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The differentiation and functional status of virus-specific CD8� T cells is significantly influenced by specific
and ongoing antigen recognition. Importantly, the expression profiles of the interleukin-7 receptor alpha chain
(CD127) and the killer cell lectin-like receptor G1 (KLRG1) have been shown to be differentially influenced by
repetitive T-cell receptor interactions. Indeed, antigen-specific CD8� T cells targeting persistent viruses (e.g.,
human immunodeficiency virus and Epstein-Barr virus) have been shown to have low CD127 and high KLRG1
expressions, while CD8� T cells targeting resolved viral antigens (e.g., FLU) typically display high CD127 and
low KLRG1 expressions. Here, we analyzed the surface phenotype and function of hepatitis C virus (HCV)-
specific CD8� T cells. Surprisingly, despite viral persistence, we found that a large fraction of peripheral
HCV-specific CD8� T cells were CD127� and KLRG1� and had good proliferative capacities, thus resembling
memory cells that usually develop following acute resolving infection. Intrahepatic virus-specific CD8� T cells
displayed significantly reduced levels of CD127 expression but similar levels of KLRG1 expression compared
to the peripheral blood. These results extend previous studies that demonstrated central memory (CCR7�) and
early-differentiated phenotypes of HCV-specific CD8� T cells and suggest that insufficient stimulation of
virus-specific CD8� T cells by viral antigen may be responsible for this alteration in HCV-specific CD8� T-cell
differentiation during chronic HCV infection.

Virus-specific CD8� T-cell responses play a major role in
the outcome and pathogenesis of several viral infections. In
persistent viral infections, virus-specific CD8� T cells with im-
paired capacities to proliferate and secrete antiviral cytokines
can be identified (18, 37). Several mechanisms may contribute
to the inhibition of virus-specific CD8� T-cell function, e.g.,
high viral load, lack of CD4� T-cell help, action of regulatory
T cells, and defects in T-cell differentiation (8, 19, 38). Indeed,
during chronic infection, antiviral CD8� T-cell responses are
characterized by complex differentiation processes due to the
coexistence with the virus (18, 36). For example, early-, inter-
mediate-, and late-differentiated virus-specific CD8� T cells
have been defined in chronic infections by the coexpression of
the costimulatory molecules CD27 and CD28 (3, 4). Impor-
tantly, late differentiation stages are characterized by the loss
of CD27 and CD28 and the expression of cytotoxic molecules
as well as markers of replicative senescence (CD57). This ef-
fector-like phenotype suggests that late-differentiated CD8� T
cells frequently recognize and engage virus-infected cells.
However, this differentiation model cannot easily distinguish
among naı̈ve, early-differentiated, and true “memory” CD8�

T-cell populations because all of them coexpress CD27 and
CD28 (4). According to a model proposed by Sallusto et al.
(23), the expression of the lymph node-homing receptor CCR7

distinguishes between central memory (e.g., CCR7�) and ef-
fector memory (e.g., CCR7�) T-cell populations with distinct
functional capacities. Specifically, CCR7� central memory T
cells are characterized by rapid proliferation after stimulation
with antigen. Of note, a large fraction of peripheral HCV-
specific CD8� T cells has also been shown to be CCR7� (20,
21), thus displaying a central memory phenotype, whereas in-
trahepatic HCV-specific CD8� T cells were reported to display
an effector-like CCR7� phenotype (1). However, the mecha-
nisms responsible for this interesting finding are still unclear.

New insights into the immunobiology of virus-host interac-
tions came from analyses of the expression of the interleukin-7
(IL-7) receptor alpha chain (CD127) and the killer cell lectin-
like receptor G1 (KLRG1) on virus-specific CD8� T cells.
CD8� effector T cells in the acute phase of an infection that
are destined to become memory T cells express CD127 and
share typical functions of memory CD8� T cells, e.g., superior
proliferative capacity and long-term survival in the absence of
antigen (6, 11, 17, 19). Interestingly, the establishment of
CD127� memory T cells also depends on a prolonged duration
of the initial antigen exposure (5), Consequently, CD127-ex-
pressing CD8� T cells specific for cleared pathogens (respira-
tory syncytial virus, influenza virus (FLU), and hepatitis B virus
[HBV]) were identified in humans (6, 31), but CD8� T cells
specific for persistent viruses (cytomegalovirus [CMV], Ep-
stein-Barr virus [EBV], and human immunodeficiency virus
[HIV]) lack significant CD127 expression (6, 22, 31). This
dichotomy of virus-specific CD8� T-cell populations is further
extended by the expression of KLRG1. KLRG1 identifies an-
tigen-experienced CD8� T cells that are impaired in their
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proliferative capacities but are capable of immediate effector
functions (32). Of note, recently we could show that repetitive
antigen stimulation leads to an increase in KLRG1 expression
by virus-specific CD8� T cells in mice and that virus-specific
CD8� T cells are mostly KLRG1� in chronic human viral
infections, such as HIV, CMV, and EBV (26). These results
imply that the likelihood of a T cell to express KLRG1 in-
creases with the number of T-cell receptor (TCR)-triggering
events. CD8� T cells specific for cleared viruses show markedly
decreased KLRG1 expression compared to CD8� T cells specific
for persistent viruses (16, 26). Thus, chronic viral infections elicit
virus-specific CD127� KLRG1� CD8� T cells, whereas
cleared infections are characterized by the presence of
CD127� KLRG1� CD8� memory T cells.

