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Despite the high propensity of hepatitis C virus to establish chronic viral persistence, immune-mediated
viral clearance occurs in some patients, fostering hopes that therapeutic induction of specific antivi-
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ral immune responses might be able to contribute to viral clearance in chronically infected patients.
Indeed, recent clinical trials of therapeutic vaccination have provided clear proof of concept that spe-
cific immunotherapy can reduce the viral load in some patients. Further improvement of these strategies
will depend on a detailed analysis of the immunopathogenesis of chronic hepatitis C. Recent advances
in our understanding of the mechanisms of down-regulation of virus-specific immune responses during
chronic infection, including the role of regulatory T cells and inhibitory molecules such as programmed
death receptor 1, may open up new avenues for second-generation immunotherapeutic interventions.
© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Hepatitis C is one of the most common chronic viral infections in
umans, affecting about 170 million individuals worldwide (Lauer
nd Walker, 2001). The major virological, epidemiological, clini-
al and immunological features of the disease are summarized in
able 1. Worldwide, chronic hepatitis C is a major cause of cirrho-

hepatitis C virus-associated liver cirrhosis in transplant patients
(Gane, 2008).

The currently available treatment for hepatitis C consists of
pegylated interferon-alpha in combination with ribavirin which
leads to a sustained virological response in about 50% of patients
who can tolerate the treatment (Hoofnagle and Seeff, 2006). New
antiviral drugs, such as inhibitors of the viral protease and poly-
is and hepatocellular carcinoma, and in Western countries it is
leading indication for liver transplantation. Even following liver

ransplantation, graft re-infection with hepatitis C virus is ubiqui-
ous. Today we are facing an increasing number of patients with

∗ Correspondence address: Medical Department II, University Hospital Munich –
rosshadern, Marchioninistr. 15, 81377 Munich, Germany. Tel.: +49 89 7095 3021;

ax: +49 89 7095 8887.
E-mail address: helmut.diepolder@med.uni-muenchen.de.

166-3542/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.antiviral.2009.02.203
merase, are in clinical development, but if given as monotherapy,
viral resistance develops very rapidly. All these new drugs are there-
fore currently administered in combination with PEG-interferon
and ribavirin (Sarrazin et al., 2007). Recent results from phase II
clinical trials suggest that the sustained virological response in
genotype 1 patients can be increased to about 60–70% (Lang and

Weiner, 2008; Stauber and Kessler, 2008). However, this still leaves
a substantial number of patients who cannot be cured with cur-
rently available treatments, and a large proportion of patients with
liver cirrhosis who cannot tolerate interferon-based regimens.

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:helmut.diepolder@med.uni-muenchen.de
dx.doi.org/10.1016/j.antiviral.2009.02.203
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Table 1
Basic features of hepatitis C virus infection.

Virus classification and structure Hepatitis C virus (HCV) is the only member of the genus Hepacivirus in the family Flaviviridae. The 9.6 kb single-stranded,
positive-sense RNA genome encodes a single open reading frame flanked by 5′ and 3′ untranslated regions. There are 7 major
HCV genotypes and so far 84 subtypes; in the US, Europe, and Australia genotypes 1a or 1b are most prevalent followed by
genotypes 2 and 3. In contrast the majority of Japanese patients are infected by genotype 1b, followed by genotype 2. Some
genotypes predominantly occur in locally restricted areas such as genotype 4 in Egypt, genotype 5 in South Africa, and
genotype 6 in East Asia.

Epidemiology HCV infects only humans and chimpanzees. There are no approved vaccines. Today the virus is transmitted mainly though
injecting drug use or other types of direct blood contact; sexual and perinatal transmission are rare. Nearly 200 million people
are chronically infected worldwide. In the United States and Europe, there are estimated to be some 3.2 million and 5 million
infected persons, respectively. Rates of HCV infection are higher among people infected with HIV.

Clinical course Acute hepatitis C is frequently asymptomatic or causes a mild to moderate disease, fulminant acute hepatitis C is extremely
rare. Some 15–25% of patients are able to eliminate the virus without treatment. Chronic HCV infection is diagnosed on the
basis of anti-HCV antibodies, PCR testing for circulating virus and the detection of abnormal liver function. The CDC estimates
that for each 100 people with HCV, 75–80 will become chronically infected, 60–70 will develop liver disease, 5–20 will
develop cirrhosis over a period of 20–30 years, and 1–5 will die of the consequences of viral infection.

