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Preface

Hepatits C virus (HCV) infection represents a worldwide disseminated disease, but
despite numerous studies, its pathogenesis and medical treatment have not been
completely elucidated.

As far as HCV pathogenesis is concerned, HCV genotypes and viral antigens
have been investigated with the aim to find a correlation with disease severity and
response to treatment. On the other hand, according to current literature, immuno-
logical response is implicated in disease progression rather than in host protec-
tion. Finally, use of interferon (IFN)-alpha alone or in combination with other
antiviral drugs, e.g., ribavirin (RIB), at the moment represents the most effective
treatment in chronic HCV disease, even if the percentage of cured patients is still
low.

On these grounds, the present book, entitled Hepatis C Virus Disease: Immuno-
biology and Clinical Applications, will emphasize the most recent advances in HCV
infection, moving from basic research to clinical application. In particular, in the
first chapters of this volume, the full spectrum of immune responses to HCV is ana-
lyzed, taking into account either innate or adoptive immunity involvement. In this
respect, the role of antigen-presenting cells (macrophages and dendritic celsl) and
Toll-like receptors and that of T helper, T cytotoxic, natural killer, and T regulatory
cells will be discussed in the course of HCV disease.

At the same time, deficits of innate immunity at the peripheral level with an
easier access of microbes into the host will be described also in view of a putative
interference of microbial products with IFN trreatment.

In the last part of this volume, a series of contributions elucidates the state of
the art of IFN-alpha treatment in HCV patients and the effectiveness of therapy also
in relation to HCV genotypes. Besides the combined treatment with IFN-alpha and
RIB, the use and applications of pegylated IFNs aree the object of intensive spec-
ulation in specific chapters. Finally, the complicated HCV disease and its treatment
are discussed.

In summary, this volume, written by various scientists with specific expertise in
the field of HCV infection, should represent an efficacious up-to-date on the state of
the art of HCV disease in diifferent geographical areas. Moreover, a clear descrip-
tion of disease pathogenesis, a detailed clarification of immune mechanisms, and a
deep elucidation of the pharmacology of antiviral drugs should be very useful for
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a large readership, even including medical students who may wish to learn basic
principles of HCV infection.

Emilio Jirillo, M.D.
University of Bari and National Institute for Digestive Disease

Castellana Grotte (Bari), Italy
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Innate Immunity in Type C Hepatitis

Tetsuo Takehara and Norio Hayashi

Hepatitis C Virus and Hepatocellular Carcinoma

As early as the days of Hippocrates, hepatitis has been described as a disease that
occurs in the young and shows the cardinal symptom of jaundice, which sometimes
develops into a critical condition. Ironically, research on hepatitis progressed rapidly
during World War II because injuries and the terrible sanitary conditions of the bat-
tlefields caused serious hepatitis epidemics. People recognized that hepatitis could
be classified into two types: infectious and serumal. The former became known as
hepatitis A and the latter as hepatitis B. After the war, the hunt for hepatitis viruses
had begun. First, the hepatitis B virus (HBV) was identified in 1967 by Blumberg,
who was awarded a Nobel Prize in recognition of his discovery. Next, the hepatitis
A virus (HAV) was discovered in 1973. These discoveries were thought to have
clarified the causes of hepatitis, but by the following year, it was acknowledged that
many cases of hepatitis were not caused by either HAV or HBV (Prince et al., 1974).
Later, the hepatitis D virus (HDV) and the hepatitis E virus (HEV) were discovered
in 1977 and 1983, respectively, but they were not the cause of hepatitis non-A,
non-B, which is associated with blood transfusion. In 1989, HCV was identified by
a molecular biological method where researchers induced the expression of cDNAs
obtained from the blood plasma of a chimpanzee with hepatitis non-A, non-B and
screened them with convalescent serum (Choo et al., 1989). HCV was the first virus
to be discovered not by the previously used virological methods, but by a molecular
biological method.

The discovery of HCV had a great impact on the treatment and prevention of
liver diseases (Hayashi & Takehara, 2006). It turned out that not only did most
patients who had been diagnosed as hepatitis non-A, non-B actually have hepatitis
C, but also that there were quite a few hepatitis C patients among those who had
been thought to have alcoholic liver disease or autoimmune hepatitis. As the natural
history of hepatitis C was clarified, it became clear that the disease is a major risk
factor for hepatocellular carcinoma (HCC) (Figure 1). The infection route of HCV
is via the blood. Some patients who are exposed to the virus develop overt liver dis-
ease, but most of them remain in a latent state. Within six months of being infected,
30% of the patients expel the virus naturally while the remaining 70% enter a phase
of persistent infection. Once patients enter in this latter phase, it is very rare for the
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Fig. 1 Natural history of HCV infection and its incidence of HCC according to liver fibrosis stage

virus to be expelled naturally, with the estimated annual rate being less than 0.2%
at most. Many of the patients with persistent infection show the medical conditions
of chronic hepatitis and develop cirrhosis in 20 to 30 years. Patients with cirrhosis
develop HCC at a very high annual rate of 8%, while patients with early chronic
hepatitis do so at an annual rate of only 0.5%. The estimated number of patients
with HCV is about 1.7 million in Japan and about 1.7 billion in the world. It is a
serious public health problem as many of these patients belong to a high-risk group
for HCC.

HCV does not fit into the classical definition of a tumor virus. The mechanism
of carcinogenesis in patients with persistent infection of HCV is not fully under-
stood, but it is usually explained from the virus and the inflammation viewpoints.
From the virus viewpoint, the HCV core protein has an effect on the mitochondrial
electron transport system and prompts the production of reactive oxygen species
(ROS) (Moriya et al., 1998; Okuda et al., 2002). This process is thought to cause
damage to the host gene. It has also been reported that the expression of HCV core
protein activates bcl-xL transcription via the MAP kinase pathway as well as the
activation of STAT3 (Otsuka et al., 2002). We have shown that high expression
of bcl-xL , observed in about one-third of HCC cases, is involved in the apopto-
sis resistance of cancer cells (Takehara et al., 2001; Takehara & Takahashi, 2003).
From the inflammation viewpoint, it is thought that the inflammation itself induces
oxidative stress and that hepatic regeneration in patients with hepatic disorder has
an influence on the fixation of accumulated mutations (Kato et al., 2003). In any
case, the larger clone size of the transformed hepatic cells caused by these factors
leads to overt HCC. Generally, the innate immune system recognizes abnormality
in autologous cells in vivo, and the immunological expulsion mechanism starts to
function. Increasing evidence supports the possible involvement of innate immunity
in the carcinogenesis of HCC and its development in patients with HCV infection.
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Toll-like Receptor: Impact on the Study of Innate Immunity

The biological defense mechanism of higher organisms, including humans, is gen-
erally divided into innate immunity and adaptive immunity (Dranoff, 2004). In the
adaptive immune response, gene rearrangement by T cells and B cells enables the
establishment of a defense mechanism of high specification against “the molecu-
lar microstructure of a foreign substance,” and this mechanism is immunologically
memorized. However, as it takes a few days to induce adaptive immune responses,
innate immunity works as an early defense mechanism. Innate immunity has existed
as a biological defense mechanism from the earliest stages of evolution: for exam-
ple, insects have only innate immunity as a defense mechanism. Cells involved
in innate immunity include macrophages, neutrophils, NK cells, NKT cells, and
γδT cells. Important humoral factors include complements, lectins, and interferons
(IFNs) (Biron, 2001). Key notions in the paradigm of modern immunology are the
presentation of the antigen by antigen-presenting cells (APCs) and the development
of adaptive immune responses. Most research in immunology in a narrow sense has
been focused in this area. In contrast, innate immunity has not been the focus of
much attention because it is mainly involved in nonspecific phagocytosis and toxi-
city, which have been regarded as primitive immune responses. Recently, however,
innate immunity has been receiving considerable attention for two major reasons.
One is the discovery of Toll-like receptors (TLRs), beginning in 1996 (Lemaitre
et al., 1996), and the other is a growing recognition that innate immune responses
play a critical role not only in early immunity but also in determining the magnitude
and direction of the subsequent adaptive immune responses.

TLRs are specific to structures peculiar to microbes, including bacterial and
fungal compounds (such as LPS and flagellin) and microorganism-origin nucleic
acids (such as double-stranded RNA and CpG DNA) (Akira et al., 2006). TLRs are
molecules whose expression has been observed in non-hematopoietic cells as well
as in hematopoietic cells such as dendritic cells (DCs). The discovery of TLRs was
important because it showed that, at the molecular level, a living body recognizes
the entrance of pathogens as “pathogen-associated molecular patterns” (PAMPs).
This has shown that the innate immune system discriminates between self and not-
self and recognizes abnormality via a mechanism that is different from the gene
rearrangement of the adaptive immune system. As for the development of adaptive
immunity, it had been thought to be a simple scheme where APCs (the most potent
APC in vivo is a DC) trap antigens in peripheral tissues and present the antigens
to T cells in secondary lymph nodes. However, it is now known that T cells cannot
be activated by DCs without the process of DC maturation and that typical signals
to induce DC maturation are sent by TLRs (Kaisho & Akira, 2003). Most of the
adjuvants loosely recognized as activating factors of immunity have turned out to
be TLR ligands. Thus, it can be said that the TLR has revealed the importance of
innate immunity in adaptive immunization.

What is now clear is the existence of a scheme in which the recognition of
pathogens by TLRs and DC maturation/activation are followed by adaptive immu-
nization in immune responses to invading microbes. The questions then arise of
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how abnormality in vivo is recognized in the process of carcinogenesis and how
this recognition can lead to adaptive immunization. The development of cancer is a
process in which a normal cell becomes abnormal. The mechanism of recognizing
“abnormality in autologous cells” cannot be explained by means of TLRs, which
recognize “pathogen-associated molecular patterns.” We need to consider another
important system.

NK Receptors: System of Recognizing Abnormality
in Autologous Cells

Abnormality that occurs in autologous cells in vivo is generally reflected in the
decreased expression of, or a deficiency of, MHC class I molecules (Smyth et al.,
2002). NK cells are a group of cells originally defined based on their nonspecific
cytotoxic activity to transformed cells (Trinchieri, 1989). The cytotoxic activity
of NK cells to transformed cells has been suggested to depend on the decrease
of MHC class I expression in those cells (missing-self hypothesis) (Karre et al.,
1986; Ljunggren & Karre, 1990). As a series of inhibitory receptors expressed in
NK cells has been identified recently, the molecular mechanism is now understood
as follows (Figure 2) (Ravetch & Lanier, 2000). Inhibitory receptors of NK cells
inhibit NK activity in normal cells, recognizing MHC class I molecules, which are
constantly expressed in normal cells. For cells in which MHC class I expression has
decreased, such as in tumor cells, the inhibition is released and the NK cells can
display their cytotoxic activity. Inhibitory receptors are generally divided into two
types according to their structures: the immunoglobulin superfamily of type I trans-
membrane proteins and C-type lectins, or type II transmembrane proteins. Inhibitory
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receptors that belong to the immunoglobulin superfamily are called “killer cell
immunoglobulin-like receptors” (KIRs), and more than 30 human cDNAs have been
isolated. A number of these KIRs recognize HLA class I molecules present at the
loci of HLA-B and -C, specifically genetic polymorphisms (for example, KIR2DL1
recognizes HLA-Cw4 and KIR2DL2 recognizes HLA-Cw3). Heterodimer recep-
tors consisting of CD94 and NK group 2 (NKG2) are known to exist, being typical
members of the C-type lectin family. Among them is CD94/NKG2A (NK group 2,
member A), whose ligand is known to be HAL-E. CD94/NKG2A is thought to mon-
itor the entire translation volume of HLA class I in a target cell by recognizing the
leader sequence of HLA class I antigens presented by HLA-E. Inhibitory receptors
belonging to the immunoglobulin superfamily and the C-type lectin family have a
structure called “immunoreceptor tyrosine-based inhibitory motifs” (ITIM) in their
intracellular domains. Tyrosyl residues of ITIM are phosphorylated by cross linking
of ligands, and thus inhibitory signals are transmitted to NK cells.

Recently, NK cells have been shown to have activating receptors, which activate
NK cell functions, as opposed to inhibitory receptors (Raulet, 2003). Among the
molecules belonging to the NKG2 family of C-type lectin-like receptors, NKG2D
(NK group 2, member D) is an unusual receptor. It has low homology with other
NKG2 proteins. Structurally, it forms a homodimer with NKG2D and does not form
a heterodimer with CD94. NKG2D forms a complex noncovalently with an adaptor
protein called DAP10 and, through cross linking, recruits the p85 subunit of PI3
kinase, thus transmitting the activating signals to NK cells. The NKG2D-activating
receptor has attracted attention because its expression in almost all NK cells presum-
ably signifies its importance and because a ligand for it has been identified but not
for many other activating receptors. Either MHC class I-related chain A or B (MICA
or MICB), both of which are MHC-related molecules, is a ligand for NKG2D in
humans (Bauer et al., 1999). MICA or MICB is not expressed in normal cells, being
induced by the transformation of cells. This means that NK cells not only recognize
abnormality in autologous cells as the missing self but also positively recognize the
abnormal self, which is not expressed in normal cells as the altered self to regulate
NK cell functions. In this manner, NK cells function as a system by which MHC
class I or MHC-related molecules are recognized by the mediation of various NK
receptors, leading to the recognition of abnormality in autologous cells.

MICA Expression in HCC and NK-Cell Sensitivity

MIC (MHC class I-related chain) genes make up a gene family identified in the HLA
class I region, and seven MIC loci, from A to G, have been confirmed (Figure 3).
C to G are pseudogenes, while both MICA and MICB encode 43 kDa proteins.
MICA/B are glycoproteins expressed on the cellular membrane, and the structures
of the extracellular domains composed of α1, α2, and α3 are similar to those of
classic HLA class I molecules. However, their functions differ from those of classic
HLA class I molecules because they lack the antigen-presenting function because
their structures have no domain for peptides due to the narrow grooves formed by
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the α1 and α2 domains and because their expression is not induced by IFN as they
do not need association with β2 microglobulin to be expressed on the membrane
(Bahram et al., 1994). In general, MHC class I molecules are constantly expressed in
cells while MICA/B are not expressed in normal cells, except in intestinal epithelial
cells and some thymocytes. MICA/B expression is known to be induced in stressed
cells and transformed epithelial cells. The functions of MICA/B have not been clar-
ified since their discovery in 1994, although in 1999 they were found to be human
ligands for NKG2D. Since then, their functional importance in the immune response
has attracted attention (Jinushi et al., 2003a, 2003b).

The characteristics of cancer cells from various organs can be examined from
the perspective of MHC class I molecule expression. For example, with colon can-
cer cells, the decreased expression or the deficiency of HLA class I molecules is
observed in many mechanisms (Miyagi et al., 2003), and this is thought to be an
immune evasion mechanism of colon cancer. By contrast, many hepatoma cells dis-
tinctively retain the expression of HLA class I molecules (Takehara et al., 1992).
This works against hepatoma cells because of the development of an antigen-
specific immune response, although this does help them evade NK cells. In order
to clarify the molecular mechanism of NK-cell immune surveillance of HCC, we
examined the MICA/B expression in HCC (Jinushi et al., 2003c). Immunohistolog-
ical examination and PCR analysis of human HCC revealed that non-neoplastic liver
tissue had no MICA/B expression, while about 50% of the HCC tissues had it. FACS
analysis of hepatoma cell lines showed that many of them had MICA/B expres-
sion. When we examined the cytotoxic activity of CD56-positive cells (NK cells)
separated from human peripheral blood, the target hepatoma cell lines were found
to be susceptible to their cytotoxic activity in various degrees. What is important
is that when anti-MICA/B antibody or anti-NKG2D antibody was added to mask
these molecules, the cytotoxic activity of CD56-positive cells decreased. Therefore,
it appears that the activation of NKG2D by MICA/B plays an important role in
inducing the NK-cell sensitivity of HCC (Figure 4).
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NK Receptor Expression in Chronic Hepatitis C Patients

There is no established view of NK activity in patients with HCV: some researchers
have reported decreased NK activity in HCV patients, while others have reported
levels equivalent to those of healthy individuals (Ahmad & Alvarez, 2004; Golden-
Mason & Rosen, 2006). In order to evaluate the function of NK cells in patients
with HCV, we separated CD56-positive cells from the peripheral blood of patients
with HCV and healthy donors and examined their cytotoxic activity. To K562 cells,
a classic NK-sensitive target, CD56-positive cells in patients with HCV showed the
same level of cytotoxic activity as those in healthy donors, but to hepatoma cell lines,
the cytotoxic activity of CD56-positive cells decreased in patients with HCV. This
suggests that the NK-cell receptor expression profile might differ between patients
with HCV and healthy individuals. We next comprehensively analyzed NK receptor
expression in CD56-positive cells using FACS. The results showed that for KIR,
among the inhibitory receptors, there was no expression difference between the
two groups, whereas for NKG2A and CD94, there was a significant increase of
expression frequency in patients with HCV (Jinushi et al., 2004). On the other hand,
as for NKG2D, one of the activating receptors, there was a trend toward decrease
of expression frequency in patients with HCV, but it did not reach a significant
level.

We further examined the expression of HLA-E, a ligand for CD94/NKG2A
receptor. HLA-E was positive for primary hepatocytes and all hepatoma cell
lines tested (HepG2, Hep3B, Huh7), while it was negative for K562. During the
chromium release assay of NK-cell cytotoxic activity targeting hepatoma cell lines,
we added anti-NKG2A neutralizing antibody, and the cytotoxic activity of NK cells
was significantly increased. As for K562, by contrast, the addition of anti-NKG2A
antibody made no difference in NK-cell sensitivity. Therefore, signals sent to
NKG2A from HLA-E were thought to be inhibitory to NK-cell responsiveness in
hepatoma cell lines. The addition of anti-NKG2A antibody led to a clearer increase
in NK-cell sensitivity in patients with HCV. This demonstrated that the increase
of NKG2A expression caused the decrease of NK-cell cytotoxic activity against
hepatoma in patients with HCV.
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These findings suggest that the responsiveness of human NK cells to hepatoma
cell lines is regulated by a balance of activating signals from NKG2D and inhibitory
signals from NKG2A (Figure 4) (Takehara & Hayashi, 2005). In patients with HCV,
NKG2A expression frequency is increased and NK responsiveness to hepatoma
cells is decreased. This suggests that NK cells, part of the innate immune sys-
tem, act to recognize and expel hepatoma cells. Hepatocarcinogenesis in patients
with HCV involves virus and inflammation factors, and it appears that the addi-
tional involvement of these immunological factors might result in a higher hepatoma
incidence rate.

Control of DC Function by NK Cells

NK cells make up a cell family defined by an index of direct effector functions
of being cytotoxic to transformed cells. Recently, NK cells have attracted atten-
tion for the possibility of having effects on the development of adaptive immunity
through the modification of DC maturation, activation, and cell death (Gerosa et al.,
2002). We have been conducting in vitro experiments on how NK cells are involved
in DC maturation and activation (Jinushi et al., 2006). DCs that are inductively
differentiated from peripheral blood monocytes of healthy donors using GM-CSF
and IL-4 show an immature phenotype (IM-DC). In order to clarify how NK cells
might be involved in the maturation of these IM-DCs, we conducted a mixed-culture
test of IM-DCs and NK cells. The co-culture of IM-DCs with NK cells did not
induce maturation, but a 48-hour co-culture of IM-DCs with hepatoma cell lines
and NK cells led to increased expression of CD40, CD86, and HLA-DR in DCs and
induced DC maturation. During the co-culture, we inserted a trans-well membrane
between DCs and NK cells, but DC maturation was induced. This showed that DC
maturation was induced via humoral factors, and not by direct cell-to-cell contacts.
In fact, the stimulation of IM-DCs using a 24-hour mixed-culture supernatant of
NK cells and hepatoma cells resulted in inducing maturation. This maturation was
accompanied by functional activation, and allostimulatory capacity toward CD4-
positive T cells from healthy donors was significantly enhanced compared with that
of IM-DC.

Next, we examined DC maturation and functional activation resulting from co-
culture with hepatoma cells and NK cells using NK cells from patients with HCV
instead of those from healthy donors. The stimulation of IM-DCs using the super-
natant of a 24-hour co-culture of NK cells from HCV patients with hepatoma cells
resulted in suppressed DC maturation and allostimulatory capacity compared with
the case in which we used NK cells from healthy donors. In order to examine
whether NKG2A signals from HLA-E during a mixed culture of hepatoma cells
and NK cells are involved in this inhibition of DC maturation and activation, we
conducted an inhibition experiment by adding anti-NKG2A antibody during the
mixed culture. DC maturation and activation resulting from culture supernatant
stimulation were enhanced by adding anti-NKG2A antibody either in the case of
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NK cells from healthy donors or in the case of those from patients with HCV.
However, DC maturation and activation were more notably enhanced when NK
cells from patients with HCV were used. Levels of various cytokines present in
the culture supernatant were quantitatively analyzed in each case, and the levels of
IFNγ and TNFα were high when NK cells from healthy donors were used, whereas
the levels of IL-10 and TGFβ were high when those from patients with HCV were
used. Results from experiments where a neutralizing antibody was added for each
cytokine into the culture supernatant suggested that the change of the cytokine bal-
ance affected DC maturation and activation.

These observations suggest that in patients with HCV, excess NKG2A signals
in NK cells not only have an inhibitory effect on the direct effector activity of NK
cells but also have a negative effect on the subsequent DC maturation and activation.
With improved methods to detect specific T cell responses, such as the ELISPOT
assay, there have been reports of some T cell responses specific to cancer antigens
in the case of HCC as well. Down-regulated adaptive immune responses from NK
cells to DCs might inhibit development of the adaptive immunity.

Secretion of Soluble MICA into Serum in HCC and NKG2D
Expression in NK Cells

Recently, it has been reported that some MICA expressed in tumor cells are trun-
cated and their extracellular domains are secreted into culture solutions as soluble
forms (Groh et al., 2002; Salih et al., 2002). It is known that soluble MICA (sMICA)
is detected in the serum of patients with prostate cancer, colon cancer, brain neo-
plasm, and leukemia. The importance of this phenomenon is that MICA expression
in tumor cells is decreased due to cleavage and NK responsiveness is decreased due
to induced NKG2D internalization. These events might be involved in the ability to
evade the immunomechanism.

In order to examine the importance of sMICA in liver disease, we conducted
ELISA quantitation of serum sMICA from healthy donors and patients with chronic
HBV/HCV and HCC (Jinushi et al., 2005). Only a small amount of sMICA was
detected in a small number of cases of healthy donors and patients with chronic
hepatitis, while notably larger amounts of sMICA were detected in some patients
with HCC. We also conducted the test according to the HCC stage and observed that
the number of sMICA positive cases was notably more frequent for advanced HCC
than for early HCC. We conducted FACS analysis of NKG2D expression in CD56-
positive cells from healthy donors and patients with HCC (sMICA positive/negative)
and chronic HCV. The results showed that the level of NKG2D expression in
patients with hepatitis or HCC (sMICA negative) was the same as that in healthy
donors, while the level of NKG2D expression in patients with HCC (sMICA pos-
itive) was decreased. Next, in order to examine whether sMICA is involved in the
decreased NKG2D expression, we treated CD56-positive cells from healthy donors
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Fig. 5 Possible mechanisms of HCV-related liver carcinogenesis

with 10% patient serum for 48 hours and then determined the NKG2D expression.
A significant decrease in NKG2D expression was noted after treatment with serum
from patients with HCC (sMICA positive), while the expression remained the same
after treatment with serum from other patients. Furthermore, when we added patient
serum treated with an antibody that recognized α1 and α2 domains of MICA to NK
cells, the decrease of NKG2D expression caused by the serum treatment was can-
celed. This showed that sMICA of the patient serum was involved in the decrease of
NKG2D expression. Using the chromium release assay, we compared hepatoma cell
line-specific cytotoxic activity of CD56-positive cells in healthy donors and patients
with HCC (sMICA positive/negative) and found that the cytotoxic activity decreased
most in patients with HCC (sMICA positive). These observations suggest that an
increase of HCC tumor size leads to the release of sMICA into the blood, which
triggers a decrease in the NKG2D expression in NK cells and the responsiveness of
NK cells to hepatoma cells, thus further suppressing the immune response to tumors
(Figure 5).

Immunotherapy for HCC

If HCC is in a limited area, hepatectomy or medical ablation treatment can be
prescribed. If the reserve capacity of the liver is sufficient, the technical problems
are resolved and the treatment can be conduced with an adequate margin of safety,
then radical therapeutic measures can be taken. However, HCC possesses biological
characteristics of multiple occurrence in both time and space dimensions, making
its treatment extremely difficult. Topical treatment has no effect on multiple HCC
spreading over both hepatic lobes. In such a case, transcatheter arterial embolization
or arterial injection chemotherapy can be an option, but the effectiveness is limited.
Even if topical treatment is successful, distant recurrence is likely to occur in many
cases. Thus, there is an urgent need to establish ways to prevent recurrence. In order
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to improve the prognosis of progressive HCC and the recurrence-free survival rate
after topical treatment, we need to develop whole-liver treatment based on a new
point of view. It is in this context that there are high expectations for immunotherapy
to treat HCC (Butterfield, 2004; Palmer et al., 2005; Avila et al., 2006).

Immunotherapy for cancer has been developing from nonspecific to specific,
from those using unknown mechanisms to those where the mechanism has been
clarified. To holistically activate immune responses in vivo, immunomodulating
therapy using bacterial compounds has been replaced by cytokine therapy. Adoptive
immunotherapy using lymphokine-activated killer cells (LAK) has been replaced
by therapy using tumor-infiltrating lymphocytes (TIL) that are tumor-specific, and
nonspecific immunostimulation has been replaced by specific treatment using DC or
tumor-specific antigens. In addition, conventional approaches have been reevaluated
from an up-to-date point of view: bacterial compounds used for immunostimulation
have been found to be ligands for TLRs, which activate innate or adaptive immunity
by inducing DC maturation. To treat HCC, possibilities being explored include the
application of cytokine therapy, adoptive immunotherapy, DC therapy, and tumor-
derived peptide therapy.

The knowledge of the hepatoma recognition mechanism mediated by NK recep-
tors should be useful for developing the immunotherapy for HCC based on new
strategies. One possibility lies in the exploration of the method to induce MICA/B
expression in hepatoma cells. We demonstrated that all-trans-retinoic acid induce-
ment increases MICA/B expression in hepatoma cells and makes them more sus-
ceptible to NK cells (Jinushi et al., 2003c). The fact that this phenomenon is lost
in the presence of synthetic retinoid, which functions as a competitive inhibitor
of all-trans-retinoic acid receptors, shows that it is a specific action of all-trans-
retinoic acid mediated by receptors, not a nonspecific response. It has been reported
recently that DNA toxic antitumor agents (Gasser et al., 2005) or inhibitors of his-
tone deacetylating enzyme (Armeanu et al., 2005; Skov et al., 2005) similarly induce
MICA/B expression in neoplastic cells. It is also known that with respect to NKG2D
expression in NK cells, cytokines such as IL-15 have the inducing capacity. As for
the combined therapy of chemotherapeutic agents and cytokines, various combina-
tions have been explored for the treatment of progressive HCC. New combinations
should be examined from the perspective of NK receptors and the expression of
their ligands.

Concluding Remarks

HCV infection and subsequent hepatocarcinogenesis and HCC progression can be
summarized from the perspective of receptor expression in NK cells as follows.
HCV patients show increased NKG2A expression, and patients with advanced HCC
display decreased NKG2D expression under the influence of sMICA. There is a
link between the staged change of NK-cell phenotypes and the decreased cytotoxic
activity of NK cells to HLA-E positive/MICA positive hepatoma cell lines. This
might have a disadvantageous effect on a living body in the ablation of transformed
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liver cells or the growth of tumor. It appears that apart from well-known factors
from the virus viewpoint and the inflammation viewpoint, the modulation of innate
immunity like this is involved in the high rate of hepatocarcinogenesis and the fol-
lowing progression in patients with HCV (Figure 5).

In vivo, DCs are the most potent APC to activate naïve T cells, but to initiate
adaptive immunity in this manner, DCs should be mature and activated. In the case
of microbe infection, the recognition of molecular structures peculiar to microbes by
TLRs induces DC maturation. In the process of carcinogenesis, on the other hand,
NK receptors expressed in NK cells only recognize abnormality in autologous cells
(altered self or missing self) and activate NK cells. Thus, NK receptors are involved
in direct resistance to tumor cells. In addition, NK-cell activation has an influence
on DC maturation via humoral factors. Therefore, NK receptors as well as TLRs
play their part as an interface in transmitting information about abnormality arising
in vivo to the immune systems (Figure 6). It appears that the aberrant expression of
NK-cell receptors in patients with HCV or progressive HCC might have a negative
influence on the development of not only innate immune responses but also adaptive
immune responses.

The expression of NK-cell receptors and their ligands changes dynamically dur-
ing the process from HCV infection to hepatocarcinogenesis to the progression of
HCC. The expression kinetics of these molecules might have a close connection
with the process. The modification of the expression of these molecules by drugs
or cytokines might lead to the development of cancer immunotherapy based on a
new perspective. There are great expectations for further progress of research in this
field.
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Innate Immunity Adaptive Immunity

MHC-related
molecules NK receptors

Toll-like
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microorganisms

Transformed
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Fig. 6 Transmission of danger signals of pathogens and tumors to the immune system
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Mechanisms of Interferon Action and Resistance
in Chronic Hepatitis C Virus Infection: Lessons
Learned from Cell Culture Studies

Srikanta Dash∗, Sidhartha Hazari, Robert F Garry, and Fredric Regenstein

Abstract Alpha interferon, usually in combination with ribavirin, is currently the
standard care for patients infected with hepatitis C virus. Unfortunately, a significant
number of patients fail to eradicate their infection with this regimen. The molecular
details concerning the failure of many patients to achieve sustained clearance of the
virus infection after interferon therapy are currently unknown. The primary focus
of this chapter is to provide an overview of interferon action and resistance against
hepatitis C virus (HCV) based on our understanding developed from in vitro exper-
iments. Interferon first binds to receptors on the cell surface; this initiates a cascade
of signal transduction pathways leading to the activation of antiviral genes. Using
a cell culture model, we determined that the activation of an interferon promoter
(interferon inducible genes) is important for a successful antiviral response against
HCV. The level of activation of the IFN promoter by exogenous interferon appears
to vary among different replicon cell lines. It was observed that a replicon cell line
showing low activation of the IFN promoter frequently develops resistant pheno-
types compared to cell lines with higher activation. Furthermore, interferon-alpha,
-beta, and -gamma are each found to inhibit replication of HCV in the cell culture.
The antiviral action of interferon is targeted to the highly conserved 5′ untranslated
region (5′UTR) utilized by the virus to translate protein by an internal ribosome
entry site (IRES) mechanism. This effect is the same among HCVs of other geno-
types. Interferon inhibits translation of HCV by blocking at the level of formation of
polyribosomes on the IRES containing mRNA. These in vitro studies suggest that
differences in the regulation of IRES-mediated translation by interferon among hep-
atic cell clones may be directly related to the development of interferon resistance
in chronic HCV infection.
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Introduction

Hepatitis C virus (HCV) infection is a major public health problem. At present
approximately 170 million people worldwide have been infected with HCV. It is
the principal virus accounting for chronic liver disease in patients previously des-
ignated as having non-A, non-B hepatitis. The hepatitis C virus was cloned and
sequenced by a team of investigators from the Chiron Corporation, California,
USA, in 1989 (Choo et al., 1989). During subsequent years, significant progress
has been made in areas of clinical and molecular virology, development of cell
culture models, antiviral therapy, and viral pathogenesis. The hepatitis C virus is
an enveloped virus of the Flaviviridae family containing a single-stranded, positive-
sense RNA genome approximately 9,600 nucleotides in length (Francki et al., 1991;
Rice, 1996). The viral genome is organized into a 5′ untranslated region, followed
by a large open reading frame and a 3′ untranslated region. The HCV RNA genome
directly binds to host cell ribosomes and is translated into a large polyprotein of
3,010 amino acids. This polyprotein is subsequently processed in the endoplasmic
reticulum of the infected cell into structural proteins (core, El and E2, P7) and non-
structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) (Reed & Rice,
2000). The structural proteins play important roles in the formation of complete
virions, their export, and the infection of host cells. The nonstructural proteins pro-
vide the necessary enzymatic activities to replicate the HCV RNA genome. The
viral genome persists in infected hepatocytes due to continuous replication of both
positive- and negative-strand HCV RNAs in infected cells. The highly conserved
structured RNA sequences located at the 5‘UTR and 3‘UTR are important in the
viral translation and replication of the HCV genome (Friebe & Bartenschlager,
2002; Friebe et al., 2001; Yi & Lemon, 2003). Figure 1 demonstrates the structure
of the positive-strand HCV genome and different mature proteins produced in the
virus-infected cell.

Most people acquire HCV infection through direct contact with infected blood
(e.g., blood transfusion, injection drug use). Following exposure to HCV, a robust
host immune response is generated; however, in a majority of patients the response
fails to eradicate the virus, leading to chronic infection. In chronically infected
individuals, the virus preferentially replicates in the liver for prolonged intervals
of time leading, both directly and indirectly, to potentially serious liver disease. It is
now believed that long-standing chronic inflammation due to HCV infection triggers
the development of hepatocellular carcinomas. The strong association between the
chronic HCV infection and the development of hepatocellular carcinomas has been
made in many parts of the world, including the United States, Japan, Australia,
and Europe (El-Serag, 2004; Hoofnagle, 2004, Kiyosawa et al., 2004; Bosch et al.,
2004). The mechanisms controlling the development of HCV into chronic infection
and then evolving to cirrhosis and cancer appear to be complex.

Interferon-alpha alone, or in combination with ribavirin, is the standard ther-
apy for acute and chronic HCV infection. Sustained virological response can be
achieved in up to 90% of acute HCV infections and in approximately 50% of those
chronic infections (Feld and Hoofnagle, 2005; Strader et al., 2004). HCV RNA
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Fig. 1 Organization of the HCV RNA genome and protein translated from the single large open
reading frame (ORF). The viral genome begins with a stretch of (1–341) untranslated sequences
(5′UTR), followed by a large open reading frame (ORF), then another stretch of an untranslated
region called 3′UTR. The 5′UTR that forms the complex secondary structure also initiates transla-
tion by directly binding to the host ribosome via internal ribosome entry site (IRES) mechanisms.
Interferon specifically inhibits the IRES function in hepatic cells. Ten different mature proteins
are generated due to the cleavage of large polyproteins. Among these (core, E1, E2) are structural
proteins; NS2-NS5 are known as nonstructural proteins. The exact function of the p-7 protein
is unknown. The core protein, envelope protein (E2), the nonstructural protein (NS5A), and the
NS3/4A serine protease were reported to play an important role in the mechanisms of interferon
resistance

levels in the blood and serum are used to monitor the response to interferon therapy
in patients undergoing treatment. Approximately 60% of patients have undetectable
levels of virus at the conclusion of therapy. Many chronic hepatitis C patients, partic-
ularly those infected with genotype 1, do not respond to interferon therapy. In most
of these individuals, HCV RNA levels remain detectable throughout treatment. The
reason why some patients become persistently infected, and why some respond to
interferon therapy while others do not, is not clear. Understanding the mechanisms
of interferon action and interferon resistance should open new directions to devel-
oping alternative strategies to improve the clinical efficacy of interferon therapy.

Interferon System

Interferons are the cytokines, which are produced initially to defend the host against
infection, through mechanisms that inhibit the replication of a number of viruses.
There are two main types of interferon. Type I interferons include interferon-alpha,
interferon-beta, interferon-omega, and interferon-delta. Interferon-gamma is a Type
II interferon. Interferon-alpha is mainly produced by leukocytes (dendritic cells and
macrophages). Interferon-beta is produced by most of the epithelial cells and fibrob-
lasts. Cells of immune system, including T cells and natural killer cells, produce
interferon-gamma. Once stimulated by a viral infection, these cells go through a
series of signaling events that leads to rapid production of interferons and other
cytokines. Interferon is, therefore, an important cytokine during innate host defense
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against viral infection. It is believed that the interferon system is transcriptionally
activated intracellularly within a few hours of virus infection through a cascade
of signaling pathways that involve NF-kB, ATF2-c-Jun, and interferon-regulatory
factors (IRF 3) and IRF-7 (Kawai & Akira, 2006). In humans, Type I interferons are
encoded by 14 functional genes that form the interferon-alpha family. Single genes
encode for interferon-beta and -omega, and three genes encodes for interferon-
lambda (Sen, 2001; Bekisz et al., 2004). The biological significance of having mul-
tiple genes for interferon-alpha and only one for interferon-beta is not clear. The
genes for different Type I interferons are all located together on human chromosome
9 (Diaz et al. , 1994), and the Type II interferon gene is located on chromosome 12
(Schroder et al., 2004). The commercially available recombinant interferon used
against HCV is interferon-α2a, interferon-α2b, or a consensus interferon (Blatt
et al., 1996). The consensus interferon is a recombinant protein that has the most
common amino acid sequences derived from several natural interferon-alpha sub-
types (Heathcote et al., 1998). All Type I interferons bind to the human interferon-
alpha receptor (IFNAR), which consists of an IFNAR-1 and IFNAR-2 subunit (Uze
et al., 1990, 1995; Novick et al., 1994; Colamonici et al., 1994; Domanski and
Colamonici, 1996; Platanias et al., 1996). IFNAR-1 has a relative molecular weight
of 110 kDa, while IFNAR-2 occurs as two forms due to differential splicing of
the same gene. These include the IFNAR-2c protein of molecular weight 90–100
kDa and the IFNAR2b protein of molecular weight 51 kDa. There are two dis-
tinct interferon-gamma receptors (IFNGR-1 and IFNGR-2). IFNGR-1 has a major
binding subunit protein with a molecular weight of 90 kDa; IRNGR-2, a 62-kDa
protein, plays a minimal role in ligand binding and is important in downstream
signaling pathways (Stark et al., 1998; Bach et al. 1997; Hemmi et al., 1994). All
interferons activate a cascade of signal transduction pathways through its receptors
that stimulate synthesis of numerous antiviral genes. The differences and similarities
between the signaling pathways of Type I interferon and Type II interferon are sum-
marized in Figure 2. Interferon binding to the cell surface receptors activates the
intracellular signaling pathways, which involve Janus kinase (JAK1) and tyrosine
kinase 2 (TYK2) and signal transducer and activator of transcription (STAT1 and
STAT2) proteins. The JAKs phosphorylate the STAT proteins, which either homo-
or heterodimerize and then translocate to the nucleus to induce the expression of
the IFN-stimulated genes (ISG). The phosphorylated STAT1 and STAT2 combine
with IRF-9 (interferon regulatory factor 9) to form a trimeric ISGF-3 complex. This
complex enters the nucleus and binds to a consensus DNA sequence [GAAAN (N)
GAAA] called the “interferon stimulated response element” (ISRE) (Goodbourn
et al., 2000). This regulatory sequence is present upstream of most interferon-
alpha and interferon-beta responsive genes. These cascades of molecular signaling
are essential for stimulation of interferon-mediated gene transcription. In contrast,
binding of interferon-gamma to its receptors leads to tyrosine phosphorylation of
STAT1, but not STAT2. The phosphorylated STAT1 protein forms a homodimer
called “gamma-activated factor” (GAF) that translocates to the nucleus and binds
to a consensus sequence [TTNCNNNAA] called “gamma activation sequence”
(GAS) elements. This DNA sequence is present in the upstream regulatory region
of the interferon-gamma inducible genes. These cascades of biochemical reactions
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Fig. 2 Comparison of signaling pathways activated in a mammalian cell after addition of exoge-
nous interferon. IFN-alpha/beta (type I IFN) and IFN-gamma (type II) binds to separate cell surface
receptors. IFN-alpha or IFN-beta binding to their receptors activates two receptor associated tyro-
sine kinases, Jak1 and Tyk2, which then phosphorylate the STAT1 and STAT2 proteins. These two
phosphorylated proteins combine with IRF-9 to form the trimeric ISGF3 complex. This complex
enters the nucleus and binds to a regulatory consensus DNA sequence called ISRE (interferon
sensitive response element) present in most of the type I interferon responsive genes, whereas
IFN-gamma binding to its receptor leads to activation of Jak-1 and Jak-2 tyrosine kinases, resulting
only in phosphorylation of STAT1 protein. The phosphorylated STAT1 protein forms a homodimer
called “gamma-activated factor” (GAF). This complex enters the nucleus and binds to the consen-
sus DNA sequence called the GAS (gamma activated sequence), which regulates the induction of
type II responsive genes

occurring in normal cells due to interferon treatment have been termed the Jak-Stat
pathways (Darnell, 1998). The Jak-Stat pathways activate a large number of genes
in the IFN-treated hepatocyte, which are normally quiescent or present at low levels
(William, 1991).

The roles of the interferon-stimulated genes have been well established while
studying interferon action against different viruses (Katze et al., 2002). These
include the double-stranded RNA-activated protein kinase PKR, which inhibits pro-
tein synthesis via eIF2alpha phosphorylation, the 2′-5′ oligoadenylate synthatase
(2′-5′ OAS) (which activates RNAse L to degrade viral RNA), the MX GTPase
(which blocks viral transport inside the cell), p56 (which inhibits translation via
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eIF3), and P-200 family proteins that impair cell proliferation through cellular
factors such as NFkB, E2F, P53, and c-Myc. However, the exact mechanism by
which interferon activates intracellular pathways to inhibit HCV replication is not
fully understood. A detailed understanding of this intracellular signaling pathway is
important to improve the success of interferon therapy against chronic HCV.

Mechanisms of Interferon Action

Our understanding of interferon action against the hepatitis C virus is possible due
to the availability of HCV cell culture models. Work on this area began almost 10
years ago by Shimizu (1992, 1993, 1996), where HCV replication models were
developed in lymphoid cell lines. Subsequently, full-length chimpanzee infectious
clones for HCV were developed by the laboratories of Dr. Charles Rice, Rocke-
feller University (Kolykhalov et al., 1997), and Dr. Jens Bukh of NIH (Yanagi et al.,
1997). An initial attempt to establish HCV replication models in hepatic cells was
made using full-length RNA transfection (Yoo et al., 1995; Dash et al., 1997). The
levels of HCV replication in these models remained low and required the RT-PCR
method to detect HCV replication. These technical difficulties have demanded the
development of a more reliable cell culture system for HCV. A significant advance
in this area took place after development of a subgenomic replicon-based model by
Lohmann and Bartenschalager (1999). This technology has allowed development
of a stable Huh-7 cell line replicating HCV subgenomic RNA of different HCV
genotypes (Miyamoto et al., 2006). Initially, this replicon model has been widely
used to test interferon effects on virus replication. Recently, a cell culture model that
supports full-length virus replication after natural infection has also been established
(Lindenbach et al., 2005; Wakita et al., 2005; Zhong et al., 2005). These advances
demonstrate that successful replication of HCV in cell culture can be achieved
using cloned viral genome. Many investigators, including our own group, have uti-
lized the replicon-based cell culture model and have shown that interferon-alpha
inhibits HCV replication in cell culture (Guo et al., 2001, 2003; Zhu et al., 2003;
Cheney et al., 2002; Vrolijik et al., 2003; Dash et al., 2005). The antiviral effect of
interferon-alpha has been confirmed using full-length chimpanzee infectious clone
for HCV 1a virus using a DNA-based replication model (Chung et al., 2001; Prabhu
et al., 2004). Interferon-alpha inhibition of virus replication after natural infection
has been also confirmed (Shimizu & Yoshikura, 1994; Lindenbach et al., 2005).
Results of these investigations indicate that interferon-alpha successfully inhibits
hepatitis C virus replication, and the amount of interferon used in all these experi-
ments is between 10–1000 IU/ml. The maximum inhibitory effect was seen between
24 to 72 hours after interferon treatment. There are reports suggesting that other
interferons (interferon-beta, interferon-gamma, interferon-lambda) can also inhibit
replication of HCV (Frese et al., 2002; Cheney et al., 2002; Dash et al., 2005; Robek
et al., 2005). It has also been reported that interferon inhibits the replication of HCV
strain 2a in culture models (Kato et al., 2005). We have determined that replication
of HCV is equally sensitive to a pegylated form of interferon-alpha, which has been
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very effective in the treatment of chronic hepatitis C virus infection (unpublished
data). Taken together, it appears that interferon–alpha, –beta, and -gamma each can
inhibit HCV replication in cell culture models.

The mechanism(s) by which each interferon inhibits hepatitis C virus replication
is unknown. The antiviral genes induced by interferons directly or indirectly block
at the level of viral translation and transcription (Landolfo et al., 1995). To address
the mechanisms of interferon action, studies have been performed earlier to examine
the effect of interferon at the level of HCV IRES translation using different subge-
nomic expression system. The HCV genome contains a 341-nucleotide untranslated
sequence that binds to the host cell ribosomes and initiates translation by an internal
ribosome entry site (IRES) mechanism (Ji et al., 2004; Otto and Pulglisi, 2004).
Several laboratories have examined the action of IFN on HCV IRES–mediated
translation (Kato et al., 2002; Guo et al., 2004; He et al., 2003; Shimazaki et al.,
2002; Koev et al., 2002; Wang et al., 2003; Rivas-Estilla et al., 2002) with conflicting
results. For example, studies by Shimazaki et al. (2002) suggested that interferon-
alpha selectively inhibits IRES-mediated translation in a hepatic cell line stably
transfected with a clone carrying a dicistronic cassette. This inhibition was due to
reduced expression of La protein, but the protein kinase R (PKR) and the RNase L
pathway were not involved. A report from Kato et al. (2002) used a dicistronic-based
expression system and demonstrated that interferon-alpha inhibits cap- as well as
HCV IRES-mediated translation without the involvement of La or PKR pathways.
In contrast, Wang et al. (2003) used a similar dicistronic expression system and
found that HCV as well as EMCV IRES-mediated translation was more sensitive to
interferon-alpha than cap-dependent translation. A study by Koev et al. (2002) also
suggested that cap-dependent translations were dramatically inhibited by interferon-
alpha, whereas HCV IRES-mediated translations were only marginally inhibited
in Huh-7 and HepG2 cells. In their study, IRES-mediated translation inhibition
was observed only when the monocistronic IRES-luciferase expression system was
used. Another study by Rivas-Estilla et al. (2002) suggested that interferon-induced
PKR plays a direct role in the inhibition of protein synthesis from the subgenomic
clone. These investigators found that PKR induces HCV IRES activity and inhibits
EMCV IRES activity using a dicistronic-based expression system. Guo et al. (2004)
also examined the effect of interferon on HCV IRES and EMCV IRES transla-
tion using a dicistronic-based expression. In their analysis, the antiviral activity of
interferon was only a twofold inhibition on HCV IRES-directed translation when
transfected with HCV replicon RNA, but not with dicistronic reporter construct. In
summary, all these reports showed that HCV IRES is inhibited by interferon, while
some studies demonstrated that cap-dependent translation was also inhibited. The
reasons for these differences in the results from various laboratories regarding the
IRES-mediated translation regulation are unknown. One possibility may be that the
inhibition of both cap- and IRES-mediated translation inhibitions may reflect the
use of the dicistronic-based expression systems. Another possible explanation may
be the differences in the cell line or the relative sensitivity of the assay systems used
in these studies.

To resolve this conflicting evidence, we have taken a different approach. We
used a green fluorescence protein-based expression system that allows the effect
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of interferon on HCV translation to be directly determined in a reliable way under a
fluorescent microscope (Kalkeri et al., 2001). An inducible expression system was
established that allowed high-level expression of GFP from HCV IRES clone in
the majority of Huh-7 cells using T7 RNA polymerase (Figure 3). Standard poly-
merase chain reaction (PCR) and cloning methods were used to construct chimeric
clones between green fluorescence protein (GFP) and IRES of different genotypes
of HCV. This model allows us to examine cells expressing GFP directly under a
fluorescent microscope, without the requirement for immunological detection pro-

Fig. 3 Summarizes the expression strategy used in our laboratory to determine the interferon action
on the HCV IRES translation. (a) Schematic representation of chimeric clone between HCV IRES
sequence and green fluorescence protein (GFP). The chimeric clones were prepared by fusing
the GFP coding sequences, including a poly (A) tail after the CCU sequence of the 5‘UTR by
overlapping PCR. (b) The experimental steps involved to express the IRES-GFP clone in hepatic
cells. Cells were first infected with adenovirus T7 RNA polymerase. After 2 hours, transfected with
plasmid DNA clone between HCV IRES-GFP using the FuGENE 6 transfection reagent. A fairly
high-level expression of green fluorescence protein from the HCV IRES can be achieved within
24 hours in most of the cells that can be examined directly under a fluorescence microscope (See
color insert.)
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cedures or luciferase-based assay. To examine the effect of interferon treatment
on non-IRES translation, Huh-7 cells were co-transfected with 1 μg of IRES-GFP
plasmid DNA along with 1 μg of pDsRed2 plasmid (BD Biosciences Clontech,
Palo Alto, CA) using the FuGENE 6 (Roche Molecular Biology, Indianapolis, IN)
transfection reagent. The effect of interferon on IRES and non-IRES translation in
a hepatic cell line was determined after 24 hours by examining the expression of
green fluorescence or red fluorescence protein under a fluorescence microscope.
Transfected cells were examined using a fluorescence microscope (Olympus) at
484 nm for the expression of green fluorescence, 563 nm for the expression of red
fluorescence, and 340 nm for DAPI (nuclear dye). The percentage of GFP-positive
Huh-7 cells was quantitatively measured using Cell Quest computer software and
by flow analysis. Using this GFP-based subgenomic expression system, we demon-
strated that interferon-alpha inhibits translation from the HCV IRES-GFP clone in
a dose-dependent manner by fluorescence microscopy, Western blot analysis, and
flow cytometry (Dash et al., 2005). In this expression system, cap-dependent, non-
IRES translation of red fluorescence was not affected by interferon. Interestingly,
we found that this effect also occurs for other positive-stranded RNA viruses that
require IRES for protein translation such as encephalomyocarditis virus (EMCV)
and classical swine fever virus (CSFV). Interferon-beta and -gamma also have a
similar effect on IRES-mediated translation, indicating that there may be a common
pathway by which different interferons inhibit IRES-mediated translation.

In patients being treated for chronic hepatitis C, it has been well established
that individuals infected with genotype 1 respond less often than those infected
with genotypes 2 and 3 (Davis & Lau, 1997; Davis et al., 1998). Our group has
determined that the differential response to IFN therapy is not at the level of IRES-
mediated translation. We showed that IFN treatment directly inhibited translation of
GFP mediated by IRES sequences of HCVs derived from other genotypes (Figure 4)
(Hazari et al., 2005b). We also found that inhibition of IRES-mediated translation
of HCV was not sensitive to other cytokines, including IL-1, IL-6, or TNK-alpha.
These studies establish that interferon-alpha, -beta, and -gamma each efficiently
inhibit replication of HCV subgenomic RNA in cell culture. This inhibitory effect
is targeted to the 5′ untranslated region (5‘UTR), which the virus used to translate
its genome by an internal ribosome entry site (IRES) mechanism.

The molecular mechanism by which interferon treatment selectively inhibits
HCV IRES-GFP mRNA-mediated translation in Huh-7 cells is unknown. To under-
stand the cause of IRES-GFP mRNA translation inhibition by interferon, we exam-
ined the involvement of RNA and protein degradation pathways and loading of
ribosome on HCV IRES-GFP containing mRNA. Involvement of the RNA degrada-
tion pathway in interferon-treated cells was confirmed by comparing the stability of
IRES-GFP mRNA in the transfected Huh-7 cells by northern blot analysis. Induc-
tion of the RNase L pathway in IFN-treated cells was detected by measuring levels
of 2′-5′ oligoadenylate synthetase 3 (OAS3) protein by Western blot analysis. These
studies indicate that RNAse L pathways are induced in interferon-treated cells. We
did not notice a significant difference in the stability of HCV-IRES-GFP mRNA
in Huh-7 cells treated with or without IFN-alpha 2b (Hazari et al., 2005a). These
results suggest that the 2-5A-endonuclease system does not discriminate between
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Fig. 4 Interferon alpha inhibits HCV IRES-GFP translation from six different HCV genotypes.
Huh-7 cells were transfected with 1 μg of HCV IRES-GFP chimera plasmid using the FuGENE
6 transfection reagent. Immediately after transfection, cells were treated with IFN alpha (1000
IU/ml). After 24 hours, cells were counterstained with DAPI (nuclear dye) and examined under
a fluorescence microscope. Interferon treatment inhibits GFP expression from IRES of different
HCV genotypes. Interferon has no effect on translation of red fluorescence protein in Huh-7 cells
(See color insert.)

viral and cellular mRNAs, indicating that RNaseL plays a minimal role in transla-
tional inhibition. These findings also suggest that the cause of translation inhibition
may not be due to extensive degradation of IRES-GFP mRNA.

Interferon is known to activate the proteasome, which is a ubiquitously expressed
multi-subunit complex that degrades proteins. To examine the possibility that IFN
treatment induced the proteasome that specifically degrades GFP translated from the
IRES construct, inhibition of GFP expression from IRES clones by interferon was
assessed in the presence of two proteasome inhibitors: lactacystin and epoxomicin
(Fenteany & Schreiber, 1998; Meng et al., 1999). Inhibition of GFP expression
from the IRES clones by IFN treatment was not affected when Huh-7 cells were
pretreated with the proteasome inhibitors, indicating that interferon action on the
IRES inhibition is not due to activation of proteasome pathways. We also examined
the possibility that interferon treatment impaired the loading of polyribosome with
IRES containing mRNA in the transfected Huh-7 cells. This was accomplished by
examining the distribution of IRES containing GFP mRNA in polysome fractions
by northern blot analysis. The progression of mRNA association from monosomes
to polysomes is an indication of increased ribosome loading and increased trans-
lation. An observed increase of mRNA into monosome fractions and reduction in
polysome fractions is suggestive of a decreased loading of mRNA to ribosomes.
To test this possibility, Huh-7 cells were transfected with IRES-GFP plasmid and
then treated with IFN-alpha 2b (1,000 IU/ml) for 24 hours. Cytoplasmic extracts
were prepared and applied to 15–45% (w/v) sucrose density gradients. The gradi-
ents were fractionated, and a polysome profile was generated. Total RNA from each
fraction was isolated and analyzed by agarose gel electrophoresis. The amount of
HCV IRES-GFP mRNA and capped GFP mRNA in the monosome or polysome
fractions was determined by northern blot analysis (Figure 5) (Hazari et al., 2004).
The association of IRES and capped messages in the ribosome fraction in Huh-7
cells was determined in experiments with or without interferon-alpha. Interferon
treatment did not affect the basal distribution of monosome and polysomes but
selectively prevented the loading of polyribosome with HCV IRES containing GFP
mRNA. In two different control experiments, interferon treatment did not alter the
distribution of either GFP mRNA or GAPDH mRNA, which express proteins by a
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Fig. 5 Effect of interferon treatment on the translation of HCV IRES-GFP mRNA in Huh-7
cells. Huh-7 cells were transfected with HCV IRES-GFP chimera plasmid and then treated with
IFN alpha (1000 IU/ml) for 24 hours. Cytoplasmic extracts were prepared and fractionated on
15–50% sucrose density gradients. Top panel shows that the separation of monosome and
polysome profiles was not altered after interferon treatment. Total RNA from each fraction was
isolated and separated on agarose gel electrophoresis. Distribution of HCV IRES-GFP mRNA in
each fraction was determined by northern blot analysis. Results shown in the bottom panel indicate
that IFN treatment prevented formation of polysome on the IRES containing GFP mRNA (lanes
10–14). Most of the IRES GFP mRNA is stuck in the fractions 1–9 (See color insert.)

non-IRES-dependent mechanism. These results suggest that RNA or protein degra-
dation pathways do not contribute to the interferon action on IRES-mediated trans-
lation inhibition. Rather, interferon treatment specifically blocks the loading of the
ribosome to the HCV IRES containing mRNA. In summary, we have found that
interferon inhibits HCV replication by specifically blocking the translation at the
level of loading of ribosome to the IRES containing mRNA.

Mechanisms of Interferon Resistance

The nucleotide sequences of HCV genomes isolated from patients from different
parts of the world are quite heterogeneous. Six major genotypes of HCV virus show
30–50% variation in their nucleotide sequences (Simmonds, 2004). More than 50
subtypes of HCV have also been described, showing 15–30% difference in their
nucleotide sequences. Isolates of HCV from a single patient can show a 1–5% dif-
ference in their nucleotide sequences (Hoofnagle, 2002). The sequence variability
suggests that the HCV genome mutates frequently during replication and circulates
in the serum as a population of quasispecies. Interferon therapy, usually in combina-
tion with ribavirin, is the standard treatment for chronic HCV infection throughout
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the world. HCV genotype is the most important predictor of treatment outcome.
Sustained virologic responses can be achieved in up to 82% of patients infected
with genotypes 2 and 3, whereas a substantially lower response rate, around 40–
50%, is achieved in patients with genotype 1 (Manns et al., 2001; Fried et al., 2002;
Hadziyannis et al., 2004). This clinical observation leads to speculation that viral
factors may be a determinant to the response to interferon therapy. Additional viral
factors, including viral load and viral heterogeneity (the more heterogenous, the less
the response), have also been associated with response to interferon therapy (Pawlot-
sky, 2000, 2003). To address the role of virus heterogeneity in interferon resistance,
a study by Enomoto and coworkers (1995, 1996) cloned and sequenced the entire
HCV genomes from multiple interferon-sensitive and interferon-resistant chronic
hepatitis C patients. They found that patients who respond to interferon had multiple
amino acid substitutions in the NS5A gene between 2,209–2,248 compared to non-
responders, leading to the conclusion that the 40 amino acid sequence in the NS5A
protein is the interferon sensitivity-determining region (ISDR). Patients exhibiting
multiple substitutions in this region were sensitive to interferon, and patients who
do not show any change in the amino acid sequence were nonresponders. In their
study, the sequences of HCV derived from patients were compared to prototype
HCV genotype 1b. A number of clinical studies have been performed in different
countries following this initial observation, and results are inconclusive (Paterson
et al., 1999; Hoffmann et al., 2005; Schinkel et al., 2004; Macquillan et al., 2004;
Nousbaum et al., 2000).

