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Introduction
Hepatitis C virus (HCV) is capable of persisting in the host to estab-
lish a lifelong liver disease in the majority of infected individuals
(reviewed in ref. 1). The high propensity of HCV to establish per-
sistent infection has been related to a severe dysfunction of HCV-
specific CD8+ CTLs, which seems to be a critical factor in prevent-
ing resolution of infection and in favoring the onset of chronic liver
immunopathology (1–11). In addition, further data indicated inef-
ficient CTLs in both HCV-related and -unrelated chronic infec-
tions, suggesting that this phenotype is not restricted to HCV but
is widely present in persistent viral infections (4, 12–17). However,
the studies conducted thus far have not addressed the issues of why
the expansion of HCV-specific CTL populations contrasts with
their poor capacity to perform immediate effector functions or
whether intrahepatic T cell populations have particular subsets
involved in the establishment of chronic infection. Recently, a large
body of evidence has indicated that different types of both CD4+

and CD8+ regulatory T (TR) cells, once activated, possibly in an anti-
gen-specific manner, suppress excessive effector responses in an
antigen-specific or a -nonspecific manner (18–24). This equilibri-
um may establish a status of long-lasting low-level inflammation
critical to the survival of both the microbial agent and the host.

Here we report that patients with chronic HCV infection show a
considerable enrichment of HCV-specific CTLs in the liver (in con-

trast to what is observed in the periphery) that express the tissue-
homing phenotype of memory effector (ME) cells (CCR7–) (25),
despite the fact that only a minority of these CTLs carry out
prompt proinflammatory functions. Importantly, we demonstrate
the concomitant presence in the liver of HCV-specific CTLs pro-
ducing IL-10 that appear to have regulatory functions and thus
have a major role in the establishment of the long-lasting low-level
liver inflammation.

Methods
Study population. We studied 48 patients with chronic HCV infec-
tion (Table 1) and 40 healthy donors (age range, 20–54 years; 28
HLA-A2+ and 12 HLA-A3+) as controls (for analyses of peripheral
blood), according to the ethical guidelines of the 1975 Declaration
of Helsinki and a priori approval by our Institutional Review
Board. Serum HCV RNA levels and HCV genotypes were deter-
mined by Versant HCV RNA 3.0 (bDNA) and INNO-LiPA HCV II,
respectively (Bayer Corporation, Tarrytown, New York, New York,
USA). None of the patients were being treated with IFN-α with or
without ribavirin at the time of this study. Of the 48 patients, 47
underwent percutaneous needle liver biopsy, part of which was
processed for diagnostic and part, for immunological analyses.
Histology was graded by the histological activity index (HAI): peri-
portal necrosis, intralobular necrosis, or portal inflammation (val-
ues range from 0 to 10, 0 to 4, or 0 to 4, respectively; their sum pro-
vides “grading” or the “inflammatory index”), fibrosis (ranging
from 0 to 4; this leads to “staging” or the “fibrosis index”), and
total score (grading + staging) (26) (Table 1).

Cell preparations. Lymphoprep cushions (Nycomed pharma, AS,
Oslo, Norway) were used to isolate PBMCs from peripheral blood
and liver-infiltrating lymphocytes (LILs) from liver biopsies, as
previously described (3). CD8+ T cells were isolated from PBMCs
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or LILs by immunomagnetic separation with mouse anti-
CD8–conjugated magnetic microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany). CCR7+ and CCR7– cells were purified from
PBMCs by staining with purified mAb to CCR7 (3D12, rat IgG2a)
(25) followed by phycoerythrin-conjugated (PE-conjugated) goat
anti-rat IgG2a (Southern Biotechnology Associates, Birmingham,
Alabama, USA) and then by mouse IgG1 anti-PE–conjugated mag-
netic microbeads (Miltenyi Biotec). FACS analysis demonstrated
more than 99% CCR7+ cells in the pos-
itively purified population and less
than 11% CCR7+ cells in the CCR7-
depleted population. Immature DCs
were derived from peripheral mono-
cytes that had been purified by positive
selection with mAb to CD14 coupled
to magnetic beads (Miltenyi Biotec).
Then, CD14+ cells were cultured for 5
days in RPMI 1640/5% FCS medium
containing 2 mM glutamine, 1% non-
essential amino acids, 1% sodium
pyruvate, 50 µg/ml kanamycin (Gibco
BRL), 50 ng/ml GM-CFS (Novartis
Pharma, Basel, Switzerland), and 1,000
U/ml recombinant IL-4, kindly provid-
ed by Antonio Lanzavecchia (Institute
for Research in Biomedicine, Bellin-
zona, Switzerland). DC maturation was
induced by a 40-hour stimulation with
CD40L-transfected J558L cells (at a
DC/J558L ratio of 1:1), kindly provid-
ed by Peter Lane (University of Birm-
ingham Medical School, Birmingham,
UK), as previously described (27, 28).

Cytofluorimetric assays. PBMCs or LILs
were stained with a combination of
tetramers and different mAb’s as previ-
ously described (3). The tetramers
included PE- or PE-indodicarbocya-
nine–labeled (PE-Cy5–labeled) HLA-A2
tetramers in complexes with HCV non-
structural protein 31073–1081 (NS31073–1081)
(CINGVCWTV), NS31406–1415 (KLVAL-
GINAV), or NS41851–1859 (ILAGYGAGV)
peptide, and PE-Cy5–labeled HLA-A3
tetramers in complexes with HCV
core51–59 (KTSERSQPR), E2632–641 (RMY-
VGGVEHR), or NS31267–1275 (LGFGAY-
MSK) (Proimmune Limited, Oxford,
UK). The mAb’s included tricolor (TC)-
or PE-labeled anti-CD8 (Caltag Labo-
ratories, Burlingame, California, USA),
FITC-labeled anti-CD8 (Becton Dick-
inson, BD Pharmingen, San Diego, Cal-
ifornia, USA), and FITC-labeled anti-
perforin (BD Pharmingen). Staining
with mAb to CCR7 was performed
prior to tetramer staining and was fol-
lowed by the addition of labeled sec-
ondary antibodies. Cells were washed,
acquired with a FACSCalibur flow

cytometer (Becton Dickinson, San Jose, California, USA), and
analyzed using CellQuest software (Becton Dickinson). Negative
controls were obtained by staining cells with an irrelevant iso-
type-matched mAb.

