 106 to 10 � 106 copies/ml)
and third groups of HBV DNA profiles as determined by the Mann-Whitney test was observed.
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(Fig. 1B). Both CD8� and CD4� T cells contributed to the
overall HBV-specific T-cell responses observed in samples
from chronic patients. By using intracellular cytokine staining
experiments, CD8� T cells could be detected, even though at
a very low frequency, directly ex vivo (Fig. 1A, bottom) while
CD4� T cells were detected only after in vitro population
expansion (Fig. 1B, bottom).

Positive IFN-� responses were directed mostly against HBV
core and polymerase peptides, with maximal percentages of pos-
itive tests corresponding to CD4 T cells directed to core mixtures
3 and 4 (65% and 70%, respectively) (Fig. 1B, bottom).

HBV-specific CD4�- or CD8�-T-cell responses in relation to
the different virological profiles. Levels of CD8�- and CD4�-
T-cell responses in relation to HBV DNA values were analyzed
by ICS (Fig. 2A). An inverse correlation between levels of
T-cell responses and levels of viremia was observed by using
linear regression (P � 0.02; R2 � 0.2226) (Fig. 2B) and Spear-
man’s correlation (P � 0.0014) analyses (Fig. 2B). The stron-
gest responses were detected in samples from patients C2, C3,
and C4 when HBV DNA levels were �1 � 106 to 1.5 �106

copies/ml. Also, in patients C1 and C5, responses were gener-
ally greater when viremia levels were lower, while this type of
correlation was less clear in patients C6 and C7, who showed
persistently elevated levels of HBV DNA throughout the fol-
low-up period. HBV-specific CD4�- or CD8�-T-cell responses
were weak or totally undetectable when HBV DNA levels were
greater than 10 � 106 copies/ml, confirming previous data
obtained by studying selected HBV-specific CD8 epitopes (34)
(Fig. 2C).

Phenotypic and functional profile of HBV-specific CD8� T
cells. Phenotypes and functions of HBV-specific CD8� cells
from 12 anti-HBe-positive chronic hepatitis B patients and
from seven patients with acute resolved hepatitis B were ana-
lyzed. All patients were HLA-A2 positive. Although six differ-
ent HLA-A2 tetramers (the core peptide spanning amino acids
18 to 27, the envelope peptides spanning amino acids 183 to
191, 335 to 343, and 348 to 357, and the polymerase peptides
spanning amino acids 575 to 583 and 816 to 824) were used,
only low frequencies of CD8 cells specific for the core peptide
spanning amino acids 18 to 27 were detected in samples from
the chronic patients (0.02 to 0.08% of circulating CD8 lym-
phocytes). HBV core-specific CD8 cells were predominantly
CD127 positive (63% to 100%; CD127 mean fluorescence in-
tensity [MFI] expression, 11 to 103), with various levels of
expression of CCR7 (proportions of cells with the CD127�,
CCR7-positive pattern ranged from 24 to 90%), and were
mostly PD-1 positive (64% to 100%; PD-1 MFI expression,
24.4 to 66) (Fig. 3A).

PD-1 expression tended to be higher when HBV DNA levels
were lower, but the inverse relationship was not statistically
significant (data not shown). By staining CD8 cells simulta-
neously with antibodies to CD127 and PD-1 molecules, a high
frequency of HBV-specific CD8 cells was shown to coexpress
both molecules, with a CD127�, PD-1-positive pattern among
55% to 98% of tetramer-positive CD8 cells (Fig. 3B). PD-1
up-regulation in chronic HBV patients was selective for HBV-
specific CD8 cells since the frequencies of PD-1-positive cells
(Fig. 4A) and the intensities of PD-1 expression (Fig. 4B) were
significantly lower among CMV- and influenza virus-specific
CD8� cells as well as among total CD8 cells derived from these

patients. The frequency of PD-1-positive CD8 cells among
influenza virus- and CMV-specific CD8 cells ranged from 2.4
to 29%. For the frequency of PD-1-positive, HBV-specific cells
versus that of PD-1-positive, non-HBV-specific CD8 cells, the
P value was �0.0001. PD-1 MFI expression on influenza virus-
and CMV-specific CD8 cells ranged from 10 to 17 and from
14.4 to 19.8, respectively; for the PD-1 MFI expression among
HBV-specific CD8 cells versus that among non-HBV-specific
CD8 cells, the P value was �0.0001.