To understand the role of the virus in the mechanisms of interferon resistance,
several molecular studies have been performed using a cell line suggesting that
individual proteins of HCV including core, envelope, NS3 protease, and NS5A
proteins can block the antiviral action of interferon. Initially, many investigations
have focused on one antiviral protein called “protein kinase R” (PKR) (Langland
et al., 2006). This protein is induced by interferon and inhibits protein synthesis by
phosphorylating eukaryotic translation initiation factor, eIF-2α. It is believed that
phosphorylation of eIF-2α on S51 results in potent inhibitor of eIF2B, the nucleotide
exchange factor necessary for recycling of eIF2α and ribosome loading to mRNA.
Gale et al. (1997, 1998) reported that NS5A of HCV directly interacts with protein
kinase R (PKR) and inhibits its function. It was found that NS5A inhibits PKR func-
tion in an ISDR-dependent mechanism. They showed that introduction of mutations
seen in IFN-sensitive patients abolished the PKR-dependent suppression of HCV
translation. Another report by Taylor et al. (1999) correlates the association of IFN
resistance with the HCV E2 protein. They found that a 12-amino acid sequence
(276-287) of E2 protein of IFN-resistant HCV strain is homologous to a PKR-
eIF-2α phosphorylation site. Because of this sequence homology in the E2 gene,
virus strains from the IFN-resistant patients may inhibit PKR activity and block
the antiviral action of interferon. This observation provides a potential explanation
for why the majority of genotype 1 HCV develops resistance to interferon. Fol-
lowing these reports, there were studies documenting that the NS5A protein can
block interferon action by inducing expression of the pro-inflammatory cytokine
IL-8. Polyak et al. (2001) found that IL-8 levels were significantly higher in chronic
HCV patients who did not respond to IFN therapy. IL-8 has been found to block
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interferon action by reducing the expression of 2′-5′-A oligoadenylate synthetase
activity (Khaber et al., 1997). Additional reports suggest that the core protein of
HCV can also interfere with interferon-induced signaling pathways in cultured cells.
Studies performed by Lin et al. (2005) suggest that the core protein can bind and
degrade the STAT1 protein, preventing IFN signaling to the nucleus via the Jak-
STAT pathway. A report of Basu et al. (2001) indicates that the core protein can
modulate formation of GAF and ISGF3 complex but does not interfere with the
IFN-stimulated activation of IRF-1 genes. This effect may be due to the low abun-
dance of STAT1 protein and its translocation to the cell nucleus. Another report by
Lucas et al. (2005) suggests that core protein inhibits interferon-induced transcrip-
tion of antiviral genes by decreasing binding of ISGF3 to the ISRE promoter. There
is evidence suggesting that the expression of various structural and nonstructural
proteins of HCV could inhibit the JAK-STAT pathway and prevent antiviral action
of interferon alpha (Francois et al., 2000; Blinderbacher et al., 2003; Keskinen et al.,
2002).

Recently, the laboratory of Michael Gale and Stanley Lemon published results
of a series of studies indicating that the viral NS3 protease may be another player
responsible for the persistent nature of HCV infection (Foy et al., 2003, 2005; Li
et al., 2005; Sumpter et al., 2005; Ferreon et al., 2005). They found that the NS3
serine protease of HCV can stymie the antiviral state in Huh-7 cells by blocking
intracellular production of interferon. These findings explain the reason why HCV
frequently develops a chronic persistent infection in human. Studies emerging in
these areas now suggest that natural virus infection cells maintain an antiviral
state by inducing the expression of a large number of cellular antiviral defense
genes, including the type 1 alpha/beta interferon, interferon-stimulated genes,
cytokines, and pro-inflammatory cytokines (Karin et al., 2006). There are now
reports suggesting that products of viral replication, such as double-stranded RNA,
lead to IRF-3 and NF-kB activation through two distinct and independent pathways.
One pathway involves the engagement of Toll-like receptor 3 (TLR-3) by viral
double-stranded RNA, and the other involves recognition of structured viral RNA
by cellular DexH/D RNA helicase and retinoic acid-inducible gene 1 (RIG-1) (Akira
et al., 2006; Garcia-Sastre & Biron, 2006). These investigators have observed that
the NS3 protease of HCV can disrupt each pathway and inhibit intracellular produc-
tion of interferon-beta. These findings now provide a clear rationale for the chronic,
persistent nature of HCV infection in humans. The inhibitory action of each protein
of HCV on the interferon signaling pathways is summarized in Table 1. Taken
together, these studies suggest that several different proteins encoded by HCV can
interact with IFN signaling pathways and inhibit antiviral action against the virus.

Studies performed in our laboratory have provided evidence that cellular fac-
tors can also play a role in developing resistance to exogenous interferon. We used
replicon-based stable cell clones since they represent a close homology of hepa-
tocytes chronically infected with the hepatitis C virus. We initially tested whether
the IFN signaling pathways were functional in different Huh-7 cell clones repli-
cating the HCV subgenomic RNA. This was done in transient transfection experi-
ments using a luciferase reporter assay attached to interferon-sensitive response ele-
ments (pISRE-Luc). Regulation of ISRE-mediated expression of firefly luciferase
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Table 1 Inhibition of IFN Action by Different HCV Proteins

HCV Proteins Cellular Targets Mechanisms of Inhibition

Core protein STAT1 Block JAK-STAT
signaling

E2 protein PKR, eIF-2α Block translation
NS3/NS4A IRF-3 Block IFN-β production
NS5A PKR Block translation
NS5A IL-8, RNA degradation

by interferon-alpha was studied by transfecting this clone directly into different
replicon cell lines. We found that interferon treatment activates ISRE-mediated
expression of luciferase in all three replicon cell lines, indicating that the path-
way is functional in Huh-7 cells. We also noticed that the level of activation of
the ISRE promoter (interferon promoter) varied among different replicon stable
cell lines. The activation of this promoter is not exclusively due to replication of
HCV, since differences are seen even after eliminating HCV replication from these
cells. We found that the differential activation of the interferon promoter is due
to the clonal nature of the replicon cell lines. The significance of ISRE-mediated
transcriptional activation was studied in a replicon cell line by pretreatment of cells
with actinomycin D, which inhibits cellular DNA-dependent RNA transcription. We
determined that inhibition of the ISRE-mediated transcription of luciferase by acti-
nomycin D makes HCV replication totally resistant to interferon-alpha (Pai et al.,
2005). These in vitro studies suggest that activation of interferon-inducible genes
is important in mounting a successful antiviral response against HCV. The level
of IFN-promoter activation can be influenced by the clonal nature of cells, not by
the replication of HCV subgenomic RNA clone used in our experiments. The above
findings also suggest that the presence of nonstructural proteins (NS3, NS4A, NS4B,
NS5A, and NS5B) did not inhibit activation of the ISRE promoter by IFN-alpha 2b.
We have also showed that interferon treatment inhibits replication of full-length
infectious HCV 1a clone in which both structural and nonstructural proteins were
expressed (Prabhu et al., 2004). These observations suggest that activation of Jak-
Stat pathways and induction of interferon-inducible genes are important in mounting
a successful antiviral response against HCV.

In subsequent studies, we determined that differential activation of this IFN
promoter among cell clones is also related to the development of an interferon-
resistant phenotype in the cell culture (Hazari et al., 2005a). Two Huh-7 clones,
5–15 (higher activation) and Con-15 (low activation), replicating HCV were studied
after treatment with interferon-alpha for an extended period of time in the culture.
The development of cell colonies that are resistant to interferon-alpha action was
examined. We found that interferon-resistant cell colonies were developed only in
low inducer cell clones, and no resistant clones present in the cell clones exhib-
ited higher activation of IFN promoter. Using this approach, we have now pre-
pared several replicon cell clones in which HCV replication and translation are
totally resistant to interferon-alpha action. Intracellular HCV expression was not
altered in these replicon cells by interferon-alpha treatment (Figure 6). To examine
whether interferon signaling is functional in these cell clones, HCV replication from



30 S. Dash et al.

Fig. 6 Effect of interferon
on the expression of HCV
NS3 protein between replicon
cell lines. One IFN-sensitive
replicon cell line and one IFN-
resistant replicon cell line were
treated with interferon-alpha
2b at a concentration of 1000
IU/ml for 72 hours. Expression
of NS3 protein was examined
by an immunocyto chemical
method using a monoclonal
antibody. Only IFN-sensitive
cells were negative for viral
NS3 protein, not the resistant
cells (See color insert.)

each of these interferon-resistant Huh-7 cell lines was eliminated by treatment with
cyclosporin-A. Activation of ISRE-mediated expression of luciferase was measured
in these cured and uncured cells after interferon treatment. We found that all the
cured cell clones had lower interferon signaling and lower activation of ISRE pro-
moter (Figure 7). To ensure that translational inhibition was a specific effect to the
interferon treatment, we examined the effect of IFN on HCV IRES-GFP translation
in both interferon-sensitive and interferon-resistant cells. Results shown in Figure 8

Fig. 7 Effect of interferon on firefly luciferase expression from ISRE promoter between sensitive
and resistant cell clones. Huh-7 cells were transfected with 1 μg of reporter plasmid (pISRE-Luc)
using the FuGENE 6 transfection reagent and then treated with IFN-alpha 2b (1000 IU/ml). After
24 hours cells were lysed, and equal amounts of protein lysates were counted for luciferase activity.
R-1, R-2, R-3: Three different IFN-resistant Huh-7 cell lines developed in our laboratory. S-1,
S-2, S-3: Three different IFN-sensitive Huh-7 cell lines. All three IFN-resistant cell clones show
reduced expression of luciferase as compared to the sensitive cell lines
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Fig. 8 Interferon effect
on IRES-GFP translation
between sensitive and
resistant Huh-7 cells. One
IFN-sensitive and one IFN-
resistant Huh-7 cell line was
transfected with IRES-GFP
plasmid using the FuGENE
6 reagents. Then cells were
immediately treated with
IFN-alpha 2b (1000 IU/ml).
After 24 hours cells were
examined for the expression
of GFP under a fluorescence
microscope. Interferon treat-
ment inhibits HCV IRES
in sensitive cells but not in
resistant cell line (See color
insert.)

clearly indicate that GFP translation can be inhibited only in cells that are sensitive
to interferon, but not in cells that are resistant to interferon. These results also sug-
gest that the inhibition of viral IRES by interferon is a specific phenomenon. We
have developed replicon cell clones that have altered Jak-Stat signaling. These cell
clones can now be used to understand the role of viral and host factor involvement
in the mechanisms of interferon resistance against HCV. These preliminary studies
have now provided new evidence that an altered cellular response can make HCV
replication resistant to interferon.

In summary, the results of all these studies indicate that there is a complex inter-
action between the virus and host factors that can interfere both with the intracellular
production and with the cell’s response to exogenous interferon. It is vital that the
significance of viral and host factors regulation in the IFN action be further exam-
ined using HCV sequences and hepatic cell clones derived from patients who remain
resistant to interferon therapy.

Conclusions

We discussed the progress made in our understanding of the mechanisms of inter-
feron action and interferon resistance from basic research on HCV. Chronic hep-
atitis C virus infection is the major cause of liver cirrhosis and liver cancer in the
United States and in many developed nations. The most effective way of prevent-
ing HCV-associated liver cancer is to eradicate chronic hepatitis C virus infection
from the human population by developing effective antiviral strategies. Interferon
therapy is a highly effective first line of treatment available against hepatitis C virus
infection. The most challenging task is to cure those chronically infected patients
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not responding to interferon-based therapy. Research in this area will increase our
understanding of the mechanisms of interferon resistance and develop alternative
strategies to treat chronic HCV infections that are IFN nonresponders.
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Immunological Parameters Influencing Adaptive
Immune Responses to the Hepatitis C Virus

Patrick Bertolino∗, Geoffrey W. McCaughan, and David G. Bowen

Introduction

The hepatitis C virus (HCV) is a member of the Flaviviridae family that
predominantly infects human hepatocytes. One of the main characteristics of this
RNA virus is its propensity to persist in approximately 70% of infected hosts
(Rehermann & Nascimbeni, 2005). Unfortunately, there is currently no available
vaccine to protect individuals against HCV and block its progression. The World
Health Organization has estimated that 3% of the world’s population (170–200
million individuals) is infected with HCV (Alter & Seeff, 2000; Chisari, 2005).
Chronically infected individuals may develop persistent liver damage that can
ultimately lead to cirrhosis in up to 20% of cases and to hepatocellular carcinoma
in 2.5% of the patients (Bowen & Walker, 2005a). HCV infection today represents
the single most common indication for liver transplantation in the United States and
is thus a growing health burden to the community. In Western societies, new cases
of infections now result largely from intravenous injection drug use.

Currently, antiviral therapy for HCV consists of treating the patient with inter-
feron (IFN)-α and ribavirin. However, this treatment is far from being ideal; it is
associated with significant side effects, is expensive, and is only effective in 50–60%
of cases (Pearlman, 2004). Ultimately the goal of HCV research is the development
of an effective vaccine. This, however, would require more extensive knowledge of
the anti-HCV immune response. Studies of this response have been impaired by
several difficulties. The first is that acute HCV infections are often asymptomatic,
and it is therefore difficult to follow the evolution of the disease before it becomes
chronic. Second, most HCV studies have based their conclusions on analysis of
HCV-specific immune responses in peripheral blood, which might not be represen-
tative of the anti-HCV response in the liver and secondary lymphoid organs and are
hampered by issues of sensitivity. Finally, study on HCV is limited by the lack of a
small animal model: the chimpanzee is the only animal model currently available.
Although the disease induced by HCV in chimpanzees is milder than in humans
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and is cleared in a higher proportion of subjects, this experimental model has pro-
vided essential insights into the immune response to HCV that have subsequently
been confirmed in humans (Thimme et al. 2001; Timm et al., 2004). Some of these
insights include the critical role of the cellular immune response in viral clearance,
and the striking several weeks’ delay in generating both detectable CD4+ and CD8+
T cell HCV-specific responses following infection. Understanding these phenomena
is essential for the development of an effective HCV vaccine.

In this chapter we will review the role of the adaptive immune response to HCV in
infection outcome and will speculate on the immunological mechanisms that might
influence the efficacy of this response.

The Essential Role of the Adaptive Immune Response
in HCV Clearance

In the absence of high levels of immunosuppression, HCV is a non-cytopathic virus.
In the absence of an ongoing immune response, it infects and persists in target cells,
predominantly hepatocytes, without inducing inflammation and damage. This has
been demonstrated in both experimental chimpanzee models (Thimme et al., 2002)
and in drug users or humans who were accidentally infected with contaminated nee-
dles during health care practice (Thimme et al., 2001; Timm et al., 2004). In these
studies, increases in viremia were not associated with parallel increases in serum
transaminase levels, thus reflecting an absence of hepatocyte damage. Furthermore,
following liver transplantation, infection does not lead to liver damage for a 3-week
period despite high levels of virus. The only cytopathic lesion that has been directly
ascribed to HCV is the association of Genotype 3 infection with steatosis, the accu-
mulation of lipids in hepatocytes (Pawlotsky, 2004). Although non-cytopathic, gene
microarray analysis of infected chimpanzee liver has revealed that the virus induces
the expression of a large number of cellular genes as soon as a few days after HCV
infection. These genes include those involved in lipid metabolism and several genes
associated with the innate and the adaptive immune response (Su et al., 2002). Both
the innate and adaptive immune systems appear to play an important role in the
immune response to HCV.

Role of the Innate Immune System During HCV Infection

The innate immune response represents the first line of defense against pathogens
and is maintained by complement, natural killer (NK), natural killer T cells (NKT)
cells, and macrophages. It is widely accepted that this arm of the immune system
is effective in removing most pathogens that infect the body. The innate immune
response also plays an important role in activating and amplifying the adaptive
immune system (Trobonjaca et al., 2001; Chan et al., 2006). Viruses produce viral
pathogen-associated molecular patterns (PAMPs) that are able to initiate a cascade
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of events leading to innate intracellular immunity. In the case of HCV, the double-
stranded RNA initiates two major pathways of host defense by binding to Toll-like
receptor 3 and retinoic-acid inducible gene I (RIG-1) [reviewed in (Gale & Foy,
2005)].

Several reports in both chimpanzee and humans indicate that the virus activates
the innate immune response before and during acute infection by inducing secre-
tion of endogenous type I interferon (IFN-α and -β) and by activating NK cells.
Analysis of gene microarray experiments from experimentally infected chimpanzee
liver biopsies has revealed the induction of a broad range of IFN-α inducible genes
(ISGs) (Bigger et al., 2001, 2004; Su et al., 2002), including some involved in the
regulation of NK cells, confirming the induction of IFNs during the course of acute
infection. Expression of IFN has three major roles: (1) to induce ISGs that have an
antiviral action; (2) to induce the maturation of immune effector cells; and (3) to
create a pro-inflammatory environment following upregulation of cytokine expres-
sion by liver cells. An ongoing type I IFN response appears to be important to limit
viral replication and spread until the adaptive immune response plays its role. This
is suggested by in vitro studies demonstrating that HCV replicons are extremely
sensitive to IFN-α (Blight et al., 2000; Guo et al., 2001; Lanford et al., 2003), by
the high rate of viral clearance when IFN-α is administered during the acute phase
of infection (Jaeckel et al., 2001; Santantonio et al. , 2005) (reduction to a 10%
chronicity rate) and by the effectiveness of IFN-α and ribavirin treatment in chron-
ically infected individuals (Manns et al., 2001). However, it seems that the natural
induction of type I IFNs alone is unable to control viral replication (Thimme et al.,
2001, 2002; Su et al., 2002). It is therefore likely that the virus inhibits the down-
stream antiviral effects of IFN. Various HCV proteins have been shown to inhibit
IFN-related genes in vitro. The HCV serine protease NS3–NS4A blocks induction
of type I IFNs by functioning as an antagonist of IFN regulatory factor-3 (IRF-3)
(Foy et al., 2005; Li et al., 2005), while E2 and NS5A proteins interact in vitro and
can repress the double-stranded RNA-dependent protein kinase (PKR) (Gale et al.,
1997, 1998; Pavio et al., 2002). HCV has also been shown to affect the Jak-Stat
pathway (Katze et al., 2002; Blindenbacher et al., 2003; Foy et al., 2003). While the
role of the innate immunity in HCV infection outcome is detailed in another chapter,
it should be noted that activation of the innate immune response promulgates a cas-
cade that is critical to the initiation and maturation of the adaptive immune response.
Thus, defects in the innate immune response induced by the hepatitis C virus might
have crucial downstream effects on the development of adaptive immune responses
capable of mediating viral clearance.

The Role of the Adaptive Immune Response During HCV Infection

The adaptive immune response is mediated by lymphocytes expressing antigen-
specific receptors, T and B lymphocytes. B lymphocytes secrete immunoglobu-
lins that play a major role in the capture of pathogens by macrophages (opsoni-
sation) and in blocking antigenic sites critical for the life cycle of the pathogen.
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Seroconversion in HCV occurs approximately 7 to 31 weeks after primary infection
(Pawlotsky, 1999, 2004), and some HCV-specific antibodies are effective in block-
ing in vitro infection of target cells by HCV (Farci et al., 1994). However, in both
chimpanzees and humans, naturally acquired anti-HCV antibodies generated during
this infection do not seem to be protective upon secondary infection with HCV, indi-
cating that these molecules play a limited role in preventing the spread of the virus
(Farci et al., 1992; Lai et al., 1994). Moreover, studies in chimpanzees indicate that
resolution of infection can occur without the development of detectable antibody
responses (Cooper et al., 1999). In addition, recent studies using HCV pseudotyped
particles indicate that neutralizing anti-HCV antibodies occur far more commonly
in persistently infected individuals than in those who clear the virus (Bartosch et al.,
2003; Logvinoff et al., 2004; Meunier et al., 2005). A recent report has suggested
that antibodies might be essential for the control of non-cytopathic viruses and to
maintain protective memory (Bachmann et al., 2004). It is therefore possible that
antibodies play other unsuspected roles during HCV infections. These roles will
certainly be explored in future studies.

Although the recent advent of HCV strains capable of in vitro replication and
infectivity (Lindenbach et al., 2005; Wakita et al., 2005) is likely to enhance our
understanding of the role of neutralizing antibodies in HCV infection, the role of T
cells in viral control is better understood than the role of B cells. Thus, this review
will focus on T cell-mediated immunity.

In contrast to immunoglobulins able to recognize soluble antigens, T lympho-
cytes express a T cell receptor that recognizes a degraded form of the antigen asso-
ciated with a molecule encoded by the major histocompatibility complex (MHC).
This peptide/MHC complex is formed, processed, and presented on the surface of
an antigen-presenting cell (APC). Expression of CD4 or CD8 molecules distin-
guishes two distinct types of T lymphocytes exerting different functions: CD4+ T
cells recognize MHC class II molecules, secrete cytokines, and are often referred
to as T helper cells, while CD8+ T cells recognize MHC Class I molecules, secrete
cytokines with antiviral properties, kill target cells, and are known as cytotoxic T
cells (CTL).

Adaptive immune responses mediated by T cells are essential in the control of
HCV and viral clearance. In both chimpanzees and humans, viral clearance is asso-
ciated with sustained CD4+ and CD8+ T cells responses and an increase of IFN-γ
expression in the liver (Thimme et al., 2002). Recent studies in which memory
CD4+ and CD8+ T cells were depleted have confirmed the critical role of these
cells in controlling HCV infection (Grakoui et al., 2003; Shoukry et al., 2003).

The chronological evolution of T cell immune responses in HCV infection can
be classically divided into three phases (Bowen & Walker, 2005a) (Figure 1): the
first phase corresponds to the first weeks following primary infection. Virus titers
increase and become very high during this phase irrespective of future viral clear-
ance or persistence. It is likely that CD4+ and CD8+ T cells specific for HCV
are activated very early during this phase. However, one of the most remarkable
observations that came out of studies investigating the kinetics of HCV infection
in both chimpanzees and humans is that these responses are not detected in the
blood before 1–3 months after initial infection (Bowen & Walker, 2005a; Cox et al.,
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Fig. 1 Schematic representation of the three phases of HCV infection and of possible disease
outcomes [modified version of a figure from Bowen & Walker (2005a)]. All HCV infections are
characterized by three different phases: pre-acute, acute, and post-acute. The post-acute phase
might lead to either viral persistence (a and b) or viral clearance (c). Three categories of infections
can be distinguished: (a) infections in which viremia is never controlled, characterized by weak
CD4+ and CD8+ T cell responses; (b) infections that seem to be initially controlled but rebound
following loss of CD4+ T cells; (c) infections that are resolved and result in the generation of both
memory CD4+ and CD8+ T cells

2005a). The median time for the development of a IFN-γ response is 33 days (Cox
et al., 2005a). The reasons for this delay are not yet understood and will be discussed
at the end of this chapter. The second phase of the disease is characterized by acute
transient hepatitis that persists for a few weeks. Infected individuals may develop
acute hepatitis irrespective of the outcome of infection. A rise in serum levels of
alanine aminotransferase (ALT), a marker of hepatocyte damage, is associated with
the emergence of detectable CD4+ and CD8+ T cell immune responses and a drop
in viral titers. These responses have been shown to peak between 180–360 days
after initial infection (Cox et al., 2005a). The last phase depends on the outcome of
the disease; in 30% of infected individuals, virus is cleared and infection resolves.
In these individuals, ALT levels normalize and CD4+ and CD8+ memory T cells
persist. In approximately 70% of HCV infections, infection becomes chronic. This
phase is usually characterized by an absent or almost undetectable HCV-specific
CD4+ T cell response and a poor or ineffective CD8+ T cell response. In the
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following two sections we will review the characteristics of CD4 and CD8 T cells
responses during acute and chronic HCV.

CD4+ T Cells During Acute and Chronic HCV Infection

CD4+ T Cells in Acute Infection

CD4+ T cells play a critical role in an immune response. Following contact with
professional antigen-presenting cells [such as dendritic cells (DC)] in the lymph
nodes (LNs), they trigger a signal that activates the maturation of the DC, a process
known as licensing, secrete cytokines, and provide help to both antigen-specific
CD8+ T cells and B cells. A recent report also suggests that IL-2 secreted by CD4+
T cells during the priming phase is critical for the programming and the maintenance
of memory CD8+ T cells (Williams et al., 2006).

Most studies investigating CD4+ T cell responses in HCV have been performed
using human peripheral blood mononuclear cells (PBMC). Early studies have sug-
gested that most patients in whom the virus persists develop a defective blood
CD4+ T cell response to the recombinant HCV proteins’ core, nonstructural protein
3 (NS3), NS4, and NS5 during the acute phase of the disease (Diepolder et al.,
1995) (Figure 2). In contrast, individuals who resolve infection exhibit robust HCV-
specific CD4+ T cell proliferation (Figure 3). Although there are some exceptions
(Thomson et al., 2003), these results have been confirmed in subsequent studies

Fig. 2 Schematic representation of the evolution of HCV infection and of the cellular immune
response in individuals developing persistent infection. Dashed lines and question marks represent
hypothetical pathways of activation or regulation
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Fig. 3 Schematic representation of the HCV infection evolution and of the cellular immune
response in individuals with self-limited disease. Dashed lines represent hypothetical pathways
of activation or regulation. It is still uncertain whether the virus is completely cleared and whether
the maintenance of memory T cells requires the presence of small amounts of virions subsiding in
the host. This is represented by a question mark in the last panel of the figure

(Gerlach et al., 1999; Lechner et al., 2000; Takaki et al., 2000) and suggested that
the vigor of the CD4+ T cell responses during the early stages of infection is a
critical determinant of viral control and infection resolution.

The presence of a detectable CD4+ T cell response in the blood is not, however,
an absolute predictor of resolution. Some patients initially displayed a strong CD4+
T cell response and clear the virus but, for reasons that remain unclear, lost this
response, an event that was associated with HCV recurrence (Gerlach et al., 1999).
Anti-HCV CD4+ T cell responses can be subdivided into three categories: (1) those
that are strong and sustained, leading to viral clearance; (2) those that are weak and
associated with the development of chronic disease; and (3) those that are initially
strong and eliminate the virus but are subsequently lost, allowing HCV recurrence
(Figure 1).

While detailed studies of intrahepatic human CD4+ T cells have not been per-
formed during acute infection, analysis of T lymphocytes expanded from the liver
of acutely infected chimpanzees has recapitulated classification into the three cate-
gories defined above (Thimme et al., 2002).

The reasons why CD4+ responses are absent or not sustained in some patients
are still uncertain. It is now widely accepted that HCV infections that will even-
tually resolve are generally associated with a sustained CD4+ T cell response tar-
geting multiple epitopes and most HCV proteins. This has been demonstrated in
both humans and chimpanzees (Gerlach et al., 1999; Lechner et al., 2000; Takaki
et al., 2000; Thimme et al., 2001, 2002; Day et al., 2002). Recent studies have
shown that in addition to recognizing “promiscuous” HCV epitopes that are bound
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by multiple different HLA class II molecules, CD4+ T cells from individuals
with resolved infection also recognized additional more heterogeneous and less
frequently detected MHC class II-restricted epitopes (Schulze zur Wiesch et al.,
2005). However, this observation is not universal, and it has been reported that
some patients develop persistent infection despite the presence of a multispecific
anti-HCV CD4+ T cell response during the acute phase of infection (Thimme
et al., 2001). A study in chimpanzees has also highlighted the fact that immune
responses to different epitopes can arise asynchronously during primary infection
(Shoukry et al., 2004). In this study, an initial wave of CD4+ T cells targeting a
set of dominant epitopes was followed by a second wave targeting subdominant
epitopes several weeks later, after viral replication was largely contained. The hier-
archy of the dominance was conserved seven years later during resolution of sec-
ondary infection with homologous virus. This report suggests that the hierarchi-
cal nature of the response could be another factor governing the outcome of HCV
infection.

CD4+ T Cells in Chronic Infection

Chronic infections are characterized by a permanent, almost complete, loss of HCV-
specific CD4+ T cells in the blood (Figure 2). PBMC harvested from patients
infected for many years with HCV failed to proliferate and/or produce IFN-γ
or exhibited oligoclonal diversity (Gerlach et al., 1999; Lechner et al., 2000;
Schirren et al., 2000; Day et al., 2002; Rosen et al., 2002; Ulsenheimer et al., 2003;
Wertheimer et al., 2003). The relative lack of circulating HCV-specific CD4+ T
cells has recently been confirmed more directly using MHC class II tetramers (Day
et al., 2003b). Although CD4+ T cells are hard to detect in the blood, they are not
totally absent, however. Following HCV-specific stimulation, a very low percent-
age of CD4+ T cells that upregulated expression of the alpha chain of the IL-2R
(CD25), an early marker of activation, was detected among PBMC from chronically
infected subjects (Ulsenheimer et al., 2003). Furthermore, it has been possible to
derive some CD4+ T cell lines specific for HCV from the blood of chronically
infected patients by repeated stimulation with recombinant proteins, confirming the
presence of such T cells (Minutello et al., 1993; Schirren et al., 2000; Penna et al.,
2002). CD4+ T cells specific for the core antigen are more easily detected than
those specific for the nonstructural proteins (MacDonald et al., 2002), indicating
that the loss of CD4+ T cells in chronic HCV might depend on the nature of the
epitope.

Loss of CD4+ T cells seems to be critical for the development of persistent viral
infections (Day & Walker, 2003a) and might be responsible for the impaired func-
tion of CD8+ T cells during chronic HCV (see below). Some reports have shown
that more CD4+ T cell lines were derived from the liver than the blood, suggesting
that HCV-specific CD4+ T cells might be sequestered in the liver (Schirren et al.,
2000; Penna et al., 2002). Future analysis of the intrahepatic lymphocyte repertoire
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of chronically infected patients using MHC class II tetramers will certainly shed
more light on this important topic.

CD8+ T Cells in Acute and Chronic HCV Infection

CD8+ T Cells in Acute Infection

CD8+ T cells have been investigated extensively in HCV infections. This has been
facilitated by the availability of MHC class I tetramers. Studies in infected chim-
panzees and humans using both functional methods of CTL identification and MHC
class I tetramers have demonstrated that increases in serum transaminase levels
and clearance of the virus during the acute phase are generally associated with the
emergence of a strong CTL response in the blood and the liver 1 to 3 months after
infection (Cooper et al., 1999; Thimme et al., 2001, 2002; Shoukry et al., 2003; Cox
et al., 2005a) (Figure 2). Up to 8% of the blood CD8+ T cells can be specific for a
single HCV epitope at the peak of the acute response (Klenerman et al., 2002). Viral
clearance follows the entry and accumulation of HCV-specific IFN-γ-producing T
cells within the liver (Thimme et al., 2002). Consistent with this observation, a
poor CD8+ T cell response is associated with viral persistence (Cooper et al., 1999)
(Figure 2). The mechanism by which CTLs clear the virus during the acute phase
is not entirely understood. Killing of infected cells by direct cytoxicity is a major
mechanism by which CTLs eliminate viral infection. A role for this phenomenon
in control of HCV replication is suggested by the temporal correlation among the
detection of CTLs, a rise in transaminase levels, and a fall in viremia (Cooper et al.,
1999; Thimme et al., 2001, 2002; Shoukry et al., 2003). However, resolution can
sometimes occur without biochemical evidence of hepatitis (Thomson et al., 2003).
It is therefore possible that CTLs eliminate the virus through a non-cytolyic mecha-
nism involving cytokines such as IFN-γ (Thimme et al., 2001; Li et al., 2005).

Analysis of PBMCs from infected subjects indicates that CD8+ T cells specific
for HCV acquire the phenotype of activated effector T cells (CD38+, CD69+ MHC
Class II+, CD28+, CD27+) (Lechner et al., 2000; Gruener et al., 2001; Thimme
et al., 2001; Appay et al., 2002). However, a striking feature of acute HCV infec-
tion is that despite acquisition of activation markers, these T cells are defective in
IFN-γ/tumor necrosis factor (TNF)-α production and CTL activity during the early
stages of infection when viremia is high. This early differentiation phenotype resem-
bles anergy and has been designated by some investigators as “stunning” (Lechner
et al., 2000) (Figure 2). It is not clear whether this phenotype reflects (1) arrested
differentiation due to high antigen loads or inhibition by a viral factor or factors,
(2) sequestration of effector cells in compartments other than the blood, (3) the
early loss of mature cells, or (4) low-affinity cells remaining following deletion of
high-affinity cells (see the upcoming section on mechanisms). In individuals who
resolve infection, cytokine production is only restored several weeks later when
HCV replication is controlled and when CD38- cells start to appear (Lechner et al.,
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2000; Gruener et al., 2001; Thimme et al., 2001; Urbani et al., 2002; Shoukry et al.,
2003). This unique behavior of CD8+ T cell responses during HCV infections seems
to be independent of the outcome of the infection (resolved versus chronic) and
appears to be a hallmark of this disease as it is not observed during infections with
Epstein-Barr virus (EBV) or cytomegalovirus (CMV) (Gruener et al., 2001).

Similarly to CD4+ T cells, HCV infections that eventually resolve are generally
associated with a sustained CD8+ T cell response targeting multiple epitopes and
most HCV proteins in both humans and chimpanzees (Figure 3). A total of 80 HCV-
CD8+ T cell clones generated from PBMC isolated during the acute phase of the
response (week 0 to 24), were found to recognize 8 MHC class I epitopes in one
patient who permanently cleared the virus (Lechner et al., 2000). Likewise, in one
chimpanzee that resolved the disease, CTL isolated from the liver targeted at least
nine epitopes that were restricted by all six MHC class I allotypes (Cooper et al.,
1999). Other studies have confirmed the broad nature of the CD8+ T cell response
by assessment of CTL function and/or IFN-γ production by these cells in humans
and chimpanzees that resolve infection (Gruener et al., 2001; Thimme et al., 2002).

Conversely, the development of chronic HCV is often associated with a poor
CD8+ T cell response or a response that targets fewer epitopes during acute infection
(Lechner et al., 2000; Gruener et al., 2001) (Figure 2). However, this finding is
not universal, and several studies have described chronic infections associated with
multispecific CD8+ T cell responses (Koziel et al., 1992, 1993, 1995; Wong et al.,
1998; Erickson et al., 2001).

CD8+ T Cells in Chronic Infection

Between the acute and chronic phases of HCV, the number of HCV-specific CD8+ T
cells declines dramatically. Recent studies (Cox et al., 2005a) in which 23 infected
patients were sampled monthly during this transition have revealed that the breadth
of the response was set early in infection and that early responses became unde-
tectable, while no new responses were formed. Despite early reports based on IFN-γ
production or CTL activity suggesting that CD8+ T cells were not detected in the
blood of chronically infected patients, CD8+ T cell clones specific for HCV can
be derived from the liver of humans and chimpanzees in which the virus persists
(Koziel et al., 1992, 1993, 1995; Kowalski et al., 1996; Nelson et al., 1997; Wong
et al., 1998; Eckels et al., 1999). The presence of anti-HCV-specific CTLs have
been confirmed using MHC class I tetramers. This powerful immunological tool
has demonstrated that the liver contains a higher frequency of HCV-specific T cells
than the blood (He et al., 1999; Grabowska et al., 2001), with HCV-specific T cells
enriched within the liver up to 10- to 30-fold for CD8+ T cells, and 2-fold for CD4+
T cells (He et al., 1999; Schirren et al., 2000; Spangenberg et al. 2005). Furthermore,
the intrahepatic HCV-specific CTL repertoire appears to be extremely stable over
several years, at least in chimpanzees. In a chronically HCV-infected chimpanzee,
intrahepatic CTLs of stable specificity were isolated over a 10-year period (Erickson
et al., 2001).
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It is notable that frequencies of HCV-specific CD8+ T cells found in the blood
(0.0018–0.0660% of CD8+ T cells) are much lower (Rehermann et al., 1996b; He
et al., 1999; Lechner et al., 2000; Chang et al., 2001; Barnes et al., 2004) than
those specific for other persistent infections, such as human immunodeficiency
virus (HIV), EBV, and CMV (He et al., 1999; Takaki et al., 2000; Chang et al.,
2001). Repeated antigen stimulation of PBMC allows amplification of HCV-specific
CD8+ T cells (Rehermann et al., 1996a, 1996b). Furthermore, as observed during
acute infection, HCV-specific CD8+ T cells isolated from the liver and blood of
chronically infected patients have been described as remaining persistently defec-
tive in cytotoxic function and IFN-γ production (Gruener et al., 2001; Spangenberg
et al., 2005; Nisii et al., 2006). HCV-specific CD8+ T cells demonstrate a substantial
enrichment of the early differentiation phenotype (CD62Llow, CCR7+, CD45Rohigh,
CD69- MHC Class IIlow, CD27+ CD28+ perforinlow) similar to the phenotype
of CD8+ T cells detected in patients with self-limited infection (Lechner et al.,
2000; Gruener et al., 2001; Appay et al., 2002; Spangenberg et al., 2005). The low
frequency of CD8+ T cells in the blood combined with their apparent functional
defects explains the difficulty experienced in early studies in detecting them using
functional assays.

Memory T Cells in HCV Infections

Humans and chimpanzees resolving HCV infection develop acute hepatitis char-
acterized by expansion of both CD4+ and CD8+ T cells and control of viremia.
In these individuals, T cell numbers increase and then decrease as in other cellu-
lar immune responses. These individuals sometimes develop a resurgence of HCV
replication that might reflect transient viral escape before the establishment of a
stable memory CD4+ and CD8+ T cell pool (Bowen & Walker, 2005a) (Figure 3).
Once established, T cell memory lasts for many years (Lechner et al., 2000; Takaki
et al., 2000; Chang et al., 2001; Day et al., 2002, 2003b; Rosen et al., 2002;
Wertheimer et al., 2003) even when antibodies to HCV can no longer be detected in
serum. As it is the case for several viral infections, it is not clear whether memory
T cells persist in the total absence of HCV or whether there is a reservoir of HCV
that maintains the memory response. Memory T cells identified in the blood using
MHC tetramers are present at extremely low frequencies [0.0009–0.083 % of the
CD4+ T cells (Day et al., 2003b), 0.0018–0.0660% of the CD8+ T cells (Rehermann
et al., 1996a; He et al., 1999; Lechner et al., 2000; Chang et al., 2001; Barnes et al.,
2004)]. CD4+ T cells display a central memory T cell phenotype (CCR7+ CD45RA-
CD27+) (Day et al., 2003b) indicative of a surveillance function for secondary
lymphoid structures, and utilize a restricted Vβ repertoire suggesting that they had
undergone significant in vivo selection. Memory CD8+ T cells in HCV infections
exhibit a CD28+CD27+CD38- phenotype and restored expression of IFN-γ (Lech-
ner et al., 2000; Thimme et al., 2001; Nascimbeni et al., 2003). T cells can also
be identified in the liver of chimpanzees several years after spontaneous clearance,
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suggesting that memory T cells are also present intrahepatically (Cooper et al., 1999;
Shoukry et al., 2003, 2004).

Although their efficacy may be limited due to viral diversity, T cell memory
seems to be effective in conferring protective immunity in some individuals. Sup-
porting this view, high-risk intravenous drug users who had been infected with HCV
but resolved the infection were 12 times less likely to develop a chronic infection
upon a second HCV infection (Mehta et al., 2002).

Protective immunity seems to be HCV-strain-specific and can be evaded by het-
erologous viruses (Sugimoto et al., 2005). The determinant role of memory CD4+
and CD8+ T cells in controlling HCV infection has been elegantly demonstrated
in chimpanzees consecutively infected with the same HCV strain seven years later.
The first infection was self-limited and led to the appearance of a CD8+ T cell pool
in the blood when they were rechallenged with the virus. Upon reinfection, CD4+
and CD8+ T cell responses occurred within a shorter time frame than during the first
infection (two weeks versus two months) and resulted in strong IFN-γ production,
less liver damage, and rapid viral clearance. The same immunized chimpanzees
were rechallenged for a third time with the virus. Antibody-depletion of memory
CD8+ T cells before the third infection led to prolonged viral replication despite the
presence of memory CD4+ T cells. Viremia was eventually terminated following
the return of detectable intrahepatic HCV-specific CD8+ T cell responses (Shoukry
et al., 2003), suggesting a critical role for CD8+ T cells in protection from viral
persistence. Importantly, depletion of memory CD4+ T cells prior to homologous
viral rechallenge in animals that had previously resolved infection resulted in viral
persistence (Grakoui et al., 2003). Although small-scale studies, these important
experiments suggest that protective immunity against chronic HCV requires the
involvement of both memory CD4+ and CD8+ T cells.

Some Fundamental Aspects of HCV Infections

One of the most striking characteristics of the adaptive immune response to HCV is
the inability of this response to mediate viral clearance in the majority of infected
individuals, thus enabling viral persistence and ensuing chronic necroinflammatory
liver disease. The outstanding question that arises from our current knowledge of
the adaptive immune response to HCV could be summarized as follows: Why does
infection persist in the majority of individuals despite a detectable immune response
in many, while some individuals control viremia and resolve infection? Obviously,
this is a very complex issue, with multiple mechanisms potentially involved in inhi-
bition of the induction and maintenance of an effective anti-HCV immune response.
However, any model of defective anti-HCV immunity needs to take into account the
following observations:

1. There is no general immunosuppression associated with HCV infections. Crit-
ically, the inability to mount an effective immune response against HCV is
antigen-specific, even at the site of infection. This has been recently illustrated by
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examination of the function of intrahepatic CD8+ T cells specific for influenza
virus in individuals chronically infected with HCV: only HCV-specific T cells
exhibited impaired function (Spangenberg et al., 2005). Some HCV proteins
have been reported to inhibit T cell immune responses in a non-antigen-specific
manner in vitro , and it has been hypothesized that this mechanism could explain
HCV persistence in the host. In particular, the core protein (nucleocapsid) of
HCV has been shown to bind to the complement receptor gC1qR expressed
by T cells and inhibits their proliferation by inducing expression of suppres-
sor of cytokine signaling molecules (SOCS) (Kittlesen et al., 2000; Yao et al.,
2001, 2004, 2005, 2006). Likewise, it has been suggested that DCs isolated
from chronic HCV patients are impaired in their ability to present antigen and
secrete IL-12, suggesting that the virus targets the antigen presentation ability
of dendritic cells (Hiasa et al., 1998; Auffermann-Gretzinger et al., 2001; Bain
et al., 2001). However, the relevance of these findings to in vivo HCV infections
remains unclear as these mechanisms do not explain how non-HCV-specific T
cells would be protected against the inhibitory effect of free core particles circu-
lating within the bloodstream of HCV-infected individuals. Furthermore, recent
studies have demonstrated no discernible differences in phenotype or function
between DCs isolated from HCV-infected and uninfected chimpanzees (Larsson
et al., 2004).

2. Any proposed model should be able to explain why infection with the same HCV
strain can lead to two different outcomes. There are several theories about the
liver being an immuno-privileged site in which activated T cells are killed in a
non-antigen-specific manner (Huang et al., 1994; Crispe & Mehal, 1996; Mehal
et al., 1999, 2001; O’Farrelly & Crispe, 1999; Crispe et al., 2000; Crispe, 2003).
Although immune responses in the liver are often associated with immune toler-
ance, this model does not explain how effector/memory T cells generated during
any immune response and recirculating through the liver would not be killed. It
also does not explain how successful immune responses to liver-specific infec-
tions, such as self-limiting HCV, are generated in some individuals.

3. T cells isolated from the blood might not be representative of intrahepatic lym-
phocytes. It is likely that due to sequestration of HCV-specific T cells at the
site of infection, the response to HCV is compartmentalized (Minutello et al.,
1993; Schirren et al., 2000). As noted above, there is a higher frequency of
HCV-specific T cells in the liver than in the blood. In addition, HCV-specific
responses in the peripheral blood of chronically infected subjects are largely
of Th2 (anti-inflammatory or pro-humoral response) and Th0 (undifferentiated)
phenotype (Tsai et al., 1997; Woitas et al., 1997), while the intrahepatic milieu
in chronic infection is largely dominated by Th1 (proinflammatory) cytokines
(Napoli et al., 1996; Dumoulin et al., 1997; Penna et al., 2002). These findings
indicate that results from several studies in which the phenotype and/or function
of HCV-specific T cells derived from blood were analyzed need to be interpreted
carefully as their conclusions might not reflect the intrahepatic HCV-specific
immune response.

4. The immune system is continuously stimulated by viral antigens. The liver is able
to regenerate very easily following injury. This extraordinary property places the
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liver in a unique position among other solid organs. T cell-mediated damage in
many tissues is irreversible. It has been shown that HCV kinetics are at a steady
state during chronic infection and that 1012 HCV virions per day are produced
and cleared by the host (Neumann et al., 1998). The immune system would have
to deal with continuous presentation of antigen that might exhaust in the long
term its extraordinary, but still limited, regenerative ability thus affecting the
generation of memory. If HCV escapes the immune system for long enough,
it might be difficult for memory to be established, and this might explain the
establishment of persistent infection.

Considering the above, HCV persistence or clearance might be (1) genetically
predetermined, (2) determined by early events of T cell activation occurring before
the acute phase of the infection, (3) determined and/or maintained by mechanisms
operating during the acute and chronic phases of the infection. It is important to
emphasize that these mechanisms are not exclusive.

Role of MHC Haplotype in HCV Persistence

It is unlikely that the outcome of the immune response is entirely genetically deter-
mined. For CD4+ T cells, it is possible that the MHC class II haplotype and thus the
range and type of epitopes that are targeted during the immune response play some
role in HCV persistence. Some MHC class II allotypes, such as HLA-DRβ1*0701,
have been associated with HCV persistence (Fanning et al., 2001), while other allo-
types (DRβ1*0101, HLA-DRβ1*1101, and DQβ1*0301) are linked to sustained T
helper response and/or a self-limited disease (Alric et al., 1997; Minton et al., 1998;
Thursz et al., 1999; Harcourt et al., 2001). Likewise, the CD8+ T cell response
during acute hepatitis does not seem to be preferentially biased toward any partic-
ular HCV protein or epitope. Some MHC class I allotypes, such as HLA-Cw*04,
have been associated with HCV persistence (Thio et al., 2002) and HLA-B27 with
protection (Neumann-Haefelin et al., 2006). However, some studies (Cooper et al.,
1999; Lauer et al., 2002; Mizukoshi et al., 2002) have failed to identify any asso-
ciation between CTL specificity and the different MHC class I epitopes predicted
by algorithms for binding to some common HLA molecules, such as HLA-A2.1
(Battegay et al., 1995; Cerny et al., 1995; Erickson et al., 2001).

Early Events Influencing the Outcome of HCV Infection

Several studies have characterized anti-HCV immune responses during the acute
phase of infection when both CD4+ and CD8+ T cells are detectable, in an attempt to
determine whether there are differences that distinguish self-limiting versus persist-
ing infections. Although these studies have provided important information on the
breadth and repertoire of these responses, it is tempting to speculate that differences
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in the adaptive immune response associated with infection outcome are determined
before these responses are readily detectable. It is puzzling that despite the like-
lihood that the virus is recognized by the immune system very early after infec-
tion, CD4+ and CD8+ T cell responses remain undetectable for weeks. Why is
the immune response so silent during this period? Is it possible that interactions
between immune cells and the virus during this time determine T cell phenotype,
function, and fate and hence the outcome of infection? In the following sections, we
will speculate on the immunological mechanisms that might occur during the first
weeks of infection and influence the outcome of the disease.

Role of Early Antigen Presentation in the Liver Leading to Deletion

Data are lacking regarding early events in HCV infection (days to a few weeks after
infection), particularly those related to intrahepatic lymphocytes. Very few studies
have investigated early events in HCV infection, as this requires sampling of indi-
viduals as soon as they are infected. In addition, the frequency of HCV-specific T
cells is so low that it is extremely difficult to detect these T cells even using MHC
tetramers. In the absence of data from very early cellular studies in HCV infection,
we can, however, speculate on early events of activation following infection on the
basis of early molecular studies and findings from other models.

Although non-cytopathic and hepatotropic, gene microarray analysis indicates
that HCV is “seen” by the innate and adaptive immune system as early as day 2 post-
infection in the chimpanzee model (Bigger et al., 2001; Su et al., 2002). Until 10
years ago, recognition of exogenous antigens by CD8+ T cells was not accepted as
it was assumed that, unlike CD4+ T cells, CD8+ T cells were only able to recognize
endogenously synthesized antigen on the surface of infected target cells. However,
in recent years it has become apparent that some subsets of dendritic cells are able
to take up soluble antigen released by dying cells, process it into the MHC class
I pathway of presentation, and activate CD8+ T cells (Heath et al., 2004; Bevan,
2006). This process, known as cross-presentation, does not therefore require antigen
expression by the antigen-presenting cells (APCs). In other words, dendritic cells
do not need to be infected by the virus to present antigen. It is therefore likely that
although HCV specifically targets hepatocytes, intracellular viral proteins would
be cross-presented in the lymphoid tissues and activate CD4+ and CD8+ T cells
specific for HCV intracellular proteins.

Some studies have suggested that cross-presentation is not an efficient process
(Ochsenbein et al., 2001). Furthermore, it might require some time to build an anti-
gen concentration high enough to activate T cells in LN. The delay between antigen
production and cross-presentation might vary between DC subsets. Recent evidence
suggests that it takes 24 hours for dermal DCs to migrate to LN, but this time is 72
hours for Langherans cells (Allan et al., 2006). The migration time for liver DCs is
not known. Depending on the initial spread of the virus, it might thus take a few days
before the adaptive immune response is activated in lymphoid tissues. This delay
would probably be reinforced by the non-cytopathic nature of HCV infections. It is
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possible that the virus uses this window of opportunity to establish itself and spread
within the host. The rapidity of viral spread at early stages of infection and the
number of infected hepatocytes remain a matter of much debate. Viral titers within
the serum have often been used as a proxy for viremia within the liver. Should
this assumption be correct, data from some studies indicate that HCV spreads very
rapidly. Viral particles are detected in the blood as soon as three days after infection
of chimpanzees (Shimizu et al., 1990). Based on an exponential growth observed
until 8 or 9 days after inoculation in the sera, the doubling time of HCV in the circu-
lation was estimated at 6.3–8.6 hours and log time (time required to grow 10-fold)
at 31.3– 42.9 hours (Tanaka et al., 2005). Consistent with rapid spread of the virus
in the liver, viral levels in 50% of HCV-infected patients receiving a liver trans-
plantation increase to pre-transplantation levels in just 72 hours (Garcia-Retortillo
et al., 2002). Some groups have hypothesized that the rapidity with which the virus
spreads in the liver is a major difference between hepatitis B and C and is one of
the parameters influencing the higher rate of chronic infections in HCV (Thimme
et al., 2001). However, there is an alternative view that persisting infections are
associated with a longer doubling time while resolving infections are associated
with a shorter doubling time (Bocharov et al., 2003). This model also implies that
the initial infecting dose of virions and initial CTL frequency might play a role in
viral persistence (Ehl et al., 1998; Zinkernagel, 2000).

If HCV spreads intrahepatically at the beginning of infection in the absence of a
detectable immune response in lymphoid tissues, it is likely that the liver will be the
major site expressing viral antigens (Figures 2 and 3). In recent years, it has become
apparent that the liver occupies a unique position among solid organs as it is able
to very efficiently retain activated T cells (Ando et al., 1994a, 1994b; Mehal et al.,
1999; Hamann, 2000) and to support activation of naive CD8+ T cells independently
of lymphoid tissues (Bertolino et al., 2001, 2002; Bowen et al., 2002, 2004, 2005d).
These findings contradict a prior immunological paradigm stating that naïve T cells
can only be activated in secondary lymphoid organs. They also imply that the liver
may play a more direct role in priming T cells than previously thought. However,
unlike activation in the LN, recent data indicate that T cell activation in the liver
induces deletion of antigen-specific activated T cells and thus tolerance (Bowen
et al., 2004, 2005d). This property, which remains somewhat controversial (Klein
& Crispe, 2006; Wuensch et al., 2006), has been evidenced using TCR transgenic
mouse models and needs to be confirmed in a clinical setting. However, it might
be critical as it would explain the ability of the liver to induce tolerance following
transplantation and be exploited by virus, such as HCV, to persist in the host.

Although some reports indicate that HCV infects some dendritic cells (Hiasa
et al., 1998; Auffermann-Gretzinger et al., 2001; Bain et al., 2001) or epithelial
intestinal cells (Deforges et al., 2004), this virus is predominantly hepatotropic
(Nouri-Aria et al., 1995). Hepatocytes would therefore represent the major APC at
the beginning of HCV infection. Hepatocytes have been shown to be very efficient
APCs in vitro (Bertolino et al., 1998, 1999). They are able to induce activation of
naïve T cells, a property thought to be unique to DCs. However, unlike activation
by DCs, T cells activated by hepatocytes die by neglect due to activation in the
absence of co-stimulatory molecules (Bertolino et al., 1999). Using transgenic
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mouse models in which antigen expression is restricted to hepatocytes, the
antigen-presenting capacity of this cell type has been confirmed in vivo (Bertolino
et al., 2001; Bowen et al., 2004). Recent evidence has demonstrated that circulating
T cells can directly contact hepatocytes and probe for MHC/peptide complexes
through fenestrations present in liver sinusoidal endothelial cells (LSECs) (Warren
et al., 2006). This contact is favored by polarized expression of MHC class I
molecules and ICAM-1 on the basolateral membrane of hepatocytes.

If, in the absence of inflammation, intrahepatic activation induces tolerance, it is
tempting to speculate that the virus has evolved to develop mechanisms aimed at
favoring early antigen presentation in the liver (Figures 2 and 3). It is puzzling that
some flaviviruses upregulate MHC class I molecules in infected cells independently
of IFN-γ (King & Kesson, 1988; Lobigs et al., 1996). Normally, this upregulation
should increase the visibility of the virus to the immune system. However, if such
upregulation occurs early in the liver, it could lead to the deletion of any potential
CTL and be beneficial to the virus. Other mechanisms that could be targeted by
the virus are the migration of dendritic cells to lymphoid tissues and the initia-
tion of the cross-presentation process. HCV has been shown to impair DC func-
tion in vitro, either indirectly via negative regulatory signals delivered to NK cells
(Jinushi et al., 2004) or more directly by viral proteins signaling negative DC mat-
uration (Kanto et al., 1999; Auffermann-Gretzinger et al., 2001; Bain et al., 2001).
However, these effects remain controversial as the antigen-presenting function of
DCs isolated from chronic infected individuals does not seem to be impaired. It
is possible that these mechanisms affect the migration of DCs into the LN at the
beginning of infection when priming of T cells in the LN is critical. Whether HCV
affects the balance of presentation between the liver and the LN has yet to be
demonstrated.

In summary, findings in transgenic mouse models indicate that in the absence of
antigen presentation in LN, anti-HCV-specific T cells could be activated in the liver.
As this type of activation induces deletional tolerance, it is possible that the virus
uses this mechanism to eliminate a high proportion of antigen-specific T cells, to
facilitate its spread, and to establish a chronic infection. This model might explain
the remarkable delay observed before CD8+ T cell responses are detected (Bowen
et al., 2005a). In addition, it is possible that only high-affinity T cells are deleted
following activation in the liver, thus leaving only low-affinity T cells for activation
in the LN. Low-affinity T cells have been described to have an anergic phenotype
(Heath et al., 1992, 1995; Girgis et al., 1999) (Figure 4). This might explain the
anergic or “stunned” phenotype of CD8+ T cells during acute and chronic HCV
infection (Gruener et al., 2001; Urbani et al., 2002; Wedemeyer et al., 2002).

Role of a Defective Activation Leading to Anergy

An alternative explanation to the anergic phenotype of CD8+ T cells during HCV
infection is that T cells are activated irrespective of their affinity but that this activa-
tion leads to defective signaling, resulting in anergy. It is difficult to distinguish
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Fig. 4 Hypothetical model of primary T cell activation in the liver during HCV infection. Only
T cells expressing a high–affinity, HCV-specific TCR are activated in the liver and are purged
from the repertoire. Low-affinity T cells are not recirculated, survive, and are potentially able to
be activated in lymphoid tissues via antigen cross-presentation by DCs when this process becomes
available

the real significance of anergy in chronic HCV infection without analyzing the
affinity and avidity of T cells. The observed anergic phenotype, characteristic of
cells arrested at an early stage of differentiation (CD27+CD28+) (Appay et al.,
2000, 2002; Gruener et al., 2001; Wedemeyer et al., 2002), seems to be associ-
ated with HCV in contrast to other chronic viral hepatitides. CD8+ T cells isolated
from HBV- and HCV-infected patients display a different phenotype: in contrast to
HBV-specific CD8+ T cells, HCV-specific CD8+ cells express significantly lower
levels of perforin molecules ex vivo and show depressed CD8+ T cell function in
terms of proliferation, lytic activity, and IFN-γ production during acute infection
(Urbani et al., 2002). However, this phenotype is observed during the acute phase
irrespective of disease resolution. It is transient in individuals with self-limited dis-
ease where an effective CD8+ T cell response is progressively restored, but it is
permanent in patients with persistent infection (Urbani et al., 2002). However, it
should be noted that the anergic phenotype observed in HCV infections does not
always correlate with persistent infection and has been observed in individuals who
have previously resolved infection (Gruener et al., 2001). In addition, despite the
absence of a generalized immune defect in chronic infection, abnormalities in the
phenotype of CD8+ T cells specific for other viral infections have been observed
in chronically HCV infected individuals (Lucas et al., 2004). It is possible that



Adaptive Immune Responses to HCV 57

discrepancies between the phenotype and function of CD8+ T cells during persistent
HCV infections are dependent on the fact that most studies analyzing the phenotype
of CD8+ T cells have been performed from peripheral blood rather than the liver,
where most effector cells are expected to be sequestered.