Functional assays. In functional experiments, PBMCs or LILs pre-
viously stained with tetramer and different mAb’s were left unstim-
ulated or were stimulated for 6 hours at 37°C with peptide (10
µg/ml) plus mAb to CD28 (4 µg/ml) (BD Pharmingen); PMA 

Table 1
Clinical parameters of patients with chronic HCV infection

Pts Age Sex HLA Genotype ALT (IU/ml) HCV RNA HAI
(yr) (n.v., 0–40) (IU/ml) Total score Grading Staging

1 42 F A2+ 1b 220 250,000 3 3 0
2 51 F A2+A3+ 1b 70 480,000 3 3 0
3 56 F A2+ 1b 90 280,000 4 3 1
4 58 M A2+ 1b 48 350,000 2 2 1
5 35 F A2+ 1b 30 680,000 10 8 2
6 41 M A2+ 1b 60 280,000 4 3 1
7 64 M A2+ 1b 45 650,000 2 2 0
8 33 M A2+ 3a 123 1,327,000 2 2 0
9 42 M A3+ 1b 127 252,400 3 3 0
10 44 F A2+ 1b 55 856,700 2 2 0
11 30 M A3+ 1b 83 260,000 2 2 0
12 66 M A2+ 1b 56 720,000 4 3 1
13 41 F A2+ 1b 32 500,000 2 2 0
14 26 M A2+ 3a 88 320,000 N.D. N.D. N.D.
15 60 M A2+ 1b 192 480,000 2 2 0
16 63 F A3+ 1b 97 100,000 6 5 1
17 55 M A2+ 1b 65 430,000 4 3 1
18 63 F A2+ 1b 145 160,000 2 2 0
19 55 F A2+ 1b 22 600,000 2 2 0
20 38 F A2+ 1b 40 160,000 7 5 2
21 40 M A2+ 1b 40 160,000 3 3 0
22 58 M A2+ 1b 40 150,000 4 3 1
23 60 F A2+ A3+ 2a/2c 123 72,800 3 3 0
24 62 M A2+ 2a/2c 40 13,200 8 7 1
25 58 F A3+ 1b 60 200,000 2 2 0
26 34 M A2+ 2a/2c 88 140,000 2 2 0
27 58 M A2+ 2a 38 65,900 2 2 0
28 38 M A2+ 3a 34 129,000 2 2 0
29 59 F A2+ 2a/2c 39 106,400 7 6 1
30 26 M A2+ 1b 103 250,500 4 3 1
31 48 M A3+ 1b 44 250,000 2 2 0
32 42 F A2+ 1b 42 450,000 2 3 0
33 28 F A2+ 1b 56 645,000 2 2 0
34 56 M A2+ 1b 32 250,000 2 2 0
35 42 F A3+ 1b 66 650,000 2 2 0
36 44 M A2+ 1b 24 160,000 6 3 1
37 61 M A2+ 1b 46 730,000 3 4 1
38 48 F A2+ 1b 48 650,000 2 2 0
39 62 M A2+ 1b 56 840,000 2 2 0
40 56 F A2+ A3+ 1b 38 650,000 2 2 0
41 55 F A2+ 2a/2c 42 235,000 3 3 0
42 65 F A2+ 1b 54 550,000 5 4 1
43 28 M A2+ 1b 48 1,250,000 7 5 2
44 65 M A2+ 2a/2c 68 350,000 4 3 1
45 37 F A2+ 1b 46 345,000 7 6 1
46 56 M A2+ 1b 87 875,000 6 4 2
47 52 M A2+ 1b 66 660,000 4 3 1
48 47 M A2+ 1b 48 750,000 4 3 1

Pts, patients; n.v., normal value; F, female; M, male; N.D., not determined.
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(50 ng/ml) plus ionomycin (1 µg/ml) (Sigma-Aldrich, Milan, Italy);
or peptide plus autologous irradiated PBMCs as APCs. At the second
hour, 10 µg/ml brefeldin-A (Sigma-Aldrich) was added. Cells were
washed, fixed, and permeabilized using Cytofix/Cytoperm solution
(BD Pharmingen) at 4°C for 20 minutes, rewashed with Perm Wash
Buffer (BD Pharmingen), and intracellularly stained with FITC-, PE-
(BD Pharmingen), or PE-Cy5– (Jackson ImmunoResearch, West
Grove, Pennsylvania, USA) labeled anti–IFN-γ or anti–IL-10 for 30

minutes at 4°C. Similar assays were performed by using short-term
CD8+ lines derived from purified CCR7+CCR7– cells (after 7–10 days
of stimulation with peptide plus mature DCs or 3 days of preculture
with IL-2), PBMCs or LILs (after 7–10 days of stimulation with pep-
tide plus anti-CD28 or 3 days of preculture with IL-2).