Antiviral therapy Current therapy consists of a combination of pegylated interferon-alpha and ribavirin for 24–48 weeks, depending on
genotype and viral load. Patients with genotypes 2 and 3 have a 70–80% sustained virological response rate (HCV RNA
undetectable in serum for >6 months after the end of treatment) while the rate is 40–45% for genotype 1.

Host response to hepatitis C HCV interferes at several levels with the activation of innate immune responses, in particular with signalling pathways leading
to the secretion of type I interferons, which may also affect the successful induction of specific immune responses.
Nevertheless, in the absence of immunosuppression, patients infected with HCV regularly develop antibodies against several
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viral antigens, including the envelope
control of viremia or the outcome of a
are thought to be required for spontan
after successful elimination of HCV.

A promising new approach for the treatment of chronic hepatitis
may be therapeutic vaccination, which aims at the induction of

irus-specific T cell responses for viral clearance (Lang and Weiner,
008). The rational development of a therapeutic vaccine, how-
ver, depends on a detailed understanding of both the correlates of
mmunity and the pathogenesis of chronic viral persistence. Both
spects of virus–host interaction can be well studied in acute hep-
titis C, in which a self-limited course of disease occurs in about
5–30% of patients (Gerlach et al., 2003). In this unique patient
ohort, the correlates of a successful antiviral immune response
ave been extensively studied in comparison to the evolution of
he virus-specific immune response in patients developing chronic
epatitis C (Chang et al., 1999; Cucchiarini et al., 2000; Diepolder
t al., 1995; Gerlach et al., 1999; Gruener et al., 2000; Kaplan et al.,
008; Lamonaca et al., 1999; Lechner et al., 2000a,b; Lucas et al.,
007; Missale et al., 1996; Shoukry et al., 2004; Thimme et al., 2001).

n addition, new immunological tools such as HLA class I and class
I tetramers allow the characterization of even dysfunctional HCV-
pecific T cells in patients with chronic hepatitis C and thus offer
he opportunity to monitor virus-specific T cell responses during
mmunotherapy in correlation with viral kinetics (Day et al., 2003;
echner et al., 2000a,b; Lucas et al., 2007; Radziewicz et al., 2008b;
lsenheimer et al., 2006). This review summarizes the current per-
eption of successful and failing HCV-specific T cell responses and
ow this knowledge may be translated into successful antiviral

mmunotherapies.

. Immunological mechanisms of spontaneous viral
learance

About 15–30% of patients with acute hepatitis C achieve sponta-
eous viral clearance (Lauer and Walker, 2001). This observation is
xciting for two reasons: first, it demonstrates that the patient’s
mmune response can clear HCV, and second, understanding in
etail how this is accomplished may aid the development of suc-

essful immunotherapies for patients with chronic hepatitis C.
he importance of IFN-� producing HCV-specific CD8+ T cells was
hown both in patients with acute hepatitis C who achieved sponta-
eous viral clearance and in experimental infection in chimpanzees
Gruener et al., 2000; Shoukry et al., 2003; Thimme et al., 2001).
ins. The development of virus-specific antibodies, however, does not correlate with
epatitis C. Strong and maintained virus-specific CD4+ and CD8+ T cell responses
viral clearance and can be detected in resolved patients for more than 20 years

In an interesting cohort of patients who acquired HCV following a
needle stick injury and were followed throughout the incubation
period until the onset of clinical hepatitis, the development of the
HCV-specific CD8+ T cell response could be studied from the begin-
ning: while virus-specific CD8+ T cells could already be detected
by HLA class I tetramers during the incubation period, a decline
in viral load was only observed when these specific CD8+ T cells
acquired the ability to secrete IFN-� (Thimme et al., 2001). These
data are supported by several studies in the chimpanzee model.
Most convincingly, it could be shown that depletion of CD8+ T cells
prevents viral elimination, and viral eradication was observed only
upon recovery of IFN-�-producing CD8+ T cells (Bowen and Walker,
2005; Shoukry et al., 2003).