In samples from patients with acute hepatitis, HBV-specific
CD8 cells were PD-1 positive at frequencies comparable to
those observed in samples from chronic patients, ranging from
78 to 98% (Fig. 3A) during the acute stage of disease. How-
ever, the percentages of PD-1-positive HBV-specific CD8 cells
declined after the resolution of the infection to levels ranging
from 8 to 55% (Fig. 3A). On the other hand, the level of
expression of CD127 on HBV-specific T cells was markedly
low at the time of the ALT peak (4% to 43% of the tetramer-
positive CD8 population) (Fig. 3A). A progressive increase in
the level of CD127 expression on tetramer-positive CD8 cells
was then observed from the time of the ALT peak (mean
frequency of CD127-positive cells, 23%) to later times of dis-
ease resolution, with values ranging from 68% to 100% (mean
frequency, 85.5%) (Fig. 3A).

Blocking of PD-1/PD-L1 engagement on HBV-specific CD8�

T cells. The high level of PD-1 expression on HBV-specific
CD8 cells suggests that exhaustion by persistent exposure to
high antigen concentrations may play an important role in the
pathogenesis of the HBV-specific CD8 dysfunction. To further
investigate this hypothesis, HBV-specific CD8 population ex-
pansion and cytokine production were tested after 10 days of in
vitro peptide stimulation in the presence or absence of anti-
PD-L1 antibody to block PD-1/PD-L1 engagement. As shown
in Fig. 5A and B, PD-1/PD-L1 blockage significantly enhanced
the capacity for expansion of populations of CD8 cells specific
for the core peptide spanning amino acids 18 to 27, and this
functional recovery was observed in samples from all six
chronic patients tested. The increases in the frequencies of
tetramer-positive cells in the presence of anti-PD-L1 antibod-
ies ranged from 5.7- to 168-fold compared to the levels de-
tected in control cultures with irrelevant antibodies (mean
increase, 44.3-fold; frequency difference, P � 0.05 by Wilcoxon
paired test). PD-1/PD-L1 blockage also enhanced IL-2 and
IFN-� production by HBV-specific CD8 cells. Various in-
creases in the frequencies of tetramer-positive CD8 cells able
to produce IFN-� in the presence of anti-PD-L1 antibodies
were observed in samples from the six patients studied (1.05- to
37-fold; mean, 7.6-fold; difference between cultures with anti-
PD-L1 and those with control antibody, P � 0.05 by Wilcoxon
paired test) (Fig. 5A and C). Although an improvement in IFN-�
production was detectable in samples from all patients, this CD8
function was less affected by PD-1/PD-L1 blockage than was the
capacity for expansion (Fig. 5A). Finally, only in samples from
patients C8 and C9 was an improvement in IL-2 production, of
9.1- and 3.3-fold, induced by PD-1/PD-L1 blockage, while no
effect in samples from the other patients was observed (Fig. 5A
and C). No significant correlation between levels of PD-1 expres-
sion and levels of improvement of T-cell responses induced by
anti-PD-L1 antibodies was found, although functional restoration
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FIG. 3. Phenotypic and functional profiles of tetramer-positive CD8 cells from patients with acute and chronic HBV infections. (A) Percentages
of CD127� cells and PD-1-positive cells among HBV tetramer-positive CD8 lymphocytes from 12 patients with anti-HBe-positive chronic hepatitis
(three of them were tested at different time points) and from seven patients with acute HBV infection tested at two different time points, one
corresponding to the acute phase of infection and the other at a later period (during the 2 to 15 months of follow-up after the clinical presentation).
Percentages of CD127�, tetramer-positive cells in samples from chronic patients were significantly higher than those in samples from patients in
the acute stage of infection (P, �0.0005 by Mann-Whitney), and those in samples from patients in the recovery phase of acute hepatitis were
significantly higher than those in samples from patients in the acute phase of infection (P, �0.005 by Mann-Whitney); percentages of PD-1-positive,
tetramer-positive cells in samples from chronic patients were significantly higher than those in samples from patients in the recovery phase of acute
infection (P, �0.001 by Mann-Whitney), and those in samples from patients in the acute phase of infection were significantly higher than those
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tended to be better when the level of PD-1 expression on T cells
was lower.