In this study, we analyzed the phenotype and function of
hepatitis C virus (HCV)-specific CD8� T cells in acute and
chronic HCV infection. Surprisingly, we identified the emerg-
ing dominance of blood-derived CD127� KLRG1� HCV-
specific CD8� T cells with good proliferative capacities in a
substantial number of patients with chronic infection. As pre-
viously reported, these cells are also CCR7�, resembling
CD8� memory T cells rather than impaired CD8� effector T
cells. Importantly, the majority of HCV-specific CD8� T cells
detected in the liver did not show a complete reversion towards
a CD8� effector T-cell phenotype, although a significant re-
duction in CD127 expression was observed. These results sug-
gest that a lack of sufficient stimulation of peripheral and partly
intrahepatic CD8� T cells by viral antigen may be one mech-
anism that contributes to viral persistence.

MATERIALS AND METHODS

Subjects. Fifty-three patients with chronic HCV infection and three patients
with acute HCV infection presenting at the Department of Medicine II, Uni-
versity of Freiburg, Freiburg, Germany, were included in this study after in-
formed consent and approval of the study by the local ethics committee were
obtained. All patients were serologically tested for HLA-A and -B allele expres-
sion by the Institute of Transfusion Medicine, University of Freiburg, Freiburg,
Germany. The characteristics of the patients with significant detectable frequen-
cies of peripheral CD8� HCV-tetramer-positive cells are listed in Table 1.

HCV assays. HCV antibody testing was performed using the VITROS anti-
HCV assay (Ortho-Clinical Diagnostics, Neckargmünd, Germany). HCV RNA
reverse transcription-PCR was performed using the Cobas Amplicor (Roche,
Basel, Switzerland). HCV genotypes were identified by InnoLIPA (Innogenetics,
Ghent, Belgium), and viral load was determined by using the HCV RNA 3.0
assay (bDNA) (Bayer Diagnostics, Munich, Germany). All tests were performed
at the Institute of Virology, University of Freiburg.

Lymphocyte isolation. Peripheral blood mononuclear cells (PBMCs) were
isolated from EDTA-anticoagulated blood samples on a Ficoll-Histopaque den-
sity gradient (PAA, Vienna, Austria). After isolation, cells were washed twice in
phosphate-buffered saline (Gibco, Auckland, New Zealand) and either were
studied immediately or were cryopreserved in medium containing 80% fetal calf
serum (FCS) (Gibco), 10% dimethyl sulfoxide (Sigma-Aldrich, Germany), and
10% RPMI 1640 (Gibco). The results of phenotypical and functional assays
performed with fresh and thawed PBMCs from the same bleed were comparable.
Intrahepatic lymphocytes (IHL) were carefully isolated as previously described
(24, 27). CD8� IHLs were enriched using a CD8� T-cell isolation kit II (Miltenyi
Biotec, Bergisch Gladbach, Germany). Analyses of intrahepatic KLRG1 and
CD127 expression were limited by the yield of cells, so patients could be tested
for only one marker. IHLs were always analyzed immediately after isolation.

Synthetic peptides and multimer complexes. HCV-derived peptides previously
described as HLA-restricted HCV epitopes were synthesized with free N and C
termini (Biosynthan, Berlin, Germany). These peptides were dissolved in 100%
dimethyl sulfoxide (Sigma-Aldrich, Germany) at 20 mg/ml and further diluted to
1 mg/ml with RPMI 1640 (Gibco) before use, as previously described (28). The
amino acid sequences of the HCV and influenza epitopes used in this study as
well as the corresponding tetramers are shown in Table 2. HLA-A2 tetramers
corresponding to the matching HCV peptides were obtained from the National
Tetramer Core Facility at Emory University, Atlanta, GA. HLA-B8 and HLA-
B27 tetramers were kindly provided by Scott Ward and Paul Klenerman
(Nuffield Department of Clinical Medicine, Oxford, United Kingdom). HLA-