Suppressor assays. In the antigen-nonspecific assays, PBMCs
(responder cells) were cultured in 96-well round-bottomed plates
for 6 days with or without 4 × 104 to 5 × 104 cells/well of highly

Table 2
Phenotypic analysis of peripheral CD8+tetramer+ cells in patients with chronic HCV infection

HLA-A2+ % CD8+tetramer+ cells
pts. % Tetramer % CCR7+ cells % Tetramer % CCR7+ cells % Tetramer % CCR7+ cells

NS41851–1859 in NS41851–1859 NS31073–1082 in NS31073–1082 NS31406–1415 in NS31406–1415

cells tetramer cells cells tetramer cells cells tetramer cells
1 <0.01 N.D. 0.01 85 0.02 67
2 <0.01 N.D. <0.01 N.D. <0.01 N.D.
3 <0.01 N.D. <0.01 N.D. 0.02 70
4 <0.01 N.D. <0.01 N.D. <0.01 N.D.
5 0.02 75 0.013 67 <0.01 N.D.
6 0.03 73 <0.01 N.D. <0.01 N.D.
7 <0.01 N.D. <0.01 N.D. <0.01 N.D.
8 <0.01 N.D. <0.01 N.D. <0.01 N.D.
10 N.D. N.D. <0.01 N.D. <0.01 N.D.
12 <0.01 N.D. <0.01 N.D. <0.01 N.D.
13 <0.01 N.D. <0.01 N.D. <0.01 N.D.
14 0.05 N.D. 0.5 64 <0.01 N.D.
15 <0.01 N.D. <0.01 N.D. 0.01 80
17 <0.01 N.D. <0.01 N.D. <0.01 N.D.
18 <0.01 N.D. <0.01 N.D. <0.01 N.D.
21 <0.01 N.D. <0.01 N.D. <0.01 N.D.
22 <0.01 N.D. 0.03 70 <0.01 N.D.
24 <0.01 N.D. 0.01 N.D. 0.01 N.D.
27 0.05 N.D. N.D. N.D. N.D. N.D.
28 0.01 N.D. <0.01 N.D. <0.01 N.D.
30 0.08 N.D. 0.02 N.D. 0.06 N.D.
32 <0.01 N.D. <0.01 N.D. <0.01 N.D.
33 <0.01 N.D. <0.01 N.D. <0.01 N.D.
34 <0.01 N.D. <0.01 N.D. <0.01 N.D.
36 <0.01 N.D. <0.01 N.D. <0.01 N.D.
37 <0.01 N.D. <0.01 N.D. <0.01 N.D.
38 <0.01 N.D. <0.01 N.D. <0.01 N.D.
39 <0.01 N.D. <0.01 N.D. <0.01 N.D.
40 <0.01 N.D. <0.01 N.D. <0.01 N.D.
41 <0.01 N.D. <0.01 N.D. <0.01 N.D.
42 <0.01 N.D. <0.01 N.D. <0.01 N.D.
43 <0.01 N.D. <0.01 N.D. <0.01 N.D.
44 <0.01 N.D. <0.01 N.D. <0.01 N.D.
45 <0.01 N.D. <0.01 N.D. <0.01 N.D.
46 <0.01 N.D. <0.01 N.D. <0.01 N.D.
47 <0.01 N.D. <0.01 N.D. <0.01 N.D.
48 <0.01 N.D. <0.01 N.D. <0.01 N.D.

HLA-A3+ % Tetramer % CCR7+ cells % Tetramer % CCR7+ cells % Tetramer % CCR7+ cells
pts. core51–59 in core51–59 E2632–641 cells in E2632–641 NS31267–1275 in NS31267–1275

tetramer cells tetramer cells cells tetramer cells
9 0.02 61 <0.01 N.D. 0.02 67
11 <0.01 N.D. 0.11 65 0.2 67
16 0.01 65 <0.01 N.D. 0.01 82
31 <0.01 N.D. <0.01 N.D. <0.01 N.D.
35 <0.01 N.D. <0.01 N.D. <0.01 N.D.

PBMCs from 3 of the 48 patients were not studied because of insufficient cell numbers.

                        



research article

966 The Journal of Clinical Investigation http://www.jci.org Volume 113 Number 7 April 2004

purified CD8+ LILs as suppressor cells in the presence of both sol-
uble anti-CD3 and anti-CD28 (BD Pharmingen) at a responder/
suppressor ratio of 2/1. Because of the paucity of cells, we pooled
LILs from two to three liver biopsies derived from different
patients. In addition, supernatants from the cocultures described
above were collected at the end of incubation and analyzed for 
IL-10 by ELISA (BD Immunocytometry Systems). In order to eval-
uate the antigen specificity of the suppressor cells, PBMCs were
cocultured with autologous LILs (derived from single biopsies) in
the presence or absence of both recombinant chimeric NS3/NS4
(IRIS Research Center, Chiron S.p.A., Siena, Italy) and HLA-
A2–related HCV peptides. In some wells, neutralizing anti–IL-10
(JES3-9D7, IgG1), mAb to perforin (27-35; IgG2b) (10 µg/ml, BD
Pharmingen), IL-2 (50–100 U/ml), or IgG1-IgG2b isotype controls
were added at the beginning of the assay. Eighteen hours before
cultures were harvested, 1 µCi [3H]thymidine (Amersham, Buck-
inghamshire, UK) was added and the cell radioactivity was deter-
mined as described (29).

Results
Low frequencies of peripheral (preferentially CCR7+) HCV-specific CTLs.
CD8+ class I HLA–peptide tetrameric complex+ (tetramer+) cells
appeared at very low frequencies in the peripheral blood of patients
chronically infected with HCV (Table 2 and Figure 1), and the
majority of them expressed the central memory (CM) CCR7+ phe-
notype (25) (Table 2 and Figures 1 and 2A). The peripheral tetramer
values were less than 0.01% (with a mean ± SD of 0.00347 ± 0.01612
for all the tetramer analyzed) in all healthy individuals studied;
thus, 0.01% was considered the sensitivity level of the assay. Because
of the very low percentages of peripheral tetramer+ cells, we were
unable to document an effector function in any of the patients
except for three showing a significant percentage of HCV-specific
CTLs in the peripheral blood (Figure 3). Furthermore, they did not
have significant antigen-specific effector function ex vivo, as detect-
ed by the production of IFN-γ or IL-10 in response to a few hours

of contact with viral peptides (Figure 3). These cells were not intrin-
sically defective, as the majority of them produced IFN-γ prompt-
ly and efficiently in response to PMA and ionomycin (Figure 3).
They proliferated abundantly and differentiated into effector cells
in response to sustained antigen stimulation (Figure 4). This capa-
bility was a feature of CCR7+CD8+ T cellsCM, as only the positively
selected CCR7+ but not the CCR7-depleted CD8+ T cellsME were
capable of extensively differentiating upon sustained antigen/DC
stimulation in vitro (Figure 4) (10, 25, 30–33). However, the find-
ing that no correlation was shown between peripheral CTL fre-
quencies (as well as the intrahepatic [see below]) and serum HCV
RNA or alanine transaminase (ALT) levels suggests that CD8+ T
cellsCM in vivo generate a massive expansion of the CD8+ T cellME

population (homing to inflamed liver [see below]) that does not
demonstrate an appropriate protective function.