Effects of PD-1/PD-L1 blockage on the global HBV-specific
T-cell reactivity. We then tested whether PD-1/PD-L1 block-
age can affect the function of HBV-specific T cells of different
specificities. PBMC from chronic patients were stimulated with
the peptide pools covering the overall HBV sequence in the
presence or absence of anti-PD-L1 antibodies, and the fre-
quencies of IFN-� peptide-specific T cells were assessed after
10 days of culture. Not only CD8 but also CD4 responses
improved upon anti-PD-L1 incubation. Differential increases
in IFN-� production were detected for different HBV T-cell
specificities. Responses to only some HBV core and polymer-
ase pools showed a significant improvement (3.2- to 15-fold

and 2.8- to 37-fold for core and polymerase pools, respectively)
(Fig. 6), while in none of the samples from six chronic patients
did anti-PD-L1 antibodies improve CD4 or CD8 responses
directed against HBV x and envelope peptides (Fig. 6).

DISCUSSION

Available data indicate that HBV-specific T-cell responses
in the chronic stage of HBV infection are functionally im-
paired and much weaker than those detectable in acute self-
limited infection (4, 9, 12, 13, 21, 29). However, studies of the
CD8-mediated response have been carried out with a limited
number of peptides (3, 16, 18, 21, 25, 27, 28, 34) while CD4
analysis using recombinant proteins has been focused on struc-

in samples from patients in the recovery phase (P, �0.005 by Mann-Whitney). (B) Representative dot plots for HBV tetramer (Tet)-positive cells
from four patients with chronic HBV infection (top) and from two patients in the acute phase of hepatitis and at the time of recovery (bottom)
stained with anti-CD8, anti-PD-1, and anti-CD127 monoclonal antibodies. Because of the very low frequency of tetramer-positive cells in chronic
HBV patients, a large number of events (�1 � 106) was analyzed by flow cytometry to allow for a reliable phenotypic analysis. Core 18–27, core
peptide spanning amino acids 18 to 27; ENV 335–343, envelope peptide spanning amino acids 335 to 343.

FIG. 4. PD-1 expression on HBV-, CMV-, and influenza virus-specific CD8� T cells. (A) Dot plots representative of PD-1 expression on CMV-,
influenza virus (FLU)-, and HBV-specific tetramer (Tet)-positive cells are shown for three representative patients with chronic HBV infection.
(B) The PD-1 fluorescence intensities expressed by total CD8� cells and non-HBV-specific (CMV-specific on the left and influenza virus-specific
on the right) and HBV-specific tetramer-positive CD8 cells are illustrated for two representative chronic HBV patients. Core 18–27, core peptide
spanning amino acids 18 to 27.
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tural HBV proteins (9, 12, 13, 26, 31) and limited information
is available about CD4-mediated responses to polymerase (17)
and HB x antigen (11) proteins.

Here, we used a panel of overlapping 15-mer peptides cov-
ering the overall protein sequence of HBV genotype D, which
allowed us to detect both CD4- and CD8-mediated responses
directed against all structural and nonstructural HBV regions.
We longitudinally studied anti-HBe-positive patients chroni-
cally infected with genotype D HBV who experienced periodic
reactivations of disease and HBV replication in order to cor-
relate the intensity and breadth of the HBV-specific T-cell
repertoire with levels of virus replication and disease activity.

