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Following infection with the hepatitis C virus (HCV), in most cases immunity fails to eradicate the virus,
resulting in slowly progressing immunopathology in the HCV-infected liver. We are the first to examine
intrahepatic T cells and CD4� CD25� FoxP3� regulatory T cells (Treg) in patients chronically infected with
HCV (chronic HCV patients) during and after antiviral therapy by collecting multiple aspiration biopsy
samples from the liver at different time points. We found that intrahepatic Treg frequencies were increased
upon alpha interferon and ribavirin administration in about 50% of chronic HCV patients, suggesting stronger
regulation of intrahepatic immunity by Treg during antiviral therapy. After cessation of antiviral therapy, the
frequency of intrahepatic Treg remained above baseline in the large majority of livers of individuals who
successfully cleared the virus. The phenotype of those Treg that were retained in the liver months after
therapy-induced clearance of HCV RNA indicated a reduced contribution of effector memory cells. Our
findings, gathered by multiple samplings of the liver, indicate that successful antiviral therapy of chronic HCV
patients does not lead to normalization of the local immune response to a resting state comparable to that for
healthy livers. The continuous presence of high numbers of Treg, with a phenotype reflecting a relatively weak
suppressive activity, suggests ongoing residual regulation of immunopathology. These findings provide impor-
tant insight into the dynamics of the immune response to HCV, as well as the effect of therapy on intrahepatic
immunity.

Following infection with hepatitis C virus (HCV), immunity
fails to successfully eradicate the virus in the majority of individ-
uals (5, 15, 20). As a consequence, an estimated 120 to 170 million
individuals are currently chronically infected worldwide. In the
long term, these patients are at increased risk of developing cir-
rhosis and subsequently liver decompensation and hepatocellular
carcinoma due to ongoing immunopathology.

The HCV-infected liver displays extensive infiltrates con-
taining mainly CD8� and CD4� T cells around the portal tract
areas. These cells have not been characterized functionally in
detail, but they are generally activated and differentiated and
display an effector phenotype (3, 4, 24). Despite the fact that
the livers of patients chronically infected with HCV (chronic
HCV patients) contain extensive leukocyte infiltrates, liver pa-
thology progresses slowly, and the development of liver fibrosis
may take decades. This may be explained by the activity of high
numbers of regulatory T cells (Treg), which are present in the
livers of chronically HCV-infected patients (11, 18, 24) but
absent from healthy livers, and the number of intrahepatic
Treg negatively correlates with the development of fibrosis (3).

In chronic HCV infection, disease progression can be im-
peded only after viral clearance induced by alpha interferon
(IFN-�)-based therapy. Unfortunately, the best available treat-
ment, pegylated IFN-� combined with ribavirin, results in sus-

tained clearance of serum HCV RNA in only about 50% of
patients. Apart from the direct antiviral effects of therapy (re-
viewed in reference 6), the impact of IFN-�-based therapy on
the size, distribution, and composition of the leukocyte pool
may be important in determining the treatment response.
While the number of blood leukocytes declines dramatically
shortly after start of IFN-�-based treatment, blood lympho-
cytes seem differently affected. Recently, it was reported that
the proportion and phenotype of circulating CD4� CD25�

Treg remained unchanged during IFN-� and ribavirin therapy
of chronic HCV patients (2), whereas IFN-� induced Treg in
multiple sclerosis patients in vitro (13).

Although there are studies of HCV-specific immune re-
sponses in blood, no studies that examine the kinetics of the
immune response in the livers of chronic HCV patients or the
effects of antiviral therapy on the intrahepatic immune re-
sponse have been conducted. This is highly relevant since HCV
replication takes place within hepatocytes. Studies using intra-
hepatic cells are difficult to perform since liver biopsy samples
are collected from patients for diagnostic purposes only and
are therefore limited to pretreatment assessment of liver cells.
The findings of these studies indicate that baseline intrahepatic
CD8� T cell responses in chronic HCV patients are important
for successful response to IFN-�-based therapy (7, 9, 12),
which is in line with reports on peripheral blood T cells (14,
17). However, it remains unclear how intrahepatic immunity is
affected by IFN-�-based therapy and how this contributes to
treatment outcome. Also, the role of Treg in the liver during
therapy has not been investigated before.