Given the importance of HCV-specific T cells for viral elimina-
tion and the high genetic variability of HCV, it did not come as
a surprise that viral escape mutations occur and that they may
represent an important mechanism for the failure of the immune
response to eradicate the virus in the majority of patients (Bowen
and Walker, 2005). As seen with HIV, the viral sequence adapts to
the patient’s HLA class I background. Associations of certain muta-
tions with HLA class I alleles have been demonstrated (Ray et al.,
2005). Nevertheless, when potential epitopes in a given patient
are sequenced, escape mutations do not occur universally, strongly
pointing towards other mechanisms of down-regulation of virus-
specific CD8+ T cells, as will be discussed below.

Antigen-specific CD4+ T cells play an important role in the
activation of antigen-presenting cells and in the induction and
maintenance of an antigen-specific CD8+ T cell response. In the case
of hepatitis C, two lines of evidence support an important role of
HCV-specific CD4+ T cells. First, strong and sustained HCV-specific
CD4+ T cell responses have consistently been associated with spon-
taneous viral clearance (Diepolder et al., 1997; Takaki et al., 2000).
These responses seem to be stronger against the non-structural pro-
teins, and they can be detected for more than 20 years following
successful viral clearance. Interestingly, a subset of patients with

acute hepatitis C only transiently controls HCV replication with
very low or undetectable viremia for a period of weeks or a few
months (Gerlach et al., 1999). During the phase of viral control,
these patients exhibit HCV-specific CD4+ T cell responses indis-
tinguishable from those of patients who have achieved permanent
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iral clearance. Upon viral recrudescence, however, HCV-specific
D4+ T cells become dysfunctional and are subsequently lost (Lucas
t al., 2007; Ulsenheimer et al., 2006). It is unclear whether CD4+ T
ell dysfunction always precedes viral recrudescence or whether it
ccurs as a consequence of recurrent viremia. The second line of evi-
ence for an important role of HCV-specific CD4+ T cells also comes
rom experimental infection of chimpanzees, in which depletion of
D4+ T cells led to chronic viremia despite the presence of func-
ional HCV-specific CD8+ T cells (Grakoui et al., 2003). Interestingly,
D4+ T cell depletion seemed to facilitate viral escape mutations
ithin CD8+ T cell epitopes.

In conclusion, the coordinate interplay between functional
irus-specific CD4+ and CD8+ T cells seems to be required to achieve
ermanent viral clearance. While some patients are able to mount
uch a response and to maintain it long-term, the majority of indi-
iduals with acute hepatitis C fail to permanently clear the virus
ecause of a combination of mechanisms, including viral escape
utations and T cell exhaustion. As will be discussed below, the lat-

er has recently drawn much attention, due to the identification of
nhibitory molecules that are amenable to therapeutic intervention.

. Immunopathogenesis of chronic viral persistence

.1. HCV and the adaptive immune response

Despite the multitude of interactions between HCV and differ-
nt aspects of the innate immune response, virus-specific CD4+ and
D8+ T cells and antibody responses are induced in virtually every

mmunocompetent patient with acute hepatitis C. In fact, several
tudies have not found a significant difference in the first weeks
f acute hepatitis C between patients who subsequently clear the
irus and those who develop chronic infection (Cox et al., 2005a).
oreover, a substantial portion of patients with chronic viral per-

istence go through a phase of incomplete viral control with viral
itres below 104 IU/ml, which is 2–3 log lower than average titres in
hronic hepatitis C (Gerlach et al., 1999). The eventual loss of this
artial control is accompanied by a sharp decline in HCV-specific
D4+ T cell responses. Using HLA class II tetramers for the direct
x vivo staining of HCV-specific CD4+ T cells, it was demonstrated
hat loss of function, i.e. secretion of IFN-� and proliferation, pre-
eded the physical deletion of HCV-specific CD4+ T cells (Lucas et
l., 2007). In contrast, patients with self-limited acute hepatitis C
aintained strong CD4+ T cells for many years following resolution

f disease (Takaki et al., 2000).
HCV-specific CD8+ T cell responses that are associated with