The Role of Viral Proteins

It has been proposed that very early after infection, HCV directly affects recognition
of MHC/peptide complexes by CTL, thus preventing the killing of infected cells and
favoring viral persistence. As in vitro HCV replication systems have only recently
been developed, evidence for this mechanism is lacking. Using subgenomic repli-
cons expressing all HCV structural proteins, it has been shown that HCV expression
affects the glycosylation and cell surface expression of MHC class I (Konan et al.,
2003; Tardif & Siddiqui, 2003). Using transfected cell lines, the HCV core protein
has been shown to interact with TNF-related molecules involved in CTL activity,
such as Lymphotoxin-β receptor (LT-βR) (Chen et al., 1997; Matsumoto et al., 1997)
or Tumor necrosis factor receptor I (TNF-R1) (Zhu et al., 1998) and modulate NFκB
activity mediated by TNF-α and LT-α1β2 (You et al., 1999). Although the rele-
vance of these in vitro findings to natural HCV infections remain to be established,
it is possible that viral proteins use different mechanisms to protect the infected
cells from being recognized and killed, thus favoring establishment of the virus in
the host.

Other Mechanisms Playing a Role During HCV Infections

Several mechanisms have been implicated in contributing to HCV persistence dur-
ing both the acute and the chronic phases of infection. These mechanisms include
inhibition of the response by a regulatory T cell subset and viral escape.

The Role of Regulatory T Cells

Recent studies suggest that both regulatory intrahepatic CD8+ T cells and CD4+
CD25+ regulatory T cells play a role in HCV persistence. A subset of intrahepatic
CCR7- CD8+ T cells isolated from chronically HCV-infected individuals expressed
IL-10 and inhibited IFN-γ production by intrahepatic effector memory CCR7- CD8+
T cells (Accapezzato et al., 2004). This inhibition was antigen-specific, as it was
elicited by HCV epitopes. The presence of HCV-specific CD8+ T cells producing
IL-10 has been evidenced in earlier studies (MacDonald et al., 2002; Ulsenheimer
et al., 2003).
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The more “classical” CD4+ CD25+ regulatory T cells have also been suggested
to play a role in chronic HCV infections. Increased frequencies of this subset have
been described in chronically HCV-infected individuals in comparison to subjects
with resolved infection (Sugimoto et al., 2003; Cabrera et al., 2004; Boettler et al.,
2005). Inhibition of HCV-specific responses by this subset in in vitro assays was
dose-dependent, required direct cell-to-cell contact, and was independent of IL-10
and transforming growth factor beta (Boettler et al., 2005; Rushbrook et al., 2005).
Interestingly, in some of these studies, regulatory T cell-mediated suppressive activ-
ity was not limited to HCV-specific CD8+ T cells: CD4+ CD25+ regulatory T
cells also inhibited CD8+ T cells specific for EBV, CMV, and the influenza virus
in chronically HCV-infected patients. Thus, the significance of these in vitro find-
ings remains uncertain. In addition, a recent report (Manigold et al., 2006) indicates
that CD4+ CD25+ FoxP3+ regulatory T cells can be isolated from HCV-infected
chimpanzees irrespective of whether infection persists or is cleared.

While the presence of several subsets of regulatory T cells is not mutually exclu-
sive, it is unclear whether these regulatory T cells play a role in predetermining
the outcome at early stages of infection or appear at a later stage and possibly
favor viral persistence. Recent studies demonstrated that early T cells responses
generated during the acute phase of HCV infection decline dramatically during
the chronic phase and that no new responses were formed (Cox et al., 2005a).
Although loss of HCV-specific CD4+ T cell helper responses may be involved in
the failure to generate new CTL helper responses to neo-epitopes generated fol-
lowing viral escape (see upcoming section), it is possible that the generation of
regulatory T cells might also be involved in this phenomenon. In addition, the obser-
vation that infection persists in some individuals without viral escape (Urbani et al.,
2005a) suggests that HCV-specific regulatory T cells may play a role in chronic
infection.

Therefore, although regulatory T cells are generated during anti-HCV responses,
further studies are required to determine whether they are really critical to HCV
persistence and in which compartment they exert their regulatory function.

The Role of Viral Escape

It is now widely accepted that the immune system and the virus continuously chal-
lenge each other during the development of HCV infection. Evidence for escape
mutation of MHC class II-restricted epitopes is still lacking. However, the develop-
ment of mutations in class I-restricted epitopes that allow viral evasion of CD8+
T cell-mediated immune responses that were first demonstrated in chimpanzees
(Erickson et al., 2001) have now been confirmed in humans (Timm et al., 2004;
Cox et al., 2005b; Ray et al., 2005; Tester et al., 2005). Escape from CTL responses
due to mutations in MHC class I-restricted epitopes can occur due to changes in
epitopes that alter proteasomal processing, leading to epitope destruction, reduce
MHC class I binding, or lead to alterations in CTL recognition (Bowen & Walker,
2005b).
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Although CTL escape mutations appear early in infection and remain fixed in
circulating quasispecies (Erickson et al., 2001) and the development of these muta-
tions is associated with viral persistence, it is uncertain whether they represent a
cause or a consequence of chronic infection (Cerny & Chisari, 1999; Bowen &
Walker, 2005c). In particular, it has remained unclear how the virus can escape a
multispecific CD8+ T cell response and why, despite this response, several HCV
epitopes never mutate in persistent infections (Urbani et al., 2005a, 2005b; Komatsu
et al., 2006). However, recent evidence indicates that several parameters may influ-
ence the development of escape mutations during the evolution of infection, and
thus contribute to viral persistence. In particular, impaired HCV-specific CD4+ T
cell responses may play a critical role in the development of CTL escape mutations:
in a recent study in which CD4+ T cells were depleted in chimpanzees prior to
homologous HCV rechallenge (Grakoui et al., 2003), evolution to persistent infec-
tion was associated with the appearance of multiple escape mutants, despite the
presence of a memory CD8+ T cell response. In addition, recent evidence indicates
that the development of CTL escape mutations is associated with epitope-specific
immune responses of relatively narrow T cell receptor (TCR) diversity, whereas
broader epitope-specific responses are associated with lack of viral escape (Meyer-
Olson et al., 2004) Thus, where CD4+ T cell responses are absent or wane and
where clonotypic CD8+ T cell responses are insufficient to allow recognition of
viral variants, CTL escape mutations can occur and may perhaps contribute to viral
persistence.

Conclusion

Our knowledge of HCV infections has increased considerably since the discovery
of the virus in 1989. Several studies in both humans and chimpanzees have revealed
that, as expected, several arms of the immune response are activated following infec-
tion. Current treatments use molecules, type I IFNs, which represent one of the first
lines of defense against the virus. Although its role during infection needs to be
better understood, innate immunity against HCV does not prevent the spread of the
virus and is thought to be relatively inefficient. The development of more effective
treatments and anti-HCV vaccines will be largely dependent on our understanding
of adaptive immune responses during viral infection. It is now widely accepted that
natural resolution of infection is critically dependent on the generation and the sur-
vival of a potent and broad CD4+ and CD8+ T cell response after the acute phase of
the infection. Although CD8+ T cells are essential to clear the virus, CD4+ T cells
also appear critical in the response and might be important for promoting CD8+
T cell survival and function. If this response fails, some CD8+ T cells survive but
are functionally impaired, leading to viral persistence. Why CD4+ T cell responses
wane in individuals with persistent infections remains unclear, and understanding
of this phenomenon will certainly be central to the development of future HCV vac-
cines. An increased understanding of the very early stages of HCV infection before
the adaptive immune response become readily detectable will also be critical: the
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delay observed before the development of both CD4+ and CD8+ T cells responses
is puzzling, and it is possible that some crucial events predetermine the adaptive
response during this period. Unfortunately, data on early events are lacking, and
further experiments will be required to determine whether the virus is presented
intrahepatically and uses this strategy to purge the repertoire of HCV-specific T
cells and to establish itself in the host. Once established, other strategies might be
used by the virus to persist, including regulatory T cells, anergy, and viral escape.
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Immune Responses Against the Hepatitis
C Virus and the Outcome of Therapy

Paul Klenerman∗ and Eleanor Barnes

Introduction

The hepatitis C virus (HCV) sets up persistence in the majority of those infected.
In doing so, it evades both innate and adaptive immune responses. However, in
a reasonable fraction of patients (20–50%), there is long-term control of viremia
through some effective combination of host responses. It is generally considered
that cellular immune responses—mediated by CD4+ and CD8+ T cells—play a
major role in determining this successful outcome, although they do so in concert
with many other cellular and humoral mediators (Ward et al., 2002).

During acute HCV infection, cellular immune responses are generated in most
patients against a diverse set of viral epitopes (Lechner et al., 2000b; Cox et al.,
2005b). Typically, in those with persistent infection, once this has been estab-
lished, the host cellular immune responses seem to be diminished. Although T cell
responses may be detected in the liver (He et al., 1999; Grabowska et al., 2001),
the number of antiviral T cells found in the blood is very low and the function of
antiviral T cells may be impaired (Gruener et al., 2001; Wedemeyer et al., 2002).
It is not known whether this is a cause or a consequence of infection. Three major
pathways are thought to lead to the downregulation of these responses—immune
escape through viral variation, cellular exhaustion, and induction of T cell regulatory
subsets (Klenerman & Hill, 2005).

As discussed elsewhere in this volume, interferon/ribavirin therapy for the hep-
atitis C virus is variably successful in chronically infected patients. This depends on
a number of host factors but critically on the viral genotype. The same or even more
limited therapy is much more successful in the treatment of those who have been
recently infected. It is well known that such therapies may have important effects
on a number of cellular components of the immune system. Therefore, it has been
generally considered that the immune system might play some role in the overall
therapeutic effect of combination therapy. This could happen through three main
mechanisms: as a direct consequence of interferon/ribavirin; as an indirect action as
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a result of the antiviral effect of combination therapy; or as a synergistic action with
interferon/ribavirin.

In this chapter we will describe the cellular immune responses in HCV and the
models for immune failure in chronic infection. Then we will describe the impact of
therapy on these responses in acute and persistent infection. Finally, we will discuss
the models of how immune responses might be modified by antiviral treatment and
to what extent immune responses play any role in the overall treatment response.

T Cell Responses in Acute Hepatitis C Virus Infection

Acute hepatitis C is a relatively rare clinical presentation, considering the preva-
lence of the virus. Relatively few studies have described the T cell responses during
this critical phase, and there has been little consensus on what the differences are
between successful and unsuccessful responses. One important feature of such T cell
responses is that they are markedly delayed—there is a long clinically silent period
during which the virus is present, but no adaptive response is observed (Cooper
et al., 1999). The likely defect here is in innate immunity, and one hypothesis is
that by evading the induction of interferon responses (as discussed elsewhere in this
volume), the virus will prevent priming of T cells through maturation of dendritic
cell populations.

The earliest studies in this area demonstrated strong T cell proliferative responses
to a range of HCV antigens (Missale et al., 1996). Although it was first considered
that responses to a specific antigen or epitope might be associated with a particu-
larly favorable clinical outcome, it seems now more likely that a range of responses
contributes to the overall antiviral effect (Diepolder et al., 1995; Day et al., 2002).
Proliferative responses are largely a measure of CD4+ T cells that recognize antigen
presented on human leukocyte antigen (HLA) Class II molecules. Consistent with a
role for these cells are a number of studies that show a protective effect of specific
HLA Class II alleles in different populations (Thursz et al., 1999). These alleles
include HLA DR11, which has strong linkage disequilibrium with DQ3. The pre-
cise impact of these alleles in terms of directing the T cell response toward specific
epitopes has not been fully dissected, although it does appear that strong DR11-
restricted responses can be observed to highly conserved epitopes in nonstructural
proteins (Godkin, 2001; Harcourt et al., 2001).

Apart from proliferative responses, it has also been demonstrated that such CD4+
T cells secrete cytokines, especially interferon-gamma, which is very likely to play
a crucial role in control of viral replication in vivo (Day et al., 2002).

As well as CD4+ T cell responses, a number of studies have now identified strong
CD8+ T cell responses during acute hepatitis C (Lechner et al., 2000a; Timm et al.,
2004; Cox et al., 2005a). Again the induction of these is delayed, but their activa-
tion correlates closely with the level of liver inflammation during the acute phase
(Lechner et al., 2000). CD8+ T cell responses, like CD4+ T cell responses, are
directed against a range of different peptide epitopes in structural and nonstructural
genes (Lauer, 2005), although many studies have focused on reproducibly targeted
epitopes in NS3 and NS5b.
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In acute disease the size of such peptide-specific CD8+ T cell responses can
be quite substantial, reaching up to 20% of all CD8+ T cells (Timm et al., 2004).
Again such T cells are typically interferon-gamma-producing populations, show-
ing markers of effector cells. To what extent they are able to express perforin and
exhibit cytotoxicity in this phase has not been fully determined, but it is possible that
these cells are functionally defective, either transiently (“stunned”) or permanently
(Lechner et al., 2000a; Gruener et al., 2001; Wedemeyer et al., 2002). However,
to what extent such apparent defects correlate with clinical outcome has yet to
be determined. Furthermore, whether any functional defects are the cause or the
consequence of viral persistence has not been established.

No real information is available about the intrahepatic compartment in acute
HCV infection in humans, although in chimpanzee models, the acute inflammation
is associated with homing of antigen-specific cells to the liver (Erickson et al., 2001).
This is clearly the most critical phase of the interaction, and it is likely at this point
that a high proportion of the acute infiltrate of CD8 and CD4 T cells are antigen-
specific. The functionality and ultimate fate of such cells require further study.

Persistent Infection

In those in whom infection is controlled, T cell responses—both CD4+ and CD8+—
return to a state of long-term memory. These are not germane to the current discus-
sion, but it is clear that even in the absence of detectable antigen, T cell responses
are very well maintained over decades (Lauer et al., 2004). Interestingly, small fluc-
tuations in the specificity or dominance of such responses can occur, and it has
been suggested that some form of persistent antigen may continue to mould these
repertoires (Harcourt et al., 2004). However, largely these are robust responses that
remain readily detectable using ex vivo tests, and they retain excellent prolifera-
tive and cytokine function [both interferon-gamma (IFNg) and interleukin-2 (IL-2)]
(Lauer et al., 2004; Semmo et al., 2005).

In those in whom the virus persists, T cell responses are lost from peripheral
blood and are detectable at much lower frequencies than in the case where the virus
is no longer circulating (Lechner et al., 2000a, 2000b; Lauer et al., 2004). There has
been much debate as to the exact frequencies of specific T cells in those with persis-
tent infection, but comprehensive surveys using overlapping peptide sets generally
reveal only one to two CD8+ T cell epitopes recognized during chronic infection,
and these only in the minority of those studied, with many apparently unreactive
(Lauer et al., 2004). Similar results are obtained for CD4+ T cells, although studies
using ex vivo enzyme-linked immunospot (ELIspot) to detect IFNg-producing cells
do reveal some responses to peptide targets, even when proliferative responses to
whole antigens are largely negative (Semmo et al., 2005).

However, the blood pattern is only part of the picture. Early studies did reveal
that T cells may be found in liver even in cases where the blood is apparently
unresponsive, and direct staining studies have revealed tetramer-positive CD8+ T
cell populations at elevated frequencies in liver tissue (Koziel &Walker, 1997; He
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et al., 1999; Grabowska et al., 2001). Interestingly, a proportion of these cells secrete
IL-10 in response to antigenic stimulation, as opposed to IFNg. It is suggested that
these play a regulatory role (Accapezzato et al., 2004).

Overall these data suggest a picture where robust CD4+ and CD8+ T cell
responses directed against a broad range of targets and sustained over time are
associated with good control of virus, while weaker, narrower, or less well-sustained
populations are associated with persistence. These associations, though now found
consistently between groups, leave open the question of cause and effect. Some
longitudinal data suggest that failure of CD4+ T cell responses to proliferate in vitro
in response to antigen, or deletion of such responses, precedes the rise in viral load
associated with early failure of control (possibly after a period of RNA negativity
in blood) (Gerlach, 1999). Further important evidence pointing to the role of CD4+
and CD8+ T cell responses as mediators of control rather than markers of control
comes from depletion experiments in the chimpanzee model. Here spontaneously
resolved infection readily occurs, but depletion of either subset has a marked effect
on the ability of a subsequently rechallenged animal to resist infection (Grakoui
et al., 2003; Shoukry et al., 2003). These data strongly suggest that both sets of
cells, working in parallel, are crucial in natural host control over the virus. Before
we discuss their importance in therapy-mediated control, it is important, however,
to consider why such T cells may fail in persistent infection.

Mechanisms of T Cell Failure

Immune Escape Through Mutation

Probably the most important cause of virus persistence in HCV is the capacity of
this RNA virus to generate variants during the early course of infection (Bowen
& Walker, 2005). It is well recognized that such mutations, which are very readily
observed in the envelope hypervariable regions, may allow evasion of envelope-
directed antibody and thus resist neutralization (Farci et al., 2000). However, it is
increasingly clear that the generation of CD8+ T cell escape mutations in particular
plays a critical role in allowing the virus to resist CTL attack. This was first shown
in HCV infection of the chimpanzee, following on from a wealth of data in human
and simian immunodeficiency viruses (HIV and SIV), as well as the murine model
lymphocytic choriomeningitis virus (LCMV) (Erickson et al., 2001). The advantage
of this model is that the input virus is well characterized, a feature unusual in human
infection. However, a number of careful studies have now revealed immune escape
in a number of key epitopes in acute infection (Timm et al., 2004; Cox et al., 2005b).
This is a particularly important point in the discussion of the impact of therapy as
T cells that target a virus that has mutated to evade recognition are effectively of no
value in vivo, even though they can be readily measured.

Immune escape is readily demonstrable but by no means universal. A number of
key epitopes are not commonly mutated, and for these no evidence of selection is
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seen either within individuals or at a population level (Cox et al., 2005b; Gaudieri
et al., 2006). What is not yet clear is whether such responses are still exerting an
important antiviral effect, but the virus is unable to generate escape mutations due
to fitness constraints, or whether such responses are simply “marker” or “passenger”
T cells that do not have a major impact on viral load (Zafiropoulos et al., 2004).

Immune Exhaustion

Whether T cell epitopes undergo escape mutation or not—and this is particularly
likely to be the case for CD4+ T cells, where such mutation has been recognized
but is considered rare—T cell responses do dwindle in chronic infection. This
process has been recognized in murine models of chronic viral infection—notably
LCMV—and has been termed “T cell exhaustion”(Moskophidis, 1993). Such a pro-
cess is associated with high levels of viral replication and thus antigen exposure
and promoted by lack of T cell help. Exhausted T cells ultimately are deleted, but
prior to this populations can be detected with various degrees of loss of function
(including loss of cytokine secretion, killing, and proliferation, all of which have
been described in chronic HCV infection) (Wherry & Ahmed, 2004). Lowering the
viral load in the murine model, with drugs or the addition of antiviral effectors, can
reverse this process, although for a long period the mechanism behind it remained
obscure. Recent studies in the LCMV model and supported by work in HIV suggest
that expression of the molecule PD-1 (programmed death 1) on T cells plays a key
role in this process. Blockade of the interaction using an antibody to PDL-1 (PD-1
Ligand) can in vivo restore the function of the exhausted T cells and leads to regain
of control over this chronic infection (Barber et al., 2006; Vertuani et al., 2002).
This remarkable result has been repeated in vitro in HIV and does suggest that
overactivation of the PD-1 pathway can contribute to the failure of T cells to control
the virus (Day et al., 2006). More recent work using blockade of IL-10 receptors
also indicates that this cytokine may play a role (Brooks et al., 2006). Both these
pathways might be relevant to HCV and also to the impact of therapy.

Immune Regulation

Much recent focus in the pathogenesis of auto-immunity has been on recently
described subsets of CD4+ T cells described as regulatory T cells, or Tregs. Such
cells express high levels of the IL-2 receptor chain CD25 and are characterized
by expression of the forkhead transcription factor FOXP3 (Fehervari & Sakaguchi,
2004). More recently it has emerged that such cells may play a key role in the
pathogenesis of chronic infections, including HCV (Sugimoto et al., 2003; Boet-
tler et al., 2005; Rushbrook et al., 2005). A number of groups have found elevated
regulatory activity in chronic infection, although whether this is due to elevated fre-
quencies of Treg populations or increased functionality is not yet known. Certainly,
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the overall pattern of generalized loss of T cell proliferation in HCV is consistent
with a regulatory “environment,” and in vitro removal of such subsets leads to a
dramatic improvement in the proliferative capacity of antiviral populations. It is
also likely that such regulatory activity could be very important in the prevention
of immunopathology in the liver, and thus the balance may need to be maintained
between excessive T cell activity, leading to tissue damage, and overregulation, lead-
ing to virus persistence. Clearly, modulation of such activity during therapy could
have a major impact on T cell responses, and potentially on the outcome.

Summary

T cell responses during chronic HCV infection are impaired through a variety of
mechanisms. These mechanisms are most relevant to any influence therapy may
have on them and also the impact such responses—when detected—have on ther-
apeutic outcome. If escape through mutation dominates and eliminates the most
efficacious CD8+ T cell responses, then they can have little further role to play in
controlling the virus. If they are largely functionally exhausted (but not deleted)
or regulated, then some recovery is possible and these responses may further limit
virus replication in the liver. However, the balance among escape, exhaustion, and
regulation has not been fully established and may well vary from patient to patient,
depending on the patient’s HLA.

The Impact of Therapy on T Cell Responses

Chronic Infection

A number of studies have looked at the immune responses during therapy for
chronic infection with HCV, although with somewhat conflicting results. A num-
ber of technical issues may account for this. The assays used may target cells
with proliferative capacity (described as central memory cells) or those with largely
interferon-gamma secretory capacity (described as effector memory cells), or track
cells directly ex vivo using MHC peptide tetramers. Such assays have different cut-
offs for detection and sensitivity. Most importantly, however, the matching between
the virus strains present in the patients and the antigens used in the assays has not
been consistent. While it is very difficult to use actual patient-derived antigens,
the use of mismatched antigens, even within the same genotype or subtype, but
especially between genotypes, may lead to some difficulty in interpretation. This
is particularly an issue because in drug-using groups, superinfection with different
strains may be relatively common. Thus, responses to an antigen derived from a
genotype that is not presently circulating in the patient may be detected, but as with
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the virus escape mutants described above, these T cells have little role to play in the
ongoing infection (Harcourt et al., 2003).

Most studies have focused on CD4+ T cell responses. Early studies that
investigated these showed that during therapy some response—undetectable pre-
treatment—could be restored during the early phases of therapy. One early study
of this kind, during the introduction of ribavirin, did indicate that the quality of
such T cell responses might be influenced by the addition of this drug. T cells
found in the patients treated with ribavirin showed less secretion of IL-10 than
those in interferon-alpha control patients (Cramp et al., 2000). However, although
ribavirin addition is clearly superior to interferon monotherapy, whether these T
cells contributed to this outcome was not clear.

A subsequent study of both CD4 and CD8 responses to HCV during treatment
revealed a similar picture in that during the first 12 to 24 weeks some restoration of
previously absent CD4+ T cell responses was observed (Barnes et al., 2002). This
was particularly noted using proliferation assays, with a more blunted response in
the IFNg ELIspot. However, the induction of such early responses was seen in a
substantial fraction of patients and did not correlate with the outcome of treatment.
The presence of a late-emerging T cell response was, however, associated with a
good outcome—i.e., those who had a sustained viral response were characterized
by a later peak in their HCV-specific T cell responses. In those where a T cell
response was maintained and virus recrudesced, sequencing of the viral genome
did not reveal the emergence of escape mutations as an explanation for the failure
of T cell responses.

In contrast, in the same study, no consistent effect on CD8+ T cell responses
to HCV was observed, using functional or direct ex vivo tetramer assays. Other
studies have detected an association between a pre-existing response to a specific
NS3 epitope and a good clinical response to treatment, but such assays were not ex
vivo, and it is not yet clear whether this result is reproducible.

Further work in a similar vein was pursued by Kamal and colleagues, who studied
largely Genotype 4 patients. Here an association between the re-emergence of a T
cell response to HCV and a good clinical outcome (sustained viral response at 6
months’ post-therapy) was demonstrated (Kamal et al., 2002). It was concluded that
the emergence of Th1-type responses during therapy was related to the beneficial
outcome associated with pegylated interferon/ribavirin combinations. Another trial
suggested a similar association (Marinho et al., 2004).

A very focused study that analyzed the relationship between the T cell responses
and the rapid decline in viral load associated with the first stages of treatment found
a large degree of heterogeneity in the initial rate of decline of viral load even within
Genotype 1 patients. Those with a fast response, i.e., a rapid drop in virus load, were
most likely to reconstitute a T cell response (Tang et al., 2005).

Overall, such data suggest that interferon/ribavirin therapy may influence the T
cell responses observed in chronically infected individuals, but it is as yet unclear
whether these contribute significantly to the overall efficacy of therapy. Importantly,
it does seem from careful analysis of the kinetics that in cases where the T cell
response does re-emerge in therapy, this may be a consequence rather than a cause
of the drop in viral load.
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Acute Disease

Since acute infection is associated with strong CD4+ and CD8+ T cell responses,
and treatment of acute disease is associated with an excellent clinical outcome, it
was at first considered that therapy at this stage of disease was successful due to
effects on T cell responses. However, the conclusions from the most recent studies
do not necessarily support this idea. One study in this area, from Kamal and col-
leagues again, of 40 patients, shows an association between reconstitution of strong
CD4 responses and a good clinical outcome (Kamal et al., 2004). This trial was
aimed largely at analysis of CD4 responses.

In contrast, two detailed studies of both CD4 and CD8 responses did not report an
obvious association. In one study, by Lauer and colleagues, the impact of interferon-
alpha was largely to suppress existing CD8+ T cell responses, and overall no asso-
ciation was found between the treatment outcome and the size or quality of CD8+ T
cell response (Lauer et al., 2005). Similar data applied to the CD4 T cell response.
A study by Rahman found a very similar result, with no enhancement of responses
and no clear association with outcome (Rahman et al., 2004).

Since these latter two studies were performed in great detail, including in the
case of the Lauer analysis (Lauer et al., 2005), the mapping of each individual T
cell response across the entire genome, it does seem that the conclusion from the
studies of acute disease to date is that a close relationship between enhancement
of T cell responses during therapy and the outcome of treatment does not exist.
The Lauer study also presented a particularly interesting case where, following suc-
cessful treatment, therapy with a T cell-depleting antibody OKT3 was used. This
removed the HCV-specific T cell response entirely, but no recrudescence of virus
was seen. This is a unique case, but here it suggests additionally that the presence of
T cell responses is not required for the maintenance of the RNA-ve state following
a successful end-of-treatment response.

Mechanisms of Action of the Adaptive Immune System
During Combination Therapy

Having understood how T cell responses may control HCV naturally, or fail to do
so, and also the impact of therapy upon such responses, we now consider how these
responses may act during therapy. Broadly we can consider the main models:

1. Cellular immune responses modulated as a direct consequence of interferon/
ribavirin (stimulation model);

2. Cellular immune responses modulated an indirect action as a result of the antivi-
ral effect of combination therapy (indirect model);

3. A synergistic action between the immune system and interferon/ribavirin
(synergy model).
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Fig. 1 Models of T cell responses during combination therapy. The upper panel shows successful
therapy accompanied by boosting of T cell responses (stimulation model). This could accelerate
clearance in the first phase, viral decay in later phases, or recurrence in the post-treatment phase.
The middle panel shows the indirect model, where responses re-emerge on therapy, irrelevant to
outcome, as a consequence of viral control by drugs. The lower panel (synergy model) indicates no
specific influence of therapy on T cells (or even a decay is possible), but nevertheless the presence
of T cells remains—acting as a “third drug.” The fourth (irrelevant) model is not illustrated, but
any of the above changes in T cells could be seen, or no relevant T cell activity could be detectable

We will discuss these models and the evidence in favor of each (Figure 1). There
is also a fourth model to consider, that T cell responses are not involved at all in
the treatment response (irrelevant model), which will be discussed at the end of
the chapter. This may be most relevant in the context of newly developed potent
antivirals.

Stimulation Model

Both interferon and ribavirin are well recognized as immune modulators, although
the molecular evidence in favor of the former is much more substantial. Interferon-
alpha acts to modulate—largely upregulate, although there is a significant dose
dependence—most of the key steps in generation of an antiviral T cell response.
Importantly, interferon-alpha is a major stimulator of dendritic cells, providing a
stimulus that leads to maturation, along similar lines to conventional stimuli such
as LPS (Luft et al., 1998; Santini et al., 2000). Mature dendritic cells are especially
potent and induce CD4+ and CD8+ T cell responses through appropriate antigen
stimulation, co-stimulation (through CD80 and CD86, among others), as well as



80 P. Klenerman, E. Barnes

cytokine secretion (most importantly IL-12). The transition of mature dendritic cells
to the appropriate lymphoid environment under inflammatory stimuli also serves to
maximize their potency. The action of interferon-alpha on dendritic cells includes an
effect on “cross-presentation”—the ability of such cells to take up soluble antigen
and present it through the Class I pathway (Le Bon et al., 2003). This could be very
important in generating CD8+ T cell responses against HCV, where the virus is not
thought to efficiently infect these cells.

In addition to these effects, interferon-alpha has a positive stimulatory effect on
NK cells and T cells directly, improving cytokine secretion, although conflicting
effects on proliferation have been reported (Brinkmann et al., 1993). The impact of
interferons on regulatory T cells requires further investigation, although it has been
suggested that such regulatory activity, at least in the short term, may be inhibited
(Rushbrook et al., 2005).

Overall, therefore, a positive impact on T cell responses of interferon alone is to
be expected. However, it should be noted that priming and restimulation of such
antiviral T cell populations are antigen-dependent. Therefore, a potent antiviral
effect, which may restore “exhausted” T cells, may paradoxically remove antigens
necessary for priming and restimulation. This issue is further explored below.

While a considerable literature exists on the activity of interferon on the immune
response, the data on ribavirin are much more limited. Most data are in vitro and
rely on cultures of mixed cell populations. It is evident that ribavirin can act as
an immunomodulator, with actions on cellular proliferation most obvious, although
these are clearly dose-dependent, and can modulate cytokine secretion patterns, with
changes described as switching toward a T helper 1 (Th1) profile (Martin et al.,
1998; Tam et al., 1999). An analysis of dendritic cell function in the presence of
ribavirin suggests that inhibition of both IL-12 and IL-10 occurs when used alone.
However, the combination of interferon and ribavirin leads to a relative increase of
IL-12 over IL-10 (Barnes et al., 2004). Since IL-10 is the major immunosuppressive
cytokine in this interaction, the net result is likely to improve the immunostimula-
tory capacity of such dendritic cell populations—although this has not been proven
in vivo.

Thus, the model here is that combination therapy will serve largely to boost T
cell responses, numerically and/or functionally. This is backed up by some evidence
from the clinical trials, but such evidence is far from uniform. Early responses,
within the first 3 to 6 months, might be boosted in some cases, but similar therapies
in acute infection do little to boost responses in carefully followed patients. Thus,
although this model is popular, it is not well supported by the evidence.

Indirect Model

The impact of therapy through lowering of the viral load may have a profound
effect on the quality of T cell responses observed, through a reduction in “exhaus-
tion” (Wherry et al., 2004). A parallel situation is likely to occur in superinfection,
where one virus is effectively “cleared” by another. T cell responses specific for the
original virus can recover—indeed a substantial proportion of the responses mapped
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down to individual peptides in chronically infected patients is directed against such
“cleared” epitopes (Lauer et al., 2004). If not deleted through exhaustion, such cells
may recover numerically and functionally once the virus is controlled.

An alternative indirect consequence of the antiviral effects of combination ther-
apy may be through modulation of regulatory subsets. Tregs may be stimulated by
chronic inflammatory stimuli, and interestingly, interferon can induce IL-15 pro-
duction, which appears to impair the inhibitory capacity of Tregs (Rushbrook et al.,
2005). Inhibition of Tregs is an attractive hypothesis to explain the strong associa-
tion of interferon therapy with auto-immune thyroid disease in HCV.

Thus, this model would propose that what is being observed in the clinical stud-
ies, where there is typically some boosting of T cell responses in chronic infection, is
that there is a reduction in either the degree of “exhaustion” of the T cell populations
or of the “regulation” of such cells. This would release populations for cytokine
release or proliferation in in vitro assays and potentially with effector function in
vivo. However, such reactivity could be regarded as a consequence rather than a
cause of viral suppression. Again, since this feature is apparently not observed in
acute infection, either the status of the T cells or that of the regulatory cells may be
different—induction of both exhaustion and regulation may require long periods of
antigen exposure.

Synergy Model

The clinical evidence does not strongly support a major role for induction of effec-
tive T cell immunity in the treatment effect. However, does this mean T cells play
no role at all? One possibility that may fit the evidence best is that T cells may play
a role, but this is independent of a boosting effect, rather just a synergistic action. In
this model T cell responses are present in the chronic phase as well as in the acute
phase of infection, especially within liver tissue, but are insufficient, in the face of
high viral loads, to exert substantial control over viral replication. However, at low
viral loads, once the interferon-ribavirin has been efficacious over a period of time,
the same T cell responses (boosted or not according to the models above) may be
relatively more effective at clearing residual nests of virally infected tissue. In other
words, at very low viral loads, the additional effect of T cell responses might be
sufficient to drive the virus below some critical threshold for long-term survival.

Evidence in favor of a requirement for T cells in successful treatment of chronic
HCV comes from an immunogenetic study, which showed a beneficial influence
of HLA DR11, the same molecule/haplotype that is protective in acute infection
(Thursz et al., 1999). It is thought that DR11 serves to direct T cell responses to
conserved or high-avidity epitopes (Godkin, 2001). Another line of evidence comes
from the link between pre-existing CD8+ T cells found pre-treatment in the liver
and the treatment response. Additionally, there is indirect evidence from HIV/HCV
co-infection. In this setting, viral loads are higher and the treatment response is
lower (Plosker & Keating, 2004). The cause of the higher viral loads is not fully
understood, but there are lower levels of both CD8+ and CD4+ T cells, which
might well be contributory (Kim et al., 2005; Harcourt et al., 2006). An attractive
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hypothesis, therefore, is that the lack of effective T cell responses might influence
the overall treatment response in the co-infected cohort, through failure of synergy at
low-level virus loads. (It is alternatively possible that the effect of HIV co-infection
is mediated through high pre-treatment viral load alone, leading to a reduced drug-
mediated clearance.) What is not known is to what extent treatment of HIV with
highly active antiretroviral therapy (HAART) fully restores the T cell responses
against HCV, which might potentially influence both the viral load and the response
to therapy.

Finally, the synergy model would explain the difference between the treatment
responses in acute and chronic infection. In acute infection, the T cell responses
are of higher magnitude and functionality—the three crucial influences of escape,
exhaustion, and regulation are yet to become fully active, and thus the impact of
such a synergistic activity may be more evident.

Overall, therefore, the synergy model does have some evidence in its favor. In
order to test its validity further, it would be necessary to correlate the pre-treatment
T cell responses (accounting for the individual’s viral sequence variability), ideally
within the liver, with the outcome of treatment. This is actually quite a technical
effort, and it will be difficult to truly segregate groups with and without detectable
T cell responses in which to compare outcomes. Comparisons cross-genotype may
also be of value in defining the validity of this model.

A Fourth Model: No Role for T Cells

One final model to consider, in opposition somewhat to all of these three, is that T
cells play no role at all in combination therapy, which is acting purely as an antiviral
(“irrelevant” model). In the absence of really strong evidence in favor of one of the
above three models, this is still a possibility. One possible setting would be if T cells
that are still detectable are no longer able to recognize the virus, which has evolved
within the patient. This would render them blind to current infection. Another would
be if all such T cells were fully exhausted. This may occur, although typically some
weak specificities are detectable ex vivo in about half the patients studied overall.
The experiment of nature where such T cells are depleted in HIV co-infection, and
where both viral load increases and treatment response decreases, is one piece of
evidence that however weak these T cells are (in blood), they are still capable of
influencing host virus interactions. However, the null hypothesis, that T cells play
no part at all in a successful outcome, still needs to be rejected.

Conclusions

Treatment of HCV influences the adaptive immune response, but the question
remains as to what extent the adaptive immune response influences the outcome
of treatment. So far the data are scant and contradictory, but careful studies have
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largely come to the conclusion that successful treatment is not dependent on boost-
ing T cells, even if T cell augmentation can be observed. However, this does not rule
out a role for T cells, and certainly such responses could still be involved under the
“synergy” model. If such T cell populations can contribute to the enhanced treatment
response seen in acute therapy or with Genotype 3 infection, it leaves the door open
for more direct modulation of T cell responses through immunotherapy, to improve
treatment outcome. Indeed, if treatment only weakly or inconsistently boosts T cell
responses currently, this suggests that this avenue could be exploited—but only if
escape, exhaustion, and regulation are overcome. By inducing responses at a time
when virus load is low or undetectable and liver inflammation has normalized,
exhaustion and regulation may be minimized. However, to what extent the virus
has evolved to evade the key HLA-determined T cell responses in any given patient
is an important—as yet unanswered—question and ultimately the one on which the
success of any such exercise will hinge.
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Introduction

The hepatic immune response in patients with hepatitis C virus (HCV) infection
has been the object of intensive studies. In fact, HCV is a lymphotropic virus and
CD81 acts as its co-receptor on CD4+, CD8+, CD19+, and CD56+ lymphocytes,
respectively (Kronenberger et al., 2006). Generally, antigen (AG)-specific CD8+
cell cytotoxic response is very effective in viral clearance, being that this function
is sustained by the intervention of CD4+ cells via release of interferon (IFN)-γ and
interleukin (IL)-2, which expands the pool of T cytolitic cells (Jellison et al., 2005).
Additionally, activated AG-specific CD8+ cells generate a pool of memory cells,
which protect the host against subsequent infections (Jabbari & Harty, 2006). How-
ever, this seems not to be the case in HCV infection because of mutations within
immunodominant CD8 epitopes, which allow HCV to escape from immunosurveil-
lance (Chang, 1998; Urbani et al., 2005). On the other hand, early defects of CD8+
cell cytolytic function have been reported in HCV infection, even including the
capacity of these cells to exert antiviral activity (Rehermann & Nascimbeni, 2005;
Bowen & Walker, 2005). In fact, in this precocious phase, CD8+ T cells interacting
with high avidity with AG-presenting cells (APCs) may undergo deletion or poor
activation (Bowen et al., 2005). On the other hand, later in infection CD8+ cells
activated by HCV in the lymph nodes (LN) may interact with lower avidity with
APCs, thus leading to an ineffective viral clearance (Snyder et al., 2003). Taken
together, these events seem to contribute to HCV disease chronicity. Conversely,
CD4+ cells seem to be very active against some conserved protein epitopes of the
HCV, and their response correlates with viral clearance (Harcourt et al., 2004).
Either in HCV-infected patients or in HCV-infected chimpanzees (Shoukry et al.,
2004), production of IFN-γ from T helper(h)-1 cells is associated with a rapid clear-
ance of circulating HCV.

Consequently, development of chronicity in HCV-infected patients may rely on
a defective HCV AG presentation to T cells and, therefore, on a failure to maintain
and sustain a robust Th1 response against immunodominant proteins (Neumann-
Haefelin et al., 2005).

In HCV infection, AG presentation is strongly supported by dendritic cells
(DCs), and in vitro studies have clearly demonstrated that human DCs expressing
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HCV core and NS3 AGs were able to activate T cells to proliferate and release
cytokines (Li et al., 2006).

Of note, early AG presentation in the LN during HCV infection abolishes intra-
hepatic tolerance, leading to a more efficacious cytotoxic immune response. In this
framework, it is worth mentioning the role played by NKT cells, a T cell subset
specific for CD1d, predominantly present in mouse liver and also in human liver
chronically infected with HCV (Sandberg & Liunggren, 2005). Quite interestingly,
NKT cells arise in the thymus and are positively selected via interaction with MHC
class I molecules on double-positive CD4+ CD8+ thymocytes (Sandberg & Ljung-
gren, 2005). As far as the trafficking pattern of these cells is concerned, NKT cells
express a chemokine receptor profile very similar to that of Th1 inflammatory cells
(Godfrey & Kronenberg, 2004). Functionally, the interaction between liver DCs and
NKT cells leads to a dramatic release of IFN-γ and IL-4 in the latter (Trobonjaca
et al., 2001). This event might suggest the role played by NKT cells in the initiation
and regulation of the immune response.

Just recently, the role of the chemokine receptor CCR5 has been emphasized
as an important modulator of the inflammatory response in the course of HCV
infection (Ajuebor et al., 2006). In fact, interaction of CCR5 with its intrahepatic
ligands favors the recruitment of Th1 cells into the liver, thus promoting clearance
of HCV during acute infection (Boisvert et al., 2003). Quite interestingly, it seems
that IFN-α possesses the ability to increase expression of CCR5 on T cells during
HCV infection, thus contributing to viral clearance (Yang et al., 2001).

However, further data are required to confirm whether downregulation of CCR5
expression on T cells renders individuals more susceptible to HCV infection.

In HCV infection, B lymphocytes are present intrahepatically and harbor HCV
(Sansonno et al., 1998). Under HCV antigenic pressure, B cells undergo clonal
expansion often associated with generation of rheumatoid factor, which, in turn,
interacts with human MHC class I AGs, thus interfering with peptide recognition
by T cells (Williams et al., 1994). With special reference to auto-antibodies,
antilactoferrin (LF) auto-antibodies have been detected in HCV+ patients and,
mostly, in nonresponders to IFN-α/ribavirin treatment (Amati et al., 2004). In
particular, LF is an iron binding protein endowed with antiviral activity and
able to bind to the lipid A moiety of bacterial endotoxins (Caccavo et al., 1999,
2002). Therefore, production of anti-LF auto-antibodies in HCV disease may
aggravate its clinical course by depotentiating the anti-inflammatory activities
of LF.

Finally, the lack of correlation between a strong Th response and a corresponding
robust antibody response in HCV-infected patients may depend on the attitude of
CD4+ cells to promote CD8+-dependent cytotoxicity rather than immunoglobulin
production (Napoli et al., 1996; Cacciarelli et al., 1996).

As far as hepatic innate immunity is concerned, Kupffer cells (KCs) represent
the largest contigent of resident macrophages (MØ) present in the body (Fax et al.,
1989). KCs are able to capture and present AGs and express the co-stimulatory
CD80 and CD86 molecules (Burgio et al., 1998). In contrast to DCs, KCs do not
migrate out of the liver and present AGs locally (MacPhee et al., 1992). MHC-I-
positive hepatocytes, despite the lack of co-stimulatory molecules (Ni et al., 1999),
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can directly present AGs to uncommitted T cells via ICAM-1 (Bertolino et al.,
1998). KCs are able to recognize AGs via Toll-like receptors (TLRs) with a sub-
sequent release of pro-inflammatory cytokines and oxygen free radicals (Liu et al.,
1998). Therefore, in the course of HCV infection, hyperactivation of KCs can cause
further liver damage through the release of the above-cited mediators (Fearns et al.,
1995). However, a mechanism of hepatic immune tolerance has been established by
liver sinusoidal endothelial cells (LSECs) (Knolle & Limmer, 2001). They behave
as APCs and resemble immature DCs, which are resistant to maturation even under
tumor necrosis factor (TNF)-α and endotoxin stimulation. Functionally, LSECs
attenuate Th1-mediated responses, thus facilitating antibody response. Furthermore,
as far as intrahepatic tolerance is concerned, DCs express IL-10 in the liver, thus
rendering APCs tolerogenic (Goddard et al., 2004). On the other hand, the role of
NKT cells in intrahepatic tolerance is still debated (Godfrey & Kronenberg, 2004).

Quite interestingly, polymorphonuclear cells (PMN) represent 1–2% of the total
nonparenchymal cells found in normal mouse liver (Gregory et al., 1996). In
Listeria-infected mice, a massive infiltration of immigrating PMN and their co-
localization with KCs into the liver have been reported (Gregory et al., 2002).
Listeriae organisms were phagocytosed by PMN and subsequently found within
KCs. PMN and KCs interacted via adhesion molecules [CD11b/CD18(MAC-1) and
CD54(ICAM-1)], and, finally, adherent PMN were ingested and lysed by KCs. This
mechanism can also be interpreted as an attempt by KCs to decrease the release
of inflammatory mediators by activated PMN. The intrahepatic role of PMN has
also been demonstrated by experiments of neutrophil depletion in mice that led to
an accumulation of various bacteria previously inoculated intravenously (IV) (Ver-
drengh & Tarkowski, 1997; Van Andel et al., 1997; Conlan, 1997).

Concurrent Effects of Bacterial Endotoxins in the Course
of HCV Infection

Bacterial endotoxins or lipopolysaccharides (LPS) from the outer cell membrane of
gram-negative bacteria are deeply involved in the pathogenesis of sepsis (Opal et al.,
1999). For cell activation to occur, LPS interact with CD14-bearing inflammatory
cells [monocytes (MO)-MØ, PMN, and endothelial cells] and through TLR-4 lead
to the release of a plethora of pro-inflammatory cytokines, free radicals, platelet acti-
vating factor, complement components, tissue factor, and various noxious mediators
(Wright et al., 1990; Poltorak et al., 1998).

Evidence has been provided that TLRs require accessory molecules for micro-
bial recognition. In the case of LPS binding to TLR-4, LPS binding protein (LBP),
CD14, and MD-2 play specific roles in that LBP and CD14 determine the magni-
tude of LPS responses and type I IFN production (Miyake, 2006). On the other
hand, MD-2 is responsible for ligand binding and receptor activation (Miyake,
2006). Also, in the case of TLR-2, intervention of similar accessory molecules is
needed.
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All these harmful substances participate in the generation of the systemic inflam-
matory response syndrome, and the liver is the principal organ devoted to LPS
detoxification (Jirillo et al., 2002). Experimentally, IV-injected LPS are taken up by
hepatocytes, which seem to be involved in the clearance of these bacterial products
by virtue of CD14 and TLR-4 expressed on their membrane (Vodovotz et al., 2001).
Moreover, as a result of LPS injection into rats, endotoxins have been found in the
bile and then excreted into the gut (Maitra et al., 1981).

In experimental hepatitis the major mediator involved in the liver damage is rep-
resented by tumor necrosis factor (TNF)-α, as demonstrated in mice treated with
D-galactosamine (D-GalN) (Galanos et al., 1979). D-GalN increases the sensitiv-
ity of mice to LPS, and mortality occurs via a massive apoptosis of hepatocytes
(Mignon et al., 1999). In this regard, the role of Fas ligand (FasL) in the induction
of TNF-α-mediated liver apoptosis is quite controversial. In fact, in the LPS-D-
GalN model, a defective Fas or a lack of functional Fas could not prevent mortality
and liver damage (Tannahil et al., 1999). Instead, this was the case in the model
of Corynebacterium parvum LPS, where blockade of FasL with soluble Fas fusion
protein was protective in mice (Kondo et al., 1997).

Another mediator able to cause liver injury in response to LPS is IL-18 released
by KCs. In the murine model, Propionibacterium acnes/LPS-induced liver injury,
IL-18 induced Fas-dependent hepatocyte apoptosis via natural killer (NK) cell-
induced increase of FasL (Tsutsui et al., 2000). This described model of acute liver
damage is similar to that of fulminant hepatitis in mice with a gene transfection of
FasL (Li et al., 2001). Conclusively, this pathogenic mechanism may serve to eluci-
date some aspects of the fulminant hepatitis described in the human HCV infection
(Vento, 2000).

Taken together, the above data indicate that in experimental hepatitis, liver dam-
age occurs through apoptosis and caspases seem to mediate cell death (Van Molle
et al., 1999). Treatment with α1-antitrypsin may represent an anti-apoptotic mecha-
nism, thus indicating that acute-phase proteins are able to prevent caspase activation
(Van Molle et al., 1999).

Finally, a role has been attributed to LPS in ethanol-induced liver injury. There
is evidence that ethanol increases the intestinal permeability to LPS (Enomoto
et al., 1998) and, at the same time, antibiotics and lactobacilli treatments mit-
igate ethanol-dependent hepatic damage by reducing gram-negative intestinal
flora (Adachi et al., 1995; Nanji et al., 1994). In addition, ethanol chronically
administered to CD14 knockout mice generates less damage than that observed
in the wild counterpart (Adachi et al., 1994). On the other hand, ablation of
KCs by gadolinium chloride attenuates ethanol-mediated liver injury since these
cells are the source of pro-inflammatory cytokines in response to LPS (Adachi
et al., 1994). Finally, anti-TNF-α monoclonal antibody treatment (Iimuro et al.,
1997) or the use of receptor-1 knockout mice (Yin et al., 2001) prevents hep-
atic damage caused by ethanol, thus further supporting the role of LPS in this
pathology.

In humans, the presence of endotoxins in liver disease has been documented
in many reports. Several authors have found endotoxemia cirrhotic patients, and
it seems that amounts of LPS progressively augment as liver function deteriorates
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(Nolan, 1975; Liehz et al., 1976; Prytz et al., 1976). This last finding may be pre-
dictive of short-term survival in cirrhosis (Chan et al., 1997). Furthermore, the evi-
dence for a reduced phagocytic activity of KCs in cirrhosis may be the cause of
endotoxemia in this clinical condition (Kuratsune et al., 1983). In this framework,
it should be mentioned that postoperative hepatic failure in cirrhotic patients seems
to be the result of an exaggerated release of pro-inflammatory cytokines by primed
MØ activated by LPS spilling over in the blood during hepatic resection (Sato et al.,
1997).

In other related studies conducted in HCV patients, a correlation was found
between endotoxemia and elevated levels of serum CD14 (Jirillo et al., 1998). Sim-
ilar findings were also reported in the case of alcoholic cirrhosis and HBV infection
(Oesterreicher et al., 1995).

Over recent years, a number of investigations have attempted to clarify the ori-
gin of endotoxemia in the course of HCV infection. Quite interestingly, in HCV
infection a defect of innate immunity has been described in terms of the reduced
ability of phagocytosis and killing exerted by PMN and MO (Jirillo et al., 1995,
1996). Moreover, T-cell-mediated antibacterial activity was also impaired in these
patients as a further demonstration of natural immunity depression (Jirillo et al.,
1995, 1996). Therefore, gram-negative bacteria can gain easier access into the HCV
host with subsequent liberation of endotoxins at systemic or tissue levels. At the
same time, the altered architecture of the liver can reduce its detoxifying capac-
ity, thus leading to the accumulation of various toxic products into the host, even
including LPS (Jirillo et al., 2000). In relevance to this event, bacterial toxins of
intestinal derivation, accumulated in the HCV-infected liver because of a putative
altered intestinal permeability, may further aggravate the hepatic damage (Jirillo
et al., 2000).

These data are in agreement with a recent view according to which activation of
the innate immune system in the liver abrogates APC tolerance, thus avoiding T cell
apoptosis (Bowen et al., 2005). Consequentially, increased survival of CD8+ cells
gives rise to a more efficient intrahepatic cytotoxicity.

On these grounds, our group has conducted a series of investigations on the
putative effects of endotoxins in HCV patients receiving 6 months’ treatment with
IFN-α/ribavirin (RIB) (Amati et al., 2002; Caradonna et al., 2002). Before ther-
apy (T0), HCV individuals were subdivided into two groups—endotoxemic and
nonendotoxemic—in order to evaluate the influence of LPS on their immune status.
Thus, at T0, in endotoxemic HCV+ patients, absolute numbers of CD3+, CD4+,
CD14+, and CD19+ cells were higher than those observed in the non-endotoxemic
HCV+ counterpart.

Additionally, MO intracellular content of TNF-α and IL-1β was more elevated
in endotoxemic patients than in non-endotoxemic ones under resting conditions.
Following in vitro LPS stimulation of MO, in endotoxemic individuals values of
these cytokines were even higher than in non-endotoxemic ones. The same group
of patients, divided into responders and non-responders at the end of IFN-α/RIB
treatment over a period of six months (T6), was immunologically re-evaluated.
In responders, endotoxemia present at T0 was no longer detectable, while non-
responders were still endotoxemic.-
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Quite interestingly, in responders there was a parallel increase of serum levels of
IFN-γ and IL-10, while in non-responders the increase in IFN-γ was not paralleled
by an equivalent increase in IL-10.

Consequently, in non-responders the MO intracellular content of IL-1β and TNF-
α was more elevated than in responders. Taken together, all these data suggest that
in responders to IFN-α/RIB treatment a re-equilibrium between Th1 (inflamma-
tory) and Th2 (anti-inflammatory) cytokines occurs. As a result of this balance,
bacterial AGs, even including LPS, can be neutralized in a more efficient way
by the effects of intestinal and hepatic phagocytes as well as of epithelial and
liver endothelial cells. Binding and/or de-activation of LPS or enhanced phago-
cytosis of opsonized microorganisms seem to be the major immune mechanisms
elicited in response to a successful treatment with IFN-α/RIB. In relevance to
the above-described mechanisms, it has been hypothesized that in patients who
resolve HCV infection depression of the innate immune response might not occur,
thus leading to a breaking of intrahepatic tolerance (Rehermann & Nascimbeni,
2005). Resulting inflammatory status may be beneficial to the host in terms of HCV
eradication.

In non-responders, the lack of anti-inflammatory activity exerted by IL-10 seems
to be responsible for MO hyperactivation, as evidenced by the more elevated content
of pro-inflammatory cytokines (IL-1β and TNF-α) in these cells. Similar findings
have been reported in alcoholic cirrhosis, where a decreased release of IL-10 from
MO in response to LPS has been discovered (Le Moine et al., 1995). Consequently,
exaggerated secretion of TNF-α in alcoholic cirrhosis may be attributed to the
observed lack of IL-10 production.

In HCV+ non-responder patients, hepatic and/or systemic oversecretion of pro-
inflammatory cytokines aggravates liver damage. In particular, IL-1β in vivo is able
to inhibit IFN-α/β-induced Stat1 tyrosine phosphorylation, thus hampering IFN-
mediated antiviral activity (Tian et al., 2000). Conversely, in Stat1 knockout mice,
IFN-dependent signaling pathways are absent, thus provoking a reduced antimi-
crobial immune response. According to these data, IL-1β may account for refrac-
toriness to IFN-α therapy in HCV disease, thus representing a putative therapeutic
target in this pathology (Diehl, 1999).

The Role of β-Glucans in the Course of HCV Infection

β-glucans (BG) are natural polysaccharides that represent normal components of
the cell wall of fungi and bacteria, as well as of oats, barley, and yeast (Williams
et al., 1998). BG are ubiquitously distributed in the environment and, therefore,
living organisms possess pattern recognition molecules able to interact with these
polysaccharides (Amati et al., 2005b). In fungi, in addition to polysaccharides, gly-
coproteins (mannoproteins) are also present, and, in particular, mannose residues
can elicit a robust immune response into a susceptible host (Williams et al., 1998;
Fraser et al., 2006). Here, emphasis will be placed on BG, whose ability to regulate
immune response will be illustrated below.
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As far as the interaction of BG with phagocytes and, in particular, with MØ
is concerned, besides the MØ mannose receptor and the complement receptor 3,
dectin-1 has recently been considered as the major MØ receptor for these molecules
(Brown et al., 2002). LPS and BG activate MØ, both leading to an increase in
NFKB (Underhill & Olinsky, 2002; Gantner et al., 2003). However, LPS utilize
TLR-4 on MØ (Underhill & Olinsky, 2002), while BG activate MØ in TLR-4-
deficient mice for the production of TNF-α (Kataoka et al., 2002). By contrast, in
mice with a defect in the adapter protein MyD88, the BG-induced MØ response
is lower than that observed in the wild-type murine counterpart (Marr et al.,
2003). These data indicate that LPS and BG share some common postreceptorial
pathways.

According to current literature, BG seem to be protective toward LPS-mediated
toxic effects. In this respect, mice administered with BG before the induction of
sepsis (cecal ligation and puncture) underwent less mortality than untreated ani-
mals (Williams et al., 1999). Actually, preadministration of BG correlates with less
expression of TLR-2 and TLR-4 mRNA and less concentration of serum TLR-4.
This mechanism of downregulation of LPS-induced NFKB activation could depend
on BG-mediated inhibition of IKKβ kinase activity and altered phosporylation and
degradation of IKβ-α (Williams et al., 2002).

In vitro studies with BG are quite controversial. In fact, it has been demonstrated
that peripheral blood mononuclear cells and murine MØ, stimulated with BG, pro-
duced IL-1 and TNF-α (Abel & Czop, 1992; Seljelial et al., 1989). However, murine
MØ pretreated with BG and then stimulated with LPS produced higher amounts of
IL-6, while TNF-α production was suppressed (Soltys & Quinn, 1999). In gen-
eral terms, according to studies in an in vitro human model, BG seem to promote
production of IL-8 and IL-10 and to suppress IL-2 and IFN-γ release from Th-1
cells in response to endotoxins (Nakagawa et al., 2003). Furthermore, it is worth
mentioning that other investigations have emphasized the role of BG in the release
of TNF-α from zymosan-activated MØ or in the upregulation of immunocompetent
cell response, by their own or in synergy with LPS (Engstad et al., 2002). However,
all the above discrepancies can be explained by the concentration of BG present in a
given host. For instance, Hoffman et al. (1993) found that concentrations of BG less
than 500 μg suppressed TNF-α release from rat alveolar MØ, while concentrations
greater than 500 μg enhanced production of this cytokine in response to LPS.