TABLE 1. Characteristics of the study populationa

ID Sex Age HLA types Genotype(s) Viral load (GE/ml) ALT Epitope Liver histologyb

C1 M 37 A2, A33, B35, B51 1 2,250,580 20 1073 NS3 II/III
C2 F 51 A2, A11, B39 1 1,961,194 58 1406 NS3 I/III
C3 F 40 A1, A2, B7, B18 1 500,000 33 2594 NS5 0/0
C4 M 44 A2, B56 4 300,000 62 1073 NS3 I/III
C5 M 43 A2, B18, B62 1 797,519 115 1406 NS3 I/I
C6 F 34 A1, A2, B7, B13 3 33,038 78 1406 NS3 I/III
C11 M 32 A2, A3, B18, B44 1 36,635 37 2594 NS5 II/I
C15 M 26 A2, A26, B7, B27 1 146,845 112 tp** II/I
C18 M 35 A2, A26, B7, B18 1 Not quantified 31 tp** I/II
C26 M 26 A2, A25, B7, B8 1 1,157,650 81 tp** I/II
C28 M 21 A2, A29, B44 1 2032,170 370 1073 NS3 II/I
C31 M 33 A2, A31, B8, B35 1 442,210 95 1073 NS3 I/II
C38 M 25 A2, B49, B44 3 136,000 259 2594 NS5 I/I
A1 M 25 A2, A11, B35, B44 3 462,883 3,586–�37* 1073 NS3 Not done
A2 M 26 A26, A29, B27, B35 1 and 3 2,289,236 1,891–�30* 1492 NS4 Not done

a Characteristics of 14 patients with detectable HCV-tetramer-positive CD8� T cells are shown. A total of 56 patients were tested for significant frequencies of
HCV-tetramer-positive CD8� T cells. *, alanine aminotransferase (ALT) levels from an early and a late time point are shown for patients with acute HCV infection.
**, patients were tested with a pool of all available HLA-A2-restricted tetramers because of the low frequencies of HCV-specific CD8� T cells. GE, genome equivalents;
ID, patient identification number; tp, pooled tetramers. M, male; F, female.

b Liver biopsies were analyzed using the Desmet classification (expressed as degree of inflammation/degree of fibrosis).

TABLE 2. Peptides and tetramersa

HLA type AA sequence Protein Position

A2 DLMGYIPLV HCV-Core 132
A2 CINGVCWTV HCV-NS3 1073
A2 KLVALGINAV HCV-NS3 1406
A2 ALYDVVTKL HCV-NS5 2594
B8 HSKKKCDEL HCV-NS3 1395
B27 GRWVPGAAY HCV-NS4a 1492
A2 GILGFVFTL Flu-Matrix 58

a The amino acid (AA) sequences of the peptides and multimers used in this
study are shown, as well as the corresponding protein positions.
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A2-matched FLU multimers corresponding to a well-described influenza matrix
protein epitope were obtained commercially from ProImmune, Inc., Oxford,
United Kingdom.

Antibodies. The following monoclonal antibodies were used for immunostain-
ing and fluorescence-activated cell sorter (FACS) analysis on a BD FACSCalibur
flow cytometer using either CellQuest software (BD Biosciences) or FlowJo
software (Tree Star, Inc., Ashland, OR): anti-CD8-fluorescein isothiocyanate
(FITC), anti-CD8-phycoerythrin (PE), anti-CD8-Cy7-PE, anti-CD8-PerCP, anti-
CD8-allophycocyanin, anti-CD38-PE, anti-CD45RA-FITC, anti-CD45RO-PE,
anti-granzyme-B-FITC, isotype immunoglobulin G1 (all BD Pharmingen), anti-
CCR7-FITC (R&D Systems, Minneapolis, MN), anti-CD27-FITC (Hölzel Di-
agnostika, Cologne, Germany), anti-CD28-PE (Diaclone, Stamford, CT), anti-
CD57-FITC, and anti-CD127-PE (eBioscience, San Diego, CA). Anti-KLRG1-PE
and -Alexa 488 have been described previously (32).

Multimer and antibody staining. A total of 1 � 106 cells per well on a 96-well
plate were incubated with HLA-matched tetramers. Incubation was performed
at 37°C and 5% CO2 for 15 min. Cells were washed three times with phosphate-
buffered saline containing 1% FCS, blocked with pure immunoglobulin G1 for 10
min, and stained with an anti-CD8 antibody for 15 min. Cells were washed three
times, followed by surface staining with monoclonal fluorophore-conjugated
antibodies as detailed above, incubated for 15 min at 4°C, washed again, and
fixed in 100 �l CellFIX (BD Pharmingen) per well.