pontaneous viral clearance tend to be multispecific and poly-
lonal (Cox et al., 2005a; Lauer et al., 2002, 2004, 2005). Because
f the high variability of HCV, escape mutations in CD8+ T cell epi-
opes are common, and they are expected to play a major role in
hronic viral persistence (Cox et al., 2005b; Ray et al., 2005; Timm
t al., 2004). Many mutations, however, come at a cost of viral fit-
ess, and in some epitopes mutations are only possible at certain
ositions. In the case of an immunodominant HLA-B27-restricted
D8+ T cell epitope, it has been shown convincingly that muta-
ions at HLA binding positions that would lead to a loss of HLA
inding were not tolerated in the replicon system. Mutations at
mino acid positions that were presumed to interact with the T
ell receptor did not severely affect replication, but more than one
utation were necessary to achieve immune escape (Neumann-
aefelin et al., 2006, 2008). In fact, the same authors have shown
hat most chronically infected HLA-B27 positive patients harbour
iruses with multiple mutations in this epitope, strictly sparing the
LA binding sites (Neumann-Haefelin et al., 2006). This strongly
mphasizes the importance of T cell mediated immune pressure on
he virus. In contrast, when HCV genomes of chronically infected
search 82 (2009) 103–109 105

patients are analyzed with regard to potential CD8+ T cell epi-
topes, most epitopes are conserved, which suggests other, most
likely immunomodulatory, mechanisms of “viral escape” (Ray et
al., 2005). In fact, functional impairment of HCV-specific CD8+
T cells was demonstrated some time ago (Lechner et al., 2000a;
Wedemeyer et al., 2002), but very recent advances in the field of
immunoregulatory receptors on T cells, most notably programmed
death receptor 1 (PD-1), have expanded our understanding of T cell
regulation (Barber et al., 2006). Together with new insights into the
role of regulatory T cells in chronic viral infections, this will lead to
new opportunities to manipulate virus-specific T cell responses in
vivo.

3.2. The role of regulatory T cells in acute and chronic hepatitis C

In 1995, a new type of T cell with a CD4+CD25++ pheno-
type was identified that was able to suppress immune responses
(Takahashi et al., 1998). These cells, called “regulatory T cells” (Treg),
were shown to be crucial for the maintenance of self-tolerance,
as their depletion in mice led to a severe autoimmune syndrome.
Later in 2003, the transcription factor FOXP3 was shown to be
the main inducer of a Treg phenotype (Hori et al., 2003). The
expression of FOXP3 is a highly specific marker of regulatory T
cells in mice, but is less specific in humans, since it is also read-
ily induced by T cell activation (Roncarolo and Gregori, 2008).
Today the FOXP3+CD25+CD4+ regulatory T cells are divided into
two groups: the so-called natural Tregs are supposed to be thymus-
derived and play a major role in the prevention of autoimmunity
(Sakaguchi, 2008). Suppression of T cell effector function is thought
to be mediated by cytokines like IL-10 or TGF-� and cell-to-cell con-
tact (Vignali, 2008). The frequency in the peripheral blood ranges
from 2 to 5% of CD4+ T cells but can be considerably higher in
inflamed tissues.

The other Treg subtype is thought to be derived from antigen-
specific effector T cells and has been shown to occur during
infectious diseases, autoimmune disease and in malignancy. These
peripheral Tregs may be involved in the down-regulation of spe-
cific immune responses. In the case of infectious diseases, there
is evidence that the appearance of Treg represents a physiological
mechanism to terminate a successful immune response (Robertson
and Hasenkrug, 2006; Rouse et al., 2006; Rouse and Suvas, 2004;
Suvas and Rouse, 2006). In this scenario, Treg may limit immune-
mediated tissue damage after an infection has been controlled. On
the other hand, premature induction of antigen-specific Treg could
well be a contributing factor in the evolution of chronic infections
such as viral hepatitis B and C or HIV.

Several studies have also addressed the role of Treg in chronic
hepatitis C in comparison to hepatitis B and HIV. In both hepatitis
B and C, it has been shown that depletion of CD25++ CD4+ Treg
in vitro increased virus-specific CD4+ and CD8+ T cell responses,
whereas the addition of purified Treg in cell culture suppressed T
cell effector mechanisms in a dose-dependent manner (Boettler et
al., 2005; Chang, 2007; Ebinuma et al., 2008; Kinter et al., 2007a,b;
Li et al., 2007; Manigold and Racanelli, 2007; Sprengers et al.,
2007; Stoop et al., 2007). Importantly, however, this effect of Tregs
was not only observed for HCV-specific T cell responses, but also
for responses against control antigens such as influenza (Franzese
et al., 2005). Studies in the only animal model of HCV infection, the
chimpanzee, have revealed that both the frequency and the degree
of suppression of bulk Tregs did not differ between recovered
chimpanzees and chimpanzees with chronic hepatitis C viral