In order to evaluate the effects of BG on the immune response in HCV patients
undergoing IFN-α/RIB therapy, endotoxemia and β-glucanemia were measured
in their blood at T0 and T6, respectively, as previously described in this chap-
ter. Patients were subdivided into two subsets, LPS+/BG+ and LPS-/BG+, respec-
tively, and then immune parameters were determined (Amati et al., 2005a). When
serum levels of BG and plasma endotoxins were evaluated, endotoxemia, at T0, was
detected in 22 of 46 patients, while BG were present in the sera of 44 of 46 patients.
At T6, among 41 patients evaluated, endotoxemia was detected in 20 of them, while
β-glucanemia was present in 38 individuals.

In terms of absolute numbers and percentage of lymphocyte phenotypes, no sig-
nificant differences were observed between patients (at T0 and at T6) and normal
donors. Quite interestingly, when patients were divided into two subsets, namely
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LPS+/BG+ and LPS-/BG+ subjects, some interesting findings emerged. In partic-
ular, at T6 vs. T0, in the LPS-/BG+ subset there was an increase of CD3-CD8+
cells (a subset of NK cells) and of CD71+ cells (Figure 1), while memory cells
(CD45RO+ cells) decreased (Figure 2). In the LPS+/BG+ counterpart, similar find-
ings were not detected.

Fig. 1 Absolute numbers of HCV+ CD3-CD8+ cells (A) and of CD71+ cells (B). Samples from
HCV+ LPS-/BG+ patients were analyzed at T0 and at T6, respectively, on a FACSCalibur [(Bec-
ton Dickinson Immunocytometry System, San Josè, CA (BDIS)] by cell surface staining with
FITC/PE/FITC-conjugated monoclonal antibodies to CD3, CD8, and CD71 antigens, respectively
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Fig. 1 Continued

Fig. 2 Absolute numbers of
HCV+ CD45RO+ cells. Sam-
ples from HCV+ LPS-/BG+
patients were analyzed at T0
and at T6, respectively, on a
FACSCalibur (Becton Dickin-
son) by cell surface staining
with FITC-conjugated mono-
clonal antibodies to CD45RO
antigen

In another set of experiments, at T0, a correlation between LPS/BG levels and
immune/enzymatic parameters was performed in LPS+ BG+ HCV+ patients. A
negative correlation was found with CD25+ cells, gamma glutamyl transpeptidase
(γ-GT) values, total bilirubin, and direct bilirubin. On the other hand, no significant
correlations were found in the case of LPS-/BG+ patients. Furthermore, at T6, in
the LPS+/BG+ patients a positive correlation was detected with CD3+ and CD4+
cells, glutamic-ossalacetic transaminase (GOT) and glutamil-piruvic transaminase
(GPT) and direct bilirubin. Quite interestingly, at T6, in the LPS-/BG+ counterpart a
positive correlation was determined with CD25+ (Figure 3) and CD95+ cells
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Fig. 3 Correlation between β-glucan serum concentration and absolute numbers of CD25+ cells,
at T6, in LPS-/BG+ HCV+ patients. Spearman’s rho = 0.42; p = 0.06

Fig. 4 Correlation between β-glucan serum concentration and absolute numbers CD95+ cells, at
T6, in LPS-/BG+ HCV+ patients. Spearman’s rho = 0.48; p = 0.03
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Fig. 5 Correlation between β-glucan serum concentration and GPT levels, at T6, in LPS-/BG+
HCV+ patients. Spearman’s rho = 0.45; p = 0.04

(Figure 4) and GPT concentration (Figure 5), respectively. Conversely, a negative
correlation was observed in the case of total bilirubin and direct bilirubin.

Conclusions

Taken together, the bulk of data reported in the previous sections clearly indicates
the presence of both circulating endotoxins and BG in HCV+ patients before and
after IFN-α/RIB therapy.

In the case of LPS, in responders endotoxemia is no longer detectable, while
the status of a non-responder coincides with the presence of plasma LPS. On the
other hand, at T6, levels of β-glucanemia are present in a percentage similar to that
observed at T0. This suggests that therapy with IFN-α /RIB does not influence BG
concentration.

The pathogenic mechanism accounting for the presence of circulating BG in
HCV+ patients could be the same as that invoked in the case of endotoxemia. In
fact, the impaired natural immunity in HCV disease, the reduced hepatic clear-
ance exerted by KCs toward fungi and/or their components, and the increased
intestinal permeability may represent important cofactors in the generation of glu-
canemia in an elevated percentage of patients (Amati et al., 2002; Jirillo et al.,
1998).

As far as the role of LPS is concerned in HCV disease, our previous data have
pointed out that, after IFN-α/RIB treatment in HCV+ patients, non-responders were
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still endotoxemic while responders were no longer endotoxemic (Amati et al., 2002;
Caradonna et al., 2002). Endotoxemia was associated with an increased content of
IL-1β and TNF-α in MO and with an exaggerated production of NO (Caradonna
et al., 2002). On the contrary, in responders the increased release of IL-10 led to
an anti-inflammatory response that neutralized the production of pro-inflammatory
cytokines (Caradonna et al., 2002). Conclusively, in non-responders the uncon-
trolled inflammatory process could aggravate liver damage (Amati et al., 2002;
Caradonna et al., 2002).

To the best of our knowledge, here we have provided the first evidence on the
relationship between β-glucanemia and liver function in HCV disease. In fact, at
T6, in HCV+ patients who were LPS+/BG+, we have determined a positive corre-
lation with GOT, GPT, and direct bilirubin serum levels, respectively. By the way,
in the LPS+/BG+ patients, at T0, a negative correlation was found with levels of
γ-GT and direct and total bilirubin. On the other hand, in the LPS-/BG+ subjects
at T6, a negative correlation was detected with total and direct bilirubin, respec-
tively. In addition, no correlation was found with GOT, while a positive correlation
was determined with GPT only. Taken together, these data suggest that BG con-
tribute to a lesser extent to the hepatic damage in the course of HCV disease, while
LPS seem to exert more noxious effects on the liver (Jirillo et al., 2002). In this
respect, evidence has been provided that intrahepatic DCs and LSECs are refrac-
tory to LPS effects (De Creus et al., 2005; Uhrig et al., 2005). Therefore, abroga-
tion of LPS tolerance in HCV+ non-responder patients might contribute to disease
progression. In addition, at T6, the presence of circulating BG, in the absence of
LPS, is associated with an increase in CD3-CD8+ cells, a subset of NK cells, in
CD71+ cells, and with a decrease in CD45RO+ cells, while positively correlating
with CD25+ and CD95+ cells. By contrast, at T0, in LPS+/BG+ patients a neg-
ative correlation was found with CD25+ cells. Collectively, these findings allow
us to formulate the following hypothesis. In HCV disease, BG seem to expand
the pool of CD25+ cells and likely of CD4+CD25+ T regulatory (TREG) cells.
TREG cells could exert a potent anti-inflammatory activity via production of IL-10
and Transforming Growth Factor β. In support of this view, we provided clear-cut
evidence that serum levels of IL-10 are increased in HCV+ patients who termi-
nated IFN-α/RIB treatment free of circulating endotoxins (Caradonna et al., 2002).
In a recent paper by Finkelman et al. (2006), evidence has been provided that
allergen extracts contaminated with the highest content of BG are those endowed
with the most successful therapeutic properties in allergic diseases. In particular,
an effective allergen immunotherapy is associated with an increase in circulating
IL10+ CD4+ CD25+ T cells and in mucosal IFN-γ-secreting T cells (Francis et al.,
2003).

Just recently, according to a review by Sutmuller et al. (2006), Candida
albicans infection leads to an immunosuppressive pathway mediated through
TLR-2 and subsequent generation of TREG cells. At the same time, Candida
glucans via Dectin-1/TLR-2 on MØ mediates an IL-10-dependent immunosup-
pression. Collectively, these data indicate that BG-mediated anti-inflammatory
and immunosuppressive activities could reduce the hepatic damage in HCV
infection.
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Another important finding is represented by the increase of CD3- CD8+ cells
in LPS-/BG+ patients. In general terms, NK cells are able to either exert a direct
antimicrobial effect or modulate the innate or adaptive immune response via pro-
duction of IFN-γ (Sher et al., 1993). At the moment, in our group of patients the
expansion of this subset of NK cells is difficult to interpret; however, it may con-
tribute to the observed increase of serum IFN-γ in responders to IFN-γ/RIB therapy
(Amati et al., 2002; Caradonna et al., 2002).

With regard to other T cell surface markers in the LPS-/BG+ subset, the increase
in CD71+ cells might be related to the expansion of CD25+ cells and NK cells. On
the other hand, the increase of CD95+ cells could imply an apoptosis of CD45+RO
cells, whose number is decreased, as previously reported in this chapter. These T
memory cells likely comprise CD4+ and CD8+ cells specific for viral epitopes and,
therefore, actively involved in the hepatolysis. In this respect, evidence has been
provided that in vivo soluble BG could enhance spontaneous lymphocyte apop-
tosis, thus contributing to the multiple anti-inflammatory activities of the entire
molecule (Abel & Czop, 2002). Conversely, in the LPS+/BG+ subset, a posi-
tive correlation was found with CD3+ and CD4+ cells, thus suggesting a con-
tinuous proliferation of T effector cells capable of maintaining the inflammatory
status.

Quite interestingly, in mice BG abrogate induction of endotoxin tolerance leads
to an increased expression of IFN-γ in response to IL-12 and IL-18 (Sherwood et al.,
2001). The ability of BG to augment the expression of IFN-γ in LPS-tolerant mice
suggests their potential use in the recovery of trauma and sepsis-induced immuno-
suppression. Therefore, also in HCV+ patients with endotoxemia, BG could con-
tribute to the host protection by enhancing antimicrobial immunity, also attenuating
the noxious effect of LPS. At the same time, BG in the absence of LPS may express
with higher potency their beneficial role for the host, thus contributing to HCV
eradication.

In summary, the HCV+ host is under multiple antigenic challenges (e.g., bacteria
and fungi), and the mutual balance between LPS- and BG-induced regulation of
the immune system may have important clinical reflections in terms of response
or refractoriness to IFN-α/RIB therapy. This fact may correlate with the hypothesis
according to which activation of the innate immune system abrogates APC tolerance
in the liver, thus rendering CD8+ cells more efficient in their cytotoxic response
(Bowen et al., 2005). On the other hand, Wuensch et al. (2006) have demonstrated
that infecting hepatocytes with an adeno-associated virus vector, T cell activation
is exclusively intrahepatic and does not lead to liver tolerance. In this case local
CD8+ cell activation seems to bypass the need for CD4+ T cell help, thus indicating
that the liver immune response and tolerance also depend on the type of antigenic
challenge involved.

Conclusively, these findings suggest that BG may represent potential new drugs
for mitigating the exaggerated hepatic inflammation induced by LPS or other micro-
bial AGs that have entered the HCV+ host. Therefore, calibration of intrahep-
atic activation of the immune system in HCV disease seems essential for erad-
icating the virus on the one hand and for avoiding liver damage on the other
hand.
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Interferon-Induced Effector Proteins
and Hepatitis C Virus Replication

Michael Frese∗ and Eva Dazert

Abstract Hepatitis C virus (HCV) is a small, enveloped RNA virus that is often
capable of establishing a persistent infection, which may lead to chronic liver
disease, cirrhosis, hepatocellular carcinoma, and eventually death. For more than
20 years, hepatitis C patients have been treated with interferon-alpha (IFN-α).
Current treatment usually consists of polyethylene glycol-conjugated IFN-α that
is combined with ribavirin, but even the most advanced IFN-based therapies are
still ineffective in eliminating the virus from a large proportion of individuals.
Therefore, a better understanding of the IFN-induced innate immune response is
urgently needed. By using selectable self-replicating RNAs (replicons) and, more
recently, recombinant full-length genomes, many groups have tried to elucidate
the mechanism(s) by which IFNs inhibit HCV replication. This chapter attempts
to summarize the current state of knowledge in this interesting field of HCV
research.

Introduction

Interferons and the Antiviral State

Interferons (IFNs) are a diverse class of cytokines with key functions in the innate
immune response to viruses (reviewed in Pestka et al., 2004; Goodbourn et al., 2000;
Samuel, 2001). Three types of IFNs can be distinguished that have partially overlap-
ping biological properties. Type I IFNs are secreted by most virus-infected cells and
by a highly specialized leukocyte population, termed natural IFN-producing cells
or plasmacytoid dendritic cells (Colonna et al., 2002). The human genome contains
many type I IFN genes encoding 12 IFN-α subtypes, IFN-β, IFN-ε, IFN-κ, and
IFN-ω. The reason why the human genome encodes so many IFN-α subtypes is
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not known but has been speculated that different subtypes elicit a slightly differ-
ent antiviral response. Furthermore, it is tempting to speculate that the most recent
multiplication of IFN-α genes is a consequence of an ongoing arms race between
viruses that encode soluble IFN receptors and the innate immune defense system.
Type I IFN genes differ from all other IFN genes by the fact that they lack introns.

Recently, three distantly related cytokines have been identified that share
sequence similarities with type I IFNs and the interleukin-10 (IL-10) family.
Accordingly, these cytokines have been named IFN-λ1, IFN-λ2, and IFN-λ3
(Kotenko et al., 2003) or IL-29, IL-28A, and IL-28B, respectively (Sheppard et al.,
2003). Although it seems that many biological properties of this most recently
discovered group of IFN-like cytokines resemble those of type I IFNs, they are
referred to as type III IFNs.

In contrast to types I and III IFNs, of which numerous genes have been identified,
the human genome contains only one type II IFN gene. The gene product, IFN-γ,
is only expressed in specialized immune cells such as activated T lymphocytes and
natural killer (NK) cells.

All types of IFNs bind to highly specific cell surface receptors that trigger the
phosphorylation and nuclear translocation of a family of latent transcription fac-
tors, known as signal transducers and activators of transcription (STATs). Type I
IFNs bind to the IFN-α receptor (IFNAR), which leads to the formation of the
IFN-stimulated gene factor-3 (ISGF-3), a heterotrimer consisting of STAT1, STAT2,
and IFN-response factor-9 (IRF-9/p48). ISGF-3 activates gene transcription via the
IFN-stimulated response element (ISRE). Type III IFNs bind to a different receptor
complex consisting of the IFNLR1/IL-28Rα subunit and the IL-10β subunit (Don-
nelly et al., 2004) but nevertheless trigger a signaling cascade that is very similar
to that of type I IFNs (Doyle et al., 2006). A slightly different signaling pathway
has been described for IFN-γ. The type II IFN binds to the IFN-γ receptor (IFNGR)
which leads to the phosphorytation of the gamma activation factor (GAF), a phos-
phorylated STAT1 homodimer, is translocated to the nucleus, where it enhances
gene expression by binding to the gamma activation site (GAS). Beside these well-
established signaling pathways, alternative pathways have been described, but their
contribution to the antiviral activity of IFN remains to be further elucidated (Pestka
et al., 2004).

Types I and III IFNs are believed to execute their antiviral activities through the
induction of proteins that accumulate inside an infected host cell. These effector
proteins may interfere with distinct steps in viral replication or trigger the degra-
dation of viral RNAs. By contrast, IFN-γ predominantly induces the expression
of proteins with systemic functions, such as those involved in antigen process-
ing and presentation. In addition, IFN-γ induces the expression and release of
chemokines that activate and orchestrate the adaptive immune response (e.g., IP-
10). However, at least in some virus infections, IFN-γ may also contribute to the
establishment of an antiviral state by the induction of proteins with direct antiviral
activities (reviewed in Guidotti & Chisari, 2001). Of note, all IFNs that have been
tested so far inhibit hepatitis C virus (HCV) RNA replication in cultured cells,
although differences have been noted in respect to the IC50 and the kinetics of
inhibition.
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HCV Replication

HCV is a member of the genus Hepacivirus that belongs to the family Flaviviridae
(van Regenmortel et al., 2000). HCV isolates can be grouped into at least 6 geno-
types that differ in their nucleotide sequence by 31% to 34%. Furthermore, within a
given genotype, subtypes can be defined that differ in their nucleotide sequence by
20% to 23%. Different genotypes show a remarkable degree of heterogeneity with
respect to antiviral treatment (McHutchison & Fried, 2003). For example, only 50%
of patients infected with genotype 1 mount a sustained antiviral response, whereas
80% to 90% of those infected with genotype 2 and genotype 3 viruses do so. This
is of immediate medical significance, and numerous attempts have been made to
identify the viral factor(s) that determine the outcome of current IFN therapies. The
underlying molecular mechanisms are, however, still controversial.

HCV has a ∼9.6-kb single-stranded RNA genome of positive polarity (reviewed
in Bartenschlager et al., 2004). The genome encodes a large polyprotein that is co-
and post-transcriptionally cleaved by cellular and viral proteinases into 10 proteins
(core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The production
of an additional protein (F) by ribosomal frame shifting has been reported, but its
function remains to be defined. The coding sequence is flanked by nontranslated
regions (NTRs) that are important for RNA translation (5′NTR) and replication
(5′ and 3′NTR). Both NTRs are highly structured and contain numerous stem loops,
most notably in the internal ribosome entry site (IRES) of the 5′NTR (Honda et al.,
1999) but also in other regions such as the X-tail sequence of the 3′NTR (Blight &
Rice, 1997). Furthermore, NTR sequences have been shown to interact with com-
plementary coding sequences, which further increases the amount of intramolecular
base pairing (Kim et al., 2003; Friebe et al., 2005). Figure 1 shows the organization
of the HCV genome and depicts some of its key structural elements. The figure
also summarizes major protein functions, including those that counteract the innate
immune response.

HCV replication takes place in the cytoplasm of persistently infected hepato-
cytes, the principal host cells of the virus. Detailed information on the mode of RNA
replication is not available for HCV, but by analogy to other flaviviruses (Westaway
et al., 2002), it has been proposed that the incoming positive-stranded RNA genome
is used as a template for the synthesis of a negative-stranded RNA molecule that
remains base-paired with its template. The resulting double-stranded RNA (also
called “replicative form”) is then transcribed multiple times, which results in the
generation of numerous full-length, positive-stranded progeny RNAs that may used
for replication, translation, or packaging into newly formed virus particles (for
details, see Bartenschlager et al., 2004).

Interferon Production in HCV-Infected Cells

Double-stranded RNA that is formed by intramolecular base pairing between com-
plementary sequences of positive-stranded HCV RNAs or during viral replication
should alert the double-stranded RNA detection system of the host cell. This would
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Fig. 1 HCV genome organization, presumed protein functions, and RNA secondary structures.
The virus genome contains a large open reading frame (ORF) that encodes all major viral proteins
and an alternative ORF that encodes the frame shift protein (F), which has an unknown function.
The structural proteins C, E1, E2, and p7 are liberated from the polyprotein by cellular signal
peptidases, and all other cleavages are performed by viral proteases. RNA secondary structures
are drawn according to Blight & Rice (1997), Honda et al. (1999), You et al. (2004), and Friebe
et al. (2005). Black dots indicate the position of the start and the stop codon of the large ORF.
The minimum regions in the 5′ and 3′ nontranslated regions (NTRs) required for replication and
initiation of translation are encircled with dotted lines. RdRp, RNA-dependent RNA polymerase;
IRES, internal ribosome entry site; 5BSL3.2, stem loop 3.2 within the coding sequence of NS5B

normally result in the production of type I IFNs and the subsequent expression of
IFN-induced effector proteins, which in turn would establish an antiviral state in
the IFN-producing cell itself and in neighboring cells. HCV-infected hepatocytes,
however, seem not to produce much IFN, as liver biopsy samples of most chronic
hepatitis C patients lack detectable amounts of type I IFN mRNAs (Mihm et al.,
2004). This finding is in line with the observation that cultured human hepatoma
cells produce only small amounts of IFNs in response to viral infections or other
stimuli such as poly(inosine[I])-poly(cytosine[C]), suggesting that human hepato-
cytes are generally rather poor IFN producers (Keskinen et al., 1999). However,
primary chimpanzee and tamarin hepatocytes were found to be highly responsive
to poly(I)-poly(C), which raises the question of why the liver of chronic hepatitis C
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patients does not contain type I IFNs (Lanford et al., 2003). This enigma has recently
been solved by Foy and co-workers, who reported that the HCV NS3/4A protease
interferes with the ability of cells to sense double-stranded RNA (Foy et al., 2003).
NS3/4A-mediated cleavage of the adaptor protein TRIF reduces its abundance and
inhibits poly(I)-poly(C)-activated signaling through the Toll-like receptor 3 path-
way before its bifurcation to IRF-3 and nuclear factor-κB (NFκB)-mediated gene
activation pathways (Li et al., 2005). Furthermore, NS3/4A cleaves the adapter pro-
tein MAVS/IPS-1/VISA/Cardif, which interrupts the signaling between the double-
stranded RNA binding protein RIG-I and kinases that phosphorylate the IFN regula-
tory factors IRF-3 and IRF-7 (Meylan et al., 2005). This act of sabotage efficiently
prevents the nuclear import of the latent transcription factors IRF-3 and IRF-7, a
crucial step in the activation of type I IFN gene transcription (reviewed by Hiscott
et al., 2006). Taken together, these findings suggest that HCV-infected hepatocytes
are prevented from producing the amount of type I IFN that is needed to assist virus
clearance. Nevertheless, type I IFN-induced mRNAs/proteins are readily detectable
in liver biopsies of hepatitis C patients, even in liver samples that do not contain
detectable amounts of type I IFN mRNAs (Mihm et al., 2004). This begs the ques-
tion as to where the IFN that is not locally produced comes from. According to
Mihm and co-workers, natural IFN-producing cells or plasmacytoid dendritic cells
may represent an important extrahepatic source of IFN in hepatitis C patients (Mihm
et al., 2004). However, natural IFN-producing cells have the propensity to migrate to
secondary lymphoid organs rather than to sites of inflammation (Penna et al., 2002).
As a consequence, the expression of type I IFN-induced proteins may never reach
levels required to eliminate the virus from already infected cells and/or to prevent
the infection of new host cells.

Recombinant Interferon as an Antiviral Agent

All currently licensed HCV therapies rely on the antiviral activity of type I IFN
(mostly polyethylene glycol-conjugated IFN-α2) that is given alone or in combina-
tion with ribavirin. The administration of recombinant IFN bypasses the block of
IFN production in HCV-infected host cells and dramatically increases the expression
of type I IFN-induced proteins throughout the body. This leads in most cases to
a rapid decline of HCV RNA levels (first-phase response), which is believed to
reflect an inhibition of virus replication. Later on, HCV RNA levels decline more
gradually (second-phase response) as the liver is cleared of virus-infected cells
(Neumann et al., 1998; Layden & Layden, 2002). Although IFN-α initially reduces
the viral load in almost all patients, a sustained response (as defined by the loss of
detectable HCV RNA during therapy and its continued absence for at least 6 months
after the treatment has been ended) is not experienced by all patients. Especially
those patients who suffer from an infection with genotype 1b viruses often fail to
eradicate the virus (Manns et al., 2001; Fried et al., 2002). The correlation between
therapy success and the infecting genotype suggests the involvement of viral factors,
but the underlying molecular mechanisms are not yet understood.
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With the development of HCV replicons (Lohmann et al., 1999), it became
possible to analyze the role of individual cytokines in the innate immune response
against HCV. Because most patients respond, at least initially, to a treatment with
IFN-α, it was not unexpected that this IFN and other type I IFNs also block RNA
replication of different HCV genotypes in human hepatoma cells (Blight et al.,
2000; Frese et al., 2001; Guo et al., 2001; Cheney et al., 2002; Larkin et al.,
2003; Okuse et al., 2005; Windisch et al., 2005; Miyamoto et al., 2006) and in
cells of nonhepatic origin, e.g., HeLa cells (Guo et al., 2003) and 293 cells (Ali
et al., 2004). Similar results were obtained by using type III IFNs (Robek et al.,
2005; Marcello et al., 2006) and IFN-γ (Cheney et al., 2002; Frese et al., 2002)
but not other antivirally active cytokines such as TNF-α (Frese et al., 2003). The
idea that IFN-γ enforces the critical first line of defense in the HCV-infected liver
was further elaborated by Li and co-workers, who demonstrated in a co-culture
experiment that NK cells block HCV replication in Huh-7 cells through the secre-
tion of IFN-γ (Li et al., 2004). Clinical data are limited and it is still contro-
versial discussed whether hepatitis C patients benefit from IFN-γ administrations.
Nevertheless, it is interesting to note that types I and II IFNs inhibit HCV RNA
replication in Huh-7 cells in a highly synergistic manner (Larkin et al., 2003;
Okuse et al., 2005). Given the power of combination therapies in the treatment
of other persistent virus infections, it might be rewarding to elucidate the mecha-
nism(s) responsible for the observed synergistic antiviral effects of different IFN
types. For example, do IFN-α and IFN-γ enhance the expression level of one or
more effector proteins in a synergistic manner as suggested by Tan et al. (2005),
or do they induce the expression of different, IFN type-specific effector proteins
that interfere with more than one step of the HCV life cycle as suggested by
Windisch et al. (2005)? The answers to these questions may help physicians to
predict the outcome of IFN therapies and lead to the improvement of IFN-based
therapies.

IFN-Induced Proteins That May Inhibit HCV Replication

General Remarks

Several attempts have been made to analyze systematically the IFN-induced changes
in the gene expression of HCV host cells. In one approach, liver biopsy samples
were taken from expetimentally infected chimpanzees and the gene expression pro-
file was monitored by using cDNA microarrays. The results revealed that the infec-
tion of the liver rapidly leads to the upregulation of numerous genes including those
encoding well-known IFN-induced effector proteins such as the chimpanzee homo-
logue of MxA (Bigger et al., 2001; Su et al., 2002). In both studies, the expression
of MxA and that of other type I IFN-induced proteins correlated with the magni-
tude and duration of the infection. However, transient and sustained viral clearances
were rather associated with the production of IFN-γ and the subsequent expression
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of type II IFN-induced genes, suggesting a biphasic course of the innate immune
response and a crucial role for IFN-γ in virus clearance.

In another approach, cDNA microarrays were used to analyze IFN-induced
changes in the gene expression profile of cultured human cells containing HCV
replicons (Zhu et al., 2003; Hayashi et al., 2005). Even if these and similar studies
did not lead to the identification of the effector proteins that inhibit HCV replica-
tion in IFN-stimulated cells, they will guide present and future investigations by
suggesting potential candidate genes. The contribution of some of the most promi-
nent IFN-induced effector proteins (Figure 2) to the IFN-induced inhibition of HCV
replication is discussed in the following paragraphs.

Fig. 2 Antiviral pathways that may contribute to the establishment of the so-called antiviral state
in IFN-stimulated human cells. From left to right: The MxA GTPase inhibits viral replication by
missorting and trapping of viral components into large membrane-associated complexes (the role
of GTP hydrolysis in this process is not fully understood). Three different IFN-induced oligoad-
enylate synthetases (OAS1, OAS2, and OAS3) are encoded by the human genome. Binding to
double-stranded RNA (dsRNA) leads to hetero- and/or homo-oligomerization and subsequently to
the production of oligoadenylates with a 2′,5′-phosphodiester bond linkage. These 2-5A oligonu-
cleotides activate the latent endoribo-nuclease RNase L, which leads to the degradation of viral
and cellular RNAs (in some cell types, the expression of RNase L is also regulated by IFNs). The
p150 isoform of the adenosine deaminase ADAR1 binds to double-stranded RNA and catalyzes
the conversion of adenosine to inosine (A to I). Such editing may occur selectivity at one or a
few positions, or more frequently, at a large number of sites. Editing of viral RNAs may change
the coding sequence, activate an I-specific RNase, and/or destroy RNA secondary structures by
disrupting adenosine/uracil base pairings. The double-stranded RNA-activated protein kinase PKR
may block viral protein translation by the phosphorylation and thereby inactivation of the eukary-
otic initiation factor eIF2a. Furthermore, PKR may activate intracellular signaling pathways that
contribute to the establishment of a robust antiviral response. The inducible nitric oxide synthetase
NOS2 produces large amounts of nitric oxide (NO), which is implicated in a variety of immune
functions such as the activation of macrophages
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MxA

Mx proteins belong to the superfamily of dynamin-like large GTPases and their
expression is tightly regulated by type I and type III IFNs (Holzinger et al, 2007;
reviewed in Haller & Kochs, 2002; Haller et al, 2007). Of the two human Mx pro-
teins, MxA and MxB, only MxA has demonstrable antiviral activity. MxA is a cyto-
plasmic protein with a size of ∼78 kDa that has been shown to inhibit the replication
of a broad variety of RNA viruses. Cell culture experiments demonstrate that MxA
inhibits orthomyxoviruses, bunyaviruses, rhabdoviruses, birnaviruses, reoviruses,
and togaviruses (Mundt 2007 reviewed in Haller et al., 1999). In some cases, viral
replication is almost completely blocked by MxA. For example, stably transfected
Vero cells that constitutively express MxA produce up to 1,000,000-fold lower virus
titers than control cells that did not express any Mx proteins (Frese et al., 1995).
The antiviral effect of MxA has also been analyzed in vivo by using transgenic
mice that constitutively express the human MxA protein but lack functional mouse
Mx proteins and mice that constitutively express MxA but cannot mount a proper
IFN-induced antiviral response due to a disruption in the gene for the β subunit
of the IFN type I receptor. In both cases, MxA-expressing animals were found to
be completely resistant to Thogoto virus, a tick-borne orthomyxovirus (Pavlovic
et al., 1995; Hefti et al., 1999). Furthermore, MxA-expressing animals exhibited
an enhanced resistance against . . . Influenza A virus (family Orthomyxoviridae),
Vesicular stomatitis virus (VSV; family Rhabdoviridae), LaCrosse virus (family
Bunyaviridae), and Semliki Forest virus (family Togaviridae) (Pavlovic et al., 1995;
Hefti et al., 1999). Other reports suggest that MxA has an even wider antiviral activ-
ity, but the supporting data are less convincing.

The modus operandi of MxA is not completely understood, but accumulating
data indicate that cytoplasmic Mx proteins missort and immobilize viral compo-
nents. In cells that had been infected with LaCrosse virus, MxA binds and translo-
cates the viral nucleocapsid protein into membrane-associated perinuclear com-
plexes (Kochs et al., 2002; Reichelt et al., 2004). A similar phenomenon was
observed in cells that had been infected with Thogoto virus. In this case, how-
ever, MxA inhibited the nuclear transport of incoming viral nucleocapsids (Kochs
& Haller, 1999), thereby preventing primary transcription and leading to an early
and very efficient block of virus replication.

In healthy individuals, MxA expression is below the detection limit, but expres-
sion levels increase dramatically during many viral infections and as a consequence
of IFN-α treatment (Roers et al., 1994; Chieux et al., 1998). MxA mRNA quan-
tification in peripheral blood mononuclear cells has even been used to monitor
the bioavailability of administered type I IFNs in hepatitis C patients (Gilli et al.,
2002; Jorns et al., 2006). Not surprisingly, elevated MxA expression levels have
also been found in the liver of chronic hepatitis C patients, indicating an ongoing
struggle between the innate immune system and HCV (MacQuillan et al., 2002,
2003; Patzwahl et al., 2001).

A genetic study from Japan addressing a single nucleotide polymorphism at posi-
tion -88 in the promoter sequence of the MxA gene revealed that a thymidine (T)
in that position favors a sustained response of hepatitis C patients to treatment with
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IFN-α, whereas a guanosine (G) is more frequently found among nonresponders
(Hijikata et al., 2000). Interestingly, a T at that position increases the homology of
the first ISRE in the MxA promoter to the ISRE consensus sequence (Hijikata et al.,
2000). Furthermore, experiments with reporter constructs suggest that the T allele
has a higher transcriptional activity than the G allele when stimulated with IFN-α
(Hijikata et al., 2001). A similar association between the G/T single nucleotide poly-
morphism at position -88 of the MxA gene and the response of hepatitis C patients
to IFN-α therapy was found in a European study, in which the T genotype was also
found to be associated with the ability to clear HCV naturally without the help of
recombinant IFN (Knapp et al., 2003).

Since MxA has the ability to efficiently inhibit a variety of different RNA viruses,
MxA was the first IFN-induced effector protein to be analyzed for its antiviral
activity in the HCV replicon system (Frese et al., 2001). However, no evidence
was found for an involvement of MxA in the IFN-induced inhibition of HCV
RNA replication. The constitutive expression of MxA did not inhibit subgenomic
HCV replicons, and the expression of a dominant-negative mutant of MxA did not
restore HCV RNA replication during IFN-α treatment (Frese et al., 2001). These
earlier observations are in line with the more recent finding that IFN-α inhibits
HCV RNA replication in Huh-7 cells and HuH6 cells with a similar IC50 (3 to
5 IU/ml and 5 to 10 IU/ml, respectively), although the former produce nearly
75-fold more MxA mRNAs than the latter (Windisch et al., 2005). Taken together,
the data indicate that IFN-α inhibits HCV RNA replication by MxA-independent
pathways.

Most recently, it has been noted that brefeldin A, a Golgi apparatus disrupting
agent, renders the replication of Kunjin virus susceptible to MxA (Hoemen et al.,
2007). Since Kunjin virus and HCV are both flaviviruses that use host cell-derived
membranes to establish replication factories, it is tempting to speculate whether
a disruption of the membranous web in HCV-infected cells would expose HCV
RNA-protein complexes to antivirally active proteins such as MxA.

OAS/RNase L

The OAS/RNase L pathway (also known as IFN-inducible 2–5A response) requires
two types of enzymes, an oligoadenylate synthetase and a ribonuclease (reviewed in
Samuel, 2001). The human genome contains four gene loci that encode IFN-induced
oligoadenylate synthetases (OAS1, OAS2, and OAS3) and an OAS-like protein.
This and alternative splicing leads to the expression of numerous isoforms with
sizes ranging from 40 to 100 kDa (Rebouillat & Hovanessian, 1999). OAS protein
expression is enhanced in response to most, if not all, IFNs, but the magnitude of
induction can vary dramatically with different IFNs and the type of the producing
cell. Newly produced OAS proteins are believed to be inactive, but binding to
double-stranded RNA leads to their oligomerization and starts the production of
oligoadenylates with a 2′,5′-phosphodiester bond linkage (2-5A oligonucleotides).
These oligonucleotides bind to and activate the latent ribonuclease RNase L, a
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process that is associated with the formation of stable RNase L homodimers. Once
activated, RNase L can degrade single-stranded RNAs of viral and cellular origin.
Cleaving of target RNAs occurs preferentially on the 3′ side of uracil-adenosine
(UA) and UU dinucleotides (Floyd-Smith et al., 1981; Wreschner et al., 1981).
The cleavage of mRNA and rRNA may trigger a general protein shut-off in virus-
infected cells, thereby limiting virus replication and spread. Different OAS proteins
are associated with different cellular compartments, vary with respect to the amount
of double-stranded RNA needed for activation, and produce 2-5A oligonucleotides
of different sizes (Samuel, 2001). It is therefore tempting to speculate that the
diversity of OAS proteins and isoforms evolved to fight a rather wide spectrum
of DNA and RNA viruses including poxviruses, reoviruses, and picornaviruses.
Members of the family Picornaviridae seem to be especially sensitive to the
OAS/RNase L pathway. For example, overexpression of the 40-kDa form of the
human OAS1 protein confers resistance to Mengovirus but not VSV (Chebath et al.,
1987), and the constitutive expression of the 69-kDa form of the OAS2 protein
inhibited the replication of Encephalomyocarditis virus but not that of VSV, Sendai
virus, and a reovirus (Ghosh et al., 2000). In this context it is interesting to note that
one of the Oas gene loci has recently been identified to confer increased resistance
to the West Nile virus (family Flaviviridae) in laboratory mice (Perelygin et al.,
2002) and that the transcript of the Oas1b allele in susceptible mice contains a
premature stop codon, which results in a truncated protein (Mashimo et al., 2002).
Experiments with congenic mice and cells derived from those mice revealed that
expression of the full-length OAS1 protein limited virus production in vivo and
in cell culture. Surprisingly, however, RNase L activity was highest in susceptible
cells, and downregulation of RNase L activity in resistant cells did not restore virus
titers to levels observed in susceptible cells (Scherbik et al., 2006).

As with many other IFN-induced proteins, OAS protein expression is slightly
upregulated in hepatitis C patients (MacQuillan et al., 2003) and further enhanced
in response to the administration of recombinant IFN-α (Murashima et al., 2000).
Rather indirect evidence that the OAS/RNase L pathway may indeed target HCV
replication/translation was recently provided by Taguchi and co-workers, who
reported that the N-terminal portion of NS5A (amino acids 1 to 148), which
lacks the so-called PKR-binding domain, binds to OAS proteins and there by
counteract the antiviral activity of IFN-α (Taguchi et al., 2004). Furthermore, it
has been demonstrated that purified recombinant RNAse L and that from HeLa cell
extracts efficiently cleaves HCV RNA in vitro (Han et al., 2004). However, further
investigations are needed to determine whether RNase L also cleaves HCV RNAs in
infected HCV host cells and to what extent an OAS-induced block of HCV protein
translation contributes to the IFN-induced inhibition of HCV RNA replication.

ADAR1

ADAR1 forms together with ADAR2 and the less extensively studied ADAR3 pro-
tein a small family of constitutively expressed adenosine deaminases that act on
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RNA (reviewed in Valente & Nishikura, 2005; Toth et al., 2006). ADAR1 and
ADAR2 bind highly structured RNAs and catalyze the hydrolytic C6 deamination
of adenosine, a reaction that converts adenosine to inosine (A to I editing). ADAR-
mediated editing may occur selectively at one or a few positions or, more frequently,
at a larger number of sites (hyperediting or hypermutation). A to I exchanges may
have severe consequences: (1) editing of coding sequences may lead to amino acid
exchanges because I is recognized as G by the translational machinery (of note,
A to I editing does not create stop codons); (2) editing of noncoding regions may
affect RNA splicing, stability, or translational efficiency (e.g., by disrupting AU base
pairs); (3) editing may regulate gene silencing (e.g., by disrupting AU base pairs);
and (4) hyperedited RNA may be recognized and cleaved by an I-specific RNase
(Scadden & Smith, 1997, 2001).

A prominent example of a cellular RNA that is edited by ADAR proteins is the
mRNA of the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
receptor subunit GluR-2. ADAR2 edits a codon in exon 11, which results in an
amino acid exchange that changes the Ca2+ permeability of the receptor. This highly
specific editing event has far-reaching consequences. ADAR2 knockout mice are
prone to seizures and die young. The impaired phenotype appears to result entirely
from a single underedited position in the GluR-2 mRNA, as it reverted to normal
when both alleles for the underedited transcript were substituted with alleles encod-
ing the edited version exonically (Higuchi et al., 2000). Likewise, genetic targeting
of the Adar1 locus revealed an essential requirement for this ADAR protein in the
embryogenesis of mice (Wang et al., 2000, 2004; Hartner et al., 2004), and it has
been suggested that its expression protects against stress-induced apoptosis (Wang
et al., 2004).

A closer look at the Adar1 gene locus revealed that protein expression is con-
trolled by three promoters and alternative splicing (reviewed in Toth et al., 2006).
Two constitutively active promoters drive the expression of a ∼110-kDa protein
(p110), whereas an IFN-regulated promoter with an ISRE controls the expression
of a larger isoform (p150) that is expressed in response to inflammation or IFN
treatment (Patterson & Samuel, 1995; George & Samuel, 1999; Yang et al., 2003a,
2003b). Both isoforms contain multiple nuclear localization signals, but only the
IFN-induced p150 isoform has a nuclear export signal. Accordingly, p110 is a
nuclear protein and p150 has been detected in both nuclear and cytoplasmic com-
partments.

Hypermutation of viral RNAs has been observed for several RNA viruses, includ-
ing Measles virus, Parainfluenza virus 3 (both family Paramyxoviridae), and VSV
(O’Hara et al., 1984; Cattaneo et al., 1988; Murphy et al., 1991). It has been specu-
lated that subacute sclerosing panencephalitis (SSPE), a fatal necropathic response
in patients with a persistent measles virus infection of the brain, is associated with
extensive editing of the matrix protein mRNA. This prevents virion assembly and
release because these steps in the viral life cycle require a functional matrix protein.
Other transcripts, however, are less frequently edited, which is thought to result
in a persistent virus replication (Cattaneo et al., 1989; Baczko et al., 1993). Thus,
an incomplete ADAR-mediated innate immune response might contribute to the
pathology of SSPE.
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Interestingly, certain viruses abuse ADAR proteins to control important check-
points in replication and particle formation. A well-known example is the Hepatitis
D virus (HDV), a subviral human pathogen that depends on Hepatitis B virus as a
helper virus (reviewed in Casey, 2006). HDV has a small, circular RNA genome that
encodes only a single protein, the hepatitis delta antigen (HDAg). Without editing, a
195-amino acid version of HDAg is made that is essential for virus replication (Kuo
et al., 1989). Later on, in the viral life cycle a highly specific A to I editing event
changes a UAG amber stop codon to an UIG tryptophan codon, and a 214-amino
acid HDAg-L is produced that mediates genome packaging (Chang et al., 1991).

HCV RNAs may also be subject to ADAR-mediated modifications, but in this
case, editing seems to be less specific and to inhibit virus replication. It has recently
been reported that the silencing of ADAR1 expression in HCV replicon cells
increases the amount of HCV RNA about 40-fold (Taylor et al., 2005). Moreover,
Taylor and co-workers noted that IFN-α increases the frequency of A to G mutations
in subgenomic replicon RNAs and that the transfection of ADAR-specific siRNAs
rescues HCV RNA replication in the presence of moderate IFN-α concentrations.
Based on these findings, Taylor et al. concluded that IFN-α inhibits HCV replication
through ADAR-mediated hyperediting of viral RNA. In our laboratory, we have
used specific antibodies to determine the intracellular localization of p150 and —
despite its nuclear export signal —, we observed that p150 accumulates predom-
inantly in the nucleus of IFN-treated Huh-7 cells. In the presence of subgenomic
or full-length HCV RNAs, however, we observed that p150 localizes to distinct
cytoplasmic structures (E. Dazert, R. Bartenschlager, and M. Frese, unpublished
results). We also analyzed the antiviral effect of constitutively expressed p150 on
HCV replication and found that the overexpression of p150 in Huh-7 cells did not
block HCV RNA replication. Taken together, our findings support the idea of Taylor
et al. that p150 interacts with HCV RNAs, but we argue that p150 does that only in
the context off other IFN-induced proteins. Further studies are under way to fully
elucidate the role of p150 in the IFN-induced inhibition of HCV replication.

PKR

Another prominent protein of the innate immune defense that has long been sus-
pected of interfering with HCV replication is the double-stranded RNA-activated
protein kinase PKR. This serine/threonine kinase is constitutively expressed and has
multiple functions in the control of host cell transcription and translation (reviewed
in Garcia et al., 2006). Upon stimulation with IFNs, most cells respond by increas-
ing the expression of PKR. IFN-induced PKR accumulates in the cytoplasm and was
found in association with ribosomes (Thomis et al., 1992). PKR may exert its antivi-
ral activity through different pathways (reviewed in Toth et al., 2006). First, PKR
is able to control the cellular translation machinery through phosphorylation of the
α subunit of the eukaryotic translation initiation factor eIF-2α, which would affect
the production of both host and virus proteins. Second, PKR-mediated phosphoryla-
tion is implicated in several signaling pathways that contribute to the establishment



118 M. Frese, E. Dazert

of a robust antiviral response. For example, PKR has been shown to activate the
latent transcription factor NFκB, which may lead to the enhanced expression of pro-
inflammatory genes (Gil et al., 2004). In addition, PKR may activate other kinases
such as the p38 mitogen-activated protein (MAP) kinase, which further intensifies
and diversifies the innate immune response (Goh et al., 2000).

The concept that PKR-mediated phosphorylation events play an important role
in the innate immune response against viral infections is largely based on the fact
that many RNA and DNA viruses try to inhibit PKR by (1) overexpressing small
RNAs that bind to but do not activate PKR, (2) producing eIF-2α decoys, and
(3) enhancing PKR degradation (reviewed in Langland et al., 2006). If PKR is a
key player in IFN-induced antiviral defense, genetically targeted knockout mice
that lack functional PKR proteins should be extremely sensitive to viral infections.
Two lines of PKR−/− mice have been generated in which the coding sequences
of either the N-terminal or the C-terminal part of the protein have been disrupted
(Yang et al., 1995; Abraham et al., 1999, respectively). PKR−/− mice are indeed
more susceptible to certain virus infections than wild-type animals (Balachandran
et al., 2000; Stojdl et al., 2000; Carr et al., 2006; Samuel et al., 2006), but at
least in some cases, this seems to depend on the mouse strain used, and other
experimental conditions (Murphy et al., 2003). Additional experiments have been
conducted by using MEFs from PKR−/− mice, but a direct antiviral activity of PKR
(e.g., the inhibition of virus multiplication by blocking protein translation) is still
controversial. Interestingly, priming of PKR−/− mice with poly(I)-poly(C) or IFNs
before the virus challenge points to a rather indirect mode of PKR action, such as the
enhancement of double-stranded RNA-induced signaling events (Yang et al., 1995).
However, it should be noted that most of these experiments have been performed
with viruses that encode PKR inhibitors. It would be interesting to re-evaluate the
phenotype of PKR−/− mice with genetically modified viruses that cannot express
functional PKR inhibitors. Another problem in the characterization of PKR−/−
mice is the presence of related kinases that also phosphorylate eIF-2α (Toth et al.,
2006). Even if these kinases differ from PKR in their response to double-stranded
RNA and/or other physiological stress signals, they may partially substitute for the
lack of PKR in PKR−/− mice, thereby making it difficult to quantify the contribu-
tion of PKR to the innate immune response (as exemplified in Smith et al., 2005).

Two HCV proteins have been described as interacting with the kinase. By analyz-
ing HCV sequences from Japanese hepatitis C patients, mutations within a discrete
region of NS5A, the so-called IFN sensitivity determining region (ISDR), were pro-
posed to confer resistance to IFN-α (Enomoto et al., 1995, 1996). Since the orig-
inal reports by Enomoto and co-workers, numerous studies have been conducted
in Japan as well as in other countries to determine the predictive value of NS5A
sequences in the outcome of IFN-based therapies, but the existence of an ISDR is
still controversial (reviewed in Tan & Katze, 2001; reinvestigated by Pascu et al.,
2004; Brillet et al., 2007). Whether or not an ISDR really exists, the description of
such a sequence put NS5A in the focus of HCV research. The subsequent finding
that mutations in the ISDR affect the ability of NS5A to bind to and inhibit PKR
(Gale et al., 1998) led to the hypothesis that PKR blocks HCV replication and that
NS5A is able to counteract the antiviral activity of PKR. However, experiments
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with HCV replicons provided no further evidence for an involvement of NS5A in
IFN resistance. On the contrary, point mutations within the ISDR or a deletion of
47 amino acids encompassing the entire ISDR enhanced viral replication without
affecting the IFN sensitivity of HCV replicons (Blight et al., 2000; Guo et al., 2001).
These findings were extended by A. Kaul and R. Bartenschlager, who analyzed the
function of NS5A by using two subgenomic genotype 1b replicons that differ only
in the NS5A coding sequence. In one replicon, the ISDR was identical to that of
IFN-susceptible strains, whereas the ISDR sequence of the other replicon contained
mutations that have been suspected to confer PKR binding and IFN resistance (Gale
et al., 1998). Despite these differences, both replicons were found to be equally
sensitive to IFN-α (unpublished results). This result argues against the hypothesis
that NS5A counteracts an IFN-induced and PKR-mediated block of viral protein
translation. However, the result does not contradict the idea that NS5A inhibits other
activities of PKR (e.g., a PKR-mediated priming of intracellular signaling path-
ways). Of note, several reports suggest that NS5A may sabotage the innate immune
response through PKR-independent activities (discussed in MacDonald & Harris,
2004). For example, it has been reported that NS5A increases the production of
interleukin (IL)-8, thereby attenuating the antiviral properties of IFNs (Polyak et al.,
2001a, 2001b). It would be interesting to study the immunomodulatory activities of
NS5A in an immunocompetent small animal model, which might finally put an end
to the discussion about the role of PKR in HCV pathology.

A second HCV protein has been reported to interact with PKR. It was found
that E2 binds to PKR through its PKR-eIF2α homology domain (PePHD) (Taylor
et al., 1999, 2001; Pavio et al., 2002). However, the significance of this observation
has been questioned because an increasing number of clinical studies demonstrate
that the PePHD is a highly conserved region with no conspicuous mutations accu-
mulating during IFN-α therapy (reviewed in Tan & Katze, 2001). Furthermore, E2
expression does not increase the resistance of HCV genotype 1b replicons toward
IFNs. A genomic replicon that encodes an E2 protein with the PePHD sequence of a
resistant HCV isolate had a similar degree of susceptibility as a subgenomic replicon
lacking E2 (Frese et al., 2002; A. Kaul and R. Bartenschlager, unpublished results).

The adenovirus-associated RNA I (VAI), a small, highly structured RNA that
binds to PKR and but does not trigger its dimerization and activation, has recently
been found to stimulate HCV RNA replication in the replicon system (Taylor et al.,
2005). It was also reported that recombinant VAI RNA efficiently rescues HCV
RNA replication in the presence of as much as 500 IU/ml of IFN-α (Taylor et al.,
2005). Since VAI RNAs may also bind to other proteins of the innate immune
response such as ADAR1, more research is needed to define the role of PKR in
limiting HCV protein translation.

A more direct approach to the question of PKR interference with HCV RNA
replication/translation has recently been undertaken by using RNA silencing. A.
Kaul and R. Bartenschlager transfected cells containing subgenomic HCV replicons
with siRNAs that target PKR mRNAs for degradation and subsequently treated the
cells with different concentrations of IFN-α. In no case did they observe that a
downregulation of PKR expression levels results in a restoration of HCV replication
in the presence of IFN (unpublished results).
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With the establishment of a new generation of HCV replicons that contain the
consensus sequence from a Japanese genotype 2a isolate and replicate efficiently
without the need for adaptive mutations, it became possible to study HCV RNA
replication in a variety of new host cells including those of nonhepatic and non-
human origin (Kato et al., 2005; Uprichard et al., 2006). Most recently, genotype
2a replicons were employed by Chang and co-workers, who set out to analyze the
antiviral effect of type I IFNs on HCV replication in MEFs from PKR−/− mice
and congenic wild-type mice. Interestingly, IFN-α as well as IFN-β inhibited HCV
RNA replication in PKR−/− MEFs as efficiently as in PKR+/+ MEFs (Chang et al.,
2006), suggesting that PKR-mediated translational control plays only a minor role
in the IFN-induced inhibition of HCV RNA replication.

NOS2 and Other Effector Proteins

The inducible nitric oxide (NO) synthetase, originally named iNOS but also abbrevi-
ated as NOS2, belongs to a small family of NO-producing enzymes. In unstimulated
cells, NOS2 is virtually absent, but expression levels increase rapidly in response to
pro-inflammatory cytokines, especially IFN-γ. The expression of NOS2 results in a
long-lasting production of NO (Karupiah et al., 2000). The NO free radical has been
recognized for its strong antimicrobial activity against various protozoa, bacteria,
and viruses. For example, the replication of a coxsackievirus is suppressed by NO
through inactivation of the viral cysteine protease by S-nitrosylation (Saura et al.,
1999). Furthermore, NO production is essential for the T cell-mediated noncyto-
pathic inhibition of Hepatitis B virus replication in virus-transgenic mice (Guidotti
et al., 2000). Other viruses that have been reported as sensitive to NO include Severe
acute respiratory coronavirus (Akerstrom et al., 2005), Respiratory syncytial virus
(Stark et al., 2005), Mouse hepatitis virus (Pope et al., 1998), and Herpes simplex
virus type 1 (Adler et al., 1997). However, the use of NO by the infected host as an
antimicrobial substance is a double-edged sword. NO-induced oxidative stress may
cause severe cellular and organ dysfunction. Influenza A virus-infected wild-type
mice, for example, suffer from an excessive production of NO in the lungs, which
often leads to respiratory failure and death, whereas knockout mice that cannot
express functional NOS2 survive the infection with little evidence of pneumonitis
(Akaike et al., 1996; Karupiah et al., 1998).

In the liver of most HCV-infected individuals, NOS2 is easily detectable (Mihm
et al., 1997; Majano et al., 1998; Schweyer et al., 2000). The enhanced expression
of NOS2 in the liver of hepatitis C patients has largely been attributed to IFN-γ
that is released by resident and infiltrating immune cells. In addition, it has been
speculated that the HCV replication itself may stimulate the expression of NOS2
in infected hepatocytes (Machida et al., 2004). Based on genetic studies, it has
been suggested that the production of NO is involved in HCV clearance, as certain
NOS2 haplotypes were more frequently found among HCV-infected individuals
who spontaneously cleared the infection and in IFN-treated hepatitis C patients
who could mount a sustained antiviral response (Yee et al., 2004). This hypothesis,
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however, lacks supporting evidence from cell culture experiments. The treatment
of Huh-7 cells with the NO donor (Z)-1-[2-(aminoethyl)-N-(2-ammonioethyl)-
amino]diazen-1-ium-1,2-diolate (DETA NONOate) or the arginase inhibitor
NG-hydroxy-L-arginine (NOHA) did not result in an inhibition of HCV RNA repli-
cation (Frese et al., 2002). Furthermore, the NOS inhibitor L-N6-(1-iminoethyl)-
lysine (L-NIL) did not even partially restore HCV replication in the presence of
IFN-γ (Frese et al., 2002). One should, however, not overinterpret these results.
The in vivo production of NO may have more complex consequences than those
that could be investigated in cell culture. NO may act as a messenger rather than
as an effector molecule, or NO may induce DNA damage and apoptosis (Jaiswal
et al., 2000). Thus, further studies are needed to fully elucidate the role of NO in
hepatitis C pathology.

So far, only a few further IFN-induced effector proteins have been investigated
with respect to their potential to inhibit HCV RNA replication, most notably
indoleamine 2,3-dioxygenase (IDO). The IDO-mediated depletion of tryptophan
is well known as a defense mechanism against certain intracellular parasites
(Carlin et al., 1989). Rather recently, this pathway has also been recognized as
an IFN-γ-induced antiviral defense mechanism against herpesviruses (Bodaghi
et al., 1999) and poxviruses (Terajima & Leporati, 2005). If IDO inhibits HCV
replication as well, inhibition of the effector protein or addition of tryptophan
to the cell culture medium should restore viral protein synthesis. However, the
IDO inhibitor α-methyl-DL-tryptophan did not restore the replication of subge-
nomic HCV replicons in the presence of IFN-γ (Frese et al., 2002). Likewise,
increased concentrations of L-tryptophan could not rescue the viral protein syn-
thesis (Frese et al., 2002), suggesting that the depletion of tryptophan is not—or
is not the only—mechanism by which IFN-γ inhibits the replication of HCV
RNAs.

Beside the induction of direct antiviral activities in infected host cells, IFNs may
enhance and direct the activities of NK cells and T cells. Such indirect effects are
usually ascribed to IFN-γ, but Shin and co-workers noted that type I IFNs also stim-
ulate the generation of immunoproteasomes in the liver of hepatitis C patients (Shin
et al., 2006). It would be interesting to determine the extent to which these indirect
effects contribute to the antiviral activity of type I IFNs.
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Background

An estimated 175 million people worldwide are infected with the hepatitis C
virus (HCV), making it the most common cause of liver cirrhosis and hepatocellular
carcinoma in both Europe and the United States (World Health Organization, 2000).
Each year, up to 4 million people will be newly infected, of which the majority
(75–85%) will go on to develop chronic infection. The characterization of HCV
has been dependent on genetic sequencing in the absence of an appropriate small
animal model or cell culture system. In particular, genotyping of HCV has become
routine in day-to-day clinical management of chronic hepatitis C patients as a result
of differences in treatment response to interferon (IFN) therapy between genotypes.
Population studies of HCV genotypes may also give insight into the origin, evolu-
tion, and migration of HCV. However, the role of genotypes in disease progression,
outcome, and association with other disease states remains to be fully determined.

Classification of Genotypes

The HCV RNA genome is made up of approximately 9,400 nucleotides, which
encode a single polypeptide protein of just over 3,000 amino acids. The genome
is organized into three structural proteins at the N-terminal and four functional pro-
teins at the C-terminal, which encodes several different enzymes, including a zinc-
dependent metalloprotease, a helicase, and an RNA-dependent RNA polymerase.
The structural proteins are the core (C) and envelope 1 (E1) and 2 (E2) proteins,
whereas the nonstructural 2 (NS2), 3 (NS3), 4 (NS4), and 5 (NS5) make up the
functional proteins, as shown in Figure 1. The RNA structure of HCV resembles
other viruses in the Flaviviridae family, which includes a number of arthropod-
borne viruses.
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Fig. 1 Genomic arrangement of the hepatitis C virus

After the discovery of HCV in 1989, the first complete HCV genome was
sequenced in 1991. Comparison of genome sequences from isolates originating
from different parts of the world revealed different genotypes of HCV, with as
much as 35% sequence diversity over the whole genome (Choo et al., 1991). This
genetic variability is concentrated in the E1 and E2 regions, not as concentrated
in conserved regions such as the core regions and NS3, and even less so in highly
conserved regions in the 5’ untranslated (UTR) region. In addition, the length of the
open reading frame between each genotype is different, being approximately 9,400
nucleotides in genotype 1, 9,099 nucleotides in genotype 2, and 9,063 nucleotides
in genotype 3 (Bukh et al., 1995).