The first finding of our work is that despite the use of a
comprehensive panel of HBV peptides, peripheral blood CD8-
and CD4-mediated T-cell responses were weaker in samples

from chronic patients than in those from patients with acute
hepatitis who resolved the infection. This finding was also true
when responses were studied in connection with disease flare-
ups at the times of ALT elevations. In general, HBV-specific T
cells were rarely detected directly ex vivo in samples from
chronic patients in contrast to those from patients with acute
HBV infection. HBV-specific T cells from chronic patients
were demonstrated mainly after in vitro expansion, and the
strengths of HBV-specific T-cell responses correlated with the
levels of HBV viremia. Thus, in keeping with the results in a
previous report by Webster et al. (34), our comprehensive
analysis showed an inverse correlation between the intensities
of peripheral blood HBV-specific T-cell responses and levels
of viremia as well as a lack of association between disease
flare-ups and an increase in peripheral blood T-cell responses.

FIG. 5. Effect of anti-PD-L1 antibody on the function of HBV-specific tetramer-positive CD8� T cells. (A) Frequencies of tetramer-positive
CD8 cells in samples from six patients with chronic HBV infection were analyzed after 10 days of peptide stimulation in the presence of anti-PD-L1
or control antibodies (P, �0.05 by the Wilcoxon paired test) (top). The mean increase (n-fold) in the frequency of tetramer-positive cells among
cells cultured with anti-PD-L1 antibody with respect to the frequency of tetramer-positive cells among cells cultured with the control antibody is
shown in the graph at the right. The middle and bottom parts of panel A illustrate the percentages of HBV-specific CD8 T cells able to produce
IFN-� and IL-2 as detected by intracellular cytokine staining upon the restimulation of T-cell cultures derived from 10 days of HBV peptide
stimulation in the presence of anti-PD-L1 or control antibodies (difference for IFN-� by the Wilcoxon paired test, P � 0.05). Pooled data are
expressed as mean increases (n-fold) in the percentages of IFN-�- and IL-2-producing CD8 T cells derived from cultures performed in the presence
of anti-PD-L1 antibody with respect to those derived from cultures performed in the presence of the control antibody (graphs at the right). (B) Dot
plots representative of frequencies of CD8 cells positive for the tetramer core peptide spanning amino acids 18 to 27 (Tr core 18–27) after 10 days
of HBV peptide stimulation in the presence of anti-PD-L1 or control antibodies. (C) Dot plots representative of IFN-� and IL-2 production by
T-cell lines induced by 10 days of HBV peptide stimulation in the presence of anti-PD-L1 or control antibodies in samples from two representative
chronic hepatitis B patients (C11 and C8).
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Having demonstrated that the viral load can directly influence
the HBV-specific T-cell repertoire, we then analyzed whether
persistent antigenic exposure had an influence on the pheno-
types and functions of HBV-specific CD8� T cells. Recent
studies indicate that exhausted T cells chronically exposed to
high antigen loads express PD-1 (8, 14, 19, 23) and that the
blocking of PD-1/PD-L1 engagement allows for the recovery of
T-cell functions (1, 7, 23, 30, 32). In line with these observa-
tions derived from work with other viral infections, we found
that circulating HBV-specific CD8 cells in chronic HBV pa-
tients were mainly PD-1 positive. Most of these cells coex-
pressed the CD127 molecule, and this phenotype appeared to
be stably expressed without detectable changes in relation to
fluctuations in levels of viremia. While this high level of CD127
expression contrasts with data from other persistent human
viral infections (8, 20, 30, 33), a similarly high level of CD127
expression on hepatitis C virus-specific CD8 cells in chronic
hepatitis C has recently been reported (2, 22, 24), suggesting

similar mechanisms of virus-specific CD8 cell failure in HBV
and hepatitis C virus infections. This profile of PD-1–CD127
coexpression differed from the phenotypes of influenza virus-
specific CD127�, CD8� memory cells derived from the same
patients with chronic HBV infection, which were virtually all
PD-1 negative. Thus, PD-1 expression on HBV-specific CD8�

cells was likely due to the chronically high level of HBV anti-
genic stimulation, since PD-1 was highly expressed only on
HBV-specific CD8� T cells but not on CMV- and influenza
virus-specific CD8� T cells. Moreover, low levels of PD-1 ex-
pression were detected in the resolution phase of infection in
association with the control of HBV replication and a progres-
sive improvement of the capacity of CD8 cell populations to
expand in vitro following peptide stimulation, similar to the
results recently reported by Boettler et al. (5).