Hepatic expansion of an inefficient effector CCR7– HCV-specific CTL
population. In order to validate the hypothesis of a selective com-
partmentalization of effector CTLs in infected livers, we compared
LILs from patients chronically infected with HCV with those
derived from peripheral blood. Because of the low number of LILs
obtained from each biopsy (5 × 104 to 7 × 104 cells/biopsy), they
were stained with the pool of either HLA-A2/HCV or HLA-
A3/HCV tetramers plus mAb’s to CD8 and CCR7. The frequency

Figure 1
Low frequencies of peripheral virus-specific CD8+ T cells expressing a
dominant CM (CCR7+) phenotype. PBMCs from two representative
HLA-A2+ patients (Pt. 1 and Pt. 15) and two HLA-A3+ patients (Pt. 9 and
Pt. 11) were stained first with rat mAb to CCR7 and then with secondary
FITC-conjugated goat anti-rat Ig, PE-Cy5–labeled anti-CD8, and the
indicated PE-Cy5–labeled tetramers. (A) Dot plot analyses showing
CD8+tetramer+ cell percentages. (B) Dot plots, corresponding to those
reported in A, are gated on tetramer+CD8+ (Tetr+CD8+) cells, and show
CCR7 staining. Results are expressed as percentage of cells, indicated
in each quadrant. N.D., not determined; FSC, forward scatter.

Figure 2
Correlations among immunological and clinical parameters. (A)
Tetramer+ CD8+CCR7+ cells are significantly more numerous than their
CCR7– counterparts in the peripheral (Periph.) blood of patients with
chronic HCV infection. Each line represents a single patient. Only
tetramer+ populations showing detectable CCR7+ cells have been con-
sidered. Statistical analysis was performed by Student’s t test for paired
data. (B) Tetramer+CD8+ cells are significantly more numerous in the
liver than in the peripheral blood of patients with chronic HCV infection.
Each line joining a pair of circles between “Periphery” and “Liver” repre-
sents a single patient. Each “Periphery” circle represents the sum of
peripheral virus-specific CD8+ T cell frequencies, which were detected
by the single tetramers (Table 2). Each “Liver” circle represents the fre-
quencies of virus-specific CD8+ LILs, as detected by the tetramer pool
(Table 3). Statistical analysis was performed by Student’s t test for paired
data; this included the values less than 0.01% that were arbitrarily con-
sidered 0%. (C) Frequencies of tetramer+CD8+ LILs producing IFN-γ are
directly correlated with total HAI score. Statistical analysis was performed
by the Spearman correlation test. (D) Frequencies of tetramer+CD8+ LILs
producing IL-10 are inversely related to total HAI score. Statistical anal-
ysis was performed by the Spearman correlation test.
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of virus-specific CD8+ LILs, as detected by the tetramer pool, was
significantly higher (with a mean of about 300-fold) than the cor-
responding sum of the peripheral cells, which were detected by the
single tetramers (Table 3 and Figures 2B and 5). The peripheral
tetramer+CD8+ cell percentages less than 0.01 (the sensitivity level
of our assay) were arbitrarily considered 0% in the statistical anal-
yses but do not appear in the plot because of the y-axis logarith-
mic scale. Moreover, in contrast to observation at the peripheral
blood level, virtually all tetramer+ LILs had lost CCR7, thus acquir-
ing the typical tissue-homing phenotype of ME cells (25) (Figure
5A). This phenotype was related to high expression of perforin,
supporting the notion that the loss of CCR7 is a hallmark of ME
cells (Table 3 and Figure 5A). Despite the acquisition of the ME
phenotype, only a minority of CCR7– LILs acquired prompt IFN-γ
production capacity after a few hours of contact with the pool of
corresponding viral peptides (Table 3 and Figure 5B). Important-
ly, the frequency of tetramer+IFN-γ+CD8+ LILs was directly relat-
ed to the total HAI score (Table 3 and Figure 2C), supporting the
hypothesis of a major role of HCV-specific CTLs producing IFN-γ
in establishing chronic liver immunopathology. Patients 10, 15,
18, 25, 26, 28, 33, 38, and 39 are presented as a single overlapping
circle because they showed identical values for both HAI score
(with a score of 2) and tetramer+CD8+IFN-γ+ cell percentage (0%)
(see Tables 1 and 3). As expected, as with the peripheral CCR7–

CTLs and in contrast to CCR7+ CTLs, LILs (being CCR7–) were
unable to proliferate in response to sustained antigen stimulation

(data not shown) (25, 30–32). Tetramer+ LILs, however, were capa-
ble of synthesizing large amounts of IFN-γ in response to 4–6
hours of antigen contact, after a brief preculture (48–72 hours)
with IL-2 (50–100 U/ml) (Figure 6). These data suggest that
CCR7– CTLs can terminate the effector cell program following
exposure to IL-2, which is thought to be critical in driving full
effector CTL differentiation (10, 11, 34)