By performing multiple aspiration biopsies of the liver at
different time points, we determined the effect of IFN-�-based
therapy on recruitment of Treg and other lymphocyte popula-
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tions to the livers of HCV-infected patients. In addition, we
examined the leukocyte composition in the liver after therapy-
induced HCV eradication to determine to what extent viral
load reduction normalizes the intrahepatic immune system to
the state observed in healthy individuals. A better understand-
ing of local immunoregulation in the liver during viral infection
and its modulation by antiviral therapy may lead to further
improvement of the therapeutic success rate for chronic HCV
patients.

MATERIALS AND METHODS

Patients and antiviral therapy. Twenty-two treatment-naive chronically HCV-
infected patients were included in this study (Table 1); none of them were
coinfected with HIV or hepatitis B virus (HBV). Diagnostic core biopsy samples
from 18 of 22 patients, obtained within 3 months prior to the start of therapy,
were assessed for fibrosis stage by an experienced liver pathologist using the
Metavir score. All patients received 24 (genotype 2 or 3) or 48 (genotype 1)
weeks of antiviral therapy consisting of orally administered ribavirin and subcu-
taneous infusions with pegylated IFN-�2b (PegIntron; Schering-Plough, Houten,
Netherlands), both weight based. The institutional ethical review board of the
Erasmus Medical Center (MC) approved the clinical protocols, and written
informed consent was obtained from all individuals.

Aspiration of liver cells and collection of peripheral blood. Details of the
collection of liver cells as fine-needle aspiration biopsy samples are described
elsewhere (21). Briefly, a 25-gauge needle (Braun, Melsungen, Germany) con-
taining a mandrin was used to penetrate into the intercostal space after sono-
graphic localization of the liver and exclusion of vascular or pathological struc-
tures. After removal of the mandrin, a syringe filled with RPMI 1640 medium
was attached, and liver cells were aspirated by negative syringe pressure. Two
aspiration biopsy samples were collected per patient, checked for low erythrocyte
contamination, and pooled for further analysis. Aspirate biopsy samples and
paired venous blood samples were collected from all patients at the start of
therapy (week 0), during therapy (week 4), and after therapy (4 weeks after
cessation of treatment). In 3 patients, who successfully cleared the virus, addi-
tional aspirate biopsy samples were collected 24 weeks after the end of treat-
ment.

Cell isolation and flow cytometry. Liver specimens were collected in RPMI
1640 medium (Lonza, Verviers, Belgium) and passed through a 70-�m nylon cell
strainer (BD Falcon, Bedford, MA). Liver cells and peripheral blood were fixed
and erythrocytes were lysed using FixPerm reagent (eBioscience, San Diego,
CA). To determine the frequency and phenotype of T cells and Treg cells,
multicolor flow cytometry was performed (22). Samples were stained with anti-
bodies against CD25-phycoerythrin (PE)-Cy7 (2A3; BD Biosciences, San Jose,
CA), FoxP3-allophycocyanin (APC) (PCH101; eBioscience), CD4-APC-H7
(SK3; BD Biosciences), CD45-Pacific Blue (HI30; eBioscience), or CD45-fluo-
rescein isothiocyanate (FITC) (J33; Beckman, Fullerton, CA) and CD3-AmCyan
(SK7; BD-Biosciences). Further phenotyping was performed using antibodies
against CD62L-PE-Cy5 (Dreg56; BD Biosciences) and CD45RO-PE (UCHC1;
BD Biosciences). For all staining procedures, permeabilization buffer was used
(eBioscience). Cells were acquired using the FACSCanto II (BD Biosciences)
and analyzed by FACSDiva software (BD Biosciences). On average 19,000 in-
trahepatic leukocytes could be acquired. Samples from patients were included in
the analysis only if at least 50 CD25� FoxP3� cells were acquired within the
CD45� CD3� CD4� population. On average 238 CD25� FoxP3� cells (range,
53 to 826 cells) were acquired within on average 2,764 CD45� CD3� CD4� cells
(range, 504 to 9,724 cells). For analysis, gates were set on the basis of isotype
antibody controls, where appropriate.