Intracellular and cytokine staining. Procedures were performed essentially as
described previously. Briefly, cells (0.2 � 106 per well on a 96-well plate) were
stimulated with peptides (10 �g/ml) in the presence of 50 U/ml recombinant
human IL-2 (Hoffmann-La Roche, Inc., Basel, Switzerland) and 1 �g/ml brefel-
din A (BD Pharmingen). After 5 h of incubation (37°C; 5% CO2), cells from each
well were blocked and stained with antibodies against CD8. Prior to staining with
intracellular antibodies against gamma interferon (IFN-�) and tumor necrosis
factor alpha (BD Pharmingen), cells were fixed and permeabilized by adding
Cytofix/Cytoperm (BD Pharmingen). Cells were washed three times and fixed in
100 �l CellFIX (BD Pharmingen) per well. Positive and negative control assays
were performed using phorbol myristate acetate-ionomycin stimulation or no
stimulation at all. FACS analysis was performed on a BD FACSCalibur flow
cytometer.

Antigen-specific cell proliferation and CFSE assays. Proliferation assays were
performed without or after 5,6-carboxyfluorescein diacetate succinimidyl ester
(CFSE) labeling: 3 � 106 PBMCs per well were resuspended in 50 �M CFSE
(Molecular Probes). After 15 min of incubation, cells were pelleted, washed

extensively, and resuspended in 1 ml RPMI (Gibco) containing 10% FCS, 1%
streptomycin-penicillin, and 1.5% HEPES buffer (1 M) and stimulated with 10
�g/ml of synthetic HCV or FLU peptide (in some assays, in the presence of 10
ng/ml recombinant IL-7 [Sigma Aldrich]). On day 3, 1 ml fresh medium was
added. After 7 days of incubation, multimer and antibody stainings were per-
formed. FACS analysis was performed on a BD FACSCalibur flow cytometer.

RESULTS

A large fraction of HCV-specific CD8� T cells express
CD127 despite viral persistence. It was previously shown that
CD127 expression is different on CD8� T cells specific for
persistent human viruses compared to that on CD8� T cells
specific for viruses that have been cleared (31). In addition,
studies in the mouse model of chronic lymphocytic choriomen-
ingitis virus (LCMV) infection have demonstrated a reduced
CD127 expression on memory CD8� T cells (11, 19). In this
model, the emergence of CD127� functionally competent
memory T cells is compromised by high viral loads and inad-
equate T-cell help. To determine whether a similar phenotype
is detectable on HCV-specific CD8� T cells, we analyzed
PBMCs from 10 chronically HCV-infected patients (Table 1)
with detectable virus-specific CD8� T-cell responses targeting
six epitopes restricted by HLA-A2, HLA-B8, and HLA-B27
(Table 2). Surprisingly, a large fraction of HCV-specific CD8�

T cells displayed a high CD127 expression (median frequency
of CD127 expression, 81%). As shown in Fig. 1 and 2, more
than 70% of HCV-specific CD8� T cells from six patients
expressed CD127 and infrequent expression below 25% was
observed in only two patients (C28 and C38). It is also impor-
tant to note that different epitope-specific CD8� T cells of a
given patient (patient C11) showed comparable CD127 expres-
sion patterns (Fig. 1A). These results suggest that, in contrast

FIG. 1. (A and B) CD127 expression on CD8� T cells. (A) Representative plots of five patients are shown. HCV-specific CD8� T cells were
detected by positive tetramer binding. Patient C11 was analyzed using NS5 2594 (C11.1) and NS3 1406 (C11.2) tetramers. (B) In addition, two
representative controls tested for CD127 expression on FLU-specific CD8� T cells are shown. Gates were set on total CD8� T cells. (C) Emer-
gence of CD127 expression in acute infection. Patient A1 was analyzed for CD127 expression on HCV-specific CD8� T cells during the acute phase
of HCV infection. Upon clinical presentation, the majority of HCV-specific CD8� tetramer-positive cells lack CD127 expression. After 10 weeks,
the phenotype is reversed, with almost all HCV-specific CD8� T cells expressing CD127. Gates were set on total tetramer-positive CD8� T cells.
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to other persistent human viral infections, in chronic HCV
infection, most virus-specific CD8� T cells express CD127 and
indeed resemble the phenotype observed on FLU-specific
CD8� T cells in resolved infection (Fig. 1A and B).

Next, we determined whether the expression of CD127 on
HCV-specific CD8� T cells was up-regulated during the acute
phase of infection. Kaech et al. have shown in the mouse model
of LCMV infection that only a fraction (9 to 15%) of antigen-
specific CD8� T cells are CD127� during acute infection, but
after viral clearance, CD127� CD8� T cells preferentially sur-
vive and dominate the memory pool (17). To investigate
whether a similar pattern can be observed during acute HCV
infection, we determined the expression of CD127 on HCV-
specific CD8� T cells at the onset of infection and after the
establishment of persistence in patient A1. Interestingly, at the
initial presentation, CD127 expression could be identified in
only 5% of HCV-specific CD8� T cells, whereas a significant
increase in CD127 expression was observed later (Fig. 1C).
Thus, in HCV infection, the emergence of CD127 expression
on HCV-specific CD8� T cells occurs during the acute phase
and is not compromised by viral persistence.