The initial classification system of HCV genotypes is confusing due to the lack
of standardization, with different investigators developing their own classification
systems and methods of genotyping. It was not until 1994 when a consensus nomen-
clature system was developed to provide a more standardized approach to the clas-
sification of genotypes based on phylogenetic analysis (Simmonds et al., 1994).
Using this system, the genotype numbers are assigned in their order of discovery,
with subtypes depicted by a lowercase letter, showing closely related strains within
some types.

Currently, all HCV isolates can be separated into six phylogenetically distinct
groups, known as clades. HCV genotypes 1, 2, 4, and 5 are referred to as clades
1, 2, 4, and 5, respectively. Clade 3 consists of genotypes 3 and 10, and genotypes
6, 7, 8, 9, and 11 make up clade 6. The clade classification system is based on the
combination of sequence homology in at least two regions of the viral genome and
phylogenetic tree analysis. Using this consensus approach, genotypes 7 to 11 have
been classified to fit the existing six clades (Robertson et al., 1998). The recent con-
sensus for a unified system of nomenclature of HCV genotypes is currently based on
the clade classification, recognizing that current HCV variants should be classified
into six genotypes (Simmonds et al., 2005).

Between each genotype isolates, the entire viral genome is approximately
60–70% homologous. Viral isolates from the same subtypes will have no more than
5–15% variation in their nucleotide sequence, and this is increased to 10–30%
between isolates from two different subtypes. Furthermore, HCV in an infected
individual does not exist as a homogenous population, but as a mixture of genetically
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Table 1 Genomic Heterogeneity in Hepatitis C

Nucleotide Homology of Entire
Classification HCV Genome (Approximation)

Genotype 50–70%
Subtype 70–85%
Quasispecies 90–100%

different but related quasispecies. The existence of quasispecies is likely maintained
by the high production rate of viral particles of up to 1012 virions per day along
with the error-prone RNA polymerase of HCV giving rise to a high mutation rate at
1.5–2.0 × 10−3 nucleotide substitutions per site per year (Bukh et al., 1995). As part
of evolution, the selection of variant strains leads to emergence and divergence of
HCV genotypes. Patients with a large population of different quasispecies are less
responsive to treatment, as they will have an increased chance of variants escaping
from the effects of IFN treatment. The genomic heterogeneity of HCV genotypes,
subtypes, and quasispecies is shown in Table 1.

Geographical Distribution

With the six currently known genotypes, there are geographical differences in the
distribution of these different genotypes. Although HCV genotypes 1 to 3 are found
globally, there are variations in their regional prevalence worldwide. The distribu-
tion of the six HCV genotypes is shown in Table 2. Genotype 1a is most com-
monly found in the United States and Europe and is frequently associated with
intravenous drug abuse (Zein et al., 1996a). Genotype 1b is distributed worldwide
and is the most common type, accounting for over 70% of overall HCV infection.
Genotypes 1a and 1b are the most common genotypes in the United States (Alter
et al., 1999). Genotypes 2a and 2b are common in North America, Europe, and
Japan and account for 10–30% of worldwide HCV. Genotype 2c is mainly found in
Northern Italy. Genotype 3 is prominent in Southeast Asia and Indonesia, whereas
subtype 3a is found predominantly in intravenous drug users from Western Europe
and the United States (Pawlotsky et al., 1995). Genotype 4 is common in North
Africa and the Middle East (Chamberlain et al., 1997), whereas genotypes 5 and 6

Table 2 Geographical Distribution of Hepatitis C Genotypes

Genotype Regions

1a United States, Europe
1b Worldwide
2a Japan, Europe, North America
2b Japan, Europe, North America
2c Northern Italy
3a United States, Europe
4 North Africa, Middle East
5 South Africa
6 Southeast Asia
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are found predominantly in South Africa (Smuts & Kannemeyer, 1995) and Hong
Kong (Zhang et al., 1995; Prescott et al., 1996; Wong et al., 1998), respectively.
Genotypes 7 to 11, described previously by some investigators, have been limited to
patients in Vietnam, Indonesia, Thailand, and Burma (Tokita et al., 1994, 1996).

Clinical Implications

Currently, there appears to be no conclusive differences in clinical presentation and
outcome among the six HCV genotypes, and therefore HCV genotype is not a useful
prognostic marker of disease severity. There are few studies associating genotype
1b with more severe liver disease and hepatocellular carcinoma - or more aggres-
sive disease following liver transplantation compared with other genotypes (Tanaka
et al., 1998; Bruno et al., 1997; Ikeda et al., 2002; Zein et al., 1996b). However,
other studies have found no association between HCV genotypes and the severity of
liver disease (Reid et al., 1999; Naoumov et al., 1997).

There is a more definite association among liver steatosis, chronic HCV infec-
tion, and HCV genotypes. Steatosis is found in approximately 50% of people chron-
ically infected with HCV and occurs over twice as much as would be expected in the
general population (Lonardo et al., 2006). Although the accumulation of fat within
hepatocytes, or steatosis, can occur across all HCV genotypes, there is a higher
prevalence with increasing severity in those patients infected with HCV genotype 3
(Adinolfi et al., 2001; Rubbia-Brandt et al., 2000) . In this setting, the amount of
steatosis correlates with the viral load, and steatosis typically regresses with eradi-
cation of HCV and reappears with viral relapses (Kumar et al., 2002). This suggests
that, in these patients, steatosis can be considered as a genotype-related HCV-
induced lesion. The exact pathogenic mechanism for steatosis mediated by HCV
remains unknown, although the core and NS5A protein have been implicated in both
animal and cell culture models. In the transgenic mouse model, expression of HCV
core protein has been shown to induce steatosis (Moriya et al., 1997). In addition,
the HCV NS5A protein has been shown to have an association with lipid droplets
and apolipoprotein A1 and, in combination with core protein expression, may have
a role in inducing steatosis through deranged lipid metabolism (Shi et al., 2002).

However, steatosis can also occur in chronic HCV patients independent of viral
factors. Host-dependent factors such as obesity, insulin resistance, diabetes melli-
tus, alcohol consumption, and certain medications are likely factors and are similar
to those found in patients with nonalcoholic fatty liver disease. Factors such as
increased body mass index are more associated with patients infected with HCV
genotype 1 (Adinolfi et al., 2001).

Response to Antiviral Therapy

The main objective of treating chronic HCV is to achieve a sustained virological
response (SVR), which is characterized by nondetectable serum HCV RNA at the
end of therapy, maintained for six months after the completion of antiviral therapy.
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Fig. 2 Sustained viral response with different treatment of chronic hepatitis C, advances in the last
decade (IFN = interferon, RBV = ribavirin)

Over the past decade, significant advances in the treatment of chronic hepatitis C
have been made, from standard IFN-α monotherapy to combination standard IFN-α
plus ribavirin. The addition of a polyethylene glycol moiety to IFN (pegylated IFN)
leads to a more favorable pharmacokinetic profile, resulting in a more sustained
plasma drug level and allowing for once-weekly dosing, with improvement in SVR
rates. The current standard treatment for chronic HCV infection consists of a com-
bination of pegylated interferon-α plus ribavirin, achieving an overall SVR rate of
50–60%. The advance in treatment and their success rates over the last decade are
shown in Figure 2.

The most important clinical implication in HCV genotypes lies in the differences
in response to antiviral therapy between different genotypes. Although several other
independent factors have been identified as predictors of SVR to IFN-based ther-
apy, including low baseline viral load, female gender, minimal fibrosis of liver, and
age below 40 years, genotype has been identified as the strongest predictor (Fried
et al., 2002; Hadziyannis et al., 2004; Manns et al., 2001; McHutchison et al., 1998;
Poynard et al., 1998).

To date, a large proportion of data available for the treatment of chronic HCV
infection pertains to genotypes 1, 2, and 3 because of their prevalence in North
America and Europe, where large multicenter trials are conducted. As a result, there
is a general paucity of data with regards to treatment response in patients infected
with genotypes 4, 5, and 6.

Genotypes 1, 2, and 3

Several landmark studies have shown that HCV genotype 1 is associated with a less
favorable response compared with genotype 2 or 3. Because of this, recommen-
dation of treatment duration for patients with genotype 1 is 48 weeks. In a study
of 912 patients randomized to IFN-α2b alone or in combination with ribavirin,
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combination therapy was superior to monotherapy, with an SVR rate of 28% and
7%, respectively (p < 0.001). Higher SVR rates were also seen in patients treated
for 48 weeks compared to 24 weeks (28% and 16%, respectively) in genotype 1
patients, but not in other genotypes (66% and 69%, respectively). In addition, geno-
type 1 had a lower SVR rate compared to non-genotype 1 patients treated with
combination therapy for 48 weeks (28% and 66%, respectively) (McHutchison et al.,
1998). A randomized trial of 832 patients also confirmed the superiority of combi-
nation IFN-α2b plus ribavirin compared to IFN-α2b alone, and 48 weeks’ treatment
was better in genotype 1 patients (Poynard et al., 1998).

Despite extending the duration of the combination of standard IFN-α and rib-
avirin to 48 weeks, SVR rates for genotype 1 patients remain low. The short half-
life of standard IFN, resulting in significant fluctuations in plasma concentrations of
drug levels during therapy, may contribute to this low response rate. In a randomized
trial of 531 patients comparing weekly peg-IFN-α2a and standard IFN-α2a without
ribavirin given thrice weekly for 48 weeks, peg-IFN-α2a was more effective, with
overall SVR rates of 39% and 19%, respectively (p = 0.001). However, the SVR rate
in genotype 1 was 28%, similar to that achieved with combination standard IFN-α
and ribavirin (Zeuzem et al., 2000).

The current optimal therapy for the treatment of chronic hepatitis C is the com-
bination of peg-IFNα and ribavirin. Several large multicenter trials have confirmed
the efficacy of this current regimen. In a study of 1,121 patients treated for 48 weeks,
a significantly higher proportion of patients treated with peg-IFN-α2a plus ribavirin
achieved SVR compared with those treated with standard IFN-α2b and ribavirin
(56% vs. 44%, respectively, p < 0.001) or peg-IFN-α2a monotherapy (56% vs. 29%,
respectively, p < 0.001). In those patients with genotype 1, the SVR rate for those
treated with peg-IFN-α2a plus ribavirin was 46%, compared to 36% in those treated
with standard IFN-α2b and ribavirin, and 21% in those treated with peg-IFN-α2a
monotherapy (Fried et al., 2002).

Similar results were obtained using a peg-IFN-α2b dosage of 1.5 μg/kg/week
and ribavirin in 1,530 patients treated for 48 weeks, with overall SVR rates of
54% compared with 47% in patients receiving standard IFN-α2b plus ribavirin (p
= 0.01). In patients infected with genotype 1, the SVR rates were 42% vs. 33%,
respectively (p = 0.02). In patients infected with genotypes 2/3, there was no signifi-
cant difference in SVR rates between the two regimens (82% vs. 79%, respectively,
p = NS) (Manns et al., 2001). In a randomized study of 1,311 patients assessing
treatment duration with combination peg-IFN-α2a at 180 μg/week and ribavirin, 48
weeks of treatment was superior to 24 weeks in those infected with HCV genotype
1, with SVR rates of 52% and 42%, respectively (p < 0.0001). There was no
difference in SVR rates in patients with genotypes 2/3 (80% vs. 81%, respectively,
p = NS) (Hadziyannis et al., 2004). The shorter duration of treatment for genotypes
2 and 3 is also supported in a study using peg-IFN-α2b plus ribavirin for 24 weeks,
achieving SVR rates of 93% and 79%, respectively (Zeuzem et al., 2004).

Given the available evidence, the current consensus is to treat genotype 1 patients
for 48 weeks and genotypes 2 and 3 patients for 24 weeks with combination peg-
IFN-α plus ribavirin. Patients infected with HCV genotype 1 require higher doses of
ribavirin (1000–1200 mg/day), while patients with genotypes 2 and 3 can be treated
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Fig. 3 Sustained viral response rates in patients infected with chronic hepatitis C genotype 1,
2, or 3

with a lower dose of ribavirin (800 mg/day) (National Institute of Health, 2002). The
SVR rates in patients infected with HCV genotype 1, 2, or 3 with different antiviral
therapies are shown in Figure 3.

Shorter Duration of Therapy with HCV Genotypes 2 and 3

With the high SVR rates achieved with HCV genotypes 2 and 3, the possibility of
an even shorter duration of therapy has been recently studied. In a pilot study of
95 patients infected with HCV genotype 2 or 3, those who achieved early virolog-
ical response, as defined by negative HCV RNA at weeks 4 and 8, were treated
for 16 weeks with peg-IFN-α2b and ribavirin. SVR was achieved in 90%, with
the presence of liver fibrosis being an independent predictor of SVR rate (Dalgard
et al., 2004). In another study of HCV genotypes 2 and 3 patients, those with rapid
response, as defined by HCV RNA below 600 IU/ml at week 4, achieved SVR rates
of 82% and 80% after treatment with peg-IFN-α2a plus ribavirin for 16 and 24
weeks, respectively. However, a significantly lower SVR rate was seen in genotype 3
patients with a high viral load (>800,000 IU/ml) compared with patients with lower
viral loads (59% vs. 85%, respectively, p = 0.003). Therefore, patients infected with
HCV genotype 3 who have high viral loads may need a longer duration of therapy
(von Wagner et al., 2005). In patients with undetectable HCV RNA at 4 weeks, an
even shorter duration of therapy with peg-IFN-α2b at 1.0 mcg/kg and weight-based
ribavirin for 12 weeks achieved an SVR rate of 85%, similar to current standard
treatment of 24 weeks (Mangia et al., 2005).
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This recent evidence suggests that in patients infected with HCV genotype 2 or
3, the length of treatment can be reduced depending on the early viral response after
4 weeks of treatment. The advantages of short-duration therapy include improved
compliance of patients to treatment schedule, less dose modification, less premature
withdrawal to therapy, and reduced cost of therapy. The disadvantages include the
potential for higher relapse rate. In addition, the SVR rate may be reduced in patients
infected with HCV genotype 3 with underlying fibrosis.

Induction Therapy

The decline in HCV RNA with IFN therapy follows a biphasic pattern, with the
initial decline being highly predictive of SVR. Attempts to maximize this early viral
response have been made using induction therapy with standard IFN given daily at
a higher dosage. Although using an induction dose was associated with improved
initial response, this was not maintained at the end of treatment. Furthermore, induc-
tion treatment with standard IFN was accompanied by a higher rate of drop-out and
adverse effects (Bjoro et al., 2002; Layden et al., 2002; van Vlierberghe et al., 2003;
Perez et al., 2003).

The use of induction therapy has also been investigated using peg-IFN. In geno-
type 1 infected patients, high dose induction therapy with peg-IFN-α2b, at dosages
of 3 μg/kg for 1 week, 1.5 μg/kg for 3 weeks, and 1.0 μg/kg for 44 weeks, showed
a more pronounced decline of HCV RNA during induction treatment compared to
peg-IFN-α2b at a dose of 0.5 μg/kg for 48 weeks. This initial benefit became pro-
gressively less after reducing the peg-IFN dose in the induction group (Buti et al.,
2002). The effectiveness of induction therapy was also demonstrated in patients
infected with HCV genotype 1 using peg-IFN-α2b at 80–100 μg/week (depending
on body weight) plus ribavirin at 1000–1200 mg/day for 8 weeks followed by peg-
IFN-α2b at 50 μg/week plus ribavirin at 1000–1200 mg/day for 40 weeks (Bruno
et al., 2004). However, the response was compared with patients treated with stan-
dard IFN and not peg-IFN.

Currently, the exact role of induction therapy with peg-IFN remains to be deter-
mined. In patients infected with genotype 1 HCV and a high baseline viral load and
in patients who have failed previous combination therapy, induction therapy has a
potential role, perhaps in combination with more prolonged therapy.

Genotype 4

HCV genotype 4 is common in Africa and the Middle East. In Egypt and Saudi
Arabia, HCV genotype 4 accounts for up to 91% and 75% of HCV infections,
respectively. Because of the low prevalence of HCV genotype 4 in North America
and Europe, this genotype is under-represented in large, major multicenter clinical
trials, accounting mostly for only 1–3% of the total study population.
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Patients infected with HCV genotype 4 have a poor response to standard IFN
therapy. A study of 100 Egyptian patients treated with IFN-α2a at a dose of 3 MU
thrice weekly for six months resulted in an SVR rate of only 4%. However, 45%
of the study patients had cirrhosis, which may lower the SVR rate (el-Zayadi et al.,
1996). Two studies of 20 and 17 patients with genotype 4 reported SVR rates of 5%
and 11%, respectively (Zylberberg et al., 2000; Remy et al., 1998).

Combination therapy with standard IFN and ribavirin results in a higher SVR
in patients with genotype 4. In three randomized control trials comparing IFN-α2b
plus ribavirin versus IFN monotherapy for 24 weeks, the SVR rates were 20% vs.
8%, 42% vs. 8%, and 14% vs. 0%, respectively (el-Zayadi et al., 1999; Koshy et al.,
2000„ 2002). The latter study was performed on cirrhotic patients, explaining the
low SVR achieved, whereas 30% and 0% had underlying cirrhosis in the first and
second studies, respectively.

An open label prospective study of 66 patients with genotype 4 treated with peg-
IFN-a2b at 1.5 μg/kg/week plus ribavirin for 48 weeks resulted in an SVR rate of
68% (Hasan et al., 2004). In a randomized double-blind study using peg-IFN-α2b
(1.5 μg/kg/week) plus ribavirin in 287 patients for 24, 36, or 48 weeks, the SVR
rates were 29%, 66%, and 69%, respectively. There was no significant difference in
patients treated for 36 weeks or 48 weeks (Kamal et al., 2005).

The treatment responses with IFN plus ribavirin, peg-IFN, and combination peg-
IFN plus ribavirin are summarized in Figure 4. A meta-analysis of 6 randomized
controlled trials of 424 patients showed an SVR rate of 55% in patients treated
with peg-IFN and ribavirin compared to 30% for those treated with standard IFN
plus ribavirin (Khuroo et al., 2004). The results to date suggest that treatment of
HCV genotype 4 using standard IFN with or without ribavirin produced similar SVR
rates as seen in genotype 1. With the current optimal treatment using combination
peg-IFN plus ribavirin, the observed SVR rate in HCV genotype 4 is higher than
genotype 1, but lower than genotypes 2 and 3. Treatment durations of 48 weeks
and 36 weeks were superior to 24 weeks, although further studies are required to
determine the optimal treatment duration.

Fig. 4 Sustained viral response in chronic hepatitis C genotype 4 (IFN = interferon, Peg-IFN =
pegylated interferon, RBV = ribavirin)
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Genotype 5

Although HCV genotype 5 has a worldwide distribution, it is predominantly found
in South Africa, accounting for up to 30% of HCV infections. A higher-than-
expected prevalence rate of up to 14% has also been found in areas of southern
Europe, including France and Spain (Henquell et al., 2004). In a small study of 16
patients from southern Belgium, 6 received combination IFN and ribavirin, with
an overall SVR rate of 83%. Four patients received standard IFN-α2b at 3 MU
thrice weekly and ribavirin, of which three patients achieved SVR. Two patients
treated with peg-IFN and ribavirin achieved SVR. One patient treated with IFN-a2b
monotherapy did not respond to treatment (Delwaide et al., 2005). A case-control
study of 12 patients from southern France treated with either IFN-α2b at 3 MU
thrice weekly plus ribavirin or peg-IFN-α2b (1.5 μg/kg/week) plus ribavirin for 48
weeks showed greater SVR rates for patients infected with genotype 5 compared to
genotype 1 (64% vs. 23%, respectively, p < 0.05) (Legrand-Abravanel et al., 2004).

Given the restricted geographical distribution of genotype 5, limited existing data
suggest that genotype 5 patients have a favorable treatment profile, one that is com-
parable to genotypes 2 and 3. Further large trials are required to confirm the findings
of these small studies.

Genotype 6

As HCV genotype 6 is mainly found only in Hong Kong, southern China, Taiwan,
and Southeast Asia, there is also limited data availability with respect to its response
to treatment. In a study of 61 Southeast Asian patients using standard IFN-α2b at
a dose of 5 MU/day for 8 weeks followed by 3 MU thrice weekly for 44 weeks
combined with ribavirin, the SVR for genotypes 6-9 patients was 83% compared
with 62% in genotype 1 (Dev et al., 2002). A study of 40 Hong Kong patients
treated with IFN-α2b at 5 MU thrice weekly and ribavirin for 12 months showed
better SVR in genotype 6 compared with genotype 1 (63% vs. 29%, respectively,
p = 0.04) (Hui et al., 2003).

Taken together, these results suggest that response to antiviral therapy in patients
infected with HCV genotype 6 is similar to that of genotypes 2 and 3 and superior
to genotype 1. Further studies will be needed to determine the efficacy of pegylated
interferon plus ribavirin and to determine the optimal duration of therapy.

Differences in Response in Different Genotypes

Despite the abundance of data regarding genotypic differences in antiviral therapy
response, the exact mechanism whereby some genotypes are more difficult to treat
than others remains unknown and is likely to involve both host and viral factors. This
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is partly contributed by the lack of understanding in the precise antiviral actions of
both IFN and ribavirin in vivo. Furthermore, in the absence of a reliable serological
or cell culture model, future studies into the antiviral mechanisms of these agents
are likely to be dependent on replicon models.

The difference in genotypic response to IFN implicates HCV as having a direct
role in IFN treatment. Furthermore, within each genotype, different strains of HCV
may display different sensitivity to IFN therapy (Pawlotsky, 2003). Potential mecha-
nisms include specific regions within the HCV genome and viral effects on the host,
both of which may alter sensitivity to IFN therapy.

HCV NS5A Protein

Recent studies have focused on the NS5A protein as having a potential role in
affecting response to IFN treatment in patients infected with HCV genotype 1.
An early study comparing full-length sequences of HCV genotype 1b sensitive and
resistant to IFN treatment identified amino acid differences at the carboxy-terminal
half of the NS5A region spanning codons 2209 to 2248. Missense mutations were
identified in this region in IFN-sensitive HCV, whereas in IFN-resistant HCV, the
amino acid sequence was identical to the prototype Japanese HCV genotype 1b.
The term “interferon sensitivity determining region” (ISDR) was designated to refer
to this region (Enomoto et al., 1995). A subsequent study by the same group also
showed that the number of amino acid mutations within the ISDR correlated with
the success of IFN therapy. All patients with wild-type ISDR sequences did not
respond to IFN, whereas all patients with four or more amino acid substitutions
responded to IFN. Those patients with one to three amino acid substitutions had
an intermediate response to IFN (Enomoto et al., 1996). Numerous studies have
been published since then, investigating the relationship between ISDR mutations
and the response to IFN therapy, with contradictory results. Initial findings have
confirmed the correlations between ISDR mutations and IFN response by other
Japanese studies, although non-Japanese studies including studies in the United
States and Europe have failed to confirm this (McKechnie et al., 2000; Khorsi et al.,
1997; Zeuzem et al., 1997; Chung et al., 1999). The discrepancy in results raises
the possibilities of geographical factors and viral factors intrinsic to the Japanese
viral isolates, which may account for the difference in IFN sensitivities. Two recent
meta-analyses have supported the existence of an ISDR in HCV genotype 1b, with
mutant-type ISDR strains having a more favorable response toward IFN therapy. In
addition, Schinkel and colleagues (2004) in their meta-analysis have shown that the
discrepant findings between Japanese and non-Japanese studies can be explained by
differences in dosing regimens.

Despite the identification of an ISDR, the biological effect of different mutations
remains to be determined. It is possible that ISDR mutations may affect viral repli-
cation or binding to other antiviral proteins mediated by IFN. In the latter, NS5A
has been shown to bind and suppress IFN-inducible protein kinase (PKR), thereby
evading the antiviral effects of IFN (Gale et al., 1998).
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HCV E2 Protein

Another viral factor that may contribute to IFN resistance is the HCV E2 protein,
an outer protein of the virus envelope involved in HCV binding to target cells. The
E2 protein has been shown to inhibit the function of IFN-inducible PKR (Taylor,
1999). The amino acid 276-287 sequence of the E2 protein is similar to the auto-
phosphorylation site of PKR and to the phosphorylation site of the translation initia-
tion factor eIF2a, which is a target of PKR. This 12-amino acid domain is known as
the PKR-eIF2a phosphorylation homology domain (PePHD), with increased homol-
ogy among HCV genotypes 1a/1b and PKR/eIF2a sequences compared with HCV
genotypes 2a/2b and 3a. Furthermore, this sequence is highly conserved within each
genotype and may therefore contribute to the difference in genotypic response to
IFN therapy via interaction between E2 and PKR. However, other studies have not
shown any significant correlation between the E2 sequence and genotypes (Saito
et al., 2003; Watanabe et al., 2003; Quer et al., 2004) or treatment outcomes (Gaudy
et al., 2005).

Viral Kinetics

In patients treated with IFN, viral kinetic studies have shown slower turnover of
hepatocytes infected with HCV genotype 1 compared with those infected with non-
genotype 1 HCV (Neumann et al., 2000; Zeuzem et al., 2001). This suggests that a
longer duration of treatment is required and is consistent with the fact that 48 weeks
of treatment is superior to 24 weeks of treatment in patients with HCV genotype
1. Also, with slower turnover, constant antiviral pressure may be required and may
explain the poor response to standard IFN, with its large peak-trough fluctuations
in plasma concentration. With pegylated IFN, antiviral pressure is maintained more
consistently, resulting in an improved response to treatment in genotype 1 patients.

Steatosis

The associations among steatosis, chronic hepatitis C, and HCV genotypes have
been discussed earlier. Underlying steatosis is associated with a lower response to
antiviral therapy, as shown in an evaluation of 1,428 patients in whom the SVR rate
was significantly reduced to 35% in patients with underlying steatosis compared
with 57% in those without steatosis (Poynard et al., 2003).

The mechanisms for decreased response to antiviral therapy in patients with
steatosis remain unclear although there are several proposed explanations, including
more severe fibrosis and alteration of IFN binding to hepatocyte induced by fat
deposition. Reduced sensitivity to IFN therapy in patients with steatosis appears
to be specific for metabolic steatosis associated with risk factors such as diabetes,
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obesity, and hyperlipidemia and therefore occurs predominantly in patients infected
with non-genotype 3. Patients who have viral steatosis associated with genotype 3
appear to have less of a response to IFN therapy, although in the presence of other
host-dependent factors such as obesity, a reduction in SVR rates may be observed.

Summary

The determination of the HCV genotype has become an essential part of manage-
ment of chronic infection with HCV. The duration of treatment is dependent on the
genotype, as a variation in response to antiviral therapy is observed among different
genotypes. With the current knowledge, patients infected with genotypes 1 and 4
have an inferior response to IFN-based therapy compared to patients with genotypes
2, 3, 5, and 6. Therefore, patients infected with genotype 1 are treated for 48 weeks,
whereas those infected with genotype 2 or 3 are treated for 24 weeks. The optimal
duration of treatment for patients infected with genotypes 5 and 6 has yet to be
defined, and further large trials involving these latter genotypes are awaited.

The differences in response to IFN-based therapy observed among genotypes
are likely due to both viral and host factors. Although a number of these have
been described, the exact mechanism remains unknown. The fact that the majority
of patients infected with acute hepatitis C genotype 1 are cured with IFN therapy
suggests that viral-host interactions are important rather than an intrinsic genotype-
specific resistance to IFN.
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Summary

Tremendous progress has been made in the field of antiviral treatment for hepati-
tis C virus (HCV) infection since the identification of the virus in 1989. Although
early treatment regimens with interferon (IFN) alone achieved only limited success,
the addition of the broad-spectrum antiviral agent ribavirin has greatly improved
response. The primary goal of treatment for HCV infection—viral eradication—is
best achieved when the viral level is reduced substantially during the early phase of
treatment. Viral eradication is expressive of sustained virological response, the bene-
fits of which are multifactorial and include improved hepatic histology: a decreased
occurrence of hepatocellular carcinoma or liver failure and a lower probability of
liver-related mortality. Treatment of HCV infection with the current “gold stan-
dard” of care—pegylated IFN in combination with ribavirin—is associated with an
approximately 50% overall rate of viral eradication, a great improvement over pre-
vious IFN treatment regimens. However, more effective and better-tolerated treat-
ments are needed for patients with unfavorable treatment profiles, such as geno-
type 1, a high viral level at baseline, hepatic steatosis, and poor adherence to treat-
ment due to severe side effects.

Introduction

The hepatitis C virus (HCV), an approximately 9,600-nt single-stranded RNA virus
of the Flaviviridae family, was found to be the causative agent of post-transfusion
non-A, non-B hepatitis in 1989 (Choo et al., 1989). It has recently been classified as
the sole member of the genus Hepacivirus (Robertson et al., 1998). An estimated 3%
of the world’s population, 170 million people, is infected with HCV. Chronic HCV
infection is well known to be a major cause of chronic liver diseases worldwide
and represents a major public health problem (Hayashi et al., 1991a). The virus is
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hepatotrophic, but not directly cytopathic, and elicits slowly progressive liver injury
that results in end-stage liver disease unless effectively eradicated (Liang et al.,
2000). Internists and primary care physicians need to be made aware that HCV
infection is closely associated with hepatocellular carcinoma (HCC) and death due
to chronic liver disease.

The eradication of HCV by antiviral treatment that leads to a sustained virolog-
ical response (SVR) results in improved liver histology and a higher survival rate
(Marcellin et al., 1997; Niederau et al., 1998). Patients who achieved a sustained
response have maintained it for 7 to 10 years in almost all cases, and HCV RNA
levels are undetectable in the liver of such successful patients, suggesting that an
SVR is tantamount to a cure (Lau et al., 1998). Therefore, the primary goal of
antiviral treatment of patients with chronic HCV infection is an SVR, defined as
undetectable serum HCV RNA by a sensitive molecular assay 24 weeks after the
end of the treatment (Hagiwara et al., 1992). Interferon (IFN), the only antiviral
agent capable of eradicating HCV, has been widely used for the treatment of patients
with chronic HCV infection. A treatment regimen currently in wide use combines
IFN with ribavirin and has dramatically improved treatment outcomes.

This review focuses on historical and recent developments in the field and on the
use of antiviral drugs in the treatment of patients with HCV infection.

Indications for IFN Treatment

Chronic HCV infection causes mild chronic inflammation of the liver. Ongoing
cycles of inflammation, necrosis, and apoptosis eventually lead to fibrosis and, ulti-
mately, cirrhosis, a severe bridging fibrosis with nodular regression (Yano et al.,
1996; Poynard et al., 1997; Hayashi et al., 1997a, 2000; Ghany et al., 2003).
Although the progression of liver fibrosis may not be linear and the determinants
of the progression rate are not known definitively, treatment indications can be
based on histological assessment of hepatic lesions. Potential contributing factors
to progressive fibrosis include excessive alcohol intake, concomitant diseases asso-
ciated with liver injury, for example, hepatitis B, steatohepatitis, hemochromatosis,
co-infection with HIV, male gender, older age, obesity, immunosuppression, and
certain major histocompatibility complex haplotypes (Hayashi et al., 1994a, 1998a;
Yano et al., 1996; Furusyo et al., 1997, 2005; Poynard et al., 1997; Alric et al., 1997;
Hourigan et al., 1999; Thomas et al., 2000; Monga et al., 2001; Ghany et al., 2003;
Crosse et al., 2004; Kubo et al., 2005).

Table 1 shows the clinical features of candidates for successful IFN treatment.
Patients who experience a biochemical and virological response to antiviral treat-
ment have considerable improvement in the necroinflammatory components of their
liver histopathology, which leads to a decrease in HCC incidence (Nishiguchi et al.,
1995; Kasahara et al., 1998; Yoshida et al., 1999; Okanoue et al., 1999; Kashiwagi
et al., 2003; Murata et al., 2006). The Consensus Panel of the National Institutes
of Health (NIH) in the United States recommended that all patients with chronic
HCV infection be considered as potential candidates for antiviral treatment (Sheeff
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Table 1 Candidates for antiviral treatment of chronic HCV infection
Widely accepted candidates
1. 18 or more years of age
2. Elevated aminotransferase activity (abnormal ALT level)
3. Presence of moderate to severe fibrosis by biopsy (METAVIR stage 2 or more; Ishak satge 3

or more)
4. Absence of jaundice, acites, encephalopathy
5. Absence of uncontrolled seizure or psychiatric disorder
6. Good compliance and willingness to be treated
7. Infection with genotype 2 or 3 regardless of ALT abonormality

Individually considered candidates
1. Infection with genotype 1 and persistently normal ALT level
2. Presence of no or mild fibrosis by biopsy (METAVIR stage less than 2; Ishak stage less than 3)
3. Recent record of alcohol abuse (Abstinence will be necessary)
4. Injection drug user (Goodl compliance and a substance abuse program will be necessary)
5. Acute hepatitis C (Observation after 2 to 4 months of the onset for waiting the spontaneous

clearance)
6. Less than 18 years of age
7. Coinfection with HIV
8. Chronic renal disease
9. Liver transplantation recipient

and Hoofnagle 2002). Treatment should be recommended especially for patients
who are at risk of progression to cirrhosis, such as those who are characterized
by the presence of HCV viremia, generally persistent elevation of the serum
alanine aminotransferase (ALT) level, portal or bridging fibrosis, and moderate
inflammation and necrosis of the liver. The following particular patients should be
taken into account for antiviral treatment: those having mild liver disease, those with
recurrence after transplantation, those who received a liver transplant, those with
acute HCV infection, and those with co-infection with HIV. These recommendations
are consistent with guidelines set by the American Association for the Study of the
Liver, Strader et al. (2004), and the European Association for the Study of the Liver
(Alberti & Benvegnu, 2003).

Appropriate Evaluations Before IFN Treatment

In addition to standard tests, special attention should be paid to extrahepatic mani-
festations, psychiatric disorders, HIV co-infection, excessive alcohol consumption,
and excess body weight. As recommended previously (Sheeff and Hoofnagle 2002;
Strader et al., 2004; Alberti & Benvegnu, 2003), HCV genotypes and serum HCV
RNA levels must be determined before treatment (Table 2). The HCV genotype
influences both the treatment indications and the therapeutic strategy, because
treatment is more effective and shorter in patients infected with HCV genotypes
2 and 3, for which the efficacy was approximately 80% in clinical trials (Hayashi
et al., 1994a, 1998a; Furusyo et al., 2002, 2006). Although the measurement of the
HCV RNA level by a qualitative polymerase reaction (PCR) test at baseline is not
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Table 2 Appropriate testing before IFN treatment

1. HCV genotyping
2. Serum HCV RNA level
3. Hepatic histology by biopsy (not mandatory)
4. Testing for HIV infection

commonly done to determine the length of treatment, it may be useful, at least for
patients infected with HCV genotype 1 for whom a low HCV RNA level can provide
the expectation of an early response, which is a good indicator of the probability of
an SVR (Hayashi et al., 1998b; Yamaji et al., 1998; Furusyo et al., 2002).

Liver biopsy, despite the possibility of sampling error, remains the gold standard
for evaluating fibrosis and hepatitis activity (Dienstag, 2002). For patients infected
with genotypes 2 and 3 who have the probability of a favorable IFN treatment,
response is extremely high, and IFN treatment may outweigh considerations of dis-
ease severity and the potential for progression in the future. Therefore, some author-
ities have suggested that it is not necessary to obtain a liver biopsy before treating
patients with genotypes 2 and 3. Although a liver biopsy is not absolutely necessary
in all cases, it is a useful tool because it is a key parameter for assessing the current
status of the liver and because it provides prognostic information concerning disease
progression (Dienstag, 2002; National Institutes of Health Consensus Development
Conference statement, 2002).

The Background of IFN Treatment

In 1986, before the discovery of HCV, IFN was reported to have a biochemical
response as an inflammatory agent in non-A, non-B hepatitis. Hoofnagle et al.
reported the normalization of ALT following the administration of IFN-alpha
for patients with non-A, non-B hepatitis (Hoofnagle et al., 1986). In the 1990s,
IFN-alpha became the most widely accepted form of treatment for chronic HCV
infection. The use of IFN was shown to result in a decrease in the serum ALT level
and to cause HCV RNA to decline to the undetectable level (Shindo et al., 1991;
Hayashi et al., 1994a). However, in many cases the ALT and HCV RNA levels
promptly returned to pretreatment levels after cessation of IFN treatment (Hayashi
et al., 1994a). An optimal response, an SVR, can be defined as a persistently normal
serum ALT level and the absence of HCV RNA from the serum at the end of
treatment and for at least 6 months thereafter. Since the first observations of these
IFN-produced biochemical and virological effects, studies have reported several
host and viral characteristics associated with an SVR (Brouwer et al., 1998; Castro
et al., 2002; Berg et al., 2003). The most important predictors of an SVR following
IFN treatment are hepatic fibrosis, the HCV genotype, and the pretreatment serum
HCV RNA level (Hayashi et al., 1994a, 1998a; Furusyo et al., 2002, 2006). Table 3
shows factors correlated with an SVR to a combination treatment of pegylated IFN
(peg-IFN) and ribavirin for chronic hepatitis C. Most of the patients with a good
response had only a mild or moderate degree of fibrosis on liver biopsy, had HCV
genotype 2 or 3, and had a low baseline HCV RNA level.
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Table 3 Predictors of successful response to IFN treatment for patients with chronic HCV
infection

Non-genotype 1
Low HCV RNA level
Absence of severe fiblosis and cirrhosis
Age 40 years or younger
Male
Lighter body weight
Non-black ethnocity
Absence of liver steatosis
Good adherence
Avoiding of discontined treatment

IFN Monotherapy

IFNs are multifunctional immunomodulatory cytokines whose effects include
antiviral activity, inhibition of angiogenesis, regulation of cell differentiation,
growth regulatory properties, and enhancement of major histocompatibility complex
antigen expression. They have an anti-inflammatory through what has come to be
called a cytokine cascade (Kirchner, 1984; Tilg, 1997; Kawakami et al., 2000;
Murata et al., 2002; Furusyo et al., 2005). Several types of IFN, recombinant
IFN-alpha-2a, recombinant IFN-alpha-2b, natural IFN-alpha, natural IFN-beta,
recombinant IFN-beta, and consensus IFN (IFN-alfacon-1), are available for
the treatment for patients with HCV infection. Consensus IFN was designed by
selecting the most frequently occurring amino acid at each site of the amino acid
sequences of 13 known IFN-alpha subtypes. Broadly speaking, IFN-alpha and
IFN-beta have been the most widely used IFNs for the treatment of HCV infection.
Like IFN-alpha and IFN-beta, IFN-gamma is classified as a type 1 IFN and has
shown activity against HCV in cell culture systems (Frese et al., 2002) but does not
effectively reduce the HCV RNA level in humans (Soza et al., 2005).

There are differences in the specific activities and potencies of IFNs. The dosage
and duration of IFN treatment may vary, but only a few of the IFNs and their
approved regimens have been compared head to head. However, monotherapy out-
comes, in terms of response rates, generally appear to be similar for the different
regimens commonly used to treat patients. An SVR occurs in about 15% to 20%
of patients treated with IFN monotherapy for 6 months (about 5% for genotype
1 patients and about 50% for non-genotype 1 patients) (Marcellin et al., 1994;
Poynard et al., 1996; Hayashi et al., 1994a, 1998a; Furusyo et al., 1997). Several
analyses have found that prolonged courses of IFN, 12 to 18 months, appear to
be needed to maximize the chances of having an SVR to treatment, with 25%
to 30% of patients responding to prolonged treatment (Poynard et al., 1995), but
higher dosages of IFN, greater than 3 million units three times per week, do not
seem to substantially improve the rates of sustained response, and a higher dosage
has been associated with increased adverse effects (Bennett et al., 1997). IFN
monotherapy, especially for patients infected with HCV genotype 1, has had limited
success.
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Combined Treatment with IFN and Ribavirin

Treatment regimens using a combination of an IFN and ribavirin have significantly
improved the treatment outcome (Figure 1) (Lindsay et al., 2001; Luxon et al., 2002;
Scott & Perry, 2002; Hugle & Cerny, 2003; Sanchez-Tapias et al., 2006). Combin-
ing weekly subcutaneous peg-IFN-alpha treatment with daily oral ribavirin is more
effective than monotherapy with standard IFN or peg-IFN-alpha or a combination
treatment with a standard IFN and ribavirin (Poynard et al., 1998; McHutchison
et al., 1998; Heathcote et al., 2000; Manns et al., 2001; Reddy et al., 2001; Fried
et al., 2002; Hadziyannis et al., 2004; Mangia et al., 2005; Furusyo et al., 2006).
Pegylation is defined as modification of a drug by the addition of an artificial poly-
mer, polyethylene glycol, for the purposes of delaying drug elimination, lowering
its antigenicity, and modifying the drug’s effect. Although a standard IFN requires a
dosing interval of 1 or 2 days to maintain an effective blood concentration because
of its approximately 8-hour elimination half-life, peg-IFN has the great advantage
of making it possible to maintain a stable blood concentration with a single weekly
administration. At present, two peg-IFNs are available: a weight-based, 1.5-mcg/kg
dose of peg-IFN-alpha-2b, and a fixed, 180-mcg dose of peg-IFN-alpha-2a.

Ribavirin, initially synthesized in 1970, is an orally administered nucleoside
analogue (a guanosine analogue) with a broad spectrum of antiviral properties that
possess activity against several RNA and DNA viruses. When monotherapy with
ribavirin is used for chronic HCV infection, the serum ALT level of most patients
declines without any significant change in the serum HCV RNA level, even with
prolonged treatment (Di Bisceglie et al., 1995; Hoofnagle et al., 1996; Furusyo
et al., 2006), suggesting that the biologically beneficial effect is not associated with
antiviral activity (Furusyo et al., 2005). The probable beneficial roles of ribavirin
in the treatment of chronic HCV infection are an immunologic modulation (a
shift from a Th2 to a Th1 response and suppression of interleukin-10 synthesis),
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Fig. 1 Improvement of interferon treatment outcome for patients with chronic HCV infection
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inhibition of host inosine monophosphate dehydrogenase activity, depletion of
intracellular guanosine triphosphate pools, induction of mutational catastrophe, and
a moderate, transient, early direct antiviral effect (Crotty et al., 2000; Cramp et al.,
2000; Lau et al., 2002; Dixit et al., 2004). Surprisingly, the addition of ribavirin
to IFN treatment leads to a marked improvement in the rate of sustained response
(McHutchison et al., 1998; Lau et al., 2002). Patients treated with peg-IFN plus a
ribavirin dose of 10.6 mg/kg/day or more had a greater chance of developing an
SVR than those treated with peg-IFN plus a lower daily dose of ribavirin (Manns
et al., 2001).

According to the most recent large clinical trials, a uniform 48 weeks of a com-
bination treatment with peg-IFN and ribavirin yields the highest rate of sustained
response (Strader et al., 2004; Dienstag & McHutchison, 2006). The response to a
48-week peg-IFN plus ribavirin treatment can be divided into three general patterns:
a sustained virological response (SVR), relapse, and non-response (Figure 2). The
overall sustained response rates were 54–56%. The response rate for genotype 1
patients exceeded 40% for the first time, and some rates were recorded as high as
42–46%. The rates of 76–82% for genotypes 2 and 3 are also impressive. Patients
with genotypes 2 and 3 can be treated with a shorter duration (24 weeks) of treatment
and with a lower dose of ribavirin with no sacrifice to the response rate (Hadziyannis
et al., 2004).

Serum HCV RNA level at baseline is another determinant of the antiviral treat-
ment outcome of patients infected with genotype 1 but is not useful for the other
genotypes (Furusyo et al., 2006). A sustained response is consistently higher in
patients with a low HCV RNA level, usually defined as 800,000 or fewer IU/ml
(Manns et al., 2001; Fried et al., 2002).
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Host factors affect the chance of a sustained response, albeit less so than the
genotype. These factors include age, race, gender, obesity, and the degree of hepatic
fibrosis and steatosis. African Americans have been shown to have responses rates
only one-half to one-third those of Caucasians (Muir et al., 2004). The reasons for
the racial differences in response rates to peg-IFN plus ribavirin treatment are not
well known.

The sustained response rates for genotypes 2 and 3 are not significantly higher
than those achieved for these favorable genotypes with non-peg-IFN combined with
ribavirin. However, the combination of peg-IFN and ribavirin is currently considered
to be the standard of care for the treatment of previously untreated patients with
chronic HCV infection, even for those with genotypes 2 and 3, because the reduction
of the injection frequency favors this combination treatment.

Monitoring Serum HCV RNA Level During IFN Treatment

Response to the IFN treatment regimens, including IFN monotherapy, peg-IFN
monotherapy, and the combined treatments with ribavirin, is characterized by a two-
phase pattern of decreases in the serum HCV RNA level, with an initial rapid decline
seen from 24–72 hours after the start of treatment, followed by a gradual decline for
several weeks (Neumann et al., 1998). This pattern is believed to reflect an initial
inhibition of HCV replication and/or release followed by a different antiviral mech-
anism (i.e., the loss of infected hepatocytes) (Zeuzem et al., 1998; Buti et al., 2002;
Layden-Almer et al., 2003).

In the early 1990s, comparison of assays was problematic because they did not
use the same units to represent the amount of HCV RNA (Hayashi et al., 1998b;
Furusyo et al., 2002). Recently, this problem has been overcome by the World
Health Organization’s establishment of an international standard unit for the uni-
versal standardization of HCV RNA quantification units (Neumann et al., 1998).
Several assays for the quantification of HCV RNA, both PCR and branched DNA
techniques, have been developed and have become available for clinical use, espe-
cially for the monitoring of the antiviral response to antiviral treatment. These assays
are especially useful because the early monitoring of favorable viral kinetics has a
direct bearing on the possibility of a sustained response by IFN treatment (Yamaji
et al., 1998; Davis, 2002). The monitoring of the serum HCV RNA levels at baseline
and at 12 weeks after the start of treatment is most effective when the same quan-
titative assays are used for both tests. A sustained response can be confirmed by
a 2 or more log10 reduction in the HCV RNA level during the first 12 weeks of
treatment, which is called an “early virological response” (EVR). The probability
of an ultimate sustained response is approximately 70% for patients with an EVR,
while the probability is less than 3% for those without an EVR (Davis et al., 2002,
2003). Moreover, even in these reports of patients with a 2 or more log10 reduction
of the HCV RNA level at 12 weeks after the start of treatment, 84% of those with
undetectable HCV RNA by PCR achieved a sustained response, but a sustained
response was achieved by only 21% of those with detectable HCV RNA. These
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findings suggest that an SVR is more likely after a rapid and profound reduction of
the serum HCV RNA level by IFN treatment.

Management of Side Effects and Educational Guidance

To protect against and control side effects, it is important to carefully monitor the
clinical course and laboratory findings during IFN plus ribavirin treatment (Table 4).
Flu-like symptoms are often found during treatment but are usually not severe
and can be managed with analgesics such as acetaminophen or non-steroidal anti-
inflammatory drugs. Marrow suppression, especially leukopenia and thrombocy-
topenia, which can be induced by IFN, is very important for judging whether or
not to continue treatment. Ribavirin contributes additional side effects, the most
important of which is hemolytic anemia. When leukopenia, thrombocytopenia, or
anemia is found, dosage adjustments may be required to avoid having to discontinue
treatment (Nomura et al., 2004a).

Alcohol intake in HCV-infected patients appears to increase the higher fibro-
sis progression rate (Kubo et al., 2005). Avoiding alcohol during IFN treatment
is essential, because alcohol affects the treatment response (National Institutes
of Health Consensus Development Conference statement, 2002; Corrao & Arico,
1998). Patients should limit their alcohol intake to fewer than four drinks per week.

IFN has been shown to have an abortifacient effect in animal studies and thus
should not be used during pregnancy. Ribavirin is embrytoxic and teratogenic. Strict
birth control is necessary by both men and women during treatment and for more
than 6 months after treatment.

Table 4 Side effects of antiviral treatment
Interferon-induced
1. Marrow suppression (leukopenia, thrombocytopenia, anemia)
2. Flu-like symptoms (fever, myalgia, headache)
3. General fatigue and irritability
4. Depression and insomnia
5. Weight loss and anorexia
6. Autoimmone diseases (Hypothyroidism and hyperthyroidism, Diabetes mellitus)
7. Rash and pruritis
8. Retinopathy (especially in daibetes patients and hypertention patients)
9. Nausea, vomiting, and diarrhea

10. Hair loss
11. Cough and Plumonary interstitial fibrosis

Ribavirin-induced
1. Marrow suppression (anemia, leukopenia, thrombocytopenia)
2. General fatigue and irritability
3. Weight loss and anorexia
4. Rash and pruritis
5. Nausea, vomiting, and diarrhea
6. Cough
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Approach to Other Patient Populations

Acute Hepatitis C

Acute infection with HCV is marked by a high rate of viral persistence, with chronic
infection seen in 50–80% of these patients. An important clinical observation about
IFN treatment, without ribavirin, of HCV infection is the very high rate of response
of patients with acute hepatitis C (Jaeckel et al., 2001). IFN treatment for acute
infection with HCV reduces the chronicity rate to 10% or lower (Nomura,et al.,
2004b). Strikingly, almost all patients with acute hepatitis C, regardless of genotype
or initial viral level, rapidly become serum HCV RNA negative on treatment. A
recent study of antiviral treatment of patients with acute hepatitis C reported that a
high-dose, short-term treatment was effective (Nomura et al., 2004b). The results of
a randomized control study of high-dose, short-term, early treatment (beginning 8
weeks after the onset of acute hepatitis) versus late treatment (beginning after 1 year
of observation) showed that 87% of the patients with early intervention achieved
a sustained response by the intramuscular, daily administration of 6 million units
(MU) of IFN-alpha for four weeks, but only 40% of patients with late intervention
had a sustained response (Nomura et al., 2004b). Moreover, all of the patients who
experienced a relapse after the initial 4 weeks of treatment received an additional
20 weeks of treatment (6 MU, 3 times weekly) and became SVR, meaning that the
early intervention resulted in total 100% SVR, while total 53% of patients achieved
SVR after the additional 20 weeks of treatment (Nomura et al., 2004b). Similar
outcomes were found for patients on maintained hemodialysis being treated with
IFN monotherapy for acute hepatitis C (Furusyo et al., 2004). These findings suggest
that nonresponse to IFN treatment might be acquired during the establishment of
chronic infection.

Liver Transplantation

Although HCV-related end-stage liver disease represents the most frequent indica-
tion for liver transplantation, transplantation is not a clinical cure for hepatitis C.
Viral recurrence, as documented by detectable viremia, is universal, and damage to
the new liver occurs routinely. Recurrent HCV remains a persistent problem and a
leading cause of graft loss. Attempts to prevent reinfection with immune globulin
or other agents have not been successful (Charlton, 2003). Histological recurrence
with allograft hepatitis owing to HCV occurs in up to 90% of patients by the fifth
year after transplantation (Berenguer, 2003). Moreover, up to 42% of patients with
HCV-reinfected cirrhosis after transplantation develop decompensation, manifested
as ascites, encephalopathy, or hepatic hydrothorax, and less than 50% of these
patients survive for one year after they develop decompensation (Berenguer et al.,
2000). Clearly, the progression of hepatitis C is accelerated after transplantation
as compared with non-transplantation patients. Thus, finding a way to use liver
transplantation as a treatment for hepatitis C will be difficult, but if such a treatment
is found, it will be clinically important.
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Treating patients waiting for transplant when they are on the waiting list and
pre-transplant viral eradication represent the ideal. Unfortunately, the results of a
peg-IFN plus ribavirin treatment in an NIH trial showed that patients with compen-
sated cirrhosis had a sustained response rate of only 11% (Shiffman et al., 2004).
However, the trial results also showed that an initial treatment of low-dose IFN,
including peg-IFN plus ribavirin treatment, followed by a slow escalation in dose
may be associated with improved tolerability and efficacy in patients with com-
pensated cirrhosis (Shiffman et al., 2004). Additionally, such cirrhosis patients who
achieved a sustained response before transplantation or who are transplanted while
on treatment but who are undetectable for HCV RNA have good outcomes, with a
less than 10% probability of HCV recurrence (Everson, 2005). Thus, IFN treatment
could potentially cure some of these patients, but the high discontinuation rate,
27%, should be taken into account when treating patients on a waiting list. After
liver transplantation, the tolerability of IFN plus ribavirin treatment is suboptimal,
with very high discontinuation of treatment, 37%, because of severe leukopenia and
anemia arising from drug-induced bone marrow suppression and renal insufficiency
(Gane, 2002; Rodriguez-Luna et al., 2004). A sustained response is achieved by less
than 30% of patients after liver transplantation (Rodriguez-Luna et al., 2004). For
patients undergoing liver transplantation for chronic HCV infection, the develop-
ment of new classes of potent, well-tolerated antiviral agents merits a high priority.

Co-infection with HCV and HIV

Because both HCV and HIV are blood-borne viruses and share routes of transmis-
sion, HCV and HIV co-infection is particularly common in injection drug users.
HIV infection has a detrimental effect on the natural history of HCV infection. The
acceleration of liver disease, progression of fibrosis, frequency of cirrhosis, liver
failure, and HCC have become substantial sources of mortality and morbidity in
patients with HCV and HIV co-infection (Monga et al., 2001; Mohsen et al., 2003).

Ideally, HIV infection should be well controlled with highly active antiretroviral
therapy (HAART) before the treatment of HCV infection is initiated. In addition,
the management of the chronic hepatitis C of HCV and HIV co-infected patients
can be confounded by the difficulty in distinguishing among hepatitis caused by the
HCV infection itself, HAART hepatotoxicity, and opportunistic infection involving
the liver (Laskus et al., 1998; Kottilil et al., 2004). Patients with HCV and HIV
co-infection have lower response rates to peg-IFN plus ribavirin treatment for HCV
than do patients with HCV infection alone (Perez-Olmeda et al., 2003). However,
HCV and HIV co-infected patients with genotype 2 or 3 achieve a sufficient sus-
tained response, 62–73%, while patients with genotype 1 have a sustained response
rate of only 14–29% (Torriani et al., 2004; Chung et al., 2004). Thus, peg-IFN plus
ribavirin treatment is optimal for HCV and HIV co-infected patients. However,
ribavirin should be avoided if didanosine is critical to the HIV treatment regimen
because of the possibility of a drug interaction. Ribavirin can increase the activity
and potentiate the toxicity of didanosine (Lafeuillade et al., 2001).

The human T-lymphotropic virus (HTLV-I) is a human retrovirus, as is HIV, and
prevalence studies have shown that it infects 10 to 20 million people worldwide
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(Kashiwagi et al., 1990). HTLV-1 infection appears to modify the natural progres-
sion of HCV infection by leading to a more severe and rapid progression of liver
diseases (Kishihara et al., 2001).This occurs because HTLV-1 causes impairment
of host immunity and induces functional impairment of cellular immune response
(Hayashi et al., 1997b). Moreover, the rate of sustained response to IFN treatment of
patients with HTLV-1 and HCV co-infection is significantly lower than for patients
with HCV alone (Kishihara et al., 2001). Taken together, further modification of
the currently popular treatments is needed for HCV patients co-infected with such
human retoviruses.

End-Stage Renal Disease

HCV infection is highly prevalent in patients with end-stage renal disease (ESRD).
The prevalence shows a consideration variation, 3–80%, between countries and cen-
ters (Hayashi et al., 1991b, 1994a; Furusyo et al., 2001; Fabrizi et al., 2002). A
detrimental effect of HCV on patients and graft survival after kidney transplantation
has been reported (Bruchfeld et al., 2004). The main complications for such patients
are an increased risk of severe infection, liver disease, de novo glomeruonephritis
with or without crioglobulinemia, and diabetes (Pereira et al., 1998; Furusyo et al.,
2000a; Cruzado et al., 2001; Bloom et al., 2002). As a result of these potential risks
of HCV infection of patients with ESRD, the current recommendation is to give
antiviral treatment before transplantation with the objective of eradicating the virus.

IFN-alpha monotherapy is generally well tolerated and is more effective for
hemodialysis patients with chronic HCV infection than for those with normal renal
function (Fabrizi et al., 2003; Russo et al., 2003). This can be partly explained by the
phenomenon in which serum HCV RNA levels are lower in hemodialysis patients
than in patients with normal renal function (Furusyo et al., 2000b). Maintained
hemodialysis affects a lower HCV RNA level in sera. However, a fairly high rate
of discontinuation of IFN treatment, over 30%, due to serious adverse events has
been reported for these patients (Fabrizi et al., 2003; Russo et al., 2003). The role
of treatment for this population and the safety and utility of small doses ribavirin
in combination with peg-IFN are currently under investigation. Monitoring plasma
ribavirin concentration during ribavirin treatment, ribavirin-induced anemia can be
handled by injecting an erythropoietin and supplying adequate iron (Bruchfeld et al.,
2003). In several cases, the use of peg-IFN plus ribavirin in ESRD patients was
found to be safe, even though side effects were fairly frequent (Sporea et al., 2004;
Annicchiarico & Siciliano, 2004; Bruchfeld et al., 2006).