persistence (Manigold et al., 2006). In humans, however, several
studies have confirmed that the overall frequency of CD25++ CD4+
Treg and also FOXP3+ CD4+ Treg is increased in chronic hepatitis
C (Cabrera et al., 2004; Ebinuma et al., 2008; Smyk-Pearson et al.,
2008). In acute hepatitis C an increased frequency and increased
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uppressor activity of Treg was also observed, which was indepen-
ent of the clinical outcome of disease (Smyk-Pearson et al., 2008).
owever, in those patients who recovered from acute hepatitis C,
reg suppressor activity declined following viral clearance.

One of the most critical questions is obviously whether these
reg are HCV-specific or whether the expansion of Tregs is caused
y some other factor produced during virus–host interaction. One
tudy has used purified CD25+CD4+ cells which were subsequently
timulated by HCV antigen (Bolacchi et al., 2006). Based on the
bserved HCV antigen-specific IL-10 secretion, the authors con-
luded that HCV antigen-specific Tregs exist. However, by sorting
D25+CD4+ T cells, the authors could not exclude that they had
ctivated effector cells within the population that were responsi-
le for the HCV-specific IL-10 secretion. Very recently, Ebinuma et
l. demonstrated FOXP3 expression in HCV-specific CD4+ T cells
ollowing short-term in vitro expansion, and also directly ex vivo
n two patients with chronic hepatitis C using an HCV-specific HLA
lass II tetramer (Ebinuma et al., 2008). The authors also found a
igh rate of FOXP3 expression in HCV antigen-specific T cell lines,
hich was further enhanced by the addition of TGF-�. Although

t has been shown that these culture conditions can induce FOXP3
xpression in human CD25− CD4+ effector T cells in vitro, there is
vidence that a similar cytokine milieu may be present in the liver
f patients with chronic hepatitis C, which could favour the local
ransformation of effector T cells into regulatory T cells.

Our group has addressed the issue of antigen-specific Tregs in a
opulation of acute hepatitis C patients using direct ex vivo stain-

ng with HLA class II tetramers and FOXP3. In this study, FOXP3
xpression in HCV-specific CD4+ T cells was very low (<2%) in most
ases, but short-term increases of FOXP3 expression up to 30% of
pecific CD4+ T cells were observed in three of ten patients towards
he end of the acute illness (Heeg et al., submitted for publication).
hese time points were also associated with a transient loss of CD4+
cell effector function and in two of three cases with transient

iral recrudescence. Importantly, however, no increase of FOXP3
xpression was observed at time points associated with evolution
o chronic viral persistence, indicating that HCV-specific FOXP3+
D4+ T cells are not a major mechanism for the induction of chronic
iral persistence.

Based on these studies, it seems likely that the expansion of
regs that is observed in chronic hepatitis C is rather due to HCV
on-specific Tregs. In this context, a recent paper by Dolganiuc et
l. may be revealing, as the authors showed that myeloid dendritic
ells derived from chronic hepatitis C patients are able to stimu-
ate proliferation of regulatory T cells which inhibit proliferation
f HCV-specific T lymphocytes (Dolganiuc et al., 2008). In addi-
ion to these studies, which mainly focused on peripheral blood,
ome investigations have addressed the frequency of Treg in liver
iopsies. Although the question of antigen specificity could not be
ddressed, a considerable accumulation of FOXP3 expressing CD4+
cells has been observed in the livers of patients with chronic hep-
titis C (Ward et al., 2007). In conclusion, despite the unequivocal
roof of the occasional expression of FOXP3 in HCV-specific CD4+
cells, it is unclear whether HCV-specific Treg play a major role

n the pathogenesis of chronic viral persistence. Nevertheless, an
ncreased frequency of Treg is observed in the peripheral blood of
atients with chronic hepatitis C, and Treg also seem to accumulate

n the inflamed liver. Recent evidence indicates that the interac-
ion of HCV with parts of the innate immune system (for example,
yeloid dendritic cells) can lead to the expansion of Treg, which
ay facility the suppression of HCV-specific CD4+ and CD8+ T cells
n the liver.
In addition to classical FOXP3+ CD4+ regulatory T cells, IL-10-

roducing Tr1 cells, TGF-�-producing Th3 and CD8+ regulatory T
ells have been described, and there is evidence that increased pro-
uction of IL-10 (Kaplan et al., 2008) and TGF-� (Alatrakchi et al.,
esearch 82 (2009) 103–109

2007) play a role in the pathogenesis of chronic viral persistence.
Blocking any of these cytokines for the restoration of T cell func-
tion could be an additional or complementary approach to blocking
inhibitory receptors such as PD-1 or CTLA-4, which are discussed
below.