Expression of CD127 on HCV-specific CD8� T cells corre-
lates with the expression of other surface markers. Next, we
correlated the expression of CD127 with other markers of
T-cell activation and differentiation by monitoring HCV-spe-
cific CD8� T cells for the expression of the activation marker
CD38 and the memory and differentiation markers CCR7,
CD27, CD28, CD45RO, and CD45RA. As reported by Lucas
et al., a substantial number of patients with CCR7� HCV-
specific CD8� T cells could be identified (patients C1 to C4,
C6, and C11), but patients C26, C28, and especially C31 and
C38 showed reduced expression of CCR7 on HCV-specific
CD8� T cells (Fig. 2) (21). Of note, there was a clear positive
correlation between the expression of CCR7 and CD127, as
has previously been shown for HIV-specific CD8� T cells (22).
By contrast, the expression of the activation marker CD38 was
inversely correlated with CD127. Indeed, as shown in Fig. 2,
patients C1 to C4, C6, and C11 had a high expression of CD127
and almost no detectable CD38 expression, whereas patients
C26, C28, C31, and C38 displayed significantly weaker expres-
sion of CD127 associated with an up-regulation of CD38 on
the same virus-specific CD8� T cells, suggesting that activation
leads to a down-regulation of CD127. We also observed that
CD127� CD38� HCV-specific CD8� T cells had a higher
expression level of CD57, a marker of replicative senescence.
By contrast, only a few nonactivated CD127� CD38� HCV-
specific CD8� T cells displayed an expression of CD57. As
previously described, HCV-specific CD8� T cells in all patients
except patient C38 were double positive for CD27 and CD28,
high in CD45RO, and low in CD45RA expression (3, 20, 21).
Thus, these cells display a phenotype previously termed early
differentiated. It is also important to note that these differen-
tiation markers were not influenced by activation status (CD38
expression) and did not correlate with the level of CD127 or
CCR7 expression on HCV-specific memory CD8� T cells. Of
note, patient C38 showed a slight distinct surface profile since
his HCV-specific CD8� T cells were double negative for CD27
and CD28 and low on CD45RO but high on CD45RA expres-
sion. Overall, these results suggest the existence of different
phenotypes of HCV-specific CD8� T cells during chronic

HCV infection, with a predominantly CD127� CCR7� nonac-
tivated HCV-specific CD8� memory T-cell population and a
CD127 and CCR7 low-activated effector T-cell population. It
is important to note that these phenotypical differences were

FIG. 2. Correlation of CD127 expression with other phenotypical
markers. Correlation of CD127 expression on HCV-specific CD8� T
cells with other phenotypical markers of 10 patients with chronic HCV
infection is shown. Two subgroups with a differential expression profile
based on CD127 and CD38 expression are distinguishable.
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not due to mismatches of the peptides used in the study since
our analyses included patients where the autologous sequence
was intact (e.g., patients C1 and C26; epitope sequence, CIN
GVCWTV) or cross-reactive, as we have previously shown (24)
(e.g., patient C3; epitope sequence, ALYDVVSKL or patient
C38; epitope sequence, ALYDVVTKL).

Next, we analyzed whether HCV-specific CD8� T cells with
CD127 expression despite viral persistence displayed a switch
in CD127 expression in vitro following peptide stimulation. As
shown in Fig. 3, significant changes in the expression of CD127

and CD38 were observed after expansion. Indeed, CD127 was
almost completely down-regulated and CD38 was up-regu-
lated, supporting the notion that activation leads to a rapid
down-modulation of CD127. These results also show that the
CD127� phenotype in persistently infected patients in vivo can
be easily overcome in vitro, indicating that the HCV-specific
CD8� T cells had no intrinsic differentiation block.

Low KLRG1 expression on HCV-specific CD8� T cells dur-
ing chronic HCV infection. We and others have previously
demonstrated that repetitive antigen stimulation leads to an

FIG. 4. (A and B) KLRG1 expression on CD8� T cells. (A) Representative plots of five patients are shown. HCV-specific CD8� T cells were
detected by positive tetramer binding. (B) In addition, two representative controls tested for KLRG1 expression on FLU-specific CD8� T cells
are shown. Gates were set on total CD8� T cells. (C) KLRG1 expression in acute infection. Patient A2 was analyzed for KLRG1 expression on
HCV-specific CD8� T cells during the acute phase of HCV infection. Upon clinical presentation, the majority of HCV-specific CD8� tetramer-positive
cells expressed KLRG1. After 12 weeks, KLRG1 expression was observed on 45% of HCV-specific CD8� T cells and 52 weeks after presentation, only
18% of tetramer-positive CD8� cells showed KLRG1 expression. Gates were set on total CD8� T cells.