Importantly, the blocking of the PD-1/PD-L1 interaction by
anti-PD-L1 antibodies enhanced, with various levels of effi-
ciency, the capacity of HBV-specific T-cell populations to ex-

FIG. 6. Effect of anti-PD-L1 antibody on the HBV-specific T-cell function analyzed with peptides spanning the entire HBV protein sequence.
We determined the effect of anti-PD-L1 antibody on IFN-� production by CD4 and CD8 T cells after the expansion of T-cell populations by 10
days of in vitro stimulation with individual peptide pools covering the overall HBV sequence in the presence of anti-PD-L1 or control antibodies.
Each individual culture obtained after 10 days of stimulation with each peptide pool was incubated for 18 h in the presence of the corresponding
peptide pool or medium alone, and cytokine production was tested by ICS as described in Materials and Methods. Each dot or point represents
the increase (n-fold) in IFN-� production induced by anti-PD-L1 antibody, calculated as the ratio between the percentages of cytokine-producing
T cells in cultures expanded with peptide pools in the presence of anti-PD-L1 and those expanded in the presence of control antibodies. For these
experiments, polymerase (POL) peptides were pooled in four mixtures, envelope (ENV) peptides were pooled in two mixtures, and core and x
peptides were pooled in individual mixtures. Only responses to peptide pools that were increased at least two times by incubation with anti-PD-L1
antibodies are illustrated. �, CD4 cells; ■ , CD8 cells. The panels on the right show dot plots representative of IFN-�-producing CD4 and CD8
T cells induced by the indicated peptide pools in the presence of anti-PD-L1 or control antibodies. aa, amino acids.
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pand and to produce cytokines in samples from all chronic
HBV patients tested. Thus, in addition to those to lymphocyte
choriomeningitis virus (1), HIV (8, 23, 30), and hepatitis C
virus (32) infections, the blocking of PD-1/PD-L1 is able to
improve, at least in vitro, the efficiency of the antiviral immune
response to chronic HBV infection, confirming the importance
of the PD-1/PD-L1 pathway during chronic viral infections.

We also observed that T cells of different antigen specifici-
ties were differentially affected by HBV persistence. The HBV-
specific T-cell responses detectable in patients with chronic
HBV infection were primarily those directed against core and
polymerase peptides, with an almost complete lack of reactivity
against envelope sequences. This finding is in contrast with the
common detection of envelope-specific T cells in patients with
acute hepatitis B. The existence of this hierarchy of exhaustion
among T cells specific for different HBV antigens was also
confirmed by PD-1/PD-L1 blocking experiments. A functional
restoration of the HBV-specific T-cell response by anti-PD-L1
antibodies primarily affected core- and polymerase-specific T
cells, without a detectable effect of anti-PD-L1 antibodies on
envelope specificities. These results may reflect a deeper level
of exhaustion or deletion of HBV envelope-specific T cells due
to the extremely high envelope antigen concentration con-
stantly present in the chronic stage of HBV infection.

Taken together, our data show a hierarchical loss of the
HBV-specific T-cell repertoire, which is likely influenced by
the levels of HBV replication. The existence of this gradient of
exhaustion among T cells specific for different HBV antigens
will need to be confirmed with larger groups of patients with
chronic HBV infection and a diverse HLA genetic background.
Different factors, like T-cell receptor avidity and the quantity
of HBV epitopes generated by antigen processing and pre-
sented by different HLA molecules, might affect the results
obtained. This hierarchy of T-cell exhaustion in chronic HBV
patients can have important implications for the development
of rational immunological strategies to treat chronic HBV in-
fection.
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