3.3. The role of PD-1 in the down-regulation of HCV-specific T cell
responses

Programmed death receptor 1 has recently been described as a
major mediator of CD8+ T cell exhaustion (Barber et al., 2006). In
a mouse model of LCMV infection, it was convincingly shown that
virus-specific CD8+ T cells expressed high levels of PD-1 during
chronic infection, and that treatment with anti-PD-L1 antibodies
could restore the function of virus-specific CD8+ T cells, leading to
a decrease in viral load. The role of PD-1 in chronic viral infection
in humans has subsequently been studied in detail. In both HIV
and hepatitis C virus infection, PD-1 expression on virus-specific
CD8+ T cells could be confirmed (Bowen et al., 2008; Day et al.,
2006; Golden-Mason et al., 2007; Kasprowicz et al., 2008; Maier
et al., 2007; Penna et al., 2007; Radziewicz et al., 2007; Urbani et
al., 2006). In vitro studies using antigen-specific stimulation in the
presence of PD-1 antibodies or antibodies against the ligand PD-
L1 and PD-L2 also led to restoration of IFN-� production by virus-
specific CD8+ T cells.

When the evolution of PD-1 expression was studied in acute
hepatitis C, it was found that PD-1 expression was high on virus-
specific CD8+ T cells during the acute phase of HCV infection,
irrespective of the outcome. However, in patients who achieved
spontaneous viral clearance, PD-1 expression tended to decline or
to disappear on virus-specific CD8+ T cells, whereas in patients who
developed chronic infection, PD-1 expression persisted at high lev-
els. A correlation was established between the strength of PD-1
expression and viral load (Kasprowicz et al., 2008). Interestingly,
intrahepatic HCV-specific CD8+ T cells seem to express higher lev-
els of PD-1, compared to their counterparts in the peripheral blood,
and blocking PD-1 is not sufficient to restore effector function to
these intrahepatic cells (Nakamoto et al., 2008; Radziewicz et al.,
2008a).

Whereas the importance of PD-1 for CD8+ T cell exhaustion in
hepatitis C is now well documented, much less is known about
PD-1 expression on HCV-specific CD4+ T cells. In preliminary exper-
iments, our group found that PD-1 expression on HCV-specific CD4+
T cells paralleled the kinetics of PD-1 expression on CD8+ T cells,
both in acute and chronic hepatitis C (Heeg et al., unpublished
observation). In a recent paper, PD-1 blockade was shown to restore
HCV-specific CD4+ T cell function and proliferation (Urbani et al.,
2008). These observations offer a great opportunity to manipu-
late virus-specific immune responses in vivo, by treating patients
with antibodies to PD-1. Clinical trials using PD-1 antibodies have
been started for a number of indications including hepatitis C
(http://www.news-medical.net/?id=43340). Whereas some safety
data are already available from studies in malignancy, no results
from the HCV trial have been reported so far.

From studies of HIV infection, it appears possible that other
immunoregulatory molecules such as CTLA-4 are also involved in
the down-regulation of virus-specific T cell responses (Kaufmann
et al., 2007). Data from HIV-infected patients also indicate that the
pattern of PD-1 and CTLA-4 expression may vary between different
individuals, indicating that different modes of immunoregula-
tion may be active in different subsets of patients or in different

phases of chronic infection. There is certainly a need for more
detailed investigation to define the relative contribution of different
immunoregulatory pathways in chronic hepatitis C. Nevertheless,
the identification of this dominant pathway, combined with the
possibility of interfering with the PD-1 pathway in vivo, offers

http://www.news-medical.net/%3Fid=43340
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reat hope for the further development of immunotherapies to treat
hronic hepatitis C.

. How can therapeutic vaccines overcome T cell
onresponsiveness?