Problems to Be Solved

Despite the great improvement in IFN treatment response, the rate of SVR is far
from ideal, and many problems remain: about a 50% rate of nonresponse (espe-
cially for genotype 1 patients); adverse effects causing patients to have difficulty
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tolerating the treatment regimens; and contraindicated patients in some special set-
tings. Moreover, the probability of success depends on viral and host factors that are
often beyond the control of patients and physicians. Recently, it has been reported
that extension of treatment with peg-IFN plus ribavirin from 48 to 72 weeks sig-
nificantly increases the rate of SVR in genotype 1 infected patients with detectable
HCV RNA in sera at the week of treatment (Sanchez-Tapias et al., 2006). However,
more effective and easily tolerated treatments are desirable.

The epidemiology of chronic HCV infection has seen great change over the last
decade, and great progress has been made in the development of new diagnostic
methods and treatment strategies, thanks to the combined efforts of academic- and
industry-sponsored research. However, a number of issues that have not been com-
pletely solved remain, such as the management of the substantial number of nonre-
sponders to IFN treatment, a full understanding of the pathogenesis of liver disease
and the mechanisms of chronicity, and severe end-stage liver disease.

Conclusions

Treatments using peg-IFN plus ribavirin have yielded improved rates of SVR, but
studies continue to show that the SVR rate is low for patients with HCV genotype
1 infection, for patients with high HCV RNA levels, and for patients with more
advanced stages of fibrosis. Future advances in the management of HCV infection
will require tremendous efforts to develop more effective treatments for the currently
nonresponding populations.
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History and Evolution

Evolution of Treatment Regimen for Chronic Hepatitis C

Interferon-alpha (IFN-α) therapy was associated with normalization of alanine
aminotransferase (ALT) in some patients diagnosed as having non-A, non-B
hepatitis even before the hepatitis C virus (HCV) was identified as the chief
etiologic agent in this diagnosis (Hoofnagle et al., 1986). In 1989, the first cases
of successful treatment of documented chronic hepatitis C (CHC) with IFN-α were
reported, although relapse after the cessation of treatment was common (Davis
et al., 1989; Di Bisceglie et al., 1989). The introduction of combination therapy
with IFN-α and ribavirin has markedly improved treatment response. However,
more than one-half of patients with CHC remain unable to experience a favorable
response to the combination therapy (Lai et al., 1996; McHutchison et al., 1998;
Poynard et al., 1998). Until recently, the attachment of inert polyethylene glycol
to conventional IFN-α—pegylated IFN-α (PegIFN-α)—reduced degradation and
clearance, prolonging the half-life of IFN and permitting less frequent, weekly dos-
ing while maintaining higher sustained IFN levels (compared with 3 times weekly
for conventional IFN). Now, a PegIFN-α–ribavirin combination treatment has been
recommended for all patients infected with HCV. For patients infected with HCV
genotype 1 (HCV-1), the recommended treatment duration is 48 weeks, whereas
for patients infected with HCV-2 or -3, the recommended treatment duration is 24
weeks (National Institutes of Health 2002; Strader et al., 2004).

Evolution of Assessment of Treatment Response for Hepatitis C

In an earlier study, the primary endpoint for HCV therapies was a biochemi-
cal response, defined as the normalization of ALT levels (Davis et al., 1989;

∗ Address for proofs: Hepatobiliary Division, Department of Internal Medicine, Kaohsiung Med-
ical University Hospital, No. 100, Tzyou 1st Road, Kaohsiung 807, Taiwan, Phone: 886-7-312-
1101, ext. 7475; Fax: 886-7-323-4553, E-mail: fishya@ms14.hinet.net; fish6069@gmail.com
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Di Bisceglie et al., 1989). The introduction of virological assays to detect HCV
RNA further allows the assessment of a virological response, defined as polymerase
chain reaction (PCR)-seronegative (< 50 IU/ml, or 100 copies/ml) for HCV RNA.
The histological response has been assessed in some clinical studies, but there is
little indication for posttreatment biopsy in real-world clinical practice.

Three patterns of on-treatment and three patterns of off-treatment virological
responses to antiviral therapy for hepatitis C have emerged over the past decade
(Figure 1) (Davis & Lau, 1995; Davis et al., 2003; Yu et al., 2006a). They include
the following:
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Fig. 1 On-treatment (1a) and off-treatment (1b) virological responses to interferon-based therapy.
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logic response; SVR, sustained virologic response; EOT, end of treatment; M6, six months after
EOT; detection limit of HCV RNA, 50 IU/mL
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1. Rapid virological response (RVR): PCR-seronegative of HCV RNA after 4 weeks
of therapy.

2. Early virological response (EVR): PCR-seronegative of HCV RNA or decrease
of HCV RNA by 2 log from baseline values after 12 weeks of therapy.

3. End-of-treatment virological response (ETVR): PCR-seronegative of HCV RNA
at the end of therapy.

4. Sustained virological response (SVR): PCR-seronegative of HCV RNA 6 months
after completing therapy. More than 97% of patients with SVR remain non-
viremic by PCR for the subsequent 5–14 years (Lau et al., 1998; McHutchison
et al., 2002b). These patients are regarded as having a high probability of a
durable biochemical, virological, and histological response (Marcellin et al.,
1997).

5. Relapse: PCR-seronegative of HCV RNA at the end of therapy, with return of
circulating virus after completion of therapy.

6. Nonresponders: persistently seropositive for HCV RNA throughout treatment.

Approved Agents for Treatment of Hepatitis C

IFN-α

IFNs are natural cellular proteins with a variety of actions. There are two distinct
but complementary mechanisms for the antiviral effects of IFN-α: (1) induction of
a non-virus-specific antiviral state in infected cells, resulting in direct inhibition of
viral replication; and (2) immunomodulatory effects that enhance the host’s specific
antiviral immune responses and may accelerate the death of infected cells (Sen,
2001). A number of different IFNs have been used but all appear to have a similar
efficacy (National Institutes of Health, 1997). The U.S. Food and Drug Administra-
tion (FDA) has approved three IFN preparations for treatment of HCV: (1) 3 million
units (MU) IFN-α-2a 3 times weekly; (2) 3 MU IFN-α-2b 3 times weekly; and
(3) 9 μg consensus IFN twice weekly, or 15 μg 3 times weekly in nonresponders.

Peginterferon (PegIFN)

“Pegylation” refers to the attachment of inert polyethylene glycol (PEG) polymers to
a therapeutic protein such as IFN. The larger molecular size of the compound results
in a longer half-life due to reduced clearance, while retaining biological activity, and
allows more convenient once-weekly dosing. Two PegIFNs (Lindsay et al., 2001;
Zeuzem et al., 2000) were studied: (1) PegIFN-α-2a, a 40-kDa branched molecule
with a terminal half-life of 80 hours (range 50–140 hours) and a mean clearance
of 22 ml/hr · kg, administered at a fixed 180 μg per week; (2) PegIFN-α-2b, a
12-kDa linear molecule with a mean terminal half-life of 40 hours (range 22–60
hours) and a mean clearance of 94 ml/hr · kg, administered on the basis of weight
(1.5 μg/kg/week). Maximal serum concentrations (Cmax) occur between 15 and 44
hours’ postdose and are sustained for up to 48–72 hours. These two PegIFNs much
improved the rates of SVR compared to their nonpegylated counterparts (Lindsay
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et al., 2001; Zeuzem et al., 2000). The dose of both PegIFNs should be reduced
in patients with moderate or severe renal impairment. Since the two PegIFN-α
compounds have not been compared in a randomized controlled trial (RCT) using
similar ribavirin doses, their relative efficacies cannot be assessed.

Ribavirin

Ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) is an oral purine
nucleoside analogue with broad activity against viral pathogens (Feld & Hoofnagle,
2005). The clearance of ribavirin is markedly reduced with renal insufficiency
(Bruchfeld et al., 2002). The mechanism of action of ribavirin in CHC remains
controversial. Among the suggested, but not proven, roles of ribavirin in the
treatment of CHC are an immunologic modulation through switching the T cell
phenotype from type 2 to type 1; inhibition of host inosine monophosphate dehydro-
genase activity; depletion of intracellular guanosine triphosphate pools; induction
of mutational catastrophe; or a moderate, transient, early direct antiviral effect
(Lau et al., 2002). Antiviral kinetic modeling supports direct antiviral effect and
excludes an immunomodulatory role for ribavirin (Dixit et al., 2004). Ribavirin may
lead to rapid and lethal mutation of virions or depletion of intracellular guanosine
triphosphate, which is necessary for viral RNA synthesis (Crotty et al., 2000).

The most interesting clinical observation is that ribavirin monotherapy had min-
imal effect on HCV viremia, despite the fact that serum ALT levels were reduced
significantly in a considerable proportion of patients with chronic HCV infection
(Bodenheimer et al., 1997). Nevertheless, the combination of ribavirin and IFN pro-
vides a clinically synergistic anti-HCV effect. Hence it was proposed that ribavirin
may exert its effect on the host immune response. Several studies on virus-specific
T cell reactivity in association with IFN treatment have found increased numbers
of patients with CHC with demonstrable HCV-specific Th responses either during
treatment or after a sustained therapeutic response. These findings raise the possi-
bility that enhancement of HCV-specific T cell reactivity may be one mechanism
for successful antiviral treatment. HCV-specific T cell reactivity was uncommon at
baseline but increased markedly during antiviral therapy, peaking around treatment
weeks 4–8 (Cramp et al., 2000). The main difference in T cell reactivity of patients
treated with IFN-ribavirin was a significantly lower production of IL-10, whereas
lymphocyte proliferation was similar to that in patients receiving IFN monotherapy.
The greater efficacy of combination therapy with IFN-ribavirin may be related to its
ability to suppress HCV-specific IL-10 production.

IFN-Based Therapy for Chronic Hepatitis C

IFN-α Monotherapy

Until the 1990s, the only therapy of proven benefit for patients with CHC was
IFN-α. The beneficial effects of IFN in chronic non-A, non-B hepatitis were
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demonstrated in studies done before the discovery of HCV (Hoofnagle et al., 1986).
Initially, a 6-month course of 3 weekly injections of 3 MU IFN-α was approved for
treatment of CHC, and a biochemical response, defined as the normalization of ALT
levels, was assigned as the primary endpoint (Davis et al., 1989; Di Bisceglie et al.,
1989). IFN-α monotherapy suppresses serum HCV RNA to undetectable levels and
normalizes the ALT level in 25–40% of CHC patients, usually within the first 2–3
months of treatment. However, these initial responses to IFN-α monotherapy are
usually transient, and sustained response is documented in only about 8–9% of
patients (Poynard et al., 1996).

Three meta-analyses: (1) 52 RCTs of treatment with IFN-α for 3–6 months
(Niederau et al., 1996); (2) 33 RCTs of treatment for a full 6 months (Poynard
et al., 1996); (3) 32 RCTs of treatment with at least 2 MU of IFN-α-2b monother-
apy 3 times weekly for 24 weeks (Carithers & Emerson, 1997) showed that IFN-α
monotherapy resulted in normalization of ALT levels at the end of treatment in
51.2%, 45%, and 47% of patients, respectively, but in only 21.7%, 21%, and 23%
of patients, respectively, 3–6 months after the end of treatment. When virological
assays for detection of HCV RNA became available, the virological response rates
were observed to be lower than those reported with biochemical endpoints. In the
meta-analysis of IFN-α monotherapy (Carithers & Emerson, 1997), normalization
of ALT levels at the end of treatment and 6 months after stopping treatment was
seen in 47% and 23% of treated patients, respectively. ETVR and SVR, however,
were observed in only 29% and 8% of treated patients, respectively. Improvement
of efficacy on CHC could be achieved with higher doses and/or a longer duration of
IFN-α monotherapy. A doubling of the duration of therapy to 12 months increased
the frequency of SVRs to approximately 20%. The best efficacy/risk ratio was in
favor of 3 MU IFN-α 3 times weekly for at least 12 months in treatment-naïve
patients with CHC (Poynard et al., 1996).

IFN-α and Ribavirin Combination Therapy

The introduction of ribavirin in combination with IFN-α was a major breakthrough
in the treatment of CHC. Although ribavirin monotherapy was shown to be ineffec-
tive (Bodenheimer et al., 1997), the combination of ribavirin and IFN-α has greater
antiviral activity than either agent alone in patients with CHC (McHutchison et al.,
1998; Poynard et al., 1998). Two small RCTs showed a greater improvement of SVR
in CHC patients with IFN–ribavirin combination therapy than in those with IFN
monotherapy (Lai et al., 1996; Reichard et al., 1998). The rate of SVRs was 43%
and 6% for the IFN-α-2a with and without ribavirin combination (Lai et al., 1996),
respectively, and 36% and 18% for the IFN-α-2b with and without ribavirin com-
bination (Reichard et al., 1998). A meta-analysis in 1997 showed that the SVR rate
was significantly higher for IFN–ribavirin combination therapy than for IFN or rib-
avirin monotherapy [odds ratio {OR} IFN–ribavirin vs. IFN = 9.8, 95% confidence
interval {CI} = l.9–50] (Schalm et al., 1997). These reports were so encouraging
that it appeared to be of scientific and practical interest to collect the individual data
in one large database.
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Several landmark studies then followed that consistently demonstrated the
dramatically improved responses to combination therapy, especially for HCV-2
or -3 patients. In 1998, two multicenter RCTs (one U.S. study and one interna-
tional study) totaling 1,744 previously untreated patients with compensated CHC
compared 24- and 48-week drug regimens of IFN-α-2b monotherapy (3 MU 3
times weekly) with IFN-α-2b and ribavirin (1,000 mg/day or 1,200 mg/day for
patients weighing <75 kg or >75 kg, respectively) combination therapy followed
by 24 weeks of off-therapy followup (McHutchison et al., 1998; Poynard et al.,
1998). The overall SVR rates for 24 and 48 weeks of therapy were 33% and 41%,
respectively, for patients receiving IFN-α-2b-ribavirin, compared with SVR rates
of 6% at 24 weeks and 16% at 48 weeks IFN-α-2b monotherapy. In addition
to definitively showing the benefit of combination therapy over IFN alone, these
studies made several other important clinical points. First, a striking reduction
in hepatic inflammation was seen in sustained virological responders. Second,
the likelihood of response to treatment was related to pretreatment virus level
and genotype. SVRs to 48 or 24 weeks of combination therapy occurred in
29% and 17% of HCV-1 patients, respectively, and in 65% and 66% of HCV-2
or -3 patients. The two studies reinforced the importance of longer-duration
therapy for 48 weeks in patients with HCV-1 infection. Similarly, SVRs to 48
or 24 weeks of combination therapy occurred in 38% and 27% of patients with
pretreatment HCV RNA levels of 2 × 106 copies/ml or more, respectively, but
the SVR rates were no different for those with lower levels (45% and 43%,
respectively). A systematic review in 2001 included data from 15 trials in which
patients received IFN-α monotherapy or IFN-α–ribavirin combination therapy.
Compared with IFN-α monotherapy, combination therapy reduced the nonresponse
rate (absence of SVR) by 26% in treatment-naïve patients (relative risk = 0.74, 95%
CI = 0.70–0.78).

In 1998, the FDA approved the combination of IFN-α and ribavirin for patients
with chronic HCV infection. In 1999, the EASL International Consensus Confer-
ence on Hepatitis C (EASL, 1999) recommended that for patients with CHC who
have not been previously treated, (1) standard therapy should consist of IFN-α and
ribavirin in combination for 24 weeks; and (2) treatment should be extended to
48 weeks in patients with both HCV-1 and HCV RNA levels greater than 2 ×
106copies/ml.

PegIFN-α Monotherapy

Four RCTs compared the efficacy and safety of once-weekly PegIFN-α monother-
apy with IFN-α monotherapy three times per week for the treatment of chronic HCV
infection in treatment-naïve patients (Heathcote et al., 2000; Lindsay et al., 2001;
Reddy et al., 2001; Zeuzem et al., 2000). The initial studies of PegIFN-α evaluated
the dose-ranging efficacy of monotherapy. The recommended dose of PegIFN-α-2a
monotherapy, administered fixed at 180 μg/week for 48 weeks, achieved higher
SVR rates compared with IFN-α-2a monotherapy (30% to 39% vs. 8% to 19%)
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(Heathcote et al., 2000; Reddy et al., 2001; Zeuzem et al., 2000); the PegIFN-α-
2b monotherapy, administered according to body weight at 1.5 μg/kg/week for 48
weeks, achieved an SVR rate of 23%, compared to 12% with IFN-α-2b monother-
apy (Lindsay et al., 2001). In some studies, the PegIFN not only increased the SVR
rate compared with nonpegylated ones, but even achieved similar SVR rates com-
pared with the synergic effects of ribavirin added to nonpegylated IFN (Reddy et al.,
2001; Zeuzem et al., 2000).

Of note, Heathcote et al. (2000) conducted the first substantive prospective study
confined to patients with compensated cirrhosis or advanced fibrosis. Cirrhosis
has been a poor predictor of responsiveness and is associated with a high risk of
leukopenia and thrombocytopenia (McHutchison et al., 1998; Poynard et al., 1998).
This study, however, showed that PegIFN monotherapy was both well tolerated and
effective in cirrhotic CHC patients, with an SVR rate of 30%.

Although PegIFN monotherapy has been recommended for patients with con-
traindications to ribavirin, such as those with renal insufficiency, hemoglobinopathies,
and ischemic cardiovascular disease, no clinical trials have been reported to date
in these populations. For patients with contraindications to ribavirin but who have
indications for antiviral therapy, PegIFN represents the best option of treatment.

PegIFN-α and Ribavirin Combination Therapy

The results of PegIFN-α monotherapy encouraged more clinical trials to go on in
the anticipation that combination therapy with PegIFN-α and ribavirin would be
even more effective. The earlier two large RCTs were applied with fixed durations
of 48 weeks (Fried et al., 2002; Manns et al., 2001). In these trials, PegIFN-α-
2b was dosed by weight (1.5 μg/kg was FDA approved) and coupled with 800
mg of ribavirin; PegIFN-α-2a was given at a fixed dose of 180 μg along with
a weight-adjusted, higher dose of ribavirin (1,000 mg/day or 1,200 mg/day for
patients weighing <75 kg or >75 kg, respectively). The overall response rate in
clinical trials was 54–56%. These trials demonstrated that higher SVR rates could
be achieved with the combination of PegIFN-α weekly plus oral ribavirin given
twice daily than with IFN-α given three times weekly together with ribavirin or
PegIFN-α monotherapy. Since the results in an RCT of contemporaneous head-to-
head comparisons of the two PegIFN-α compounds combined with similar ribavirin
doses have not been reported, no definitive conclusions on their relative efficacies
can be drawn.

The issue of the influence of ribavirin dose by body weight on the response rate
was first addressed (Manns et al., 2001). In the PegIFN-α-2b study, a post hoc anal-
ysis demonstrated that an SVR rate of 61% was achieved in the subgroup whose
daily dose of ribavirin exceeded 10.6 mg/kg. Logistic regression analyses observed
that the response rates generally increased as ribavirin dose increased up to about
13 mg/kg/day. Although the study was not prospectively designed or sufficiently
powered to address the contribution of more optimal ribavirin weight-based dosing
(actually, the optimal ribavirin dose has not been defined), other studies highlighted



Interferon-Based Therapy for Hepatitis C Virus Infections 175

the potential importance of higher doses of ribavirin and adherence to treatment
(Lindahl et al., 2005; McHutchison et al., 2002a), and a suboptimal dose of ribavirin
may have had an impact on response rates in the original PegIFN-α-2b–ribavirin
trial.

Later, the optimal treatment duration and ribavirin dose were investigated in a
multicenter RCT in which all CHC patients received PegIFN-α-2a at a dose of 180
μg, while patients in the four arms received either 24 or 48 weeks of ribavirin at
a dose of 800 mg or at the higher, weight-based doses of 1,000 or 1,200 mg daily
(Hadziyannis et al., 2004). In the subsequent registration trial, a high frequency of
SVRs occurred in patients with HCV-2 or -3, regardless of the regimen (79% to
84%), but optimal frequencies of SVRs in HCV-1 (52%) required longer-duration
and full-dose ribavirin, independent of the level of HCV RNA. In patients with
HCV-1 with a low viral load (<2 × 106copies/ml, or 800,000 IU/ml), the SVR was
highest in those who had received the higher ribavirin dose and who were treated for
48 weeks (61%). This regimen was also optimal for patients with HCV-1 and a high
viral load (SVR rate, 46%). In contrast, in patients with HCV-2 or -3, regardless of
the pretreatment viral load, no differences were detected among the four treatment
regimens. Another single-arm, open-label, historical-control study of 24 weeks of
treatment with PegIFN-α-2b plus ribavirin limited to patients with HCV-2 or -3
demonstrated that 24 weeks of treatment was sufficient in HCV-2 or -3 infected
patients, with an overall SVR rate of 81% (Zeuzem et al., 2004). This study sup-
ports the current recommendations that patients with HCV-1 require 48 weeks of
PegIFN-α therapy with higher doses of ribavirin, while patients with HCV-2 or -3
can be treated for only 24 weeks and with only 800 mg daily of ribavirin (National
Institutes of Health, 2002; Strader et al., 2004).

Contraindication and Adverse Events of IFN–Ribavirin
and Management

Contraindications and adverse events of IFN–ribavirin therapy are listed in Table 1.
Physicians should look specifically for contraindications to antiviral therapy and
assess both the therapeutic risk and benefit. Ribavirin is contraindicated in preg-
nancy, necessitating strict precautions and contraception in women of childbearing
age and their sexual partners and in HCV-infected men with female partners of
childbearing age. Flu-like side effects of IFN can be managed with acetaminophen
or nonsteroidal anti-inflammatory drugs; antidepressants and hypnotics can be used
for depression and insomnia, respectively. For management of neutropenia, dose
reduction suffices; the addition of granulocyte colony-stimulating factor is gener-
ally not recommended, although it may be considered in individual cases of severe
neutropenia. Treatment with ribavirin should be avoided in patients with ischemic
cardiovascular and cerebrovascular disease and in patients with renal insufficiency.
If anemia occurs, options include ribavirin dose reduction or the addition of ery-
thropoietin. Patients with decompensated cirrhosis are at high risk of adverse
events and are relatively contraindicated to IFN-ribavirin. However, a recent study
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Table 1 Contraindications and Adverse Effects of Hepatitis C Therapy

Contraindications

• Absolute contraindications
Major, uncontrolled depressive illness; autoimmune hepatitis or other condition known to be exac-
erbated by interferon and ribavirin; untreated hyperthyroidism; pregnant or unwilling/unable to
comply with adequate contraception; severe concurrent disease such as severe hypertension, heart
failure, significant coronary artery disease, poorly controlled diabetes, obstructive pulmonary dis-
ease; under 3 years of age; known hypersensitivity to drugs used to treat HCV
• Relative contraindications
Decompensated liver disease; solid organ transplantation (except liver); coexisting medical condi-
tions: severe anemia (hemoglobin level < 100 g/L), neutropenia (neutrophil count < 0.75 × 109/L),
thrombocytopenia (platelet count < 75 × 109/L), hemoglobinopathy, uncontrolled heart disease
(angina, congestive heart failure, significant arrhythmias), cerebrovascular disease, advanced renal
failure (creatinine clearance < 50 ml/min)

Adverse effects
• Interferon or peginterferon
Flu-like symptoms (fever, fatigue, myalgia, and headaches); mild bone marrow suppression (espe-
cially, leucopenia and thrombocytopenia); gastrointestinal manifestation (anorexia, nausea, vom-
iting, and diarrhea); emotional effects (depression, irritability, difficulty concentrating, memory
disturbance, and insomnia); dermatological manifestation (skin irritation, rash, and alopecia);
autoimmune disorders (especially thyroid dysfunction); weight loss; tinnitus and hearing loss;
retinopathy (usually not clinically significant); hyperglycemia; seizures; renal function impairment;
pneumonitis
• Ribavirin
Hemolytic anemia (dose-dependent); cough and dyspnea; rash and pruritis; nausea; sinus disorders;
teratogenicity

demonstrated that HCV clearance by PegIFN–ribavirin was life-saving and reduced
disease progression (Iacobellis et al., 2007).

Patients receiving combination therapy had an increased risk for requiring med-
ication dose reduction (RR = 2.44, 95% CI = 1.58–3.75) or discontinuation (RR
= 1.28, 95% CI = 1.07–1.52) compared with those receiving IFN monotherapy
(Kjaergard et al., 2001). The rates of IFN dose reduction and discontinuation were
similar among subjects receiving PegIFN and conventional IFN (Lindsay et al.,
2001; Zeuzem et al., 2000).

Factors Associated with Treatment Efficacy

Although the introduction of new agents and regimens for the treatment of CHC,
such as PegIFNs and combination therapy with ribavirin, has resulted in substantial
improvements in overall SVR rates, treatment remains a challenge, particularly for
certain patient populations. Accurately predicting therapeutic responses is a critical
issue in the management of diseases. With the great progress in the management
of CHC, predictors for SVR in CHC therapy have been elucidated. All predictors
derived from experiences of therapy that can be collected to form clinical data for
analyses play an important role in the clinical setting.
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Table 2 Factors Associated with Response to Interferon-Based Therapy for Hepatitis C

Baseline predictors

• Virological factors

Hepatitis C virus genotype
Hepatitis C viral loads
Quasispecies

• Host factors

Bridging fibrosis/cirrhosis
Gender
Age
Ethnicity
Insulin resistance
Obesity
Hepatic steatosis
Host genetics
Co-infection with HIV
Nonresponse to previous interferon-based therapy

On-treatment predictors

• Rapid virological response (RVR) at week 4
• Early virological response (EVR) at week 12
• Medical adherence

Clinical factors have been identified as predictors for the efficacy of the IFN-
based therapy and divided into two major categories: baseline and on-treatment
predictors (Table 2).

Baseline Predictors of Response to IFN-Based Therapy

Virological Factors

The pretreatment variable most strongly predictive of an SVR is the presence of
HCV-2 or -3 infection (McHutchison & Poynard, 1999) whether with conventional
IFNs or PegIFNs, alone or in combination with ribavirin (Fried et al., 2002; Manns
et al., 2001; McHutchison et al., 1998; Poynard et al., 1998). On the basis of varia-
tions in the nucleotide sequence of HCV, six genotypes (numbered 1–6) and more
than 50 subtypes (identified by lowercase letters, e.g., 1a and 1b) have been identi-
fied (Bukh et al., 1995). The HCV genotype and subtype are intrinsic characteristics
of a transmitted viral strain and do not change during the course of the infection.
Why HCV-1 is harder to treat than other HCV genotypes is not yet fully understood.
Several studies demonstrated that there exists a genotype-specific difference among
viral kinetics (Neumann et al., 2000; Yu et al., 2006a). The turnover of hepatocytes
infected with HCV-1 is slower than that of hepatocytes infected with other HCV
genotypes after initiation of IFN-based therapy (Neumann et al., 2000; Zeuzem
et al., 2001), implying that HCV-1 might be more resistant to antiviral therapy.
Under the current recommendation (Strader et al., 2004), SVR rates were 42–60%
for HCV-1 infection with a 48-week PegIFN–ribavirin treatment, compared with
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76–95% for HCV-2 or -3 infections with a 24-week regimen (Fried et al., 2002;
Hadziyannis et al., 2004; Mangia et al., 2005; Manns et al., 2001; von Wagner et al.,
2005; Yu et al., 2007; Zeuzem et al., 2004). Patients with HCV-4, which is common
in Egypt, are intermediate in responsiveness to therapy between those infected with
HCV-1 and HCV-2 or -3, and it is suggested that they be treated for a full 48 weeks
with full-dose ribavirin, like patients with HCV-1 (Di Bisceglie & Hoofnagle, 2002).
There is insufficient experience to provide recommendations for the treatment of
persons with HCV-5 and -6 so far. Experienced providers need to make treatment
judgments on a case-by-case basis. Since HCV genotype is the strongest predictor of
responses to IFN-based therapy for CHC, the duration of therapy and the likelihood
of response should be determined in all HCV-infected persons prior to treatment
(Strader et al., 2004).

Pretreatment HCV RNA level, even less important than HCV genotype, is a pre-
dictor of sustained response in IFN-based therapy (Lindsay et al., 2001; Manns et al.,
2001; McHutchison et al., 1998; Poynard et al., 1998; Yu et al., 2004). A higher
HCV RNA level predicts a lower response rate. The impact of the HCV RNA level
on the response to combination therapy was different between patients with dif-
ferent HCV genotype infections. High viral load (with a cutoff value of 2,000,000
copies/ml, or 800,000 IU/ml) influenced the response rate in patients with HCV-1
(41% vs. 56%), but not in patients with HCV-2 or -3 (74% vs. 81%) (Fried et al.,
2002). Under the circumstances of a determined HCV genotype for CHC patients,
testing HCV RNA levels is beneficial and recommended for HCV-1 patients but
seems variable for HCV-2 or -3 patients (Strader et al., 2004).

HCV viral quasispecies evolution is considered another key element determin-
ing treatment response (Okada et al., 1992). Higher quasispecies complexity at
baseline has been observed in nonresponders than in sustained virological respon-
ders (Moribe et al., 1995). An increasing number of mutations within the carboxyl
terminal region of the HCV nonstructural 5A protein, named the IFN-sensitivity-
determining region (ISDR), was correlated with treatment response in HCV-1
infected patients (Enomoto et al., 1996). Patients infected with the so-called mutant
type, defined by four or more amino acid substitutions in the ISDR, showed a more
favorable response toward IFN-based therapy in Japan and Taiwan (Enomoto et al.,
1996; Hung et al., 2003). However, these findings were not observed in a European
study (Pascu et al., 2004).

Host Factors

The presence of bridging fibrosis and cirrhosis has been reported as one of the most
unfavorable predictors for IFN-based therapy (McHutchison et al., 1998; McHutchi-
son & Poynard, 1999; Poynard et al., 1998; Schalm et al., 1999; Yu et al., 2005;
Zeuzem et al., 2000). Patients with cirrhosis generally respond poorly to conven-
tional IFN monotherapy, with SVR rates of 5–20% (Heathcote et al., 2000; Poynard
et al., 1998). Responses are improved when conventional IFNs or PegIFNs are com-
bined with ribavirin, resulting in SVR rates of 33–44% (Fried et al., 2002; Manns
et al., 2001; Poynard et al., 1998).
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A gender effect on response has been reported. Female gender was a predictor
of SVR in studies of conventional IFN-based therapy (McHutchison & Poynard,
1999), but not in the studies of PegIFN–ribavirin (Fried et al., 2002; Hadziyannis
et al., 2004; Lindsay et al., 2001). Younger patients (<40 years) had higher SVR
rates with PegIFN–ribavirin (Fried et al., 2002; Hadziyannis et al., 2004; Manns
et al., 2001). Sustained responders were younger than nonresponders by an average
of 5 years (Martinot-Peignoux et al., 1995).

Racial differences in response to the efficacy of IFN exist and have been one
of the host factors. A lower response rate to IFN monotherapy was observed among
African-American patients compared with white patients (McHutchison et al., 2000;
Reddy et al., 1999). A pool analysis of two clinical trials with IFN–ribavirin com-
bination therapy demonstrated that SVRs were highest among Asians (61%), fol-
lowed by whites (39%), Latinos (23%), and African Americans (14%) (Hepburn
et al., 2004). Latinos and African Americans were less likely to respond to PegIFN-
α–ribavirin compared to whites (Muir et al., 2004). In studies of Taiwanese CHC
patients, the SVR rate was 23.7%, 37.1%, and 63.6% for a 24-week treatment of
3 MU IFN-α 3 times weekly alone, 6 MU 3 times weekly alone, and 3 MU 3
times weekly plus ribavirin, respectively (Lee et al., 2005; Yu et al., 2005). The
SVR rate of HCV-1b patients to 24-week PegIFN-α–ribavirin was 48.9–65.8% and
could be as high as 80% with a 48-week regimen in Taiwan (Lee et al., 2005; Yu
et al., 2006b). The different ethnic response rates may reflect the role of genetics. A
relative lower body weight (67–70 kg) in Asian patients compared to U.S. patients
(78–81 kg) may also play an important role (Bressler et al., 2003).

Several studies have demonstrated that SVR rates are lower in patients with coex-
istent insulin resistance and/or hepatic steatosis or steatohepatitis (D’Souza et al.,
2005; Wu et al., 2006). In HCV-1 patients treated with PegIFN–ribavirin, a lower
SVR rate was observed in patients with insulin resistance (homeostasis model of
assessment, HOMA-IR > 2) compared to those without insulin resistance (32.8% vs.
60.5%, p = 0.007, OR = 3.12, 95% CI = 1.42–6.89) (Romero-Gomez et al., 2005).

CHC patients with body mass indexes greater than 30 kg/m2 are more likely
to be insulin-resistant, to have more advanced hepatic steatosis or steatohepatitis
and fibrosis, and to experience a reduced response to combination therapy (Bressler
et al., 2003; Hickman et al., 2003). In addition, other possible mechanisms of the
impact of obesity on the therapeutic response include the linear correlation of effi-
cacy and body-weight-based doses of ribavirin (10.6–15 mg/kg/day) (Manns et al.,
2001). The most direct approach for formulating more effective treatment regimens
is to encourage weight loss and exercise before treatment, which has been associated
with a reduction in steatosis fibrosis scores (Hickman et al., 2002).

Excessive alcohol use could reduce the likelihood of a response to therapy
(Ohnishi et al., 1996; Tabone et al., 2002). To increase the efficacy of antiviral
therapy, it has been suggested that abstinence be recommended before and during
treatment for CHC (National Institutes of Health, 2002).

Host genetic variations are probably involved in the efficacy of IFN-based ther-
apies for CHC (Tang & Kaslow, 2004). Genetic polymorphisms of the human
leukocyte antigen, CC chemokine receptor 5, cytotoxic T lymphocyte antigen-4,
interleukin-10, low molecular mass polypeptide 7, MxA, and transforming growth
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factor-β1 have been reported to have significant associations with responsiveness
(Konishi et al., 2004; Sugimoto et al., 2002; Suzuki et al., 2004; Thursz et al., 1999;
Vidigal et al., 2002; Yee et al., 2001, 2003; Yu et al., 2003). In contrast, transporter
associated with antigen processing 1 and 2 and IFN-γ have not been associated with
treatment outcome (Dai et al., 2005; Sugimoto et al., 2002). Most studies showed
that promoter polymorphisms of the tumor necrosis factor α (TNF-α) gene were not
related to response to IFN-based therapy (Yee et al., 2001; Yu et al., 2003). However,
TNF-α-308 polymorphism was associated with SVRs to IFN–ribavirin in patients
with HCV-1b infection and a high viral load (Dai et al., 2006). These results reflect
the important role of unique genetic predisposition, at least in part, in the response to
IFN-based therapy for CHC. Recent advances in pharmacogenomics have demon-
strated the potential applications of genetic single-nucleotide polymorphism and
expression patterns in determining treatment responsiveness in CHC (Chen et al.,
2005; Hwang et al., 2006). Progress in the technology of the high-throughput geno-
typing method and bioinformatics will be very helpful in future studies on these
issues.

Because of the presumably shared routes of transmission, approximately one-
fourth to one-third of all persons infected with HIV are co-infected with HCV
(Thomas, 2002). Patients with HIV–HCV co-infection have been shown to respond
less favorably to antiviral therapy than patients infected with HCV alone (Perez-
Olmeda et al., 2003; Thomas, 2002). Several RCTs recommended 48 weeks of
PegIFN–ribavirin for HCV, regardless of HCV genotype, in HCV–HIV co-infected
patients (Carrat et al., 2004; Chung et al., 2004).

Dual infections of HCV and hepatitis B virus (HBV) are not uncommon and
occur in up to 5% of the general population in HCV-endemic areas (el-Sayed et al.,
1997). Combined chronic hepatitis B and C leads to more severe liver disease and
an increased risk of HCC (Liaw et al., 2004). Although HBV–HCV dual infection
was refractory to conventional IFN monotherapy (Liu et al., 2005), recent studies
in Taiwan have demonstrated that conventional IFN–ribavirin combination therapy
was effective in HCV clearance among HCV-dominant, HBV/HCV dually infected
patients (Chuang et al., 2005; Liu et al., 2003). A large, open-label, compara-
tive, multicenter study is ongoing to evaluate the efficacy of PegIFN–ribavirin for
patients with chronic HCV–HBV dual infection in Taiwan.

Nonresponders are more resistant than relapsers to retreatment with subsequent
IFN-based therapy (OR = 3.912, 95% CI = 1.459–10.49) (Chuang et al., 2004).
Retreatment with PegIFN–ribavirin could achieve an SVR rate of 47–60% for
relapsers and 18–23% for nonresponders (Sherman et al., 2006; Shiffman, 2002;
Shiffman et al., 2004).

On-Treatment Predictors of Response to IFN-Based Therapy

During IFN-α-based therapy, HCV RNA levels generally fall in a biphasic manner
(Neumann et al., 1998). The first, rapid phase of viral suppression, from a few hours
after the first IFN-α injection to the end of the first day, is related to an inhibition of
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viral replication by a direct, nonspecific action of IFN-α. This early initial decline in
HCV RNA levels correlates poorly with the eventual response to IFN-based therapy
(Layden & Layden, 2001; Neumann et al., 1998). The second, slower phase of viral
suppression, beginning on day 2 and gradually leading to seroclearance of HCV
RNA, is possibly related to the gradual clearance of infected cells by the patient’s
immune system, while HCV replication is efficiently inhibited. This phase, less
influenced by the dosage of IFN and HCV genotype, exhibits a good response to
PegIFN and is an excellent marker of an SVR to the treatment (Neumann et al.,
1998; Zeuzem et al., 2001).

An RVR at week 4 could predict an SVR to IFN–ribavirin with a high degree of
accuracy in both HCV-1 and -2 patients, with positive predictive values of 78% and
92%, respectively (Yu et al., 2006a). Recent studies have demonstrated that an RVR
is the single best predictor of an SVR to PegIFN–ribavirin for HCV-1 (Jensen et al.,
2006; Zeuzem et al., 2006) and HCV-2 or -3 patients (Dalgard et al., 2004; Mangia
et al., 2005; von Wagner et al., 2005; Yu et al., 2007).

Among patients with an EVR, the likelihood of an SVR is only 72% (Davis et al.,
2003). However, as a negative predictor, EVR is an even more robust predictor.
The likelihood of an SVR is approximately 0–2% in cases without an EVR (Davis,
2002). The EVR is a significantly negative predictor in HCV-1 patients, but not in
HCV-2 patients (Yu et al., 2006a). Thus, it is recommended that patients who do not
achieve an EVR at week 12 should discontinue the therapy beyond 12 weeks (Davis
et al., 2003; Muir et al., 2004).

Medical adherence is an important factor associated with response to IFN–
ribavirin, especially among patients with HCV-1 infection. In a retrospective analy-
sis of data collected in the large registration trials of IFN–ribavirin, SVRs have been
reported to be more likely in patients who had taken at least 80% of all projected
IFN injections and at least 80% of all ribavirin for at least 80% of the anticipated
duration of treatment (McHutchison et al., 2002a).

Individualized Therapy

Individualized therapy has become a major consideration for clinicians. It is desir-
able to expose CHC patients to the lowest doses and shortest durations of treatment
possible to reduce the likelihood of adverse events and to minimize costs, without
compromising treatment efficacy. On the other hand, some difficult-to-treat patients
have to receive longer and/or higher-dose therapy to achieve responses. Virological
predictors, genotype, and baseline viral load are the most widely used factors in tai-
loring regimens of IFN-based therapy (EASL, 1999; Strader et al., 2004; Yu et al.,
2004). Recently, several studies demonstrated that shorter courses of treatment in
patients with RVRs at week 4 were as effective as the current recommendations
for treatment by HCV genotype (Strader et al., 2004). In one pilot study and three
RCTs for HCV-2 or -3 patients, 12–16 weeks of PegIFN–ribavirin were as effective
as a standard 24-week treatment in patients with an RVR (SVR rates, 87% to 100%
vs. 80% to 92%) (Dalgard et al., 2004; Mangia et al., 2005; von Wagner et al.,
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2005; Yu et al., 2007). Another two studies observed that 24 weeks of PegIFN–
ribavirin treatment in HCV-1 infected patients resulted in similar SVR rates as a
recommended 48-week regimen in patients with an RVR (87% to 89% vs. 73% to
91%) (Jensen et al., 2006; Zeuzem et al., 2006). HCV genotype and on-treatment
virological responses will provide information for individualized therapy decision
making for CHC patients in the near future.

Acute Hepatitis C

Data exploring the efficacy of treatment for acute HCV infection are very limited
since these infections are seldom diagnosed during the acute phase. Given the high
rate of progression to chronic infection (>70%) and the relatively limited efficacy
of current therapy for chronic infection, the treatment of acute infection has been
tried empirically but has not yet proven beneficial. Furthermore, some patients with
acute symptomatic HCV infection have high rates of spontaneous clearance and
would probably be treated unnecessarily. Nonetheless, the preliminary results of
more recent studies suggest that early treatment, even with IFN alone (Jaeckel et al.,
2001) or with PegIFN alone (Wiegandet al., 2006) or in combination with ribavirin
(Kamal et al., 2002), has a high rate of efficacy (>70%). Initiation of PegIFN treat-
ment <12 weeks after onset resulted in a higher SVR rate than treatment initiated at
week 20 (Kamal et al., 2006). In view of these data, early therapy may be advised,
but the optimal therapeutic regimen and the best point at which to intervene have
not been defined clearly.

Clinical Outcome of IFN-Based Therapy

An important goal of therapy in patients with CHC is to delay disease progression
and reduce hepatic complication. Histological response improvement of at least one
stage in the fibrosis score was observed in approximately one-half of patients with
compensated cirrhosis after treatment with IFN or PegIFN alone or in combination
with ribavirin (Poynard et al., 2002). The histological response was observed in
treatment-naïve or previously IFN-resistant patients and in patients with or without
SVRs (Heathcote et al., 2000; Kjaergard et al., 2001; Poynard et al., 2002). Several
earlier studies showed long-term beneficial effects of IFN monotherapy in reducing
the progression of cirrhosis (Effect, 1998), hindering HCC development (Effect,
1998; Yoshida et al., 1999), and prolonging survival (Yoshida et al., 2002) among
both sustained responders and nonresponders. However, the benefits of preventing
disease progression in CHC patients without SVRs no longer existed over a longer
observation period (Shiratori et al., 2005; Yoshida, 2004; Yu et al., 2006c). Until
recently, a nationwide, multicenter study in Taiwan demonstrated that IFN–ribavirin
combination therapy could reduce the risk for HCC and improve survival of CHC
patients with SVR (Yu et al., 2006c). However, more than one-third of patients are
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Fig. 2 Milestones in therapy of chronic hepatitis C. Over the past 15 years there has been a dra-
matic improvement in treatment results for chronic hepatitis C. IFN, interferon; RBV, ribavirin;
PEG, pegylated interferon; w, weeks; 80/80/80*, subgroup of treated patients who had taken at
least 80% of all projected IFN injections and at least 80% of all ribavirin for at least 80% of the
anticipated duration of treatment (McHutchison et al., 2002a); RVR*, subgroup of patients who
achieved a rapid virological response, defined as PCR-seronegative of HCV RNA after 4 weeks of
therapy

resistant to the recommended antiviral regimens (Fried et al., 2002; Manns et al.,
2001). Three large multicenter studies in the United States and Europe are evaluating
the long-term effects of 4 years of PegIFN maintenance therapy in a subgroup of
nonresponders (Kelleher & Afdhal, 2005; Shiffman, 2004).

Summary

Figure 2 summarizes the progress in treatment of CHC over the past 15 years. The
issue of treatment of CHC is in constant flux. There is highly active clinical research
in this area, and new information appears with increasing frequency. Future aims
should be to develop a treatment beyond IFN with fewer side effects and higher
efficacy.
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Treatment of Chronic Hepatitis C
in “Difficult-to-Treat” Patients in the Clinical
Setting
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Introduction

The hepatitis C virus (HCV) was discovered in 1989 as the causative agent of post-
transfusion non-A, non-B hepatitis (Choo et al., 1989). About 170 million people are
infected with HCV worldwide, with a reported prevalence ranging from 1% to 5%
in most countries (Anonymous, World Health Organization, 1999). Most patients
develop chronic infection that may progress to chronic liver disease, cirrhosis, and
hepatocellular carcinoma (HCC) (Pawlotsky, 2006). With a prolonged natural his-
tory, the most efficacious therapeutic measure is the permanent clearance of the
virus from the blood. Antiviral therapy for chronic hepatitis C (CHC) has dramat-
ically advanced since the introduction of interferon-alpha (IFN-α) monotherapy in
the early 1990s (Hoofnagle et al., 1986). IFN-α directly inhibits HCV replication
(Neumann et al., 1998) and, through its immunomodulatory properties, may also
accelerate the clearance of infected hepatocytes by the host immune system (Pawlot-
sky, 2006). The addition of the synthetic guanosine analogue ribavirin (RBV) to
IFN-α regimens was a major breakthrough in anti-HCV therapy. Several landmark
randomized trials (McHutchison et al., 1998; Poynard et al., 1998) demonstrated
the superiority of combination therapy and led to the approval of the IFN-α/RBV
combination as the standard treatment for CHC, as recommended by the European
Association for the Study of the Liver (EASL) Consensus Conference on Hepatitis
C in 1999. The principal clinical effect of RBV is to prevent relapses in patients
who respond to the antiviral effect of IFN-α, probably by shortening the half-life of
infected cells in the presence of IFN-α; however, the precise mechanisms underlying
its action in CHC remain unclear (Pawlotsky, 2006).

The results of IFN/RBV combination therapy have been further improved by
pegylation of IFN-α molecules in order to improve their pharmacokinetic and phar-
macodynamic properties, allowing weekly injections and enhancing their efficacy
(Fried et al., 2002; Manns et al., 2001). Two types of pegylated IFN-α (peg-IFN)
are currently available for the treatment of CHC: (1) peg-IFN-α-2b, a 12-kda linear
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molecule administered on the basis of body weight (1.5-μg/kg dose per week), and
(2) peg-IFN-α-2a, a 40-kda branched molecule administered at a fixed dose of 180
μg per week. Now, the standard treatment of CHC is peg-IFN combined with RBV,
as established in 2002 by the NIH Consensus Development Conference on Man-
agement of Hepatitis C. The optimal duration of peg-IFN and the optimal dosage
of RBV according to HCV genotype were explored in a randomized controlled trial
using peg-IFN-α-2a and RBV (Hadziyannis et al., 2004). The results of this study
support current recommendations stating that patients infected with genotype 1 need
to complete 48 weeks of therapy with 1000–1200 mg/day of RBV, while patients
with genotype 2 or 3 can be treated for only 24 weeks using a fixed RBV dose of
800 mg/day.

Considering the cumulative results of pivotal trials (Fried et al., 2002; Hadziyan-
nis et al., 2004; Manns et al., 2001), the overall response rate to therapy ranges
between 54–56%. However, the response rate still remains lower among certain
groups of patients, i.e., those infected with HCV genotype 1 (42–46% in comparison
to 76–82% among those with HCV genotype 2 or 3), those with cirrhosis, and those
with immunosuppression, such as HIV/HCV co-infected patients and patients with
HCV recurrence following liver transplantation (LT). The objective of the present
chapter is to revise the management of the increasing population of difficult–to-treat
patients in clinical practice.

Treatment of CHC in Patients with HCV Genotype 1

Several factors have been associated with the likelihood of sustained virological
response (SVR). Determinants inversely related to SVR are HCV genotype 1 or 4
versus 2 or 3 (Fried et al., 2002; Hadziyannis et al., 2004; Manns et al., 2001), high
baseline viral load (Fried et al, 2002; Jensen et al., 2006), advanced liver fibrosis
or cirrhosis (Fried et al., 2002), older age, higher body weight (Fried et al., 2002;
Manns et al., 2001), male gender, race (African American vs. Caucasian) (Pawlot-
sky, 2006), and the presence of liver steatosis (Akuta et al., 2005).

The main determinant of response is the HCV genotype, as it determines the indi-
cation, the duration of treatment, the dose of RBV, and the virological monitoring
procedure (Pawlotsky, 2006). Patients infected with HCV genotype 1 have a 40–
50% likelihood of eradicating the infection during therapy. They should receive a
high dose of RBV, between 1000–1200 mg/day, according to body weight (threshold
75 kg), and require 48 weeks of treatment (Pawlotsky, 2006). The poorer response
rates to combined therapy may be related to several factors; HCV genotypes 1 and
4 are intrinsically more resistant to the antiviral action of IFN-α than are geno-
types 2 and 3 (Pawlotsky et al., 2002). In addition, within each genotype, different
strains may display very different sensitivities to IFN-α, and substitution patterns
in amino acids 70 and/or 91 in the core region of HCV are an independent and
significant factor associated with virological nonresponse (Akuta et al., 2006). In
addition, the clearance of infected cells in patients who respond to IFN-α often
occurs later and more slowly in patients infected by genotype 1 or 4 (Akuta et al.,
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2006). Possible explanations are direct interactions with cellular mechanisms and/or
genotype-specific immune modulation (Pawlotsky, 2006).

HCV-RNA load monitoring using serum PCR assays during therapy that allow
early stopping rules is currently recommended in order to avoid the dangers and
costs associated with the full treatment course in patients with little or no chance of
reaching SVR (Davis et al., 2003; Ferenci et al., 2005; Fried et al., 2002). For this
purpose, HCV-RNA is quantified at baseline and after 12 weeks of therapy. Treat-
ment is continued in case of early virological response (EVR), defined for patients
with at least a 2 log10 decrease from baseline HCV-RNA and/or HCV-RNA unde-
tectability (according to the limit of detection of the HCV-RNA PCR assay used). If
HCV-RNA is undetectable at week 24, there is a high likelihood of achieving SVR,
and treatment is thus continued until week 48, as established in 2002 by the NIH
Consensus Development Conference on Management of Hepatitis C. Among those
with an EVR, the probability of reaching SVR is approximately 70%. As a negative
predictor, EVR is even more robust, for the lack of EVR is associated to an SVR
probability of only 0–2% (Davis, 2002).

The role of viral kinetics even earlier during therapy, such as at week 4, has
been also explored in many studies (Davis et al., 2003; Martinot-Peignoux et al.,
2006; Moreno et al., 2006). In the analysis performed from pooled data from peg-
IFN/RBV pivotal trials (Davis et al., 200), the lack of at least a 1 log10 decrease in
baseline HCV-RNA was 91% (83–95%) predictive of treatment failure and showed
to be the best cutoff at that time when compared to the lack of negative HCV-RNA
(57%) or the lack to achieve at least 3 log10 (73%) or 2 log10 (82%) decreases in
HCV-RNA (Davis, 2002; Davis et al., 2003; Ferenci, 2004). A week 4 stopping rule
has been proposed using a multivariate model developed on 186 patients with CHC
receiving peg-IFN/RBV (Martinot-Peignoux et al., 2006). At this point in time,
the model demonstrated a negative predictive value (NPV) of 97% and a positive
predictive value (PPV) of 100%, with 95% sensitivity, 89% specificity, and 93%
accuracy. In our experience (Moreno et al., 2006), the maximum sensitivity and
NPV of 100% as determined by the ROC curve was reached with the cutoff level of
a 1 log10 decrease in HCV-RNA levels at week 4, for all subjects with less than a 1
log10 HCV-RNA decrease at that time failed to achieve SVR (Figure 1).

The timing and magnitude of the virological response to antiviral therapy in
patients infected with HCV genotype 1 are highly variable. Results of a retrospective
trial with peg-IFN-α-2b plus RBV suggested that the duration of therapy after HCV-
RNA is suppressed to a level below the limit of detection is critical in maximizing
the chance of SVR in genotype 1 patients (Drusano & Preston, 2004). The authors
concluded that treatment for 32 to 36 weeks after HCV-RNA becomes undetectable
would result in an SVR rate of 80–90%, respectively. It might be speculated that
the longer duration of therapy associated with an undetectable virus load allows
the virus to be held in check on a long-term basis or that there are sanctuary sites
where the penetration of the drugs is blunted and that, at these sites, it simply takes
longer to decrease the virus load than in plasma. The results of this study bring
up the following question: in the aim of optimizing treatment outcomes in CHC,
is treatment beyond 48 weeks ever justified? Two recent large randomized trials
have addressed this issue. A prospective study from Germany (Berg et al., 2006)
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of 459 treatment-naïve genotype 1 patients randomized to 72 versus 48 weeks of
180 μg per week of peg-IFN-α-2a and RBV 800 mg/day failed to find significant
differences in the rates of end-of-treatment (ETR), SVR, and relapses: ETR, 63% vs.
71%; SVR, 54% vs. 53%; relapses, 21% vs. 29%. Although subgroup analyses sug-
gested that subjects with persistently detectable HCV-RNA < 6,000 IU/ml at week
12 might benefit from prolonged treatment, the overall SVR rates in the two groups
were similar. The frequency of medication dose reductions and adverse events were
similar in both groups, but patients on the 72 weeks’ arm had significantly higher
rates of early treatment discontinuation (41% vs. 24%). Explanations for the poor
results in the extended arm include the high rate of early termination, many of them
self-discontinuation after week 48, and also the low dose of RBV. Finally, the ran-
domization at baseline may have reduced the ability to see a significant difference
in the two arms since the large number of subjects who became HCV-RNA negative
at week 4 (n = 51) and week 12 (n = 130) had a high likelihood of SVR with only 48
weeks of therapy (84% and 81%, respectively). The second study (Sánchez-Tapias
et al., 2006) demonstrates a potential benefit of prolonged antiviral therapy only
in patients who remain positive HCV-RNA at week 4: 180 μg per week of peg-
IFN-α-2a plus RBV 800 mg/day were given to 510 treatment-naïve patients (78%
genotype 1 or 4). At week 4, 326 (62%) with persistently detectable HCV-RNA were
randomized to either 48 or 72 weeks of therapy. Although the ETR rates were similar
(61% in each group), the SVR rate was significantly better in patients allocated to
the 72- vs. 48-week arm (45% vs. 32%, p = 0.01). The improvement in SVR was
most apparent in patients with genotype 1 (44% vs. 28%, p = 0.003). As in the Berg
study, the frequency of adverse events and that of dose reductions were similar in
both groups, but the rate of early discontinuation was significantly higher in the
extended arm (36% vs. 18%), mostly due to patients˙ preference/withdrawal rather
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than severe adverse events. These “extended therapy” studies suggest that antivi-
ral therapy beyond 48 weeks may be difficult for patients to adhere to, even when
reduced doses of RBV are used. In order to determine if prolonged antiviral therapy
is warranted, future studies should only randomize genotype 1 patients with a partial
virological response after 4 to 12 weeks of therapy and also include subjects with
unfavorable baseline predictors, such as high HCV-RNA levels, advanced fibrosis,
or high body mass index. Finally, full-dose RBV (1000–1200 mg/day) should be
used, since this will increase the response rate in the control arm. The use of the
highly sensitive transcription-mediated amplification assay (TMA, Bayer Health-
care LLC, Tarrytown, NY) for HCV-RNA detection during treatment has also been
proposed as another way to identify patients at high risk of virological relapse after
discontinuing therapy (Sarrazin et al., 2000).

Another means of increasing the total dose of peg-IFN and/or RBV dose in geno-
type 1 patients with baseline poor predictors or response is increasing the dose of the
drugs, in the so-called induction therapies. Preliminary results of multicenter studies
of peg-IFN-α-2b and high-dose RBV (800–1600 mg/day) with or without growth
factors demonstrate only a marginal improvement in efficacy compared with fixed
doses of RBV in previously untreated genotype 1 patients (Jacobson et al., 2005;
Shiffman et al., 2005). Therefore, the lack of improved antiviral efficacy coupled
with the increased side effects and costs of high-dose RBV and growth factors do
not currently justify these approaches in clinical practice.

Although a prolonged treatment regimen could be more effective for some HCV
genotype 1 patients, it is also necessary to identify the subgroup of patients for
whom a shorter treatment period would be adequate. The current 12 weeks’ EVR
rule, when applied to genotype 1 patients, has an NPV approaching 100% (Davis
et al., 2003; Ferenci et al., 2005) and is hence able to solve the issue of overtreatment
in nonresponders. However, it leaves the field open to the possibility of overtreating
some genotype 1 patients with favorable baseline predictors of SVR, such as those
with low pretreatment HCV-RNA. This group may represent up to 15–20% of all
genotype 1 infected cases (Craxi & Camma, 2006) and, therefore, could hypotheti-
cally be cured by shorter and/or less intensive treatment courses, thus reducing costs
and improving acceptance and tolerability.

Recent studies (Jensen et al., 2006; Zeuzem et al., 2006) suggest that genotype 1
patients with a low viral load (<600,000 IU/ml) and, especially, fast viral clearance
(negative HCV-RNA at week 4) might be efficaciously treated for only 24 weeks. In
the Zeuzem study, the rate of SVR was 89% in the subgroup of patients with nega-
tive week 4 HCV-RNA (47% of all cases treated for 24 weeks), as compared with
25% and 17% of those who cleared the virus at week 12 or 24, respectively. Among
patients treated for 48 weeks, SVR rates were 85%, 93%, and 67% for subjects
clearing the virus at week 4, 12, or 24, respectively. The indications of this study
cannot, however, be extrapolated to subjects with advanced fibrosis or cirrhosis. In
all megatrials (Fried et al., 2002; Hadziyannis et al., 2004; Manns et al., 2001), fibro-
sis emerges as a significant predictor of resistance to peg-IFN/RBV combinations
and, when assessed as a continuous variable (Bruno et al., 2004), a clear-cut inverse
relationship with response is observed at all stages. Therefore, in the presence of
advanced liver disease, a short treatment schedule would not obtain adequate rates
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of SVR. Since viremia tends to be lower when cirrhosis is more advanced, this issue
may have practical relevance.