FIG. 3. Effect of activation on HCV-specific CD8� T cells. PBMCs were stimulated with epitope-specific peptide and cultured for 7 days.
Analyses of CD127 and CD38 expression on HCV-specific CD8� T cells are shown for two patients. In both, a CD127� CD38� phenotype prior
to stimulation was switched to a CD127� CD38� phenotype after stimulation. Gates were set on the HCV-specific CD8� tetramer-positive
population.
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increase in KLRG1 expression of virus-specific CD8� T cells in
mice and that virus-specific CD8� T cells are in general
KLRG1� in chronic viral infection in humans, such as HIV,
CMV, and EBV (16, 26). These results imply that the likeli-
hood of a T cell to express KLRG1 increases with the number
of TCR-triggering events. Since our results with CD127 also
indicated the absence of TCR triggering, we determined the
expression of KLRG1 on HCV-specific CD8� T cells. Impor-
tantly, as shown in Fig. 4A and 5B, we observed a low level of
KLRG1 expression (median frequency, 34%) on most HCV-
specific CD8� T cells. Of note, KLRG1 expression on HCV-
specific CD8� T cells is in the same range as on FLU-specific
CD8� T cells (median frequency, 34%) (Fig. 4A and B), as an
example for a resolved infection, but significantly lower com-
pared to HIV- (94%), CMV- (93%), and EBV- (90%) specific
CD8� T cells that represent chronic or latent viral infections
(16, 26). Thus, the pattern of KLRG1 expression on HCV-
specific CD8� T cells suggests that these cells are not repeti-
tively triggered by antigen despite viral persistence. By com-
parison, during acute HCV infection, a strong expression of
KLRG1 is observed on HCV-specific CD8� T cells (Fig. 4C).
These results indicate that, during acute but not chronic HCV
infection, stimulation with antigen is sufficient to induce the

up-regulation of KLRG1 on HCV-specific CD8� T cells, as
has been observed before during acute viral infection in mice
(26).

CD127� memory HCV-specific CD8� T cells have good pro-
liferative capacities but only weak ex vivo IFN-� production
despite viral persistence. To investigate the proliferative ca-
pacity of the HCV-specific CD8� T cells at the single-cell level,
we stained the cells with the fluorescent dye CFSE and deter-
mined the CFSE content of tetramer-positive cells after 7 days
of in vitro stimulation with HCV peptides. As shown in Fig.
6A, CD127� HCV-specific CD8� T cells of patients C2, C3,
C6, and C11 displayed weak CFSE signals, suggesting that they
had proliferated during the days of culture. By contrast, HCV-
specific CD8� T cells that were originally CD127� still had an
intense CFSE signal, indicating that these cells were viable but
failed to proliferate (e.g., patient C38). These results are not
entirely surprising since a low expression of CD127 is also
associated with a CCR7�, CD38�, and CD57� phenotype in
our study cohort, all of which have been shown to be associated
with a low proliferative capacity (2, 4). Taken together, these
results suggest that a large fraction of HCV-specific CD8� T
cells have good proliferative capacities despite viral persistence
that is associated with a CD127� phenotype. By contrast, a

FIG. 5. Expression of CD127 and KLRG1 on HCV-specific CD8� T cells in blood and liver. (A) CD127 expression and (B) KLRG1 expression
on HCV-specific CD8� T cells derived from blood (PBMCs) or liver tissue (IHL) from chronically infected patients. Each circle represents one
patient. Corresponding PBMC and IHL data from the same patient are connected by lines. Mean values are indicated by bars. The P value was
calculated using a standard Student t test. Individual plots of patients C4 and C18 (CD127) as well as C5 and C6 (KLRG1) are shown below.
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CD127� phenotype is associated with a poor proliferative ca-
pacity. Noteworthy and as previously described (3, 34), we
observed only a weak ex vivo IFN-� production of these virus-
specific memory CD8� T cells (data not shown). However, the
ability to produce IFN-� could be restored at least partially in
vitro in several patients after epitope-specific peptide stimula-
tion (Fig. 5B).

Expression of CD127 and KLRG1 on intrahepatic HCV-
specific CD8� T cells. Since viral replication during chronic
HCV infection occurs primarily in the liver, we determined
whether the CD127 and KLRG1 expression on HCV-specific
CD8� T cells is altered in the intrahepatic compartment. Of
note, previous work has shown (12, 14) that intrahepatic HCV-
specific CD8� T cells progress to an activated (CD38�

CD69�) and relatively late differentiation phenotype (double
negative for CD27 and CD28). We were able to analyze the
intrahepatic HCV-specific CD8� T-cell response in 12 patients
from whom liver biopsy specimens were obtained for diagnos-
tic purposes. Importantly, we observed a down-regulation of
CD127 but no significant increase in KLRG1 expression on
intrahepatic virus-specific CD8� T cells compared to the pe-
ripheral blood (Fig. 5). These results indicate on the one hand
that the HCV-specific CD8� T-cell population was at least
partially activated at the site of disease. On the other hand,
they suggest that a fraction of intrahepatic virus-specific CD8�

T cells are not activated in a way to down-regulate CD127 or
up-regulate KLRG1.