During chronic infection, viral antigen is abundant in the body,
nd virus-specific T cells are continuously exposed to their spe-
ific antigen. T cell non-reactivity is assumed to result from antigen
resentation by non-professional antigen-presenting cells or from
lack of activation of professional antigen-presenting cells. That is
here therapeutic vaccines could make the difference: by targeting
rofessional antigen-presenting cells such as dendritic cells, and by
roviding enough “danger” signals to ensure their activation. The
nresolved questions are to what extent exhausted T cells can be
evived through optimum antigen presentation, and whether con-
omitant blockade of inhibitory receptors such as PD-1 is required
o restore T cell function. While the simultaneous blockade of PD-1
r immunosuppressive cytokines such as IL-10 has been shown to
ncrease the potency of vaccination in animal models, this remains
o be proven in human diseases.

. Current strategies of immunotherapy of chronic
epatitis C

Immunotherapy for hepatitis C virus infection has only recently
eached the clinical phase of development. The first therapeu-
ic vaccination was performed with a number of HCV-derived
D4+ and CD8+ T cell epitopes adjuvanted with poly-arginine in
atients who had failed to interferon treatment (Klade et al., 2008).
lthough the vaccination was very well tolerated, effects on viral

oad were detectable in only a few individuals. Nevertheless, there
as evidence of a correlation between vaccine-induced immune

esponses and a decrease in viral load in some cases. When the same
andidate vaccine was administered to treatment-naïve patients
nd the adjuvant was augmented by a topical TLR7 agonist, a small
ut significant decrease in the viral load was observed for the entire
ohort (http://www.intercell.com/main/forbeginners/news/not-
n-menu/news-full/back to/hepatitis-c-virus-vaccine/article/
avourable-six-months-follow-up-results-from-intercells-phase-
i-therapeutic-hepatitis-c-program/).

Because a major limitation of this approach is the small number
f epitopes, two other studies have used larger parts of the HCV
enome to cover more epitopes and more HLA-restrictions. A
ecombinant MVA (Modified Vaccinia Virus-Ankara) virus con-
aining the HCV NS3-NS4-NS5B genes was given three times
o patients with chronic hepatitis C who had failed a previous
nterferon-based therapy. In 6 of 15 patients, a decline in the
iral load of >0.5 log was observed, and the virological response
as again correlated with the induction of virus-specific T cell

esponses as measured by IFN-� Elispot (http://www.transgene.
r/us/pdf/communique presse/communiques divers 2008/PR-US-
G4040-19-05-2008.pdf). A Swedish company has developed a
NA vaccine containing HCV-NS3-4A which was administered by in
ivo electroporation in treatment-naïve patients with chronic hep-
titis C. Four of six patients in the higher dose group showed a viral
oad decline >0.5 log (http://www.cisionwire.com/tripep/tripep-
-chronvac-c–treatment-shows-antiviral-effect-in-patients-with-
hronic-hepatitis-c-also-in-the-high-dose). In both of these
tudies, transient viral load reductions as great as 1–2 log were

bserved and could be correlated with HCV-specific T cell
esponses.

These studies provide first proof of concept that therapeutic
mmunization has a potential in the treatment of chronic hepati-
is C. Notably, in all studies, therapeutic vaccination was very well
search 82 (2009) 103–109 107

tolerated by the patients and so far there has been no evidence of
the induction of significant or even fulminant hepatitis. Although it
is still unlikely that a larger fraction of patients will be completely
cured by immunotherapeutic approaches at their current state, a
better understanding of the immunopathogenesis of chronic hep-
atitis C and the virus-specific immune response nevertheless offers
a unique opportunity to further improve specific immunotherapy.

6. Promising directions for future research

While the role of HCV-specific regulatory T cells still needs to be
defined more precisely, immunoregulatory molecules such as PD-1,
CTLA-4 and others have a clear potential to explain T cell dysfunc-
tion in chronic hepatitis C. However, the fact that these inhibitory
receptors are expressed in virus-specific T cells in chronic infec-
tion does not explain why some patients spontaneously clear the
infection while others do not. Future research combining studies of
innate and adaptive immune responses with viral evolution should
address this central question, because it may well hold the key
for successful immunotherapeutic interventions. Nevertheless, the
therapeutic use of antibodies against PD-1 and CTLA-4, which is cur-
rently being tested in malignant disease, is also highly promising
in chronic hepatitis C, particularly in combination with antigen-
specific immunotherapy.
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