Virological assessment. Serum HCV RNA levels were determined by quan-
titative PCR (Cobas Ampliprep/Cobas TaqMan HCV test; limit of detection,
�15 IU/ml; Roche Diagnostics, Netherlands). HCV genotypes were deter-
mined by an in-house-developed sequence analysis assay (Department of
Virology, Erasmus MC).

Statistical analysis. Cell frequencies in blood and liver samples from different
subjects were compared using the Mann-Whitney U test, and paired samples
were compared using the Wilcoxon signed-rank test. SPSS17.0 software was used
for all analyses. All P values are two-tailed, and values �0.05 were considered not
significant.

RESULTS

Fine-needle aspiration biopsies as a method to assess the
lymphocyte profile in the liver during the course of antiviral
therapy. The local immune response in the liver is considered

TABLE 1. Individual patient characteristics (n � 22)

Patient no. Sex Age (yr) Liver fibrosis
(Metavir score) Genotype

HCV RNA(IU/ml) Baseline ALT
(U/liter)Baseline After therapya

1 M 47 2 1 1.41 � 106 Undetectable 75
4 F 57 3 1 1.13 � 107 Undetectable 150
5 F 37 NDb 3 3.19 � 103 Undetectable 79
6 M 54 1 1 2.72 � 107 5.95 � 105 49
9 F 27 1 1 3.70 � 102 Undetectable 34
10 M 48 2 3 1.09 � 105 Undetectable 146
11 M 51 2 1 3.08 � 106 1.86 � 106 46
12 M 52 2 3 1.46 � 105 Undetectable 41
13 M 34 2 1 3.75 � 106 Undetectable 103
14 M 56 2 1 6.49 � 106 1.57 � 107 157
15 F 57 4 1 7.70 � 105 1.40 � 106 17
17 M 47 1 1 4.46 � 105 Undetectable 227
19 M 46 3 2 1.56 � 107 Undetectable 47
20c F 41 1 3 8.56 � 105 Undetectable 46
21c M 40 3 3 3.23 � 106 Undetectable 91
22 M 40 2 1 2.20 � 104 4.14 � 103 58
23 M 49 ND 1 2.88 � 105 Undetectable 20
24 F 40 3 1 3.14 � 105 1.47 � 106 120
25 M 45 ND 1 1.08 � 107 1.54 � 107 36
26 F 58 4 1 1.56 � 105 Undetectable 179
28 M 42 1 1 1.48 � 106 Undetectable 65
30 F 42 ND 1 3.33 � 106 Undetectable 107

a Listed as undetectable if serum HCV RNA levels were negative both at 4 and 24 weeks after end of therapy; otherwise, HCV RNA data from 4 weeks after therapy
are shown.

b ND, not determined within 3 months before start of therapy.
c Patient finished the complete course of antiviral therapy, but aspiration biopsy samples from the liver and blood were not collected at all time points.
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vital in the control of HCV replication in hepatocytes and the
persistence of the virus in the livers of infected patients (4, 5).
To determine the contribution of conventional T cells and
CD4� CD25� FoxP3� Treg to the regulation of immune re-
sponses to HCV, multiple minimally invasive and safe liver
aspiration biopsy samples were collected and evaluated at
baseline, as well as during and after therapy. From the total
aspirate, on average 19,000 leukocytes were acquired by flow
cytometry at each time point, which allowed us to perform flow
cytometric analysis but no another assays. Lymphocytes con-
stituted a major population of liver infiltrating leukocytes in
these patients (Fig. 1) (46% on average), the majority being
CD3� T cells. In line with previous reports, in all HCV-in-
fected patients CD4� to CD8� T cell ratios in the liver were
significantly lower than in blood (respective mean ratios: 0.78
in liver and 1.9 in blood; P � 0.0001), indicating a higher
proportion of CD8� T cells of the total intrahepatic CD3� T
cell population. Sufficient numbers of CD4� CD25� FoxP3�

Treg could be detected in aspiration biopsy samples obtained
from chronically HCV-infected patients to allow reliable eval-
uation of their frequency and phenotype by flow cytometry-
based analysis (see Fig. S1 in the supplemental material).