DISCUSSION

In this study, we report the emergence and maintenance of
CD127� HCV-specific memory phenotype CD8� T cells in

patients with acute and chronic HCV infection. Importantly,
previous work has shown a similar emergence of CD127�

virus-specific CD8� T cells in acute viral infections that were
followed by viral clearance. Indeed, studies of acute LCMV
and Listeria infection in mice and acute HBV infection in
humans have reported the emergence of CD127-expressing
CD8� T cells that arise during the effector phase and acquire
the phenotypical and functional characteristics of memory T
cells (5, 6, 15, 17). In contrast, in persistently LCMV-infected
mice, virus-specific CD8� T cells displayed a low CD127 ex-
pression that is associated with an activated effector phenotype
and T-cell dysfunctions (11, 19). Importantly, studies with hu-
mans also showed a lack of CD127 expression on virus-specific
CD8� T cells targeting persisting viruses, such as HIV, CMV,
and EBV (22, 31). The down-regulation of CD127 during these
chronic and latent virus infections has been attributed to on-
going repetitive TCR stimulation, whereas the high frequency
of CD127 expression on FLU-, HBV-, and RSV-specific mem-
ory CD8� T cells has been explained by a lack of persisting
antigen and ongoing TCR triggering (6, 31). Thus, the fre-
quency of CD127 expression on peripheral HCV-specific
CD8� T cells despite viral persistence suggests the absence of
ongoing TCR triggering and/or antigen recognition at least in
the peripheral blood.

Importantly, KLRG1 expression on HCV-specific CD8� T
cells supports this conclusion. Indeed, we have previously dem-
onstrated that repetitive antigen stimulation leads to an in-
crease in KLRG1 expression on virus-specific CD8� T cells in
mice and that virus-specific CD8� T cells are mostly KLRG1�

in chronic human viral infections, such as HIV, CMV, and
EBV, but not in resolved infection (FLU) (26). In this study,

FIG. 6. Proliferation of HCV-specific CD8� T cells. (A) PBMCs from several patients were preincubated with CFSE, stimulated with
epitope-specific peptide, and incubated for 7 days. HCV-specific CD8� T cells from patients with an original CD127� phenotype proliferated
vigorously (C2, C3, C6, and C11), but HCV-specific CD8� T cells with a CD127� background failed to proliferate (C38), as measured by the
decrease in CFSE fluorescence per cell. (B) IFN-� production was tested after epitope-specific stimulation of HCV-specific CD8� T cells. In
contrast to ex vivo assays, significant IFN-� production could be detected after in vitro culture in several patients. Gates were set on total CD8�

T cells.
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we show that HCV-specific CD8� T cells have only a weak
KLRG1 expression (Fig. 4 and 5B), thus displaying a pheno-
type of a resolved infection, such as FLU. Taken together, the
combined results of the analysis of KLRG1 and CD127 expres-
sion on HCV-specific CD8� T cells suggest that in a substantial
number of patients, a large fraction of HCV-specific CD8� T
cells display a typical phenotype of memory T cells resembling
that of a resolved infection. Since both markers have been
shown to be directly influenced by ongoing TCR interactions,
our results suggest that these HCV-specific CD8� T cells are
not repetitively triggered by viral antigen despite viral persis-
tence. This concept also provides a likely explanation for the
findings that peripheral HCV-specific CD8� T cells are pre-
dominantly early differentiated and CCR7� (4, 20, 21).