Finally, another critical issue in determining the rate of SVR in genotype 1
patients is adherence to the treatment schedule. Patients taking at least 80% of
all projected peg-IFN injections and at least 80% of all RBV capsules for at least
80% of the anticipated duration of treatment have the best results in terms of SVR
(McHutchison et al., 2002). Therefore, major efforts should be implemented in the
aggressive and prompt management of treatment-related side effects (Fried, 2002;
Pawlotsky, 2006). The use of growing factors should be considered to maintain full-
dose therapy, for early dose reduction within the first 12 weeks is more harmful
than later dose reduction (Hayashi & Takehara, 2006), and psychological assistance
given if needed, especially in subjects with EVR.

The proposed algorithm to treat patients with HCV genotype 1 is represented in
Figure 2.

Treatment of HCV in Patients with Cirrhosis

An estimated 20% of HCV-infected patients have or will develop cirrhosis (Pawlot-
sky, 2006), defined as a state of diffuse fibrosis in which fibrous septae separate
clusters of the liver into nodules (Zeuzem, 2000). Once cirrhosis is established,
the prognosis is dismal; there is an increased development of complications related
to liver failure and/or portal hypertension (jaundice, encephalopathy, ascites, and
variceal bleeding) that mark the transition from compensated to decompensated
cirrhosis. Several studies in Europe and North America on the natural history of
HCV-related cirrhosis have showed a cumulative 5-year incidence of decompen-
sation ranging from 18–28%, and from 7–10% for HCC development. All studies
found that liver-related mortality rises steeply once clinical decompensation occurs
(Fattovich et al., 1997, 2002; Sangiovanni et al., 2006; Serfaty et al., 1998). In
fact, cirrhosis secondary to chronic HCV infection is the leading indication for liver
transplantation (Strader et al., 2004).

Data from cohort studies with standard IFN-α alone or plus RBV suggested that
antiviral therapy reduces the risk of decompensation, HCC, and death in HCV-
cirrhotic patients (Zeuzem, 2000). A recent analysis from the Consensus Devel-
opment Conference on Liver Transplantation and Hepatitis C suggested potential
treatment guidelines for the use of antiviral therapy in cirrhotic subjects, specially
in those with Child-Pugh scores of 7 or less or Model for End-stage Liver Disease
(MELD) scores of 18 or less (Wiesner et al., 2003). Prospectively defined criteria
prevented inclusion of patients with advanced liver disease in the registration tri-
als of peg-IFN/RBV: bridging fibrosis or cirrhosis was present prior to therapy for
28–30% (Manns et al., 2001) and 12–15% (Fried et al., 2002), and none had decom-
pensated cirrhosis at baseline. Across both studies, the response rate for treatment in
these patients was inferior to that observed for patients with less severe fibrosis (10–
15% lower on average for all treatment arms in both studies). In other peg-IFN/RBV
trials, the SVR rates in cirrhotic patients ranged from 30–50% to 20–22%, according
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to the absence or presence, respectively, of decompensated disease (Everson, 2004;
Hadziyannis et al., 2004; Heathcote, 2003).

Unfortunately, patients with cirrhosis are difficult to treat because of a high side-
effect profile. As liver disease severity increases, tolerability and efficacy diminish,
and treatment-related mortality arises. Thus, for each patient, a risk-benefit analysis
should be made. Patients considered for treatment in clinical practice will include
compensated cirrhotic patients with a broad range of liver dysfunction, cirrhotic
patients with well-compensated disease that have suffered prior decompensation,
and patients with overt and persistent decompensation.

Safety is an important concern when treating patients with advanced disease. For
non-cirrhotic patients, there is a clear advantage favoring the use of peg-IFN instead
of standard IFN-α plus RBV. However, the incidence of cytopenia is higher with
peg-IFN/RBV (Fried, 2002), which is relevant in cirrhotic patients, as many of them
have severe cytopenia due to hypersplenism. Prior studies performed in the clinical
setting have shown a rate of treatment discontinuation as high as 43%, in many cases
due to more than one reason, such as intolerable side effects and cytopenia (Höroldt
et al., 2006).

Treatment-related toxicity has a strong influence on adherence and full-dose
maintenance and compromises response rates (Dieterich & Spivak, 2003a).
Although peg-IFN and/or RBV dose reductions may improve cytopenia, to fully
preserve options for SVR, it seems preferable to use hematopoietic growth factors,
such as erythropoietin analogues and/or granulocyte colony-stimulating factor
(G-CSF) (Ball et al., 1999; Dieterich et al., 2003b). Although recently there have
been promising data on the use of the thrombopoietin agonist eltrombopag, an
oral platelet growth factor that stimulates megakaryocyte proliferation and differ-
entiation (McHutchison et al., 2006), severe thrombocytopenia still remains as an
absolute contraindication for HCV therapy or, induced by peg-IFN, frequently leads
to dose adjustments and/or early treatment withdrawal.

One potential therapeutic modality to manage cirrhosis-related cytopenia is to
treat or reduce hypersplenism per se. Partial splenic embolization (PSE) in liver
cirrhosis has been demonstrated to be an effective alternative to surgical splenec-
tomy for the treatment of hematological disorders caused by hypersplenism, such
as leukopenia and thrombocytopenia (Sangro et al., 1993). Moreover, PSE may also
be effective in improving liver functions (Tajiri et al., 2002). The PSE technique
is performed via a femoral artery approach, cannulating the splenic artery as dis-
tally as possible. Small embolic elements, 200–2000 μm in diameter, are injected
through the catheter (Maddison, 1973). Antibiotic prophylaxis is given perioper-
atively, and the aim is to obtain a splenic volume of infarction over 60–70% to
avoid recurrence. Potential complications of the procedure are splenic abscesses or
hematoma, portal or splenic vein thrombosis, pleural effusion, or infectious com-
plications (N˙Kontchou et al., 2005; Vujic & Lauver, 1981). Severe complications
of PSE are rare with modern techniques; the most frequent side effect is the so-
called post-embolization syndrome, a combination of fever, abdominal pain, nau-
sea, and slight left pleural effusion that occurs in approximately 80% of subjects,
usually responsive to analgesics for a few fays. The levels of platelets, but also
leukocytes and erythrocytes, rise promptly in 90–100% of patients (Sangro et al.,
1993; N˙Kontchou et al., 2005), and this improvement is long-standing for several
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years, even up to 20 years in long-term followup (Pälsson et al., 2003; Sakata
et al., 1996). The restoration of platelets is the result not only of reduced hyper-
splenism, but also of an increase in liver-synthesized thrombopoietin and a reduction
of platelet-associated IgG levels (Rios et al., 2005).

The first studies that specifically have used PSE in HCV cirrhotic patients suf-
fering from cytopenia as a pretreatment for modern combined antiviral therapy with
peg-IFN/RBV have recently been published (Foruny et al., 2005; Moreno et al.,
2004a). The authors have demonstrated the efficacy of PSE in improving hemato-
logical parameters, making it possible not only to start, but more importantly, to
maintain full-dose combined therapy in patients who otherwise would never have
been considered for therapy. To date, 19 out of 24 patients—89% infected with HCV
genotype 1 (n = 15) or 4 (n = 2)—have complete followup data, with an SVR rate
of 26%. Erythropoietin has been used in 5 patients (26%) and G-CSF in 3 (16%).
RBV doses were reduced in 4 patients (21%), but full-dose peg-IFN was maintained
in all. There were no hepatic decompensation episodes during therapy, and only
one patient not receiving G-CSF for neutropenia discontinued therapy prematurely
(unpublished personal data). Even with these encouraging treatment results, how-
ever, PSE is unlikely to be adopted widely in this setting. The procedure needs a
multidisciplinary collaboration, with advanced competence only available in highly
specialized centers, and will only be practical in a selected group of HCV-infected
patients with hypersplenism. It seems essential to define the patients who will bene-
fit most from this approach, to develop standardized treatment protocols, to perform
long-term followup studies, and to find the optimal timing between PSE and the
pharmacological therapy and the optimal dosages (Pälsson & Verbaan, 2005).

Although the principal aim of treatment is to achieve viral eradication, in absence
of SVR, antiviral therapy may slow the rate of disease progression, decrease the
incidence of HCC, and delay the need for transplantation. Ongoing trials are assess-
ing in nonresponders the impact of long-term peg-IFN maintenance therapy on the
long-term prognosis of advanced hepatitis C (Curry et al., 2005; Jensen & Marcellin,
2005; Lee et al., 2004).

Patients with HCV Recurrence Following Liver Transplantation

HCV reinfection occurs in almost all patients after LT, with an accelerated course
of the disease due to immunosuppressive treatment (Berenguer et al., 2000). Pro-
gression to cirrhosis is increased; 20–30% of patients present severe graft damage
at 5 years’ post-LT (Berenguer, 2005); and the rate of death and allograft failure
is increased when compared to other indications (Forman et al., 2002). Various
parameters appear to affect the outcome of HCV recurrence, such as HCV-RNA
before and after LT, renal function, HCV genotype, the year of transplantation,
donor and recipient age, and the nature of immunosuppressive therapy (Terrault &
Berenguer, 2006). Overall, it appears that severe hepatitis occurs in approximately
50% of LT subjects, while 15% of them develop cirrhosis and less than 5% require
retransplantation (Biggins & Terrault, 2005).

The lack of an efficient strategy to prevent reinfection and the aggressive course
of HCV after LT indicate the need for an effective antiviral therapy able to preserve
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the viability of the graft. Pre-emptive treatment within the first 4 to 6 weeks’ post-
LT has been disappointing, with SVR rates between 0–33% for different regimens,
including IFN-α monotherapy and IFN-α plus RBV (Chalasani et al., 2005; Ter-
rault, 2003). There is more experience on the treatment of established recurrent hep-
atitis C. The most recent studies using peg-IFN in combination with RBV (Figures 3
and 4) have showed SVR rates similar to those observed among immunocompetent
subjects (Dumortier et al., 2004; Moreno et al., 2005; Otón et al., 2006).

Treatment duration should be at least similar to non-transplanted patients, taking
into account early viral kinetics and HCV genotype (Otón et al., 2006). Early
stopping rules considering week 4 and week 12 HCV-RNA decays seem to be as
useful as in immunocompetent patients (Otón et al., 2006): the lack of at least a 1
log10 decrease at week 4 or at least a 2 log10 decrease at week 12 had an NPV of
100% on SVR.
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Reprinted from Journal of Hepatology, 43 (5), Moreno A et al, “HCV clearance and treatment
outcome in genotype 1 HCV-monoinfected, HIV-coinfected and liver transplanted patients on peg-
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The time between LT and the start of antiviral therapy seems relevant for its
impact on virological outcomes and adverse events. A “delayed approach,” waiting
until chronic hepatitis C is established and immunosuppressive therapy is less inten-
sive, might be the best scenario. In the Otón (2006) study, low baseline HCV-RNA
and a length from LT to therapy between 2–4 years were significantly associated to
success, probably due to lower HCV-RNA levels than in the immediate postopera-
tive therapy related to less intensive immunosuppression.

The main problem when considering therapy for LT subjects is the high rate
and severity of adverse events, with the frequent need for hematopoietic growth
factors. In studies of transplant recipients with recurrent hepatitis C, hemolysis was
reported in all patients, with 50% experiencing marked anemia (Gane, 2002). Ane-
mia is strongly associated with renal function, a finding consistent with the known
renal route of RBV elimination, and RBV dose adjustments and/or erythopoietin
use should be considered to prevent serious hematological complications and drug
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discontinuation (Terrault & Berenguer, 2006). In the largest series on the outcome
of peg-IFN plus RBV in LT patients after at least 12 months of surgery in the
clinical setting (Otón et al., 2006), the most frequent side effects were neutropenia
(76%), anemia (60%), and infectious complications (31%), and toxicity led to peg-
IFN withdrawal in 29% of subjects. Erythropoietin was used in 38%, and G-CSF
in 14.5%.

The performance of PSE in LT patients with persistent hypersplenism precluding
antiviral therapy has shown to be quite useful (Bárcena et al., 2005; Foruny et al.,
2006), for it not only allowed full-dose peg-IFN in this setting, but also led to a
significant improvement in the graft function even before peg-IFN/RBV, probably
related to the reversal of an undiagnosed splenic artery steal syndrome (Bárcena
et al., 2006).

Finally, and of note, the risk for IFN-α induced graft rejection seems to be higher
if RBV is not used (Bizollon et al., 1997; Manns et al., 2006; Otón et al., 2006),
suggesting a potential beneficial effect of RBV on IFN-induced rejection and, thus,
the need always to use combined therapy.

Due to the still unsatisfactory rates of response in LT with HCV recurrence,
future therapies may include RBV alternatives with lower rates of anemia, such
as viramidine, alternative IFN molecules with lower rates of cytopenia, and new
antiviral drugs (HCV-protease and polymerase inhibitors) that can be used alone or
in combination with either IFN-α or RBV, aimed to enhance SVR rates and improve
tolerability (Terrault & Berenguer, 2006).

Treatment of Patients Co-infected with the Human
Immunodeficiency Virus (HIV)

Since the introduction of highly active antiretroviral therapy (HAART) in the mid-
1990s, liver disease due to HCV has become a leading cause of morbidity and mor-
tality among patients infected with the human immunodeficiency virus (HIV), with
estimates that range from 10–45% (Bica et al., 2001; Salmon-Ceron et al., 2005).

The prevalence of anti-HCV antibodies is high in HIV-infected subjects, reaching
up to 70–90% among hemophiliacs and intravenous drug users, and is usually asso-
ciated with active infection as assessed by detectable HCV-RNA (Vallet-Pichard
& Pol, 2006). Each virus is able to modify the natural course of the other: HCV
infection impairs CD4-cell recovery in HIV co-infected patients receiving potent
antiretroviral therapy (Greub et al., 2000), and HIV infection significantly modifies
the natural history of HCV infection (Vallet-Pichard & Pol, 2006; Zylberberg & Pol,
1996), increasing the levels of HCV viremia (Bonacini et al., 1999; Cribier et al.,
1995) and worsening the histological course of the disease, increasing and acceler-
ating the risk of cirrhosis (Benhamou et al., 1999; Sotó et al., 1997). Indeed, the rate
of cirrhosis is increased 2- to 5-fold in HIV/HCV co-infected patients as compared
to HCV monoinfected patients, and the mean time elapsed between contamina-
tion and cirrhosis is significantly reduced (Vallet-Pichard & Pol, 2006). HAART,
and especially protease inhibitors (PI), may decrease the severity of liver disease:
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chronic use of PI and maintenance of high CD4 counts could have a beneficial
impact on liver fibrosis progression in HIV/HCV co-infected patients (Benhamou
et al., 2001).

In the last few years, therefore, the adequate management of HIV/HCV co-
infected patients has arisen to be of major concern. Four studies published in
2004 made it clear that the optimal treatment for CHC in HIV-infected subjects
is peg-IFN and RBV for 48 weeks, regardless of HCV genotype (Carrat et al. (RIB-
AVIC), 2004; Chung et al. (ACTG 5071), 2004; Laguno et al., 2004; Torriani et al.
(APRICOT), 2004). In the RIBAVIC study, 40% of patients had bridging fibrosis
or cirrhosis, compared to 16% in the APRICOT study and 10% in the ACTG 5071
study, respectively. HCV infections were genotype 1 in 77% of those randomized
to peg-IFN/RBV in ACTG5071, 61% in APRICOT, and 55% in the Spanish study.
Overall, SVR rates varied from 29–44%. Genotype 1 SVR rates ranged from 29%
(APRICOT), to 17% (RIBAVIC), to 14% (ACTG 5071), while the Spanish study
reported a 38% SVR rate for those with either genotype 1 or 4. SVR rates for
HCV genotypes other than 1 were generally higher: 62% (APRICOT), 73% (ACTG
5071), 44% (RIBAVIC), and 53% (Laguno et al., 2004), underscoring the dominant
role of genotype on SVR, as in non-HIV-infected patients.

High baseline HCV-RNA levels were also associated with lower SVR rates.
In the APRICOT study, SVR rates were over 60% in non-genotype 1 patients or
genotype 1 with pretreatment HCV-RNA levels below 800,000 IU/ml, in compar-
ison with only 18% for those with genotype 1 and HCV-RNA level over 800,000
IU/ml. On the other hand, some factors that were not associated with SVR were
also notable, including baseline liver histology, body weight, age, and the CD4 lym-
phocyte count. However, it is important to realize that persons with CD4 cell counts
below 200/ml were excluded from all but the APRICOT study and only represented
6% of those randomized to peg-IFN/RBV in that trial.

Until now, the main drawbacks of HCV therapy in HIV co-infected patients
have been the lower response rate (overall SVR always below 45%) when com-
pared to HCV monoinfected individuals and the development of new side effects,
mainly derived from the interaction between RBV and some HIV nucleoside reverse
transcriptase inhibitors, such as didanosine (increased risk of severe mitochondrial
toxicity including lactic acidosis), AZT (anemia), and stavudine (severe weight loss
mimicking rapid progression of lipoatrophy) (Moreno et al., 2004b; Soriano, 2006).
Therefore, didanosine is formally contraindicated, and AZT and stavudine should
be avoided whenever feasible or used cautiously.

The reasons why co-infected patients may not respond as well to anti-HCV ther-
apy are multiple, including the use of lower doses of RBV in most trials, HIV-related
immunodeficiency, more advanced fibrosis stages, high rate of insulin resistance and
liver steatosis, unfavorable baseline HCV virological features, higher discontinua-
tion rates due to side effects, lower drug compliance, possible reduction in RBV
efficacy with antiretroviral drugs, lower initial HCV-RNA clearance, and higher
relapse rates (Soriano, 2006).

HIV co-infection leads to a significantly slower clearance rate of HCV-RNA
when compared to HCV monoinfected (Figure 5) and even other immunosup-
pressed populations such as LT patients (Moreno et al., 2005; Figures 3 and 4).
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The underlying reasons might be related to a longer mean HCV virion half-life,
a delayed response in HCV clearance even in responders, and the lack of the
usual multiphasic decline in HCV-RNA levels under therapy, findings that strongly
suggest that HIV co-infection may intrinsically affect HCV-RNA kinetics during
peg-IFN/RBV therapy.

It is possible that higher SVR rates might be reached by longer therapy or by
higher doses of peg-IFN and/or RBV. The optimal dose of RBV remains unclear.
In most of the published literature on HIV/HCV co-infected patients, the RBV
dosage was 800 mg/day. This dose was meant to avoid anemia, especially in patients
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on AZT, and also because of the usually lower body weight of HIV-infected sub-
jects when compared to HCV monoinfected patients. Taking into account the better
results obtained using higher doses of RBV in non-HIV patients with genotype 1
(Hadziyannis et al., 2004), alternative strategies for HIV co-infected patients will
need to consider higher RBV doses as well.

The NPV of failing to suppress HCV-RNA early in therapy was also reported
to be high in pivotal trials of peg-IFN/RBV in HIV-infected subjects (Carrat et al.,
2004; Chung et al., 2004; Laguno et al., 2004; Torriani et al., 2004). As in HCV
monoinfected patients, the lack of at least a 2 log10 decrease in baseline HCV-RNA
at week 12, or a positive HCV-RNA at week 24, is associated to failure to reach
SVR, and treatment can be discontinued (Soriano et al., 2004). However, consid-
ering the above-reported slower HCV-RNA clearance pattern, and a different week
4 threshold predicting failure in HIV/HCV co-infected patients when compared to
HCV monoinfected subjects (Moreno et al., 2006; Figure 6), the currently accepted
use of a positive HCV-RNA at week 24 as a marker to discontinue therapy (Soriano
et al., 2004) might be premature for certain HIV/HCV co-infected patients. The use
of higher-induction doses of peg-IFN-α-2a (270 μg) for the first 4 weeks of therapy
plus weight-adjusted RBV (Solá et al., 2005), or an extended course of peg-IFN-
α-2a plus RBV 800 μg/day in patients with no EVR (Fuster et al., 2006), does not
seem to significantly improve SVR rates, in contrast to what was reported in HCV
monoinfected “late responders” (Berg et al., 2006; Sánchez-Tapias et al., 2006), but
further studies should be performed before completely discarding these strategies.
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There are no published studies in HIV/HCV co-infected patients failing to erad-
icate the virus evaluating the long-term effect of maintenance strategies on clinical
outcomes such as development of end-stage liver disease (ESLD) or HCC. In the
ACTG 5071 trial, histological response, defined as a 2- or greater point reduction
in histological activity, was observed in 35% of virological nonresponders. In the
RIBAVIC study, the improvement in liver histology was only seen in persons who
achieved SVR.

Finally, orthotropic liver transplantation (OLT) should be considered as the only
therapeutic option for patients with ESLD. Accumulated experience in North Amer-
ica and Europe in the last 5 years indicates that the 3-year survival rate in selected
HIV-infected recipients of liver transplants is similar to that of HIV-negative sub-
jects, and, therefore, HIV infection by itself is not a contraindication for LT (Miró
et al., 2006). As survival of HIV-infected patients with ESLD is shorter than patients
in the non-HIV-infected population (Brady & Muir, 2005; Pineda et al., 2005),
the evaluation for OLT should be made after the first liver decompensation. The
current selection criteria for HIV-infected transplant candidates include no history
of opportunistic infections or HIV-related neoplasms, a CD4 cell count over 100
cells/ml, and plasma HIV viral load suppressible with HAART (Miró et al., 2006).
The main problems in the post-transplant period are pharmacokinetic and pharma-
codynamic interactions between antiretroviral and immunosuppressive drugs and
the management of relapse of HCV infection. Up to now, experience with peg-IFN
and RBV remains scarce in this population, and reinfection of the graft arises as a
main concern for its impact on the graft and patients˙ survival (Miró et al., 2006).
In this study performed on 50 HIV-infected patients undergoing LT (96% related to
HCV), therapy with peg-IFN/RBV was started in 16 cases, with SVR in 2 (18%)
out of 11 evaluable patients. During followup the mortality rate was 20% (n = 10),
related to HCV recurrence in five subjects (50%).

Future research in HIV/HCV co-infected patients should investigate methods to
optimize the response to existing treatments and also include new viral targets, such
as the HCV polymerase or protease, respectively. In addition, studies need to exam-
ine the utility of maintenance therapy and characterize the optimal regimen when
delayed disease progression is the goal. Typically, formal evaluation of novel HCV
treatment is delayed by many years in HIV-infected subjects. Consequently, future
research must also include prompt evaluation of new antiviral compounds in this
population, in whom the prevalence and severity of the disease are greatest.
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Effects of Combined IFN-Alpha/Ribavirin
Treatment in HCV Disease-Related Progression

Davide Festi∗, Francesca Lodato, Giuseppe Mazzella, and Antonio Colecchia

Introduction

Chronic hepatitis C virus (HCV) infection is one of the main causes of liver disease
in the world. Although public health policy in Western countries has decreased the
number of new infections, the number of patients with advanced liver disease is
increasing (Armstrong et al., 2000; Kim, 2002). Available epidemiological stud-
ies (Davis et al., 2003; Fattovich et al., 1997) have shown that chronic hepatitis C
progresses slowly to cirrhosis and may eventually lead to hepatocellular carcinoma
(HCC). The annual rate of developing cirrhosis is very variable, ranging from 0–8%
(Forns et al., 2001; Yano et al., 1996); however, once cirrhosis has been established,
HCC development and decompensated cirrhosis occur at an annual incidence of
1.4% and 3.9%, respectively (Colombo et al., 1991; Tsukuma et al., 1993). The
prognosis of decompensated HCV-related cirrhosis is poor, with a 5-year survival
rate of only 50% (Fattovich et al., 1997).

Furthermore, it has been demonstrated (Planas et al., 2004) that once decompen-
sated HCV-related cirrhosis has been established, patients show not only a very high
frequency of readmission, but also the development of decompensation different
from the initial one.

Up to now, the only way to interfere with the progression of the disease is repre-
sented by the removal of the pathogenetic agent of the disease itself, i.e., the HCV,
by means of an effective treatment with interferon-alpha (IFN) plus ribavirin. In
fact, although virus clearance can be obtained by other therapeutic strategies (IFN
alone, etc.), this happens in a smaller percentage of patients.

Although orthotropic liver transplantation (OLT) represents the only effective
treatment of end-stage liver disease (Adam et al., 2003), it is well known that, in the
case of HCV-related liver disease, reinfection of the liver graft occurs in the majority
of patients (Berenguer et al., 2000). As a consequence, it is advisable to treat a
patient with HCV-related liver disease in order to obtain sustained virus clearance
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or to identify the most effective treatment strategy in order to reach liver transplant
in optimal conditions.

The aim of the present chapter is to review the evidence available concerning
the clinical effect of antiviral treatment, mainly a combined treatment of IFN plus
ribavirin, in patients with liver cirrhosis, its efficacy in influencing the natural history
of HCV-related disease (i.e., in preventing liver disease progression, liver disease
decompensation, and HCC development), and the efficacy of combined treatment in
patients with HCV-related disease before and after OLT.

Antiviral Therapy in HCV-Related Cirrhosis

The hepatitis C virus represents one of the main causes of chronic liver disease
in the world; in fact, the World Health Organization estimates that there are about
170 million cases of hepatitis C infection worldwide (WHO, 1999). Available epi-
demiological studies (Davis et al., 2003; Fattovich et al., 1997) have indicated
that, although most infected patients develop a mild and long-term disease course,
some of them develop, in about 30 years of active infection, liver cirrhosis (Tong
et al., 1995) and that these patients are at high risk for disease progression and
clinical deterioration (i.e., they will have decompensated cirrhosis). In a European
multicenter study (Fattovich et al., 1997) carried out on 384 patients followed up
for 5 years, about 18% of the patients developed decompensated cirrhosis (occur-
rence of ascites, encephalopathy, or variceal bleeding) and 8% developed HCC,
with a mortality rate of 1.9%/year and a probability of survival after the onset
of the first major complication of the disease of 50% at 5 years. Furthermore,
in another study (Davis et al., 2003) in which a mathematical model was used
to predict the ongoing complications of HCV-related hepatitis, it was estimated
that the proportion of cirrhotic patients will increase from 16% to 32% by 2020
in an untreated population, although a decline of HCV infection by 2040 was
predicted.

Given this emerging problem, the importance of finding an effective treatment
against HCV for the reduction of cirrhosis development and its complications in the
future is obvious.

Fortunately, the development of an antiviral treatment for chronic hepatitis C has
been a success story; in fact, in HCV, sustained response rates (SRR) improved from
approximately 5% using IFN in monotherapy to up to 60% with the combined and
optimized therapy represented by PEGylated interferons (PEG-INFs) plus ribavirin
(Manns et al., 2001; Heathcote & Main, 2005).

It is well known that sustained virological response (SVR) is highly influenced by
viral genotype and grade of fibrosis. In fact, the role, and consequently the estimated
efficacy, of antiviral therapy in patients with high-grade fibrosis or overt cirrhosis is
controversial (Everson, 2005): therapy with standard IFN monotherapy was disap-
pointing in terms of both the efficacy and the high frequency of side effects (Janssen
et al., 1993; Manns et al., 2001), while the use of PEG-IFN plus ribavirin obtained
better results (Heathcote et al., 2005).
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The theoretical main goal of therapy in cirrhotic patients is SVR, because virus
clearance reduces disease progression toward decompensated cirrhosis; however, at
least three other alternative endpoints could be achieved: (1) histological improve-
ment; (2) prevention, or delay, of HCC development; and (3) delay of liver function
decompensation.

Although several large, randomized clinical trials of IFN alone, or in combi-
nation with ribavirin, have been carried out, only a small percentage of patients
are represented by cirrhotic patients (Everson, 2005). In the study by Heathcote
and colleagues (Heathcote et al., 2000) that represented the first prospective study
focused on patients with bridging fibrosis or cirrhosis, 271 patients were enrolled
and were subdivided into three groups with three different treatment regimens. One
treatment arm consisted of PEG-IFN-alpha-2a dosed at 90 mcg/weekly; the second
was the same drug at 180 mcg/weekly; and the third was IFN-alpha-2a 3 times a
week; all treatments lasted 48 months. The results of this study demonstrated that
the highest dose of PEG-IFN obtained a 30% SVR vs. 8% standard IFN group; a
significant improvement of histological score was more frequent in the arm with the
higher doses of PEG-IFN with respect to standard IFN (54% vs. 31%). In a study of
250 patients with bridging fibrosis or cirrhosis (Manns et al., 2001), treatment with
standard IFN in combination with ribavirin showed a low SVR (about 38% for 48
weeks), although this percentage was higher compared to that obtained with IFN
monotherapy (13%).

There are few data regarding the efficacy of PEG-IFN in combination with rib-
avirin in cirrhotic patients in terms of SVR; in three large, randomized controlled
trials evaluating the efficacy of PEG-IFN in combination with ribavirin using differ-
ent regimens (Fried et al., 2002; Hadziyannis et al., 2004; Manns et al., 2001) to treat
HCV-related chronic hepatitis, in the subgroup of cirrhotic patients, an SVR ranging
from 40% for genotype 1 to 70% for genotypes 2 and 3 at a high dose of PEG-IFN
(180 mcg/week) was obtained. In a recent open–label, multicenter study carried out
in Canada in a “real-world” clinical practice setting, Lee and colleagues (Lee et al.,
2004) treated 174 patients having fibrosis F3-F4 with PEG-IFN (180 mcg/week)
plus ribavirin 800 mg/day for 48 weeks. The results obtained were comparable to
those documented in randomized controlled trials; in fact, the SVR was 34% in
genotype 1 and 66% and 44% in genotypes 2 and 3, respectively. In another study,
published in abstract form (Gordon et al., 2005), evaluating the efficacy in Child A
cirrhotic patients with portal hypertension, an overall SVR of 21% was obtained.

The largest experience in the treatment of patients with HCV-related liver cirrho-
sis is the Lead-In phase of the HALT-C (Hepatitis C Antiviral Long-Term Treatment
to Prevent Cirrhosis) cohort study of the retreatment of nonresponder patients (Ever-
son et al.,2004b); in the second re-evaluation, patients with biopsy-proven cirrhosis
and more severe disease (cirrhotic biopsy specimen and platelets < 125,000/mm3)
had an SVR ranging from 23% in those with a higher platelet count to 9% in those
with a lower platelet count. Thus, this study suggested that the retreatment of pre-
vious nonresponder cirrhotic patients is only marginally effective and that extensive
fibrosis independently impaired SVR to antiviral therapy.

However, despite the suboptimal response rate of the cirrhotic patients with
respect to non-cirrhotic ones, treatment of these patients has recently been
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encouraged by the International Liver Transplant Society Expert Panel, which
concluded that cirrhotic patients with relatively compensated liver disease as
defined by a MELD (Model for End-stage Liver Disease) score under 18 are
acceptable candidates for antiviral treatment (Wiesner et al., 2003).

As far as the effect of treatment on the histological score in cirrhotic patients
is concerned, there are more limited, but as yet inconclusive, studies; Everson and
colleagues (Everson et al., 2004a) demonstrated, 6 months following treatment, a
significant improvement of fibrosis, which was higher in patients with SVR, but
it was also present in relapsers and nonresponders. Another study (Heathcote et al.,
2000) showed that 50% of cirrhotic patients treated with PEG-IFN at 180 mcg/week
had histological improvement. Similar results in terms of improvement in fibrosis
and the necroinflammation score have been obtained in other studies carried out
in a mixed population of chronic hepatitis C and cirrhosis (Poynard et al., 2002;
Shiffman et al., 1997).

However, these studies included different types of patients in terms of fibrosis
score, virus genotype, and treatment regimens, and, as a consequence, these encour-
aging results need to be confirmed by means of “ad hoc” randomized clinical tri-
als. Three ongoing trials, i.e., HALT-C (Lee et al., 2004), COPILOT (colchicines
vs. PEG-interferon Long Term Trial) (Afdhal et al., 2004), and EPIC (Efficacy of
PEG-IFN in Hepatitis C) (Poynard et al., 2005), are currently evaluating the role of
maintenance therapy. Although in the COPILOT study an interim analysis at 2 years
(Afdhal et al., 2004) showed an annual rate of events (death, HCC development,
transplant > 2 point Child score, and variceal hemorrhage) of 7% in the colchicine
group vs. 3.5% in the PEG-IFN group (p = 0.003), the final results may shed fur-
ther light on this issue; thus, its recommendations regarding utility and efficacy will
depend upon the results of these trials.

Safety and Tolerability of Combination PEG-IFN and Ribavirin
Therapy in Cirrhotic Patients

Patients with cirrhosis are more difficult to treat with respect to those with chronic
hepatitis because adverse events of combination therapy are more frequent (Fried
et al., 2002; Manns et al., 2001). Hematological side effects are particularly com-
mon (Kowdley, 2005); bone marrow suppression caused by IFN may result in neu-
tropenia and thrombocytopenia, while ribavirin is directly toxic to red cells and
is associated with hemolysis, which is dose-related but self-limiting. The higher
incidence of these side effects in cirrhotic patients often induces dose reduction or
withdrawal of the antiviral treatment and thus a lower efficacy in terms of SVR. This
is particularly true in decompensated cirrhotic patients (Heathcote et al., 2005), as
illustrated in more detail in the above section.

However, more recent studies in patient with bridging fibrosis (F3-F4) have
shown that the rate of adverse events is similar to that observed in the absence of
cirrhosis (Lee et al., 2006; Marrache et al., 2005). In the Canadian open-label study
(Lee et al., 2004), the rate of serious events was similar in cirrhotic and non-cirrhotic
patients (4% vs. 5%), and adverse events accounted for discontinuation therapy in
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8%; the rate of dose reduction therapy was also similar in the two groups. In a
recent study (Marrache et al., 2005) performed on cirrhotic patients using combina-
tion treatment, the therapy was well tolerated without serious adverse hematological
events, and the rate of discontinuation of therapy was 17%, mainly in patients with
very advanced liver disease. In fact, at multivariate analysis, low INR (international
normalized ratio) and BMI (body mass index) resulted in associated variables for
discontinuation of therapy.

Furthermore, a reduction in the discontinuation–of-therapy rate and an increase
in the SVR could be achieved by the use of growth factors to counterbalance
the hematological side effects of antiviral therapy, as happens in chronic hepatitis
patients (Kowdley, 2005); however, more data are needed.

In conclusion, antiviral therapy is advisable in patients with early liver cirrhosis,
since treatment side effects, which are not different from those observed in chronic
hepatitis patients, may be well tolerated and managed. Patients with very advanced
disease should be treated with caution, as their tolerance of side effects is lower and
the long-term benefit of treatment is still unclear.

Effect of Antiviral Treatment in the Prevention of Hepatocellular
Carcinoma

Hepatocellular carcinoma (HCC) is the major cause of death in patients with liver
cirrhosis. It is the fifth most common neoplasm and the third most common cause
of death related to cancer in the world (Llovet et al., 2003; Parkin et al., 2001).
It is reported to be the leading cause of death in patients with cirrhosis in Europe
(Fattovich et al., 1997) and in Asia (Tsukuma et al., 1993); in Italy, its incidence
varies from 2–4%/year in patients with cirrhosis (Benvegnu et al., 1998; Bruno
et al., 1997; Mazzella et al., 1996). [COMP: No new paragraph here.]It has been
hypothesized that HCC incidence and mortality will indeed increase over the next 10
to 20 years due to the increased incidence of HCV-related cirrhosis (El-Serag, 2001).

HCC incidence is higher in the presence of cirrhosis in patients with chronic
hepatitis C, having a variable incidence in cirrhotic patients ranging from 2–8%/year
(Degos et al., 2000; Fattovich et al., 1997; Niederau et al., 1996, 1998). Therefore,
there is a 4-fold increased risk of HCC when cirrhosis is present (Fattovich et al.,
2004). In Europe and the United States (Benvegnu et al., 1998; Bruno et al., 1997;
Chiaramonte et al., 1999; Degos et al., 2000; Fattovich et al., 2002; Gordon et al.,
1998; Gramenzi et al., 2001; Mazzella et al., 1996; Mazziotti et al., 2002; Niederau
et al., 1998; Serfaty et al., 1998; Valla et al., 1999; Velazquez et al., 2003), the
summary incidence is 3.7 for cirrhotic patients, whereas it is impossible to calculate
for non-cirrhotic patients due to the absence of HCC in the only study available
(Niederau et al., 1998). Analyzing these data shows that the 5-year cumulative risk
of HCC development in cirrhotic patients was 17% in Europe and 30% in Japan
(Fattovich et al., 2004).

According to these epidemiological and clinical data, the best way to prevent
HCC development in HCV-infected patients is to prevent cirrhosis development.
In fact, as discussed previously for liver cirrhosis, IFN therapy may prevent HCC



220 D. Festi et al.

development by preventing liver damage evolution and by eradicating viral hepatitis;
this is generally the case for patients who have obtained an SVR (Di Bisceglie &
Hoofnagle, 2002). Eradicating HCV infection may prevent HCC development, at
least in patients without cirrhosis, whereas, in those with cirrhosis, a decline in HCC
incidence has been reported in patients achieving a sustained virological response
(Camma et al., 2001; Yoshida et al., 1999). The residual risk is related to the cirrho-
sis itself; moreover, if dysplastic or neoplastic cells are present, antiviral treatment
alone is unable to eradicate them. A study recently published by our group showed
the best results in terms of HCC prevention in cirrhotic patients treated with IFN
plus ribavirin as compared to those treated with IFN alone. Moreover, retreatment
courses of nonresponders reduced HCC incidence (Azzaroli et al., 2004). In the
same study, we also demonstrated that the relationship between a high Ag-NOR
[Silver stained (Ag)–nucleolar organizing region (NOR)] Proliferative Index and
HCC development. IFN is an antiproliferative cytokine; thus, in cirrhotic patients,
this property may have a beneficial effect in terms of HCC prevention through
the reduction of hepatocyte proliferation, even when a virological response is not
achieved. Moreover, a recent retrospective study showed a lower incidence of HCC
in patients treated long-term for HCV chronic hepatitis that were nonresponders
to IFN treatment as compared to patients treated for less than 24 months (Saito
et al., 2005).

Data on noncirrhotic patients derive from retrospective analyses. The largest,
from Japan, included 2,890 patients, 490 of whom were untreated. HCC inci-
dence was higher in the untreated group (3.1%/year) as compared to the treated
group (1.1%/year), but the difference reached the statistical significance only among
patients with stage 2 or 3 fibrosis. Patients were also stratified according to virolog-
ical response, showing the greater benefit in responder patients with fibrosis F2-F3
(Yoshida et al., 1999). These data have been confirmed by a recent update of the
study (Yoshida et al., 2004). This study also confirmed that HCC development is
related to the transaminase level; this is basically the rationale of treatment, the aim
of treatment is to reduce liver inflammation.

In conclusion, although a significant benefit in terms of reduction in HCC devel-
opment obtained by antiviral treatment is still disputed (Camma et al., 2001; Pap-
atheodoridis et al., 2001), efforts have to be made to reduce the disease’s progression
in patients with HCV-related disease by means of effective antiviral strategies, since
viral eradication in cirrhotic patient improves the natural course of the disease (Takai
et al., 2005).

Effect of Antiviral Treatment in Patients Before and After Liver
Transplantation

HCV cirrhosis is the leading indication for orthotropic liver transplantation (OLT) in
Western countries (Adam et al., 2003), and HCV reinfection of the graft after OLT
is almost universal, with a 10-to 20-fold increase in the levels of viremia (Berenguer
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et al., 2000). HCV liver disease occurs in the majority of patients: at five years in
an immunosuppressed host, cirrhosis is present in about 30% of patients (Berenguer
et al., 2000, 2001; Prieto et al., 1999; Sanchez-Fueyo et al., 2002) with a high risk
of decompensation and reduced chances of graft success and patient survival (Prieto
et al., 1999).

Factors accelerating liver disease progression are donor age and graft steatosis
(Berenguer, 2003), cytomegalovirus infection, and immunosuppression (treatment
of acute rejection with steroid pulses or OKT3, rapid steroid tapering) (Berenguer
et al., 1998, 2000; Brillanti et al., 2002; Burak et al., 2002; Gale et al., 1998; Neu-
mann et al., 2004; Rifai et al., 2004; Rosen et al., 1997; Sheiner et al., 1995; Wiesner
et al., 2003). Even if some cyclosporine metabolites show antiviral activity (Naka-
gawa et al., 2004, 2005; Watashi et al., 2003), the rate of graft reinfection and the
severity and the evolution of HCV infection of the graft do not seem to be affected
by the immunosuppressive protocol adopted (Ghobrial et al., 1999; Neumann et al.,
2004; Velazquez et al., 2003). Recently, new lymphocyte-depleting drugs have been
used as induction therapies in HCV patients with variable results (De Ruvo et al.,
2005; Eason et al., 2003; Marcos et al., 2004). Thus, further randomized studies are
needed to clarify their role in this setting of patients; until then, their use should be
continued.

Other important factors related to a poor outcome of HCV-related liver dis-
ease after OLT are pretransplant viral quasispecies and viral load (Pelletier et al.,
2000a, 2000b). The rationale of the antiviral treatment in OLT recipients is HCV
clearance—prior to OLT—in order to prevent the infection of the graft, or to induce
HCV clearance, when post-OLT reinfection is established. If HCV eradication is
not obtained, the aim is to slow/stop disease evolution.

The possibility of avoiding the infection of the graft, reducing viral quasispecies
and the viral load at the same time as the liver transplant, is basically the ratio-
nale for the use of antiviral therapy before the transplant. HCV reinfection of the
graft starts during the reperfusion of the graft, and, in the majority of patients,
the serum viral load reaches pretransplantation levels by the 4th post-surgical day
(Garcia-Retortillo et al., 2002). This increase tends to be greater in those patients
who receive corticosteroids. The plateau of their viral load is reached at 1 month
(Gane et al., 1996). Despite the early reinfection of the graft, there is little evi-
dence that this phenomenon is related to an increase in liver enzymes and worth
histology in HCV patients as compared to non-HCV patients (Guerrero et al.,
2000).

The recurrence pattern (McCaughan & Zekry, 2002) of HCV-related disease after
OLT varies from acute biochemical and histological hepatitis occurring from 1 to 3
months after surgery, to severe cholestatic hepatitis, which develops in a minority
of patients (2–5%). In this case, the clinical picture is severe, with jaundice and an
increase in alkaline phosphatases and gamma-glutamil transferase, and rapidly leads
to liver failure. Another possibility is the development of chronic hepatitis, which
arises six months after OLT with normal transaminases in 20–30% of patients and
with elevated transaminases in the remaining patients.

To prevent recurrent HCV disease, different strategies have been proposed: treat-
ment could be initiated prior to or at the time of OLT and eventually continued as a
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prophylaxis after transplant; it could be initiated after OLT prior to the development
of clinical disease or initiated once histological HCV-related disease is evident.

The goal of antiviral treatment in a transplant setting is viral eradication, but also
decreasing the progression of liver disease in those patients in whom SVR is not
achieved. Histological improvement in SVR patients is not seen in all cases. One
study from the United States (Abdelmalek et al., 2004) found an improvement in
the fibrosis score in 67% of patients with SVR after a mean followup of 2 years and
in 20% it worsened; another study from France (Bizollon et al., 2005), after a mean
follow up of 52 months, showed an improvement of fibrosis in 44% and a worsening
in 18% as compared to nonresponder patients, in whom the fibrosis was worse in
78% of the cases.

Antiviral Therapy Prior to Transplantation

As already mentioned, the rationale for this approach is that viral eradication prior to
organ implantation will prevent/reduce graft reinfection. Unfortunately, only about
20% of patients with advanced fibrosis are eligible for antiviral treatment (Everson,
2005).

Four studies evaluated the efficacy of this approach in patients awaiting a liver
transplant (Table 1). Crippin and colleagues (Crippin et al., 2002) treated 15 patients
with a Child-Pugh score of B or C with two doses of standard IFN, with or without
ribavirin. The study was prematurely interrupted because of the high rate of serious
adverse events: 87% of the patients withdrew from the therapy. The most common
adverse events were thrombocytopenia and leukopenia, with two deaths from sepsis;
other events were encephalopathy and digestive hemorrhage. Only two patients had
virological responses, but all had a recurrence of HCV infection after LT.

Low ascending doses of IFN and ribavirin (Everson, 2005) seem to reduce treat-
ment withdrawal to 40%. In this study, after one year of treatment, the SVR rate was
24% with higher response rates for genotype non-1; among SVR patients, 15 were
transplanted and 80% of them had no evidence of HCV recurrence, as compared to
100% of reinfection in nonresponders.

Similarly, Forns and colleagues (Forns et al., 2001) treated 30 patients with HCV-
related cirrhosis while on the waiting list for transplant. After a median duration
of 12 weeks, 30% of the patients were HCV negative; after OLT, HCV reinfection
occurred in 33%. In this study half of the patients evaluated for treatment were not
eligible, and treated patients received growth factors (G-CSF) to manage anemia or
leukopenia. Thomas and colleagues (Thomas et al., 2003) also treated 20 patients
on the waiting list with high doses of standard IFN until transplantation; 12 of them
cleared the virus before transplantation and 4 (33%) of them were HCV-RNA nega-
tive after LT with a followup of 33 ± 11 months. All the treated patients required G-
CSF administration sometime during therapy, with no cases of infection. Treatment
was temporarily interrupted when platelets fell below 30,000/mm3 in three patients.

Taking all these data together, we see that IFN treatment prior to OLT seems
to be effective in reducing HCV recurrence in responder patients. This therapy is
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poorly tolerated in cirrhotic patients: the presence of hypersplenism with a low
platelet count increases the risk of thrombocytopenia during treatment; moreover,
renal dysfunction related to the underlying liver disease may increase the risk of
ribavirin-related anemia (Jen et al., 2000). The global efficacy of recurrence or pre-
vention of HCV disease does not appear to be superior to that obtained in treating
patients after OLT, and the relapse timing seems delayed in some. The use of PEG-
IFNs is intriguing for their results in terms of virological response, but in this setting
of patients the risk of side effects may be too high.

Prophylactic Therapy Starting at the Time of Transplantation

This approach is based on the following hypotheses:

• treating OLT recipients at the time of transplantation during the early phase of
infection could lead to better results in terms of virus eradication: in fact, in
immunocompetent patients with acute hepatitis C, clearance of infection occurs
in 90% of treated patients (Licata et al., 2003).

• HCV-RNA viral load decreases both during the anhepatic phase of transplanta-
tion and immediately after reperfusion of the graft but peaks to the pretransplant
levels early after transplant (in some cases as early as 24–48 hours) (Garcia-
Retortillo et al., 2002); thus, treating HCV when the viral load is lower could
lead to better results. Treatment should be started immediately after surgery.

However, strong immunosuppression carried out in the first post-transplantation
week reduces the likelihood of response and produces cytopenia, which could limit
the use of IFN. Another important factor limiting the use of IFN during the early
phase of transplanted patients is the risk of rejection (Feray et al., 1995). Antiviral
actions of IFN-alpha include the induction of several proteins, such as proteinkinase
(PKR) and 2’,5’-oligoadenylate synthetase, which are important in the suppression
of the viral RNA synthesis (Zeuzem et al., 1996); but IFNs induce the expression of
major histocompatibility complex (MHC), on both antigen-presenting cells (APC)
and hepatocytes, which activates the cytotoxic T cell response and virus-specific
lysis of infected cells (Samuel, 2001). Finally, IFNs are involved in the development
of autoimmune diseases by the upregulation of MHC in both transplanted (Berardi
et al., 2006) and non-transplanted patients (Durelli et al., 2001; Fattovich et al.,
1996; Mazzella et al., 1996; Wilson et al., 2002).

IFN or PEG-IFN monotherapy has limited efficacy, with a reported SVR ranging
from 0–8% (Chalasani et al., 2005; Sheiner et al., 1995; Shergill et al., 2005; Singh
et al., 1998). Moreover, a difference in terms of survival or severity of recurrence
has not been shown between treated and untreated patients. Dose reduction is fre-
quently required in these patients, and treatment withdrawal is reported in about
40% of patients despite the use of growth factors (Shergill et al., 2005). The use
of combination therapy with ribavirin leads to better results, with reported SVR
rates of 18% (Shergill et al., 2005). A study from Japan (Sugawara et al., 2004)
reported more encouraging results, with SVR rates of 39% in patients treated with
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combination therapy within 1 month from OLT, with 57% of patients who required
dose modification or treatment discontinuation.

In summary, early antiviral treatment after surgery is a good approach in theory,
since in the real world several factors limit the efficacy of the treatment in terms of
both tolerability and virological response.

Therapy for Established Severe or Progressive Chronic Hepatitis

In clinical practice, the most common strategy is treating HCV recurrence once
there is histological evidence of liver disease (NIH Consensus Statement on Man-
agement of Hepatitis C, 2002). This means that therapy is usually delayed months
or years after OLT. Data on treatment derive mostly from single centers, which only
have experience with a small number of patients rather than with controlled studies
(Terrault, 2005); this means that there are no guidelines on treatment duration based
on genotypes, the optimal dosage of the drug, the definition of nonresponse, and
withdrawal rules for nonresponse.

Even months after OLT, immunosuppression is reduced and patients are stable,
IFN tolerability is poor, with high rates of dose reduction and low rates of treatment
response. One of the major problems is that ribavirin pharmacokinetics is influenced
by renal function (Jen et al., 2000), which is often reduced in patients receiving cal-
cineurin inhibitors. Besides these limitations, the rationale for treating HCV recur-
rence is based on the fact that SVR is associated with reduced activity, with a rapid
decrease in necroinflammatory activity at histology and stable, or reduced, fibrosis
at 2 or 5 years after treatment (Alberti et al., 2001; Bizollon et al., 2003, 2005; Burra
et al., 2006). The efficacy of antiviral treatment is disappointing, with low rates of
SVR, although it seems that using combination therapy with PEG-IFN and ribavirin
may lead to a better response.

The efficacy of IFN monotherapy is insignificant in terms of SVR, with rates of
response ranging from 0–2.5% (Ahmad et al., 2001; Cotler et al., 2001; Feray et al.,
1995; Gane et al., 1998; Wright et al., 1994). The biochemical response is 50–70%.

Better results are reported with combination therapy, with the SVR ranging from
17–30% (Ahmad et al., 2001; Giostra et al., 2004; Samuel et al., 2003). Dose reduc-
tion is frequent, with treatment discontinuation present in 22–43% of patients due
to adverse events (Table 2).

The use of PEG-IFN in combination with ribavirin gives better results (Table 2):
Dumortier and colleagues treated 20 patients with increasing doses of PEG-IFN-
alfph-2b (0.5–1 mcg/week) and ribavirin, obtaining an SVR in 45% of the patients
(Dumortier et al., 2004). Other studies reported variable rates of response rang-
ing from 24 to 35% with both PEG-IFN–alpha-2b and -alpha-2a plus ribavirin
(Castells et al., 2005; Dumortier et al., 2004; Mukherjee, 2005; Neff et al.,
2004; Rodriguez-Luna et al., 2004). These controversial results are probably
due to the variable dosages of both IFNs and ribavirin and the lack of standard
guidelines.
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Risk of Rejection and Immunomediated Diseases

The risk of acute rejection (AR) or chronic rejection (CR) during interferon treat-
ment in OLT recipients with chronic hepatitis C is still being debated. However, the
absolute risk does not seem to exceed 3% with traditional IFNs but peaks to 14%
with PEG-IFNs (Berenguer et al., 2006; Chalasani et al., 2005; Jain et al., 1998;
Toniutto et al., 2005; Wang et al., 2006; Yedibela et al., 2005). The overexpression
of MHC on cellular membranes induced by IFN, such as immunomodulatory and
proinflammatory cytokine, may produce uncontrolled immunological events leading
to AR or CR. This may be particularly important in responders to IFN treatment,
whose immune systems are so active as to determine the clearance of HCV.

The fear of AR and/or CR has always been a reality during IFN-based treat-
ment of recurrent viral hepatitis (HBV, HCV, and HDV) after liver transplantation;
this fear comes from experience with kidney transplantation, in which high rates
of graft rejection have been reported (Davis et al., 2003). Dousset and colleagues
(Dousset et al., 1994) described two cases of acute vanishing bile duct syndrome
and suggested that an increased risk of rejection could be due to the IFN-induced
overexpression of MHC class I antigens on liver cells. Feray and colleagues (Feray
et al., 1995) reported a notable number of chronic rejections (35%) in a series of
40 transplanted patients treated with 3 MU of IFN-alpha three times a week. More
recently, Samuel and colleagues (Samuel et al., 2003) reported no cases of AR and
only one case of CR in a series of 28 transplanted patients treated with the same
dose of IFN-alpha used in the previous study. This difference might be related to the
different immunosuppressive schedules used in recent years.

Few data are available on the risk of AR or CR during PEG-IFN treatment in
transplanted patients, even though the improved efficacy of PEG-IFN compared
to standard IFN might also expose the transplanted patient to an increased risk
of rejection. A recent study reported a relationship between virological response
during IFN-based treatment of chronic hepatitis C and AR in a series of trans-
planted patients (Kugelmas et al., 2003). In this study, the authors investigated the
presence of a relationship between viral clearance and immune-suppressant levels.
They found that, even though there was no difference between responders and non-
responders in terms of lowest immune-suppressant levels, the time spent at lower
immune-suppressant levels was higher among responders. In this study, the authors
hypothesized that viral eradication improves microsomal metabolic function, lead-
ing to a decrease of immune-suppressant levels, which may predispose patients to
allograft rejection.

To minimize the risk of rejection during PEG-IFN, Dumortier and colleagues
(Dumortier et al., 2004) progressively increased the dosage of PEG-IFN. More-
over, the level of immune suppressant was carefully maintained at the normal upper
limit. In this study, 25% of the patients developed AR; in all cases, this compli-
cation was easily controlled only by increasing the immune-suppressant regimen;
and no cases of CR were observed. These data may confirm that interferon is capa-
ble of increasing the risk of rejection and that maintaining adequate levels of an
immune-suppressant drug reduces this risk. However, the study does not mention
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the response status in those patients who developed AR, so that speculation on the
role of immunological activation, and microsomal drug metabolism, is impossible.

In other studies, the incidence of AR during IFN or PEG-IFN treatments in liver-
transplanted patients with HCV recurrence varies from 11–35%, while the incidence
of CR ranges from 4–9% (Samuel et al., 2003; Stravitz et al., 2004).

Recently, a particular kind of immunomediated graft dysfunction was described
in a cohort of transplanted patients receiving PEG-IFN (Berardi et al., 2006). Based
on exclusion of other known causes of liver dysfunction, on histology, and on clin-
ical findings, this entity was identified as de novo autoimmune hepatitis (de novo
AIH). De novo AIH after OLT is a newly recognized condition affecting patients
transplanted for disorders other than AIH (Kerkar et al., 1998; Salcedo et al., 2002).
Risk factors and pathogenesis for this disorder remain unknown, and minimum cri-
teria for diagnosis have not been standardized (Czaja, 2002). IFN may trigger the
development of autoimmune disorders in virtue of its immunomodulating proper-
ties. This pathological entity seems to be very aggressive, since in this study two of
the nine patients who developed de novo AIH died, one was reenlisted for OLT, and
one had a graft failure.

Conclusions

HCV recurrence after OLT is a major concern, as HCV chronic liver disease is the
leading indication for OLT in Western countries, and HCV recurrent liver disease of
the graft reduces survival and increases allograft failure (Forman et al., 2002).

IFN-based antiviral treatment is the only one available, but its applicability in the
transplant setting is complex. Combination therapy with ribavirin is superior to IFN
monotherapy; higher rates of SVR are reported with a combination of PEG-IFNs
and ribavirin, but larger studies are needed, and the potential higher risk of severe
side effects is unclear.

Pretransplant treatment may be considered in patients with compensated liver
disease. Post-transplant treatment is recommended in patients with acute early recur-
rence and chronic progressive diseases (Wiesner et al., 2003). Tolerability to treat-
ment is poor after transplant; side effects are frequent and sometimes so severe as
to lead to graft loss or death. Therefore, the decision to treat should be weighed
against the risk of side effects, and disease progression should be assessed by annual
biopsies as a protocol (Samuel et al., 2006).
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Pegylated Interferons: Clinical Applications
in the Management of Hepatitis C Infection

S. James Matthews and Christopher McCoy

Introduction

Currently, there are two pegylated interferon (PEG-IFN) products available for
the treatment of hepatitis C virus (HCV) infection [(pegylated interferon, PEG-
IFN alpha-2a (PEGASYS�), and pegylated interferon, PEG-IFN alpha-2b (PEG-
INTRON�)]. Pegylation is a process by which the interferon-alpha is bound to
a polyethylene glycol moiety (Kozlowski & Harris, 2001). The PEG-IFN-alpha-2a
product is bound to a single-branched bis-monomethoxy polyethylene glycol (PEG)
chain (40,000 daltons) for a final molecular weight of 60,000 daltons or 60 kDa
(kilodaltons). Four major positional isomers exist for this compound (Bailon et al.,
2001) In contrast, PEG-IFN-alpha-2b is formed by attaching a single chain of PEG
(12 kDa mono-methoxy PEG) to interferon-alpha-2b via an ester linkage. The PEG
moiety is conjugated to the His34 amino acid residue, forming 12 positional iso-
mers (Wang et al., 2000). The combined molecular weight of PEG-IFN-alpha-2b is
smaller, about 31 kDa. The chemical structure and linkages of PEG-IFNs (alpha-2a
and alpha-2b) are shown in Figure 1.

Pegylation does change the pharmacokinetic properties of unmodified interferon-
alpha demonstrably (Luxon et al., 2002; Kozlowski & Harris, 2001). These prop-
erties allow for once-weekly dosing, more stable interferon-alpha blood concen-
trations throughout the dosing interval, and improved efficacy (Luxon et al., 2002;
Pockros et al., 2004; Lindsay et al., 2001).