Administration of IFN-� and ribavirin does not lead to
substantial changes in the general composition of the lympho-
cyte compartment in the livers of chronic HCV patients. As
expected, 4 weeks after the start of administration of IFN-�
and ribavirin, reduction of the viral load and alanine
transaminase (ALT) levels, accompanied by major losses in
circulating leukocytes, was observed in most patients (Fig.

2A). In peripheral blood, the decrease in blood leukocyte
counts was due to a drop in the absolute numbers of circu-
lating granulocytes as well as lymphocytes within the first
weeks of treatment (Fig. 2B).

We now show that the frequency of intrahepatic lympho-
cytes relative to leukocytes was not significantly changed at the
group level when the compositions of the liver at baseline and
during IFN-�-based therapy were compared (Fig. 2C). Also,
the relative contributions of CD4� and CD8� T cells to the
lymphocyte population in the liver were not significantly af-
fected at the group level. However, individual patients showed
considerable shifts in the frequency of intrahepatic lympho-
cytes. Out of 22 patients, 13 showed an increased frequency of
lymphocytes, while in 9 patients the frequency of intrahepatic
lymphocytes was reduced as a consequence of treatment. Sim-
ilarly, highly heterogeneous changes in the CD4� and CD8� T
cell frequencies in the liver as a consequence of therapy were
observed in these patients (Fig. 2C). Changes in liver lympho-
cyte and CD4� and CD8� T cell frequencies were not associ-
ated with the magnitude of serum HCV RNA or ALT reduc-
tions during IFN-� and ribavirin therapy. Due to the small
volume of the aspiration biopsy samples, accurate enumeration
of the absolute leukocyte and lymphocyte numbers in HCV-
infected livers was unreliable for individual patients.

The frequency of intrahepatic CD4� CD25� FoxP3� Treg
increased during IFN-� and ribavirin therapy in half of the
HCV-infected patients. We previously showed that CD4�

CD25� FoxP3� Treg are present at high numbers in the livers
of chronically HCV-infected patients but virtually absent in

FIG. 1. Assessment of the intrahepatic lymphocyte profile by fine-needle aspiration biopsies. (A) Using flow cytometry, CD45� leukocytes from
the liver (top) and peripheral blood (bottom) from chronic HCV patients were characterized by serial gating on the basis of their forward/side
scatter (FSC/SSC) profile and expression of various T cell markers. The dot plots are representative for specimens taken before, during, or after
antiviral therapy. (B) Pretreatment frequencies and ratios of various lymphocyte populations from paired liver and blood samples.
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livers from healthy controls (3). To determine the effect of
IFN-�-based therapy on immunoregulatory mechanisms in the
livers of chronic HCV patients, the frequencies of Treg were
determined before and 4 weeks after start of treatment. As
shown in Fig. 3A, during antiviral treatment the number of
intrahepatic CD4� CD25� FoxP3� Treg increased in 10 out of
22 patients relative to CD4� T cells and in 12 out of 22 patients
relative to CD8� T cells. Augmented Treg proportions may be
the result of either an increase in the number of Treg or a
reduction of the number of effector cells. At the group level,
these ratios were significantly enhanced, with mean increases
of 1.3 Treg per 100 CD4� T cells (P � 0.0018) and 4.3 Treg per
100 CD8� T cells (P � 0.0086). In some, but not all, cases
enhancement of CD4� CD25� FoxP3� Treg numbers in the
liver by IFN-�-based therapy was also observed in peripheral
blood (data not shown). However, these changes were not

significant at the group level for Treg relative to CD4� and
CD8� T cells (P � 0.39 and P � 0.91, respectively). Therefore,
antiviral therapy appears to modulate the capacity to regulate
HCV-specific immune responses by CD4� CD25� FoxP3�

Treg to a greater extent locally than systemically in HCV-
infected livers.