Hepatic expansion of an IL-10–producing HCV-specific CCR7– CTL 
population. At variance with peripheral CTLs, some of the
CD8+tetramer+ LILsME were capable of producing IL-10 following
peptide stimulation for 6 hours in vitro (Table 3 and Figure 4B).
Notably, no double IFN-γ+IL-10+ cells were visualized within each
tetramer+ population analyzed, suggesting that these cytokines
were not synthesized by the same cells (data not shown). Impor-
tantly, tetramer+IL-10+CD8+ LIL frequencies were inversely relat-
ed to the total HAI score (Figure 2D), in contrast to the
tetramer+IFN-γ+ LIL frequencies that were directly related (Figure
2C). Patients 15, 18, 25, 26, and 28, showing identical HAI scores
and tetramer+CD8+IL-10+ cell percentages, are presented as a sin-
gle circle corresponding to an HAI score of 2 and tetramer per-
centage of 0; patients 20, 29, and 43 are presented as a circle cor-
responding to an HAI score of 7 and 0% CD8+tetramer+IL-10+ cells
(see Table 3). Although we were unable to determine whether
tetramer+perforin+CD8+ cells were confined within either IFN-γ+

or IL-10+ cell populations for the trivial reason of insufficient
numbers of LILs, the finding that the majority of those analyzed
expressed perforin suggests that they should be present in both
tetramer+IFN-γ+ and tetramer+IL-10+ CD8+ LIL populations (Table
3), indicating that the latter control the proinflammatory rather
than the potential cytotoxic function. The fact that no correlation

Figure 3
Inefficient effector capacity of peripheral virus-specific CD8+ T cells ex
vivo. Representative functional analyses of PBMCs from one HLA-A3+

patient (Pt. 11) and two HLA-A2+ patients (Pt. 6 and Pt. 14) selected for
their elevated frequencies of peripheral virus-specific CD8+ T cells, as
detected by the indicated tetramers. PBMCs from patients 11 and 6
were previously stained with rat mAb to CCR7, followed by staining with
the secondary PE- or FITC-conjugated goat anti-rat Ig, TC-labeled anti-
CD8, and the indicated PE-Cy5– or PE-labeled tetramers. Then, cells
were stimulated with the relevant peptide and mAb to CD28 or with
PMA and ionomycin (iono) and after 6 hours were stained intracellular-
ly with FITC- or PE-labeled anti–IFN-γ. Gated tetramer+CD8+ cells show
both single CCR7 staining in forward scatter analysis and double CCR7
and IFN-γ staining. PBMCs from patient 14 were stained with anti-CD8
and tetramers, then stimulated as described above and after 6 hours
were stained intracellularly with FITC-labeled anti–IFN-γ or anti–IL-10.
Gating analyses were performed at the CD8+ cell level.

Figure 4
Peripheral virus-specific CCR7+ CTLs efficiently differentiate upon anti-
gen-driven proliferation in vitro. (A) PBMCs from HLA-A2+ patients 14
and 6 (Pt. 14 and Pt. 6) (see Table 2) were stimulated with the indicat-
ed peptide plus anti-CD28 for 7 days.Then, cells were stained with the
corresponding PE-Cy5– or PE-labeled HLA-A2.1+ tetramers and TC- or
FITC-labeled mAb to CD8, restimulated or not with peptide and autol-
ogous APCs or PMA plus ionomycin for 6 hours, and stained intracel-
lularly with FITC- or PE-Cy5–labeled mAb to IFN-γ. Dot plots are gated
on tetramer+CD8+ cells. Results are expressed as percentage of cells.
(B) Both peripheral CCR7+ (pCCR7+) and pCCR7– cells purified from
PBMCs from both patients were cultured with the relevant peptides and
autologous DCs for 7 days. Then, cells were double-stained with the
corresponding PE-Cy5–labeled HLA-A2.1+ tetramers and TC- or FITC-
labeled mAb to CD8, restimulated for a few hours with peptide and
autologous Epstein-Barr virus B cells as APCs, and stained intracellu-
larly with FITC- or PE-labeled mAb to IFN-γ. Dot plots are gated on
tetramer+CD8+ cells. Results are expressed as percentage of cells.
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was shown between the percentages of HCV-specific LILs produc-
ing either IFN-γ or IL-10 and either serum HCV RNA or ALT lev-
els suggests that the intrahepatic HCV-specific CCR7– LILs are
unable to clear the virus, possibly because of the IL-10–mediated
suppression of the antiviral effect of IFN-γ.

Suppressor activity of intrahepatic IL-10–producing CD8+ T cells.
Because of the limitation of the tiny number of LILs we obtained
(about 5 × 104 to 7 × 104 from each biopsy), we set up a simple and
reproducible non–antigen-specific suppressor assay by pooling
LILs obtained from two to three biopsies, with a yield of 1.5 × 105

cells. The rationale of this assay is that coculture of highly purified
CD8+ LILs and PBMCs in the presence of mAb’s to CD3 and CD28
should simultaneously induce the proliferation of PBMCs as well
as the prompt stimulation of the in vivo–differentiated CD8+ LILs
with regulatory function (that should suppress PBMC prolifera-
tion) and the cytokines required for suppression. Importantly, in
the majority of experiments, CD8+ LILs demonstrated a marked
suppression function in terms of inhibition of PBMC proliferation,
strongly supporting the idea of a major role played by CD8+ LILs

as regulatory cells (Figure 7A). As expected, the same results were
obtained by using either autologous or allogeneic PBMCs as
responders in this non-antigen-suppression system. The addition
of neutralizing anti–IL-10, but not of mAb to perforin or the cor-
responding isotypes used as a control, markedly abrogated sup-
pression only by IL-10–producing CD8+ LILs (Figure 7, A and B).
However, the finding that suppression was also exerted by some 
IL-10–CD8+ LILs suggests that further unknown suppression
mechanisms are involved (Figure 7, A and B). Interestingly, the
addition of IL-2 to the same cocultures abrogated the suppression
function (Figure 7A). The finding that in independent experiments
IL-2 selectively drove full effector cell differentiation (Figure 6)
favors the possibility that this cytokine may overcome suppression
via its effect in promoting differentiation of effector cells in PBMC
populations, rather than blocking suppression by LILs. This
hypothesis is corroborated by the evidence that IL-2 improved
PBMC proliferation in control cultures to which CD8+ LILs had
not been added (Figure 7A). Furthermore, control experiments
showed that the addition of mAb to IL-10 to cultures containing
only PBMCs did not exert any effect (Figure 7A), ruling out the pos-
sible presence of IL-10–producing regulatory cells in the periphery.