The mechanisms underlying this observation are not clear
from this study. However, an intrinsic arrest in HCV-specific
T-cell differentiation is unlikely since we could show that the
CD127� phenotype in persistently infected patients in vivo can
be easily overcome in vitro by peptide-specific stimulation, as
has also been shown for other differentiation markers, such as
CD27, CD28, and CCR7 (21). Further, sequence analyses of
the epitopes corresponding to the peptides included in the
multimers exclude a possible mismatch of the used epitopes
and the autologous epitope sequences in several patients.
Other possible explanations include dendritic cell dysfunctions,
low antigen presentation, action of regulatory T cells, rapid
deletion of CD127� effector cells in the liver, and infrequent
antigen encounters (e.g., anatomic separation from antigen in
the liver and the immune response). In this regard, it is im-
portant to note that we observed a significant down-regulation
of CD127 but no significant change in KLRG1 expression of
intrahepatic HCV-specific CD8� T cells compared to the pe-
ripheral blood response (Fig. 5B). In this context, it has been
shown previously that intrahepatic HCV-specific CD8� T cells
and CD8� T cells, irrespective of their antigen specificity, are
activated in the liver (12, 14, 33). These results are in agree-
ment with our observation that activation is clearly associated
with a down-regulation of CD127 in vivo (Fig. 2) and in vitro
(Fig. 3). They also support the notion that T-cell activation and
differentiation are closely related, as has been previously
shown for HIV infection (22). It is not clear, however, why not
all virus-specific CD8� T cells down-regulate CD127 in the
liver. Next to the tolerogenic environment of the liver, a pos-
sible small amount of intrahepatic viral antigen may also con-
tribute to the low fraction of CD127� HCV-specific CD8� T
cells. Whatever the explanation, our results suggest that insuf-
ficient stimulation of virus-specific CD8� T cells may represent
a viral immune evasion strategy in HCV infection, next to viral
escape and T-cell dysfunctions (7, 9, 10, 25, 27, 29, 34).

It is also important to note that not all HCV-specific CD8�

T cells displayed a CD127� phenotype. Indeed, we identified
four patients with a significantly lower frequency of CD127
expression, ranging from 12 to 61% (Fig. 2). The infrequent
expression of CD127 on HCV-specific CD8� T cells was asso-
ciated with a low level of CCR7 expression and a CD38� and
CD57� phenotype. Thus, these patients displayed a more dif-
ferentiated and activated effector memory phenotype that was
also associated with a poor proliferative capacity. Interestingly,
we did not find a significant correlation between the phenotype
and viral load, indicating that factors other than the simple

level of viremia lead to the activation of peripheral CD8� T
cells, e.g., the expression of costimulatory molecules, dendritic
cell function, or level of cross-presentation (Table 1). Patient
C38 showed a slight distinct surface profile since his HCV-
specific CD8� T cells were double negative for CD27 and
CD28 and low in CD45RO but high in CD45RA expression.
Of note, reexpression of CD45RA has been shown to occur on
virus-specific CD8� T cells (4, 13) and to be associated with a
loss of CD27, CD28, and CCR7, and a gain of CD57 expres-
sion (4). This phenotype is characteristic for late-differentiated
CD8� T cells that have only a low proliferative capacity, as we
could observe in this patient (Fig. 6). Although this phenotype
does not seem to occur often in chronic HCV infection (3, 20,
21), it has been described previously for one chronically HCV-
infected patient (34).

Of note, Urbani et al. recently reported the emergence of
CD127 expression on HCV-specific CD8� T cells only in
patients that cleared the virus, not in patients that pro-
gressed to viral persistence (30). These data seem to be in
contrast to our findings; however, they can be explained as
follows: first, we have reported the existence of two different
HCV-specific CD8� T-cell populations, CD127� and
CD127�, suggesting that in the study of Urbani et al., a
larger fraction of the latter cohort was analyzed. Second,
their cohort consisted primarily of acutely infected patients,
while we primarily focused on patients with long-term
chronic HCV infection. Taken together, these combined
results suggest the existence of different memory T-cell pop-
ulations in chronic HCV infection that differ in their phe-
notypical and functional characteristics.

It is, indeed, another important finding of our study that
CD127� but not CD127� HCV-specific CD8� T cells display
good proliferative capacities. These results are not entirely
surprising since it has been previously shown that the expres-
sion of CD127 serves as a predictor of the functional quality of
antiviral CD8� T cells in both mice and humans (11). Our
results question the general assumption, however, that virus-
specific CD8� T cells specific for persistent viruses have im-
paired proliferative capacities. In this respect, most HCV-spe-
cific CD8� T cells are clearly different from those specific for
HIV, CMV, or EBV (4). In addition, we observed only a weak
ex vivo IFN-� production of these virus-specific CD8� T cells
that could be overcome in vitro. Hence, it seems less likely that
this may indeed reflect a true dysfunction. Rather, these find-
ings might just reflect the characteristics of central memory
cells that do have good proliferative capacities and a weak ex
vivo IFN-� production (35) with the potential to differentiate
into effector cells.

Taken together, our results show the emergence and main-
tenance of HCV-specific CD8� T cells with a CD127�

KLRG1� proliferation-competent memory phenotype despite
viral persistence in a substantial fraction of chronically HCV-
infected patients. The coexistence of functional memory CD8�

T-cell populations, resembling memory T cells that develop
following acute resolving infection, and virus can be best ex-
plained by a lack of sufficient stimulation of HCV-specific
CD8� T cells by persisting antigen. Our results may also be
relevant for vaccine design because the induction of CD127�

proliferation-competent memory T cells is an important goal.
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For HCV infection, however, this requires the identification of
the mechanisms underlying insufficient stimulation.
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