We confirmed our previous findings that liver CD4� CD25�

FoxP3� Treg from chronic HCV patients generally express an
effector or central-memory phenotype prior to treatment (Fig.
3B; see Fig. S1 in the supplemental material) (mixed
CD45RO� CD62L	 and CD45RO� CD62L�) (3). Following
exposure to IFN-� and ribavirin no significant changes of the
memory phenotype were observed for intrahepatic CD4�

CD25� FoxP3� Treg (P � 0.05). Similarly, comparison of the
phenotypes of conventional CD4� CD25	 FoxP3	 T cells in
the liver did not demonstrate any effects of therapy (data not

FIG. 2. Administration of IFN-� and ribavirin does not lead to dramatic changes in the composition of the intrahepatic lymphocyte compart-
ment in chronic HCV patients. (A) Serum HCV RNA and ALT levels in blood from 22 chronic HCV patients prior to treatment (	) and 4 weeks
after starting therapy (�). (B) Absolute numbers of leukocytes, lymphocytes, and granulocytes in blood. (C) Effect of antiviral therapy on the
frequencies of intrahepatic leukocytes, as determined by flow cytometry on aspirate biopsy samples from the liver.
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shown). These findings suggest that the relative increase in
intrahepatic CD4� CD25� FoxP3� Treg in chronic HCV pa-
tients as a consequence of antiviral therapy is unlikely to be the
result of de novo generation of Treg.

CD4� CD25� FoxP3� Treg remain present in the livers of
subjects after therapy-induced clearance of HCV. Next, we
determined the modulation of intrahepatic Treg frequency af-
ter ending antiviral therapy. Out of 20 patients with a complete
follow-up, 13 patients responded successfully to antiviral ther-
apy and remained negative for serum HCV RNA after termi-
nation of therapy (Fig. 4A). All these individuals were negative
early during the 24- to 48-week treatment period, so HCV
RNA was absent or undetectable in serum for at least 6
months. Despite the absence of virus, enhanced intrahepatic
CD4� CD25� FoxP3� Treg frequencies were observed in the
majority of these individuals, compared to the Treg frequen-

cies prior to treatment. Four weeks after cessation of treat-
ment, intrahepatic Treg were increased relative to total liver
lymphocytes and CD4� and CD8� T cells in all but one patient
(Fig. 4B). Additional sampling of liver cells 24 weeks after
successful antiviral therapy in 3 patients demonstrated that
intrahepatic CD4� CD25� FoxP3� Treg remained present
(Treg frequencies relative to CD4� T cell frequencies: 6.9,
11.2, and 4.4); in some patients, their levels were lower than
those 4 weeks after treatment but, more importantly, substan-
tially higher than those in healthy livers, which were almost
without Treg (3).

In the other 7 patients, treatment failed and chronic infec-
tion with HCV persisted. Also in these patients, intrahepatic
CD4� CD25� FoxP3� Treg frequencies were increased after
cessation of therapy compared to baseline (data not shown).
Changes in the frequencies of lymphocytes in responders and

FIG. 3. IFN-� and ribavirin therapy rapidly increases the frequency of Treg in the livers of many HCV-infected patients. (A) Liver CD4�

CD25� FoxP3� Treg frequencies relative to CD4� and CD8� T cells at baseline and 4 weeks after starting antiviral therapy (n � 22). The findings
are grouped as “decreased” or “increased” on the basis of the difference between the Treg frequencies before and during therapy, irrespective of
the magnitude of the shifts of liver Treg relative to CD4� or CD8� T cells. (B) Treg subsets from 22 chronic HCV patients phenotyped by flow
cytometry and classified as naive, central memory (CM), effector memory (EM), or terminally differentiated (Term) based on CD45RO and
CD62L expression. All changes in the frequencies of specific memory populations determined prior to and during therapy were not significant.
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FIG. 4. Therapy-induced clearance of HCV RNA does not lead to reduced Treg frequencies in the liver. (A) Serum HCV RNA and ALT levels prior
to and 4 weeks after termination of IFN-� and ribavirin treatment. Only data for patients that were HCV RNA negative after therapy (n � 13) are
depicted. (B) Liver CD4� CD25� FoxP3� Treg frequencies relative to lymphocytes and CD4� and CD8� T cells before and 4 weeks after stopping
IFN-�-based therapy. (C) Frequencies of liver lymphocytes relative to leukocytes and CD4� and CD8� T cells relative to lymphocytes before and 4 weeks
after ending IFN-�-based therapy.
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nonresponders to therapy, both in liver and blood (Fig. 4C and
data not shown, respectively), did not show a clear pattern and
were not related to treatment outcome. We did however find
that pretreatment intrahepatic CD8� T cell frequencies as a
proportion of lymphocytes were higher in patients with thera-
py-induced clearance of HCV than in therapy nonresponders
(43 versus 34%; P � 0.03). This is in line with previous reports
suggesting that intrahepatic CD8� T cells may be important
for viral clearance (7, 12, 14). This difference in CD8� T cells
between responders and nonresponders was not affected by
IFN-� and ribavirin and remained unchanged 4 weeks after
therapy (45 versus 35%; P � 0.03).