Antigen specificity of regulatory CD8+ LILs. In an attempt to define
the antigen specificity of the regulatory cells, we cocultured LILs
derived from single biopsies with autologous PBMCs in the pres-
ence of both the relevant HLA-A2–related HCV peptides and a sol-
uble form of a chimeric NS3/NS4. The rationale of this assay is
that APC populations contained in PBMC populations can simul-
taneously present both soluble recombinant NS3/NS4 to their
own (CD4+) T cells and HLA-A2-related HCV peptides to the in
vivo–differentiated antigen-specific CD8+ regulatory cells, which
in turn should inhibit the PBMC response to antigenic HCV stim-
uli if present in the autologous LIL population. In six independent
experiments, performed with PBMCs for their capacity to prolifer-

Figure 5
Concomitant hepatic expansions of virus-specific CCR7– CTL subsets
with inappropriate proinflammatory functions or regulatory phenotypes.
(A) Representative tetramer+CD8+ LILs from HLA-A2.1+ patient 2 (see
Table 3) expressing the membrane phenotype (CCR7–) of effector cells
and high perforin levels, but inappropriate IFN-γ production. In particu-
lar, LILs from patient 2 were subdivided in two parts. One part was
stained intracellularly with TC-labeled mAb to CD8, the pool of PE-
labeled HLA-A2.1+ tetramers expressing NS31073–1082, NS31406–1415, or
NS41851–1859 (mix tetramer, Mix tetr.), and FITC-labeled anti-perforin. A
second part, after being stained with primary rat mAb to CCR7, was
stained with the secondary PE-conjugated goat anti-rat Ig and the pool
of tetramers indicated above.Then, following stimulation or no stimula-
tion with the corresponding peptides and APCs (autologous irradiated
PBMCs) for 6 hours, cells were stained intracellularly with FITC-labeled
mAb to IFN-γ. Dot plots are gated on tetramer+ cells. Results are
expressed as percentage of cells. Similar results were obtained by
studying the other patients tested (see Table 3) with the pool of
tetramers indicated for each patient in Table 2. (B) Tetramer+CD8+ LILs
isolated from each indicated patient producing poor IFN-γ but notable
amounts of IL-10. LILs were stained with the mix tetramer (indicated for
each patient in the Table 2), were left unstimulated or were stimulated
with the corresponding peptides and autologous APCs for few hours,
and were stained intracellularly with both FITC-labeled mAb to IFN-γ or
to IL-10. IFN-γ or IL-10 was undetectable in unstimulated cultures in both
experiments in A and B (data not shown).

Figure 6
IL-2 drives virus-specific CCR7– cells to terminate the effector cell pro-
gram. (A and B) Two independent experiments, in which LIL pools
derived from two biopsies (for each experiment) of HLA-A2+ patients,
were cultured with 50 U/ml IL-2 for 3 days.Then, cells were stained with
TC-labeled mAb to CD8, and the pool of PE-labeled HLA-A2.1+ mix
tetramer stimulated with the corresponding peptides and autologous
PBMCs as APCs for 6 hours, and stained intracellularly with FITC-labeled
mAb to IFN-γ. Dot plots are gated on tetramer+CD8+ cells. Results are
expressed as percentage of cells. Null, no stimulus. (C) Fresh peripheral
(p)CCR7+ and CCR7– cells purified from PBMCs of the patients present-
ed in A were cultured with IL-2 as described above and stained with FITC-
labeled mAb to CD8 and PE-Cy5–labeled HLA-A2.1+ tetramers express-
ing NS41851–1859. Then, cells were stimulated with autologous APCs and
NS41851–1859 peptide for 6 hours and were stained intracellularly with 
PE-labeled mAb to IFN-γ. Dot plots are gated on tetramer+CD8+ cells.
Results are expressed as percentage of cells.
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ate in response to soluble NS3/NS4, LILs from HLA-A2+ patients
were able to suppress autologous antigen-specific PBMC respons-
es only upon antigen-specific activation with the pool of the HLA-
A2–related peptides (NS31073–1081, NS31406–1415, and NS41851–1859)
(Figure 8, A–F) but not when left unstimulated (Figure 8, A–F) or
when stimulated with the pool of irrelevant HLA-A2–related HIV
peptides (pol919–927, nef94–102, and env49–57) (Figure 8, E and F). These
data clearly support the concept that the suppression function is

antigen specific at least in the induction phase (18–20). Of note,
the suppression was strongly overcome by the addition of neutral-
izing mAb to IL-10 (Figure 8, A–D).

Discussion
In this study, we have provided evidence that patients with chron-
ic HCV infection show concomitant and considerable intrahepat-
ic expansion of two independent subsets of virus-specific
CCR7–CD8+ T cellME populations characterized by their capacity
either to exert poor proinflammatory functions or to produce siz-
able amounts of IL-10. The finding that HCV-specific CCR7+CD8+

T cellsCM were confined only to the periphery and that they effi-
ciently differentiated into effector cells in response to sustained
antigen stimulation (in contrast to the CCR7– cellsME preferential-
ly recruited in the liver) supports the model proposing different
anatomical locations for these functionally distinct subsets (25,
35–37). Several lines of evidence indicate that T cellsCM express
CCR7 and CD62L, allowing homing to peripheral lymphoid tis-
sues where they can proliferate and rapidly differentiate into effec-
tor cells upon re-encountering microbial antigens. In contrast, T
cellsME lose CCR7 and CD62L and can thus migrate into inflamed
tissues (25, 35–37). The peripheral expansion of an HCV-specific
CCR7+ CTLCM population in chronically infected patients is in con-
trast with previous findings in patients with acute HCV infection,
who showed predominant expansion of an activated HCV-specific
CCR7–CD8+ T cellME population in the peripheral blood (8, 10). It
is tempting to hypothesize that the signal strength provided dur-
ing T cell activation (31–33) may regulate different aspects of T cell
differentiation in acute or chronic infections. In particular, in acute
resolving HCV infection, the high viral load may push the majori-
ty of CM cells to differentiate into effector memory CTLs that dis-
appear in parallel with the decrease in viremia, leaving a low level
of central memory cells (8, 10). These CTLs can be maintained by
homeostatic mechanisms in the absence of antigen (31–33).
Instead, under conditions in which HCV successfully overcomes
the effector T cell responses, persistent infection may maintain sta-
ble expansion of a peripheral HCV-specific CCR7+ CTLCM popula-
tion with high proliferative potential; these cells would be instru-
mental in providing continuous waves of CCR7– CTLsME homing
to the infected liver (31–33). However, CCR7– CTLsME (because of
poor effector function) would be responsible for control but not
resolution of the infection, a process resulting in chronic mild hep-
atitis. These data are consistent with recent studies in a murine
model proposing that during persistent Leishmania major infection,
CD4+CD25+ TR cells control the immune response to a degree that
is sufficient to contain (but not to eradicate) the protozoa, thus
allowing both the maintenance of memory T cells and the sup-
pression of detrimental T cell effector responses (38).

In agreement with the view proposed in the previously described
murine model study (38), the majority of intrahepatic HCV-spe-
cific CTLs were characterized by their inability to function as fully
differentiated effectors, despite the acquisition of an effector tis-
sue-homing membrane phenotype and expression of high levels of
perforin (CCR7–perforinhighIFN-γlow). Despite their poor effector
performance, these intrahepatic CTLs were directly related to the
total HAI score, but not to ALT levels, suggesting that they are
involved principally in determining the recruitment of inflamma-
tory cells rather than hepatocyte lysis. This view is in accordance
with the notion that serum ALT levels do not accurately reflect the
degree of the hepatic inflammatory score (39). The significant

Table 3
Intrahepatic CD8+tetramer+ cells and their functional properties in
patients with chronic HCV infection

Pt. % Mix tetr. % IFN-γγ+ cells % IL10+ cells % Perforin+ cells 
in mix tetr. in mix tetr. in mix tetr.

1A 3.4 8 35 N.D.
2A 0.7 30 N.D. 75
3A 1.7 18 N.D. N.D.
4A 0 N.D. N.D. N.D.
5A 5.5 46 N.D. 87
6A 2.2 15 14 N.D.
7A 0 N.D. N.D. N.D.
8A 2.5 2 6 N.D.
9B 4 5 60 76
10A 3.45 0 50 83
11B 4 16 25 69
12A 0 N.D. N.D. N.D.
13A 0 N.D. N.D. N.D.
15A 0.5 0 0 N.D.
16B 8 11 1 N.D.
17A 0 N.D. N.D. N.D.
18A 8 0 0 80
19A 4.8 39 72 N.D.
20A 4.7 27 0 N.D.
21A 1 N.D. N.D. N.D.
23A 0.8 21 N.D. 67
24A 1.5 N.D. N.D. 82
25A 1.3 0 0 71
26A 1 0 0 85
28A 0.15 0 0 68
29A 2.85 44 0 N.D.
30A 1.04 54 0 N.D.
31B 0 N.D. N.D. N.D.
32A 1.5 2 48 N.D.
33A 1.2 0 68 N.D.
34A 2.3 2.8 66 N.D.
35B 0 N.D. N.D. N.D.
36A 1.8 36 2.8 N.D.
37A 2.0 0.3 25 N.D.
38A 1.1 0 51 N.D.
39A 1.5 0 66 66
40A 2.6 2.9 58 N.D.
41A 1.7 1.1 37 74
42A 2.0 0 26 N.D.
43A 1.3 19 0 82
44A 0 N.D. N.D. N.D.
45A 1.3 52 0.5 88
46A 2.4 31 1.4 N.D.
47A 1.6 1.6 28 N.D.
48A 1.9 0.8 24 N.D.

Of the 47 liver biopsies, 2 were not studied because of insufficient LIL
numbers. AHLA-A2+. BHLA-A3+. Mix tetr., mix tetramer (the pool of the 3
tetramers expressing NS31073–1082, NS31406–1415, or NS41851–1859).
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intrahepatic expansion of these dysfunctional effector CTL popu-
lations may be sufficient only to provide long-lasting low-level tis-
sue damages but not to eliminate the virus, a function proposed to
be related more to the high production of antiviral cytokines than
to the cytolytic effect of CTLs (40).

As to the mechanisms by which the effector responses are kept sup-
pressed in individuals chronically infected with HCV, we propose
that a key role is played by IL-10–producing CD8+ TR cells. Indeed,
the finding that the frequency of IL-10–producing CCR7–CD8+ LILs
was inversely correlated with the total HAI score, whereas that of
IFN-γ–producing CCR7–CD8+ LILs was instead directly correlated
with the total HAI score, suggests a major role for HCV-specific CTLs
producing IL-10 in controlling the chronic liver immunopathology
mediated by those producing IFN-γ. This interpretation is support-
ed by experiments demonstrating a strong suppressor function of
IL-10–producing CD8+ LILs that was significantly reduced by neu-
tralizing anti–IL-10. This finding suggests that IL-10–secreting virus-
specific CD8+ T cells detected in HCV-infected livers by tetramer
staining are instrumental in mediating suppression via IL-10 secre-
tion. In addition, our data clearly indicate that the regulatory CD8+

LILs are antigen specific in the induction phase of the response but

that they exert suppression in a non–antigen-specific manner via 
IL-10 in the effector phase (18–21, 38, 41–45).