During the course of treatment, the differentiation status of
intrahepatic Treg was not affected at the group level (Fig. 3B).
However, as shown in Fig. 5, we evaluated the differentiation
status of Treg after stopping IFN-� and ribavirin administra-
tion in 11 out of 13 individuals who responded to therapy and
became negative for HCV RNA. Of these 11 patients, 7
showed a decline of the percentage of intrahepatic CD45RO�

CD62L	 effector memory Treg when the differentiation status
at baseline and that at 4 weeks after the end of treatment were
compared. In sum, these findings suggest that, irrespective of
the outcome of therapy, intrahepatic Treg are still present in
the livers of individuals even after prolonged negativity for
serum HCV RNA. However, although their regulatory func-
tion could not be assessed directly because of the limitation in
obtaining sufficient material, differences in effector memory
phenotypes suggest that liver CD4� CD25� FoxP3� Treg in
responders after therapy are weaker than those prior to ther-
apy, when there is still virus present in the liver.

DISCUSSION

The local immune response in the liver is important for the
outcome of HCV infection and the persistence of the virus in
the liver, since replication takes place in hepatocytes. However,
the dynamics of the immune response in the livers of chronic
HCV patients is largely unknown. Repeated aspiration biop-
sies during the course of IFN-�-based therapy enabled us to
study this for the first time. We demonstrated that the conse-
quence of antiviral therapy is an increased contribution of
CD4� CD25� FoxP3� Treg in the inflamed liver without al-
terations in the distribution of intrahepatic CD4� and CD8� T
cells. In addition, we showed that the livers of individuals who
became negative for HCV RNA as a result of treatment were
still inflamed, and in fact Treg remained above baseline after
cessation of therapy in the large majority of patients. However,
these subjects showed a smaller contribution of intrahepatic
CD45RO� CD62L	 effector memory Treg, whereas in pa-
tients with persistent infections, the phenotype of Treg was
more skewed toward effector memory cells, suggesting impor-
tant differences in the magnitudes of suppressive abilities of
intrahepatic CD4� CD25� FoxP3� Treg.

Longitudinal assessment of intrahepatic immunity by core
liver biopsies is generally considered unethical for research
purposes due to the risk of complications and patient discom-
fort. In addition, experimental animal models to examine the
intrahepatic immune system during chronic HCV infections
are not readily available (1). However, using fine-needle aspi-
ration biopsies we were able to perform such a study without
these constraints. To our knowledge, in only one study were
liver biopsy samples collected before and 4 h after the start of
IFN-based treatment in the same patient to examine the early
effects of therapy on intrahepatic miR-122 expression, and
effects on intrahepatic immunity during therapy were not in-
vestigated (19).

The livers of patients with chronic HCV infections show
extensive leukocyte infiltration, with substantial numbers of
FoxP3� Treg around the portal tract areas (3, 24). We found
that, in response to exposure to IFN-� and ribavirin, CD4�

CD25� FoxP3� Treg frequencies increased in the livers of
chronically HCV-infected patients. The possibility that FoxP3
is transiently upregulated on a small subset of intrahepatic
CD4� T cells upon activation, as demonstrated by in vitro
studies (reviewed in reference 16), cannot be completely ruled
out. However, to our knowledge there is no information that
this occurs in vivo on human T cells. Importantly, similar to
Burton et al., we also found that Treg frequencies measured in
blood remained unchanged during IFN-�-based therapy (2).
These findings suggest that the intrahepatic CD4� CD25�

FoxP3� Treg compartment may play a more important role
than blood Treg in regulating a curative immune response to
HCV during IFN-�-based therapy. Evaluation of intrahepatic
cells obtained from aspirate biopsy samples does not allow us
to draw conclusions on the change in absolute numbers of
these Treg over time. However, in experimental autoimmune
encephalomyelitis in mice, it has been shown that the ratio of
effector T cells to Treg, and not the absolute numbers, is of
crucial importance in controlling disease severity caused by
immunopathology (8). Similarly, in our experimental setup, it
is likely that a high ratio of intrahepatic CD4� CD25� FoxP3�

FIG. 5. Effector CD45RO� CD62L	 phenotype of liver Treg is
decreased in patients after IFN-�- and ribavirin-induced viral clear-
ance. The proportions of intrahepatic Treg expressing a CD45RO�

CD62L	 effector phenotype are shown for 11 patients before and 4
weeks after termination of antiviral therapy for patients that were
HCV RNA negative after therapy.
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Treg to effector T cells results in strong negative regulation of
HCV-specific immune responses. In line with this, 4 of our
patients with the highest Treg to CD8� T cell ratios all failed to
clear the HCV infection (data not shown), and it is tempting to
speculate that the delicate balance between intrahepatic CD4�

CD25� FoxP3� Treg and effector T cells explains the response to
IFN-�-based treatment in a subset of chronic HCV patients.

We showed that therapy-induced HCV eradication did not
lead to normalization of the intrahepatic immune system after
therapy. Levels of intrahepatic CD4� CD25� FoxP3� Treg
remained above baseline after cessation of therapy in the large
majority of patients, including subjects that showed a therapy-
induced viral clearance and who became negative for HCV
RNA early during the course of treatment. Importantly, in a
follow-up evaluation of 3 patients who successfully cleared the
virus and who had undetectable virus levels 24 weeks after
ending antiviral therapy, the intrahepatic CD4� CD25�

FoxP3� Treg still remained above baseline. These findings
were unexpected, since we reported before that Treg were
virtually absent from healthy livers not previously exposed to
HCV antigens (3), and suggest that inflammation and regula-
tion by intrahepatic CD4� CD25� FoxP3� Treg are ongoing in
patients who successfully clear the virus and in whom HCV
antigens are not longer detectable. However, we cannot rule
out the possibility that these Treg will resolve later. Recently,
it was reported that in plasma samples from 15% of sustained
virologic response patients trace amounts of HCV RNA were
detected years after successful therapy (23). Importantly, the
reappearance of HCV RNA was found to induce HCV-specific
T cell responses. Therefore, it may be speculated that the
intrahepatic Treg that remain for the first 6 months after suc-
cessful IFN-� therapy control residual HCV replication in the
liver. Furthermore, processes other than HCV-specific immu-
nity, such as bystander T cell activation and ongoing fibrogen-
esis, may also be controlled. The latter is in line with our
previous findings suggesting a role for Treg in limiting the
extent of immunopathology in patients still infected with HCV
(3). In addition, other inflammatory processes in the liver, for
example, alcoholic or nonalcoholic steatohepatitis (10), may be
modulated by Treg present in the liver after clearance of HCV
as well. Despite our finding that Treg frequencies did not differ
between nonviremic patients and patients with no response to
therapy, the continued regulation by Treg in nonviremic pa-
tients may be less potent, since their lower proportion of
CD45RO� CD62L	 Treg hints at a less immediate effector
activity. Further characterization of Treg in liver aspiration biopsy
samples in only two patients showed that the expression of the
activation marker HLA-DR was not changed during and after
therapy, and we observed that the high level of HLA-DR expres-
sion on intrahepatic Treg was maintained (data not shown).

In conclusion, we show for the first time that intrahepatic
CD4� CD25� FoxP3� Treg frequencies increase during IFN-
�-based therapy and that intrahepatic Treg ratios remain
above baseline even 6 months after successful clearance of
HCV RNA from serum. These findings indicate that immuno-
regulation by CD4� CD25� FoxP3� Treg is not only impor-
tant during chronic HCV infection and therapy but also pivotal
in controlling liver immunity in previously HCV-infected pa-
tients.
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