This phenotype (IL-10+CD8+ LILs) resembles that of IL-10–pro-
ducing CD8+ TR cells generated by human plasmacytoid dendritic
cells (DC2) (41). Because inflamed livers contain a significant pro-
portion of DC2 (our study in progress), it is tempting to hypothe-
size that they might be involved in the generation of HCV-specific
CD8+ TR cells in vivo. In contrast, although our IL-10–producing
CD8+CCR7– LILs were also CD27–CD28–, a phenotype typical of ter-
minally differentiated cells (9, 46) (data not shown), they are unlike-
ly to belong to the CD8+CD28– T suppressor cell subset that inhibits
DCs from inducing T cell activation via direct cell contact (47).

Figure 7
Hepatic IL-10–producing CD8+ T cells perform a regulatory function.
(A) Highly purified CD8+ LILs pooled from two to three biopsies were
cocultured with PBMCs plus soluble mAb’s to CD3 and CD28 in the
presence or absence of anti–IL-10 (α–IL-10), mAb to perforin (α-perf),
or IL-2. Control cocultures were prepared in the presence of either IgG1
or IgG2b isotype, which did not produce any interference with sup-
pressive function (data not shown). Control cultures in which PBMCs
were stimulated with mAb’s to CD3 and CD28 in the presence of IL-2
or anti–IL-10 but in the absence of CD8+ LILs were also prepared. Each
symbol represents an individual experiment performed with single LIL
pool derived from two biopsies. In all experiments, 1 µC [3H]thymidine
was added to the cultures after 6 days and the radioactivity incorporat-
ed by cells was determined after 18 hours. The cpm values were cal-
culated after subtraction of background (∆ cpm). Statistical analysis was
performed by Student’s t test for paired data. (B) The production of 
IL-10 was determined in the supernatant pool (not conditioned with
mAb to IL-10) from cocultures indicated by symbols.

Figure 8
HCV antigens induce regulatory CD8+ T cells. (A–D) Four independent
experiments showing that LILs derived from four HLA-A2+ patients sup-
press HCV-specific proliferation by autologous PBMCs only when stim-
ulated with HCV peptides (HCVLILs) but not when left unstimulated
(LILs). In particular, HLA-A2+ PBMCs were cocultured with autologous
LILs in the presence or absence of both HLA-A2–related HCV peptides
(NS31073–1081, NS31406–1415, and NS41851–1859) and soluble recombinant
chimeric NS3/NS4. In some wells, anti–IL-10 Ab was added. (E and F)
Two control experiments showing that LILs derived from two HLA-A2+

patients suppress HCV-specific proliferation by autologous PBMCs only
when stimulated with HCV peptides (HCVLILs) but not when stimulated
with irrelevant HLA-A2–related HIV peptides (pol919–927, nef94–102, and
env49–57) (HIVLILs). After 6 days of coculture, 1 µCi [3H]thymidine was
added to the cultures and the radioactivity incorporated by cells was
determined after 18 hours. The cpm values of PBMCs (in the absence
of LILs) in response to NS3/NS4 were calculated after subtraction of
background and are indicated in parenthesis. The percent of suppres-
sion was calculated with the following formula: (PBMC-LIL coculture
cpm / PBMC cpm) × 100.
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However, the finding that some CD8+ LILs exerted a suppressive
function irrespective of IL-10 suggests that other soluble factors
play a role in suppression. Studies by the authors of this article are
in progress in order to determine whether additional mechanisms,
humoral factors, or regulatory cells (such as CD4+ type 1 TR cells
suppressing via IL-10 production or CD4+CD25+ TR cells mediating
suppression via cell contact [18–21, 38, 42–45]) may intervene in
controlling excessive anti-HCV immune responses. On the other
hand, although intrahepatic tetramer+ LILs expressed high perforin
levels, it is unlikely they modulate liver immunopathology through
cytotoxic functions proposed to be important mechanisms of
immunological homeostasis (48–50). Indeed, only IL-10–produc-
ing but not perforin+tetramer+ cells significantly correlated with a
low HAI score. The regulatory effect mediated by the cytotoxic
potential of these CD8+ T cells is most probably involved in the
selective killing of virus-infected lymphocytes rather than being a
generalized immunosuppression in vivo (48, 51).

In conclusion, we report evidence that HCV-specific CD8+ TR cells
producing IL-10 may have a role in controlling the magnitude of
immune responses by sustaining both a long-lasting virus/host sym-
biosis and a constant pool of memory cells that are deemed essential
to provide waves of effector cells on demand. HCV is usually incom-
pletely suppressed by CTLs in acutely infected individuals (1–11)
because of its capacity to generate escape mutants (52, 53) or to exert
immunosuppressive effects via certain viral proteins (11, 54–56). In
addition, it has been recently proposed that at the peak of response,
effector CTL populations undergo programmed contraction even if
infection persists, in order to prevent the possibility of high fre-
quencies of nonprotective CTLs that may be detrimental for the host
(10, 57). Our data suggest that in cases when the virus avoids effec-
tor CTL responses during the early phases of infection, HCV-specif-
ic CD8+ TR cells may intervene in an attempt to minimize chronic
pathological responses by effector CTLs. Effector CTLs, on the other

hand, would be sufficient both to contain the infection and to main-
tain a stable number of memory cells. This equilibrium may estab-
lish a status of long-lasting low-level inflammation instrumental for
the survival of both the microbial agent and the host. Understand-
ing the role of regulatory cells in antiviral immunity may provide an
important platform for the design of innovative strategies to re-engi-
neer antiviral immune responses in persisting infections.
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