Currently, the National Institutes of Health identifies the use of PEG-IFN-alpha
plus ribavirin (RBV) as the preferred therapy for the treatment of chronic HCV
infection. While an improvement over rates of treatment success with unmodified
interferons, the critical endpoint, a sustained virological response (SVR), defined
as an undetectable level of HCV RNA 6 months after the completion of therapy,
remains low particularly for genotype 1, at 42–52%. Higher rates are observed in
patients with genotype 2 or 3, at 76–84% (Fried et al., 2002; Hadziyannis et al.,
2004; Manns et al., 2001; National Institutes of Health Consensus Development
Conference Statement: Management of Hepatitis C, 2002). Efforts to develop more
effective dosing regimens, especially for subjects with genotype 1 and patients who
do not respond or relapse after completion of therapy, are under study. This chap-
ter will review the pharmacokinetics, efficacy in phase II and III clinical studies,
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and therapeutic options for the use of the PEG-IFNs in difficult-to-treat conditions.
Safety and drug interaction considerations will also be reviewed.

Pharmacokinetics

This review will involve comparisons among unmodified interferon-alpha, PEG-
INF-alpha-2a, and PEG-INF-alpha-2b. The pharmacokinetic parameters of the two
PEG-IFNs are quite different and vary markedly from the corresponding unmodified
interferon (Table 1). There are no significant differences in core parameters between
male and female subjects, or among Black, Latino, and Caucasian patients with
chronic HCV infection (PEGASYS R©; Hoffmann-La Roche, Basel, Switzerland,
2004; PEG-Intron R©; Schering Corporation, Kenilworth, NJ, 2005; Brennan et al.,
2005).

PEG-IFN products are absorbed slowly. The absorption half-life for unmodified
interferon-alpha and PEG-IFN-alpha-2a and -alpha-2b are 2.3, 50, and 4.6 hours,
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respectively (Harris et al., 2001; Glue et al., 2000). The time to achieve the max-
imum serum (Tmax) concentration is markedly increased by pegylation. The Tmax
for unmodified interferon-alpha varies from 7.3 to 12 hours versus approximately
45 to 81 and 16 to 44 hours for PEG-IFN-alpha-2a and -alpha-2b in healthy adults
and patients with compensated chronic HCV infection (Algranati et al., 1999; Glue
et al., 2000; Wills, 1990; Wills et al., 1984; Chatelut et al., 1999; Martin et al.,
2000, 2000a; Modi et al., 2000). Near-dose proportional maximum serum concen-
trations (Cmax) of PEG-IFN-alpha-2a are obtained approximately 80 hours after the
first dose (Heathcote et al., 1999). Dose-related but not dose-proportional increases
between the dose and Cmax are noted with PEG-IFN-alpha-2b (Glue et al., 2000,
2000a).

Absorption of PEG-IFN-alpha-2a has been shown to be particularly delayed in
elderly males (mean Tmax = 116 hours) versus a mean of 81 hours in young males
(Martin et al., 2000). Age does not affect the absorption of PEG-IFN-alpha-2b
(Gupta et al., 2003). For children, limited data exist on the pharmacokinetics of
PEG-IFN-alpha. Schwarz (2003) presented data on the absorption of PEG-IFN-
alpha-2a after subcutaneous administration in 14 treatment-naïve HCV-infected
children. The children received PEG-IFN-alpha-2a [(180 μg/1.73 m2) × patient
body surface area] for 48 weeks. Rapid and sustained absorption was noted after
the first dose, with mean concentrations 24 and 96 hours after a dose of 22.3 ng/ml
and 19.0 ng/ml, respectively. Steady-state concentrations were reached by week 12
of therapy.

The mean apparent volume of distribution (Vd ) of unmodified interferon-alpha-
2a and PEG-IFN-alpha-2a are markedly different, at 31 to 73 L and approximately
6 to 14 L, respectively (Harris et al., 2001; Lamb & Martin, 2002) (Table 1). In
contrast, the mean apparent Vd for unmodified interferon-alpha-2b is approximately
98 L (1.4 liters/kg) versus 69.3 L (0.99 liters/kg) for PEG-IFN-alpha-2b for a 70-kg
person (Glue et al., 2000). The volume of distribution of PEG-IFN-alpha-2a is also
lower than unmodified and PEG-IFN-alpha-2b. The lower Vd for PEG-IFN-alpha-
2a limits the distribution to well-perfused organs, allowing for a fixed-dose regimen
(irrespective of body weight). On the other hand, the distribution of PEG-IFN-alpha-
2b is closer to that of unmodified interferon.

Unmodified interferon-alpha is eliminated by glomerular filtration with reabsorp-
tion occurring in the proximal tubules (Wills, 1990). The liver plays a small part in
the elimination of unmodified interferon-alpha. Additional catabolism may occur
via interactions with cellular interferon receptors (Glue et al., 2000). In contrast,
animal studies demonstrate that PEG-IFN-alpha-2a is metabolized mainly by the
liver (Modi et al., 2000a). Non-renal clearance of PEG-IFN-alpha-2b accounts for
approximately two-thirds of the total clearance (Gupta et al., 2002).

Unmodified interferon-alpha is rapidly eliminated from the body, with an aver-
age half-life between 4 and 16 hours (Glue et al., 2000; Wills, 1990). The mean
apparent clearance varies from 4.9 to 21 liters/hour (Table 1) (Wills, 1990). Elim-
ination half-lives for the PEG-IFN products are far longer. The mean half-life for
PEG-IFN-alpha-2a varies from 61 to 110 hours, and the mean apparent clearance
varies from 60 to118 mL/hour in subjects with stable renal function. The mean half-
life for PEG-IFN-alpha-2b is 30 to 58 hours (Table 1) (Glue et al., 2000, 2000a).
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Steady-state concentrations of PEG-IFN-alpha-2a occur after 5–8 weeks of weekly
administration (Modi et al., 2000).

Renal dysfunction affects the pharmacokinetics of PEG-IFNs differently (Martin
et al., 2000a; Lamb et al., 2001; Gupta et al., 2002). For PEG-IFN-alpha-2a, the
Cmax, distribution, and apparent total body clearance in subjects with stable chronic
renal impairment were comparable to patients with normal renal function. Clearance
(Cl/F) of PEG-IFN-alpha-2a was 25–45% lower in patients on hemodialysis, how-
ever, compared with subjects with normal kidney function (PEGASYS� package
insert, 2004; Martin et al., 2000; Lamb et al., 2001). Dosage adjustment is recom-
mended in patients with end-stage kidney disease on hemodialysis (PEGASYS�
package insert, 2004).

In contrast, the Cmax and AUC (area under the concentration-time curve)
increased up to two times in patients with decreased renal function receiving
PEG-IFN-alpha-2b compared with patients with normal baseline renal function
(Gupta et al., 2002). The mean half-life increased and the mean apparent body
clearance decreased by 40% and 45%, respectively. Renal clearance accounts for
approximately 30% of the total body clearance of PEG-IFN-alpha-2b. Patients with
a calculated creatinine clearance less than 50 mL/min should receive PEG-IFN-
alpha-2b therapy only after assessing the risks and benefits (PEG-Intron package
insert, 2005).

As to removal of PEG-IFNs by hemodialysis, Barril (2004) performed an in
vitro study comparing the effect of permeability and pore size of hemodialysis
membranes on the blood levels of unmodified interferon-alpha-2a versus PEG-IFN-
alpha-2a and PEG-IFN-alpha-2b. Pore size was more important than permeability
in the removal of interferon products from the blood. Unmodified interferon and
PEG-IFN-alpha-2b, but not PEG-IFN-alpha-2a, were cleared appreciably by mem-
branes with middle to middle-large pore size (43–60 Å) high-flux dialysers. Given
that PEG-IFN-alpha-2a is not as dependent upon renal clearance for elimination,
it is the preferred choice for patients with renal dysfunction. In the case that a
patient requires hemodialysis, PEG-IFN-alpha-2b may require supplemental dosing
depending on the type of dialyser being used.

Concern about the effect of fixed dosing of PEG-IFN-alpha-2a in patients at the
extremes of body weight has been raised. Although the drug has a low volume of
distribution, morbidly obese patients may not achieve therapeutic interferon con-
centrations, while lighter patients may experience an increase in adverse events due
to supratherapeutic levels. Obesity has been identified as an independent risk factor
for nonresponse to unmodified and PEG-IFNs (Fried et al., 2002; Hadziyannis et al.,
2004; Manns et al., 2001). It is unknown whether the decreased efficacy can be
attributed to lower interferon levels, intrinsic resistance to the effects of interferon,
or the presence of negative prognostic factors in obese patients (Swain et al., 2005).
It has been reported that the Cmax and AUC of unmodified interferon are 35% and
25% lower in obese subjects versus non-obese patients (Lam et al., 1997). Bressler
(2005) noted a 21% reduction in trough levels of PEG-IFN-alpha-2a in obese ver-
sus non-obese subjects receiving the 180-μg dose. The trough concentrations after
PEG-IFN-alpha-2a at 270 μg/week were similar to those noted in the 180-μg/week
dose in non-obese subjects. In a single-dose study, the AUC for PEG-IFN-alpha-2a
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and -2b was not related to body weight. However, the number of obese patients
was small (Bruno et al., 2005). The significance of this finding will need to be
determined in clinical trials. The manufacturer of PEG-IFN-alpha-2a is undertak-
ing a study to determine the effectiveness of higher doses of PEG-IFN-alpha-2a in
patients with HCV infection and who are over 85 kg (ClinicalTrials.gov Identifier:
NCT00077649). Swain (2005) reported a higher incidence of serious adverse events
in lighter patients (≤75.5 kg) receiving fixed-dose PEG-IFN-alpha-2a, but the num-
ber of withdrawals due to adverse events was not increased.

The pharmacokinetics of the two available PEG-IFNs vary. The decision to treat
with one product over the other should take into consideration renal function and
body size.

Drug Interactions

Drug-drug interactions for the PEG-IFNs are infrequent but are marked by conse-
quence. Additive side effects are the most notable mechanism of interaction. Agents
with similar adverse drug event profiles (e.g., hepatotoxins, or drugs that cause ane-
mia) run highest on the list. As the metabolism and elimination of PEG-IFNs are not
dependent on extensive oxidative metabolism, through any of the major cytochrome
P450 enzyme systems, these agents are not subject to the inductive or inhibitory
activity of other drugs. Additionally, neither PEG-IFN product exerts an effect on
the majority of P450 enzyme systems, including 2C9, 2C19, 2D6, and 3A4 (Package
insert, FDA Briefing Document, 2002). PEG-IFN-alpha-2a demonstrates mild inhi-
bition of cytochrome P450 1A2, the enzyme responsible for metabolism of drugs
such as theophylline, risperidone, clozapine, tricyclic antidepressants, and caffeine
(FDA Briefing Document, 2002).

Treatment with PEG-IFN-alpha-2a once weekly for four weeks in healthy sub-
jects taking theophylline was associated with a 25% increase in the total theo-
phylline area under the concentration-time curve. The resultant effects were adverse
effects of theophylline, including nausea, vomiting, palpitations, and seizures. The
effect could be offset by a 25% reduction in the dose of theophylline. PEG-
IFN-alpha-2a does not uniformly affect the disposition of methadone metabolism
(Sulkowski et al., 2005a). Methadone exposure was increased by a mean of 10–
15% in patients co-treated for four weeks. The levels of methadone doubled in two
patients. No subject had clinical signs or symptoms of intoxication or withdrawal
related to methadone. Mauss (2004) examined the effect of PEG-IFN-alpha-2b on
50 patients on methadone maintenance. While there was a high rate of discontin-
uation of therapy among this group of patients, there was no increase in adverse
effects. RBV does not affect the disposition of PEG-IFN-alpha but contributes sig-
nificantly to the untoward effects on hematological counts, particularly red blood
cells (RBC).

Directly hepatotoxic agents used in combination with PEG-IFN can elicit addi-
tive drug toxicity. Concomitant use of the nonnucleoside reverse transcriptase
inhibitor nevirapine, a known hepatotoxin, has been associated with a higher
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incidence of advanced liver fibrosis (Macias et al., 2004). Numerous case reports
and retrospective reviews identify didanosine, when used in combination with
PEG-IFN products with ribavirin, as a prominent risk factor for cases of fatal
hepatic failure, peripheral neuropathy, pancreatitis, and lactic acidosis (Bani-Sadr
et al., 2005). Use of ritonavir or ritonavir plus saquinavir in HIV patients infected
with the hepatitis C or B virus has also been associated with increased rates of
severe hepatotoxicity.

PEG-IFNs, in combination with RBV, may additionally antagonize stavudine and
zidovudine antiretroviral activity, secondary to inhibition of intracellular phospho-
rylation. Use of alternate antiretroviral agents is recommended. For all co-infected
patients (HCV and HIV infection), increased vigilance for signs of hepatotoxicity is
highly recommended.

Mechanism of Action

PEG-IFNs were developed in order to achieve a more sustained antiviral and
immunodulatory effect than unmodified interferon (Kamal et al., 2002). Their mech-
anism of action is the same as for unmodified interferon. The chapter by Dr. Dash in
this manuscript provides extensive insight into the mechanism of interferon action
and resistance.

PEG-IFN-alpha combined with RBV is the recommended treatment for the man-
agement of patients with chronic HCV infection (National Institutes of Health Con-
sensus Development Conference Statement: Management of Hepatitis C, 2002).
When combined with PEG-IFN, RBV significantly improves the possibility of
achieving an SVR in patients with chronic HCV infection when compared with an
interferon-alpha by itself, therapy with RBV, or PEG-IFN-alpha alone (Fried et al.,
2002; Manns et al., 2001). When used as monotherapy in patients with chronic HCV
infection, RBV has been shown to improve serum alanine aminotransferase (ALT)
concentrations (Bodenheimer et al., 1997; Dusheiko et al., 1996). No significant
decrease in HCV RNA concentrations were noted during therapy. On the other hand,
Pawlotsky (2004) noted a moderate (–0.5 to –1.6 log10) but transient (days 2 and 3
and disappearing by day 4) decrease in HCV RNA concentrations in 4 of 7 subjects
receiving monotherapy with RBV.

The exact mechanism of action of RBV when combined with interferon-alpha
therapy is unknown. The chemical structure of RBV is depicted in Figure 2. Several
hypotheses have been proposed. RBV may act by inhibiting DNA, RNA, and protein
synthesis, leading to a decrease in production of pro-inflammatory cytokines such

Fig. 2 Ribivirin
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as interferon-γ and may induce apoptosis of cells in the inflammatory infiltrate in
the infected liver (Meier et al., 2003). Modulation of the T helper 1/Th2 cytokine-
mediated immune response with an emphasis on the type 1 cytokine profile is con-
sistent with the results of combined therapy with PEG-IFN-alpha-2a (Kamal et al.,
2002; Tam et al., 1999; Hultgren et al., 1998). The mutagenic activity of RBV on
HCV is also a possible mechanism (Asahina et al., 2005).

Pharmacodynamics

Administration of unmodified interferon-alpha or PEG-IFN-alpha products results
in a multiphase decline of HCV RNA concentrations. A study by Zeuzem (2001)
noted a rapid first-phase decline in HCV RNA concentrations in 79% and 76% of
patients receiving unmodified interferon and PEG-IFN-alpha-2a, respectively. This
response was noted within 48 hours of initiation of interferon therapy. The first
phase of viral decline is thought to reflect an interferon-induced blockade of virus
production or release, as well as the degradation rate of free virus (Neumann et al.,
1998). After about 24 to 48 hours, the viral decline slows and a second phase of
HCV RNA decay is noted. The second-phase decline is thought to reflect the degra-
dation rate of infected cells or the elimination of virus from infected hepatocytes
(Neumann et al., 1998; Lutchman & Hoofnagle, 2003). The decrease in HCV RNA
concentrations was faster in both phases in patients infected with a non-1 HCV
genotype (Zeuzem et al., 2001). The degree of second-phase decline of HCV RNA
was predictive of SVR (Zeuzem et al., 2001). A similar pattern of HCV RNA decline
has been noted in patients who are infected with HCV genotype 1 and receive PEG-
IFN-alpha-2b (Buti et al., 2002).

Herrmann (2003) studied the effect of the addition of RBV on the viral kinetics
of unmodified interferon-alpha-2b and PEG-IFN-alpha-2a in patients with genotype
1 chronic hepatitis C infection. In addition to the two phases reported by Zeuzem
(2001), they noted a third phase of viral decay in 57%, 56%, and 89% of patients
receiving unmodified interferon-alpha-2b with RBV and PEG-IFN-alpha-2a with-
out and with RBV, respectively. The third phase of viral decline began at day 7 to day
28 after initiation of therapy. The third-phase kinetic parameters were predictive of
an end-of-treatment response (ETR—undetectable HCV RNA concentrations at the
end of 48 weeks of therapy) (P = 0.001) but not SVR (P = 0.11). This third phase was
attributed to a treatment-enhanced loss of HCV-infected cells. Pawlotsky (2002) and
Neumann (2002) found that a triphasic HCV RNA decay pattern was more common
in HCV genotypes 4 and 1 (38%) versus genotypes 2 and 3 (3%). All genotype 1
patients who had a bi-phasic response to PEG-IFN-alpha-2a plus RBV had a rapid
viral response (RVR) (a second slope greater than 0.3 IU/ml/week), whereas only
62% of those with a tri-phasic response had an RVR.

Zeuzem (2005) investigated whether individualizing therapy for chronic HCV-
infected patients based on viral responses to treatment increased the likelihood of
achieving an SVR. An SVR was defined as an undetectable serum HCV RNA (<50
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IU/mL) 24 weeks after the end of therapy. Study results indicated that individualized
therapy was no better than standard therapy in the management of patients.

Therapeutic Efficacy

Determination of genotype is the first step in the consideration of treatment with
either of the PEG-IFNs. This will help determine the length of therapy and the
likelihood of treatment success, aiding the patient and provider in the benefit versus
risk analysis. Patients infected with genotype 2 or 3 respond better to therapy than
subjects infected with genotype 1 or 4 (National Institutes of Health Consensus
Development Conference Statement: Management of Hepatitis C, 2002; Sherman
et al., 2004)

Monotherapy with PEG-IFN-Alpha

Combination therapy with PEG-IFN and RBV is the therapy of choice for the
management of HCV infection. However, in those situations where the patient is
intolerant or has a contraindication to the use of RBV, monotherapy with PEG-
IFN is indicated. Four randomized controlled trials in interferon-naïve subjects with
chronic HCV infection demonstrated the superiority of treatment with PEG-IFN-
alpha-2a over unmodified interferon-alpha-2a (Reddy et al., 2001; Heathcote et al.,
2000; Zeuzem et al., 2000; Pockros et al., 2004). A sustained biochemical response,
end–of-treatment virological response, sustained virological response, and histo-
logical response were therapeutic endpoints. A sustained biochemical response was
defined as a normal serum ALT at week 72, and a histological response was defined
as a >2-point decrease in the total histological activity index (HAI) in liver biopsy
results between baseline and week 72. An end-of-treatment virological response
and a sustained virological response were defined as an undetectable plasma HCV
RNA after 48 weeks of therapy and an undetectable HCV RNA concentration (<100
copies/mL) at week 72, respectively.

The specific relative rates of response are summarized in Table 2. For all ther-
apeutic endpoints, a statistically significant benefit was seen with treatment with
PEG-IFN-alpha-2a over unmodified interferon. The greatest relative benefit for all
parameters was noted with treatment at the highest dose, of 180 μg/week. The
135-μg/week dose achieved an identical SVR as the 180-μg/week dosing regimen,
but the histological response was inferior and no different from that of unmodified
interferon-alpha-2a (Pockros et al., 2004). The histological response correlates to
SVR (Reddy et al., 2001; Heathcote et al., 2000; Zeuzem et al., 2000; Cammà et al.,
2004). A histological response, however, was found in some patients who failed to
respond to therapy or who relapsed after an end-of-treatment response (Heathcote
et al., 2000). These data indicate that therapy with PEG-IFN can have a beneficial
effect even without an SVR.
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The likelihood of achieving an SVR was lower in patients infected with HCV
genotype 1 when compared to non-1 genotypes. The chance of achieving an SVR
in patients infected with HCV genotype 1 varied from 12–31% (180 μg PEG-
IFN-alpha-2a weekly for 48 weeks) versus unmodified interferon-alpha-2a (2–7%)
(Reddy et al., 2001; Heathcote et al., 2000; Pockros et al., 2004; Zeuzem et al.,
2000). In patients infected with HCV non-1 or unknown genotype, the response
was approximately 41–51% in the 180-μg/week PEG-IFN-alpha-2a groups versus
0–19% for unmodified interferon-alpha-2a (Reddy et al., 2001; Heathcote et al.,
2000; Pockros et al., 2004).

Lindsay (2001) performed a randomized, double-blind study (for PEG-IFN-
alpha-2b doses) comparing PEG-IFN-alpha-2b with unmodified interferon-alpha-2b
in interferon-naïve patients with chronic HCV infection (Table 2). An end-of-
treatment virological response was recorded in 24%, 41%, and 49% of patients
receiving unmodified interferon, PEG-IFN-alpha-2b (1.0 μg/kg/week), and PEG-
IFN-alpha-2b (1.5 μg/kg/week), respectively. The end-of-treatment virological
response was statistically greater for all of the PEG-IFN dosing groups when
compared with unmodified interferon (P < 0.001). The SVR for the 1.0-μg/kg/week
(25%) and 1.5-μg/kg/week (23%) doses of PEG-IFN-alpha-2b were identical and
significantly different from unmodified interferon-alpha-2b (12%) (P < 0.001 for
both PEG-IFN doses).

Combination Therapy with PEG-IFNAlpha-2a and RBV

Major randomized controlled trials have been used to develop consensus guidelines
for the use of PEG-IFN combined with RBV for the management of patients with
chronic HCV infection (Manns et al., 2001; Fried et al, 2002; Hadziyannis et al.,
2004). Like monotherapy, the treatment duration and the likelihood of achieving an
SVR are determined by HCV genotype. In this section, we will review the available
information concerning the treatment of chronic HCV genotypes 1–6.

Overall SVR and SVR by genotype results are listed in Table 3. Combination
therapy with PEG-IFN plus RBV generally exceeds monotherapy and combination
therapy with unmodified IFN in terms of the SVR rates (P = 0.01, Manns et al.,
2001; P < 0.001, Fried et al., 2002). The overall SVR in patients receiving PEG-
IFN-alpha plus RBV for 48 weeks varied in these trials from 54–63%. The dose of
RBV studied was from 800 mg daily in the Manns study (2001) to between 1–1.2 g
daily based on body weight in other major studies (Fried et al., 2002; Hadziyannis
et al., 2004).

Manns (2001) suggest that higher doses of RBV can maximize response. In their
randomized, open-label trial, they noted that the likelihood of achieving an SVR
was higher for all genotype groups in patients receiving higher RBV doses, between
10.6–15 mg/kg per day. From this finding and the desire to determine if the results
from controlled randomized studies could be replicated in a community setting,
the WIN-R study (Jacobson et al., 2005) was designed. This study was a U.S.
community-based trial enrolling 4,913 patients. The relative benefit of combining
1.5 μg/kg/week of PEG-IFN-alpha-2b with either a fixed dose (FD 800 mg/day) or



248 S. J. Matthews, C. McCoy

Table 3 Efficacy of (Combination Therapy) PEG-IFN Plus RBV in Subjects with Chronic HCV
Infection
Regimen SVR

Overall
(%)

SVR
Genotype
1(%)

SVR
Genotype
2 or 3(%)

Interferon alpha-2b plus RBV (1–1.2 g/day)
(48 weeks)a

47 33 79

PEG-IFN alpha-2b 1.5 μg/kg/week plus RBV
800 mg daily(48 weeks)

54 42 82

PEG-IFN alpha-2b1.5 μg/kg/week then 0.5
μg/kg/week plus RBV 1–2 g daily (48 weeks)b

47 34 80

Interferon alpha-2b plus RBV 1–1.2 g/day (48
weeks)c

44 36 61

PEG-IFN alpha-2a 180 μg/week plus placebo
(48 weeks)

29 21 45

PEG-IFN alpha-2a 180 μg/week plus RBV
1–1.2 g/day (48 weeks)

56 46 76

PEG-IFN alpha-2a 180 μg/week plus RBV
800 mg/d (24 weeks)d

NA 29 84

PEG-IFN alpha-2a 180 μg/week plus RBV
1–1.2 g/d (24 weeks)

NA 41 81

PEG-IFN alpha-2a 180 μg/week plus RBV
800 mg/d (48 weeks)

NA 40 79

PEG-IFN alpha-2a 180 μg/week plus RBV
1–1.2 g/d (48 weeks)

63 52 76

a Manns et al. (2001);
b 1.5 μg/kg/week PEG-IFN alpha-2b for 4 weeks followed by 0.5 μg/kg/week for 44 weeks;
c Fried et al. (2002);
d Hadziyannis et al. (2004), PEGASYS�; Hoffmann-La Roche, Basel, Switzerland,2004.

a weight-based dose (WBD 800–1400 mg/day) of RBV was examined. Treatment-
naïve patients infected with HCV genotype 1 received 48 weeks of therapy, and
patients with HCV genotype 2 or 3 received either 24 or 48 weeks of therapy. The
overall SVR in the WBD and FD groups was 44% and 41%, respectively (P = 0.02).
These results were lower than those reported by Manns (2001) (54%) utilizing a
similar protocol with fixed-dose RBV. This may have been a reflection of the greater
need for dose reductions of RBV in the WBD group due to anemia. Afdhal (2006)
investigated the influence of RBV dose and the presence of liver fibrosis and cir-
rhosis on SVR in the WIN-R trial. With advanced histological changes, specifically
patients classified at Metavir stage 3 to 4, SVR rates were significantly better for
patients receiving the weight-based dose versus the fixed dose of RBV (43% versus
37%, P = 0.02). Patients with cirrhosis had the lowest overall SVR (34%) when
compared with subjects with stages 0–3 (44–46%) (P < 0.0001).

Genotype 1

When analyzing the response in HCV genotype 1 infected patients receiving combi-
nation therapy with PEG-IFN-alpha plus RBV for 48 weeks, response rates varied
from 42–52% (Manns et al., 2001; Fried et al., 2002; Hadziyannis et al., 2004).
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Combination PEG-IFN plus RBV regimens are significantly better than unmodi-
fied interferon/RBV combinations (P = 0.02, Manns et al., 2001; P = 0.01, Fried
et al., 2002). An even higher rate of response was noted by Sakai (2006), at 61%
in treatment-naïve Japanese patients infected with HCV genotype 1b. Post hoc sub-
group analyses, by Fried (2002) and Hadziyannis (2004) and Zarski (2005), demon-
strate a significantly greater chance of achieving an SVR in patients infected with
HCV genotype 1b (53%) versus 1a (45%) (P = 0.004).

Even lower rates of treatment success were reported in the community-based
trial, WIN-R, wherein SVRs in patients infected with HCV genotype 1 were 34%
(WBD) and 29% (FD) (P = 0.004) (Jacobson et al., 2005). Subjects with a low viral
load (< 2 million copies/mL) had a greater likelihood of experiencing an SVR than
patients with a high viral load (>2 million copies/mL), 35% versus 31%, P = 0.006
(Jacobson et al., 2006).

Hadziyannis (2004) studied the effect of treatment duration and RBV dose on the
likelihood of achieving an SVR in HCV genotype 1 infected patients. They found a
significant correlation with SVR in patients treated for 48 weeks versus those treated
for 24 weeks (P < 0.001). They also reported a significant effect of weight-based
RBV versus low-dose RBV (800 mg daily) on the achievement of an SVR (P =
0.005). Subjects with bridging fibrosis or cirrhosis responded best to weight-based
RBV and 48 weeks of therapy.

Genotype 2 or 3

The SVR for patients infected with genotype 2 or 3 varied between 76–82% in
patients receiving PEG-IFN-alpha/RBV for 48 weeks (Table 3) (Manns et al., 2001;
Fried et al., 2002; PEGASYS�; Hoffmann-La Roche, Basel, Switzerland, 2004).
Hadziyannis (2004) found no difference in the achievement of an SVR in patients
infected with genotype 2 or 3 based on length of therapy or RBV dose (p > 0.2
for both). In fact, the 24-week regimen (800-mg dose of RBV) had the highest
SVR (84%). Manns (2001) reported no differences in SVR between PEG-IFN-
alpha-2b/RBV study groups and unmodified interferon/RBV in patients infected
with genotype 2 or 3 treated for 48 weeks.

In the community-based WIN-R study, fixed-dose RBV (800 mg/day) was as
equally effective as WBD RBV (800–1400 mg daily) in inducing an SVR in patients
with chronic HCV genotype 2 or 3 infection (60% versus 62%, P = 0.26) (Jacobson
et al., 2005). Patients with genotype 2 had a higher SVR than those with geno-
type 3 (72% versus 63%) ([Brown et al., 2006). The authors suggested that patients
infected with HCV genotype 3 may benefit from WBD of RBV.

Zeuzem (2004) performed a phase 4 study to investigate the safety and effi-
cacy of treatment for 24 weeks with 1.5 μg/kg/week of PEG-IFN-alpha-2b with
weight-based RBV (800–1,400mg/day) in patients infected with HCV genotype 2
or 3. The overall SVR was 81%, and the SVR for HCV-2 and HCV-3 was 93%
and 79%, respectively. The reduced SVR in patients infected with HCV genotype 3
was attributed to the presence of a high baseline viral load and high-grade hepatic
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steatosis. The authors raised the question of whether patients infected with HCV-3
with poor prognostic factors should be treated for longer than 24 weeks. Controlled
studies will be necessary to answer this question.

Genotype 4

Hepatitis C virus genotype 4 is more common in Africa and eastern Mediterranean
countries and has a prevalence of 60% in Saudi Arabia and up to 90% in Egypt.
Fried (2001) and Hadziyannis (2004) noted SVR rates in HCV genotype 4 infected
patients receiving PEG-IFN-alpha-2a plus weight-based RBV for 48 weeks at
77–82%. The study size was small, however. Khuroo (2004) performed a meta-
analysis of available trials of PEG-IFN-alpha plus RBV for the management of
chronic HCV genotype 4 infection. They reported an overall predicted SVR rate
of 72% in patients treated for 48 weeks with PEG-IFN-alpha (2a: 180 μg/week;
or 2b: 1.5 μg/kg/week) and RBV (1–1.2 g/day based on body weight). Trials uti-
lizing these guidelines have reported SVR values between 61–69% (Elmakhzangy
et al., 2005; Hasan et al., 2004; Kamal et al., 2005). Kamal (2005) investigated the
effect of the duration of therapy on the achievement of an SVR in patients infected
with HCV genotype 4. Patients were randomized to receive PEG-IFN-alpha-2b (1.5
μg/kg/weeky) with RBV (1–1.2 g/day) for 24, 36, or 48 weeks. An SVR occurred
in 24%, 66%, and 69% of patients treated for 24, 36, and 48 weeks, respectively.
No statistical difference was found between 36 or 48 weeks of therapy (P = 0.3).
The 36- and 48-week regimens were statistically different when compared to the
24-week arm of the study (p < 0.001, for both). An early virological response at 12
weeks was predictive of an SVR as long as therapy was at least 36 weeks in duration.
The authors concluded, however, that patients with high baseline HCV RNA viral
loads may do better with 48 weeks of therapy.

Genotype 5 or 6

Much less data exist on the management of patients infected with chronic HCV
genotype 5 or 6. In a retrospective review of patients with HCV genotype 5 infec-
tion, D’Heygere (2005) reported an SVR of 55%. Patients were treated for 48 weeks
with 180 μg/week of PEG-IFN-alpha-2a and RBV (1–1.2 g/day). Bonny (2005)
reported an SVR similar to that of unmodified interferon (64%), in treatment-naïve
patients infected with HCV genotype 5, receiving PEG-IFN-alpha-2b or PEG-IFN-
alpha-2a plus RBV (60%). Both regimens were administered for 48 weeks. Nguyen
(2003) reported an SVR of 54% in patients treated with peginterferon/ribavirin for
24 weeks. The SVR rate in two small studies of HCV genotype 6 infected indi-
viduals utilizing unmodified interferon/ribavirin were 79% and 62.5%, respectively
(Dev et al., 2002; Hui et al., 2003). Therapy duration was 52 and 48 weeks, respec-
tively. A study to determine the ideal length of therapy in patients infected with
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HCV genotype 6 receiving peginterferon-alpha-2b/ribavirin therapy is under way
(ClinicalTrials.gov Identifier: NCT00255008).

Comparative Efficacy Between Pegylated Products

To date, there have been no large head-to-head trials evaluating the safety and/or
efficacy between the two products. As of preparation of this chapter, the manu-
facturer of PEG-IFN-alpha-2b (Schering-Plough) is funding a head-to-head safety
and efficacy trial of the two PEG-IFN products entitled the “Individualized Dosing
Efficacy Versus Flat Dosing to Assess Optimal Pegylated Therapy (IDEAL) Trial.”
Treatment-naïve patients infected with HCV genotype 1 are being randomized to
receive PEG-IFN-alpha-2b at a dose of 1.0 or 1.5 μg/kg/week plus weight-based
RBV (800–1,400 mg/day) or 180 μg/week PEG-IFN-alpha-2a with RBV (1–1.2
g/day) for a total of 48 weeks. The primary endpoint of the study will be the SVR
rate. One concern about the design of the study is the way the protocol deals with
alterations in the RBV dose. Patients in the PEG-IFN-alpha-2b arms will have a
two-step dose reduction process. If necessary, the dose of RBV will be decreased
to between 600 and 1,000 mg depending on the starting dose. If necessary, the dose
may be reduced by another 200 mg. In contrast, for the PEG-IFN-alpha-2a group,
the dose is reduced to 600 mg/day. Since it is known that the RBV dose is extremely
important to the achievement of an SVR, the study design could reflect a bias in
favor of PEG-IFN-alpha-2b.

Importance of Completing the Therapeutic Regimen

Ferenci (2005) investigated the importance of completing the prescribed regimen
with PEG-IFN-alpha-2a and RBV on the likelihood of achieving an SVR in patients
infected with HCV genotype 1. Patients who received ≥80% of the prescribed RBV
dose experienced a greater chance of having an SVR than those who received <80%.
The SVR rate was also lower in patients who received ≥80% of the prescribed
PEG-IFN-alpha dose but less than 80% of the RBV dose when compared with sub-
jects who completed ≥80% of the RBV dose (48% vs. 69%, P = 0.014). Patients
who completed ≥80% of both PEG-IFN and ribavirin had the lowest SVR (29%).
Ribavirin dose changes after 24 weeks in patients infected with HCV genotype 2 or
3 had no effect on SVR rates. Shiffman (2004) found similar results in a retreatment
study in patients who had failed previous unmodified interferon-based therapy. In
this trial, the reduction of the PEG-IFN-alpha-2a dose during the first 20 weeks of
therapy did not greatly affect SVR. However, the reduction of the RBV dose from
>80% to <60% of the target dose during the first 20 weeks did significantly reduce
the SVR rate (21% vs. 11%, P = 0.03). Decreases in dosages of either medication
had little effect on SVR after 20 weeks of therapy.
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Predictors of Response and Duration of Therapy

Significant predictors of SVR (by multiple regression analysis) for patients receiv-
ing monotherapy with PEG-IFN-alpha-2a include the following baseline parame-
ters: genotype non-1, serum HCV RNA levels <2 million copies/mL, absence of
cirrhosis, alanine aminotransferase quotient (ALT) > 3 (average ALT values prior to
therapy, divided by the upper limit of normal), body weight < 85 kg, age < 40 years,
and HAI >10 (histological activity index) (Lee et al., 2002). Race and gender were
not statistically significant predictors in this review. In contrast, logistic regression
analysis of baseline characteristics in patients receiving PEG-IFN-alpha-2b revealed
only two significant predictive factors (an HCV genotype other than 1 and an HCV
RNA viral load <2 million copies/mL serum) (Lindsay et al., 2001).

Lee (2002) performed an analysis of outcomes in patients with chronic HCV
infection receiving peginterferon-alpha-2a monotherapy to determine the predic-
tive value of periodic HCV RNA concentrations for the achievement of an SVR.
Patients with an undetectable HCV RNA (<100 copies/mL) or a >2 log10 drop in
viral load from baseline at week 12 (EVR: early virological response) showed a
negative predictive value of 0.98. Accordingly, if a patient does not achieve an EVR
by week 12, only 2% of subjects would achieve an SVR. It is important to note
that due to assay variability, the measured HCV RNA concentration may vary up to
0.5 log10. The issue should be considered when making decisions about stopping
or continuing therapy. From these data, for patients receiving monotherapy with
peginterferon-alpha for chronic HCV infection, decisions on whether to continue or
stop therapy should be based on the HCV RNA concentration at week 12 of therapy
utilizing the EVR criteria (National Institutes of Health Consensus Development
Conference Statement: Management of Hepatitis C, 2002).

For combination therapy, multiple logistic regression analysis revealed only
three baseline factors associated with a significant likelihood of achieving an SVR
in patients receiving PEG-IFN-alpha-2a with RBV (Fried et al., 2002). These are
a non-1 HCV genotype, age < 40 years of age, and weight < 75 kg. Manns (2001)
performed a similar analysis of significant predictors of SVR in subjects receiving
PEG-IFN-alpha-2b and RBV. These are a non-1 HCV genotype, a lower baseline
viral load, lighter weight, younger age, and absence of bridging fibrosis/cirrhosis.
Significant factors predictive of an SVR in patients with HCV genotype 2 or 3
were treatment duration of at least 16 weeks, baseline HCV RNA concentrations,
and hepatic steatosis less than 5% (Zeuzem et al., 2004). For patients infected
with HCV genotype 4, Kamal (2005) identified, by multivariate analysis, viral
load (<2 million copies/mL), age < 40 years, and therapy duration as significant
predictors of an SVR.

Davis (2002) reviewed two studies using PEG-IFN-alpha-2a or -2b plus RBV
to determine whether an early virological response to therapy could predict the
likelihood of achieving an SVR and be used to develop early stopping rules for
therapy. The early virological response (EVR) that had the best negative predictive
value for SVR (98.4%) was determined to be a fall in HCV RNA from baseline by
>2 log10 units or an undetectable level as measured by a quantitative PCR method
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at 12 weeks of therapy. Therefore, if therapy was discontinued in those patients
who had not demonstrated an EVR, 1.6% of subjects would have achieved an SVR
had therapy continued. Subgroup analysis by HCV genotype also showed that the
above definition of EVR was applicable regardless of infection with genotype 1 or
genotype 2 or 3. The negative predictive value for patients infected with genotype 1
or genotype 2 or 3 was 99% and 91%, respectively. The author recommended that
patients infected with genotype 1 who achieve an EVR at 12 weeks should complete
a full 48 weeks of combination therapy. Subjects who do not achieve an EVR should
have therapy discontinued. If an EVR is achieved but HCV RNA is still detectable,
patients should be retested at 24 weeks and, if still positive for HCV RNA using a
sensitive qualitative PCR method, therapy should be discontinued. Patients infected
with HCV genotype 2 or 3 need not undergo viral load testing at 12 weeks and
should automatically be treated for a total of 24 weeks. Caution should be used in
extrapolating these findings to other HCV-infected patient populations.

Efficacy of Longer Treatment Duration

Clinical trials have been performed to determine if prolonging therapy with PEG-
IFN plus RBV has an effect on SVR rates over the current 54–63%. Berg (2006)
randomized treatment-naïve patients infected with HCV genotype 1 into two groups.
Group A received PEG-IFN-alpha-2a (180 μg/weekly) plus RBV (800 mg daily)
for 48 weeks, and Group B received the same regimen for 72 weeks. Patients were
followed for 24 weeks after therapy completion. Study results showed no advantage
for prolonging therapy in the overall population. The overall SVR for Groups A and
B were 53% and 54%, respectively. Subgroup analysis did show an advantage for
72 versus 48 weeks of therapy in subjects who were HCV RNA positive at week 12
(SVR, 29% vs. 17%, P = 0.04). Relapse rates were lower in subjects with a slow
virological response in Group B versus Group A who became HCV RNA negative
for the first time at week 12 or 24. Patients with an EVR (undetectable HCV RNA
concentrations at 4 or 12 week) had SVR rates between 76–84%. The duration of
treatment was not a factor in these subjects. Although adverse events were simi-
lar in severity and incidence, discontinuation rates were greater in Group B. The
authors recommend that prolonged therapy be reserved for patients infected with
HCV genotype 1 who are HCV RNA positive at therapy week 12 but with unde-
tectable concentrations at week 24 of therapy.

Sánchez-Tapias (2006) investigated whether extending the duration of therapy
in patients with detectable HCV RNA concentrations at week 4 of therapy (RVR)
would improve SVR rates in subjects with chronic HCV infection. Patients received
the same dosing regimen of PEG-IFN-alpha-2a and RBV as mentioned above.
Patients without an RVR were randomly assigned to receive either 48 weeks (Group
A) or 72 weeks (Group B) of therapy and 24 weeks of followup. The overall
SVR rates for Group A and Group B were 32% and 45%, respectively (P = 0.01).
Although the end-of-treatment response was identical in both groups (61%), the
relapse rate was significantly higher in Group A versus Group B (48% and 26%,
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respectively). In patients with HCV genotype 1 infection, the SVR was 28% (Group
A) and 44% (Group B) (P = 0.003). As in the study by Berg (2006), the dropout rate
was higher in the 72-week versus the 48-week group. Both studies by Berg (2006)
and Sanchez-Tapias (2006) indicated that it is difficult for patients to complete 72
weeks of therapy. . The RBV dose used in these studies was low when compared to
current standards, and this may have influenced response to therapy. More study will
be necessary to determine the value of prolonging PEG-IFN-alpha therapy utilizing
weight-based ribavirin (i.e., 1–1.2 g/daily) in HCV-infected patients with a slow
virological response to therapy.

Use of Rapid Virological Response at 4 Weeks to Determine
Shorter Duration of Therapy n Select Groups of Patients
with Chronic HCV Infection

Investigations into the possibility of treating select patients for a shorter period of
time have been undertaken. Shorter duration of therapy with equal efficacy has the
advantage of increased cost efficiency and potentially reduced adverse drug events.
Zeuzem (2006) performed a study to investigate whether 24 weeks of PEG-IFN-
alpha-2b plus RBV (weight-based) would be as effective as 48 weeks (historical
control group) in patients infected with chronic HCV genotype 1 and low baseline
HCV RNA concentrations (<600,000 IU/mL). When SVR was compared, the 24-
week regimen (50%) was inferior to the 48-week regimen (69%). Subgroup analy-
sis, however, showed that those subjects with undetectable serum HCV RNA after
4 weeks of therapy (rapid virological response, RVR) had an SVR rate of 89%. If
the serum HCV RNA was undetectable after both 4 and 24 weeks of therapy, the
SVR was 92%. Liver biopsy revealed the presence of mild inflammation and an
average Knodell fibrosis score of 1.2. Adverse events that led to the discontinuation
of therapy or dose reduction were less in the 24-week study compared to rates during
the initial 24 weeks and 48 weeks in the historical control group.

Jensen (2006) performed a retrospective analysis reviewing the association
between an RVR at 4 weeks and SVR in patients receiving PEG-IFN-alpha-2a with
RBV, infected with HCV genotype 1. They utilized data from the Hadziyannis
study (2004). The primary focus of the analysis was on those patients who achieved
an SVR after 24 weeks of therapy and had an RVR. Of the patients treated for 24
weeks, 24% achieved an RVR. Eighty-nine percent of patients with an RVR at 4
weeks achieved an SVR after 24 weeks of therapy versus 19% without an RVR. The
authors compared the length of therapy and noted no difference in SVR in patients
with an RVR at 4 weeks treated for 24 or 48 weeks. Multiple logistic analyses
revealed an RVR at 4 weeks and baseline HCV RNA concentration (<2,000,000
IU/mL versus > 600,000 IU/mL, P < 0.026) correlated with an SVR. It is important
to note that only 7% and 18% of subjects in this study had cirrhosis or bridging
fibrosis on liver biopsy, respectively. Whether these results can be extrapolated to
patients with more severe liver disease is unknown. Ferenci (2006) reported a 75%
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SVR in patients (HCV genotype 1 or 4) treated with PEG-IFN-alpha-2a and RBV
for 24 weeks and an RVR at 4 weeks of therapy. In this prospective study, patients
with an SVR had lower baseline HCV RNA concentrations than those who relapsed
after an end-of-therapy response.

The European Medicines Agency (EMEA) has approved short-course therapy
(24 weeks) of combined PEG-IFN-alpha-2b (1.5 μg/kg/week) plus RBV (800–1,200
mg/daily) in patients with chronic HCV genotype infection with low viral HCV
load. Patients must also have an undetectable serum HCV RNA at 4 and 24 weeks
of therapy.

Trials to investigate the efficacy of a shorter duration of therapy for the patients
with HCV genotype 2 or 3 who experience an RVR after 4 weeks of PEG-IFN-
alpha-2b or -2a combined with RBV have been performed. In the study by Man-
gia (2005), patients received 1.0 μg/kg/week PEG-IFN-alpha-2b plus RBV 1–1.2 g
daily via a randomization to one of two groups. Group 1 received therapy for 24
weeks. Patients who experienced an RVR at 4 weeks (Group 2) received therapy
for 12 weeks, and subjects who did not have an RVR were treated for 24 weeks.
Overall, patients in Group 1 and Group 2 that had an RVR had an SVR rate of 91%
and 85%, respectively. Patients with an RVR infected with genotype 2 had an SVR
rate of 89% and 87% in Groups 1 and 2, respectively. Although the SVR rate in
patients infected with HCV genotype 3 who achieved an RVR was not statistically
different, the response was 100% in Group 1 (n = 10) and 77% in Group 2 (n = 24).

Von Wagner (2005) performed a similarly designed study in patients infected
with chronic HCV genotype 2 or 3 who received PEG-IFN-alpha-2a (180 μg/week)
plus RBV (800–1,200 mg daily). Patients were treated for 4 weeks, and those sub-
jects with an undetectable HCV RNA (RVR) were allocated to receive a total of 16
(Group A) or 24 weeks (Group B) of therapy. Subjects with detectable HCV RNA
concentrations at 4 weeks received 24 weeks of therapy (Group C). An SVR was
achieved in 82% and 80% of patients in Groups A and B, respectively. Interestingly,
subjects without an RVR (Group C) had an SVR of 36% versus 81% in Group B
even though both groups received therapy for 24 weeks. As in the study above, the
SVR for subjects infected with HCV genotype 2 was greater than in those with
HCV genotype 3, 92% versus 73%. Baseline viral load did not affect the SVR rate
for patients with HCV genotype 2. However, a baseline viral load >800,000 IU/mL
significantly affected the SVR rate in patients infected with genotype 3 compared
with lower viral loads (P = 0.003). Patients infected with HCV genotype 3 and a
baseline viral load >800,000 IU/mL experienced a higher SVR rate when treated for
24 weeks than 16 weeks, although the difference was not statistically different (P >
0.2). These results strongly favor a shorter duration of therapy in patients infected
with HCV genotype 2 who experience an RVR to therapy. The results in patients
infected with HCV genotype 3 raise the question of whether 24 weeks or longer of
therapy may be necessary to assure maximum SVR rates. This may be especially
true in subjects with high baseline HCV RNA viral loads. The Genotype 3 Extended
Treatment for Hepatitis C (GET-C) Study is designed to determine the efficacy of
24 or 48 weeks of therapy with PEG-IFN-alpha-2b plus RBV in patients infected
with HCV genotype 3 and high baseline viral loads (ClinicalTrials.gov identifier
NCT00255034).
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Health-Related Quality-of-Life and Cost-Effectiveness Analysis
of Peginterferon-Alpha with or Without Ribavirin

Current treatment regimens for the management of chronic HCV infection can
affect quality of life and are costly. Rasenack and colleagues (2003) have com-
pared the effect of monotherapy with PEG-IFN-alpha-2a or unmodified interferon
on the health-related quality of life in treatment-naïve subjects with chronic HCV
infection. The Fatigue Severity Scale (FSS), including the visual analogue scale
(VAS), was used to measure fatigue severity. Health-related quality of life measures
were assessed using the Short-Form health survey (SF-36). Therapy duration in both
groups was 48 weeks. The PEG-IFN-alpha-2a patients had better mean FSS total
scores and FSS VAS scores during the first 24 weeks and at week 48, respectively,
when compared with subjects receiving unmodified interferon. The SF-36 domain
scores were better at week 12 but not at week 24 or 48 in patients in the PEG-
IFN-alpha-2a versus the unmodified interferon group. Overall, subjects receiving
PEG-IFN-alpha-2a reported less fatigue and less body pain and performed better
on a daily basis than patients receiving unmodified interferon. The mean FSS and
SF-36 scores were improved in patients who achieved an SVR versus those subjects
who did not experience an SVR.

The question as to whether monotherapy with PEG-IFN-alpha is cost-beneficial
has been studied in a cost-benefit analysis of treatment-naïve subjects with chronic
HCV infection. Outcome data were reviewed from published studies of PEG-IFN-
alpha monotherapy (Shepherd et al., 2004). The authors concluded that the use of
peginterferon-alpha was overall cost–effective, with an increase in this benefit in
subjects infected with genotypes 2 and 3.

Hassanein (2004) performed a health-related quality-of-life analysis utilizing
data from a large multinational study of patients with chronic HCV infection.
Patients were treated with PEG-IFN-alpha-2a with or without RBV or unmodified
interferon-alpha-2b plus RBV. The Fatigue Severity Scale (FSS) and the SF-36
Health Survey were used to assess the effect of therapy on health-related quality
of life. Patients receiving PEG-IFN-alpha-2a plus placebo fared better on health-
related quality-of-life measures (SF-36 and FSS) versus subjects in the PEG-IFN-
alpha-2a/RBV and unmodified interferon/RBV groups. Patients receiving PEG-
IFN-alpha-2a/RBV reported better health-related quality-of-life measures on both
SF-36 and FSS surveys over the 48 weeks of therapy than those receiving unmod-
ified interferon/RBV. Significant differences were reported in vitality, social func-
tioning, body pain, and total fatigue and fatigue severity. Improvements in health-
related quality-of-life scores in favor of the PEG-IFN/RBV group were observed as
early as week 2 of therapy. Patients who achieved an SVR had improved quality of
life, with the greatest improvement over baseline in role-emotional, vitality, general
health, and role limitation physical domains in the SFG-36 survey. Fatigue sever-
ity decreased significantly in subjects experiencing an SVR versus those who did
not. Studies investigating the cost-effectiveness of treatment of chronic HCV infec-
tion utilizing PEG-IFN-alpha-2b/RBV compared with unmodified interferon/RBV
have been published (Bernfort et al., 2006; Buti et al., 2005; Siebert et al., 2003).
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Although the studies varied in design, the PEG-IFN-alpha-2b/RBV regimens were
cost-effective when compared with unmodified interferon/RBV regimens in the
Swedish, Spanish, and German healthcare systems.

Sullivan (2006) analyzed the cost-effectiveness of the combination of PEG-IFN-
alpha-2a/RBV compared with unmodified interferon-alpha-2b/RBV. The authors
concluded that the combination of PEG-IFN-alpha-2a plus RBV prolongs life
expectancy and saves medical costs when compared with unmodified interferon-
alpha-2b with RBV in the U.S. healthcare system. Hornberger (2005) reported sim-
ilar findings with PEG-IFN-alpha-2a/RBV compared with no therapy in subjects
with mild chronic HCV infection. The authors utilized United Kingdom treatment
patterns in the design of their study.

Improvement in the quality of life, especially early in therapy, with PEG-IFN
with or without RBV may reduce the need to alter doses based on subjective find-
ings, encourage patients to complete the duration of therapy, and increase the likeli-
hood of achieving an SVR. Therapy of chronic HCV infection with PEG-IFN with
or without RBV is cost-effective when compared with unmodified interferon therapy
in a variety of healthcare systems.

Special Patient Populations

Acute HCV Infection

Another avenue to decrease the impact of prolonged HCV infection and its compli-
cations is to treat patients upon presentation with acute HCV infection. Acute HCV
infection may be difficult to identify and is often asymptomatic. Infection is acquired
through intravenous drug abuse, needle-stick injury in healthcare workers, medical
procedures utilizing inappropriately sterilized equipment, and sexual activity. Spon-
taneous viral clearance may occur in 14–46% of patients and may occur within 8 to
14 weeks of the onset of disease (Seeff, 2002; Kamal et al., 2006). The optimal
timing to initiate therapy and the length of treatment have not been definitively
determined. Kamal and colleagues (2006, 2006a) have investigated these two issues
in randomized controlled clinical trials. In the first study, Kamal (2006) enrolled
129 patients with acute HCV infection to determine the optimal time to initiate
therapy. Patients were divided into three groups and therapy was begun 8 weeks, 12
weeks, and 20 weeks after onset of disease. Patients in each group received PEG-
IFN-alpha-2b (1.5 μg/kg/week) for a total of 12 weeks. Patients who did not want
therapy were followed as a control group. Approximately 30% of subjects in the
control group had a spontaneous clearance of HCV. The overall SVR was 88%. The
SVR rates for the weeks of initiation of therapy were 95% (week 8), 93% (week 12),
and 76% (week 20). The overall SVR rates by genotype were 72% (genotype 1),
100% (genotype 2), 93% (genotype 3), and 84% (genotype 4). Predictors of an
SVR were non-1 genotype and a low baseline HCV RNA viral load. Kamal (2006a)
performed a study to determine the optimal duration of therapy for the management
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of acute HCV infection. Patients were randomized to receive 8 weeks, 12 weeks, or
24 weeks of therapy. Participants received the same dose of peginterferon-alpha-2b
listed above. The overall SVR rate was 80% with 68%, 82%, and 91% of patients
achieving an SVR after 8, 12, and 24 weeks of therapy, respectively. As a result of
these two studies, the authors made the following recommendations for the treat-
ment of patients with acute HCV infection. Patients infected with HCV genotype
1 (especially with a high baseline viral load) should begin therapy at 8 weeks after
infection and continue for 24 weeks. Subjects infected with genotype 2 or 3 should
begin therapy at 12 weeks after infection and continue therapy for 8 to 12 weeks.
They made the caveat that the number of patients in the study infected with genotype
2 or 3 was small, however. Patients infected with genotype 4 should begin therapy
at 12 weeks’ post-infection and be treated for 12 weeks. Eight weeks of therapy
may be an option in patients infected with HCV genotype 4 with low baseline viral
loads. To avoid unnecessary treatment, initiation of therapy is delayed to account
for the possibility of spontaneous viral clearance. More studies will be necessary to
validate these suggestions.

African American Patients

African Americans (AA) appear to have a decreased response to interferon therapy
with or without RBV for chronic HCV infection as compared with Caucasians (CA).
Conjeevaram (2006) conducted a trial comparing the efficacy of PEG-IFN-alpha-
2a (180 μg/week)/RBV (1–1.2 g/day) in AA versus CA who were treated for 48
weeks with a 24-week followup. Both groups were infected with HCV genotype 1.
A difference between the two groups in virological response was evident from week
4 until week 48. Significantly more CA had undetectable HCV RNA serum levels
than AA at all time points. The SVR rate was 28% and 52% in the AA and CA
groups, respectively (P < 0.0001). The proportion of subjects that completed 80%
of the maximum doses of both drugs differed significantly (54% AA and 73 % CA,
P < 0.0001). In addition, the AA patients had a higher mean body mass index, higher
incidence of hypertension and diabetes, and lower neutrophil and hemoglobin levels
than the CA patients. These factors may decrease response to therapy or tolerance
of adverse effects of treatment regimens with PEG-IFN and RBV. In spite of these
facts, the authors concluded that the amount of therapy completed, baseline viral
loads, or disease characteristics did not explain the study findings. In a smaller study
utilizing the identical medication regimen as above, Jeffers (2004) reported an SVR
rate of 26% in the AA group and 39% in the CA group. The lower-than-expected
response in the CA group was attributed to the small number in the study arm, the
high drop-out rate, and the fact that fewer subjects were available for followup.

Jacobson (2004) compared the value of PEG-IFN-alpha-2b (1.5 μg/kg/week)
with either weight-based (WB) (800–1,400 mg/day) or standard (SD) RBV doses
(800 mg/day) in AA infected with HCV genotype 1. The SVR rates in the two
dosing groups were 21% (WB) and 10% (SD). Dose reductions of RBV for anemia
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were higher in the WB (12%) versus the SD (8%) group, but therapy discontinuation
for adverse events was comparable between the two groups.

The Virahep-C trial is attempting to determine the etiology for the lower response
rates to PEG-IFN/RBV regimens in AA versus CA. Howell (2006) noted that the
poor virological response in AA could not be explained by altered pharmacokinetics
or pharmacodynamics of PEG-IFN-alpha-2a during the first 4 weeks of therapy.
Rhodes (2006) investigated the effect of the major histocompatibility complex on
the likelihood of achieving an SVR in AA and CA patients. They reported that the
HLA alleles A∗02, B∗58, and DPB∗1701 are associated with an SVR. However,
these alleles do not explain the observed difference in SVR rates between AA and
CA. Su (2006) studied whether differences in interferon signaling could explain
the observed SVR differences between AA and CA. The single nucleotide poly-
morphism rs3213545 in the OASL gene (“T” allele) was associated with SVR in
both AA and CA. The “T” allele was found in approximately 51% and 31% of
CA and AA, respectively. An SVR rate of 50.7% was observed in subjects with
the “T” allele and 34.1% of participants without the allele. Burton (2006) looked at
whether baseline HCV-specific immune responses could account for the difference
in PEG-IFN/RBV-induced SVR between AA and CA.They measured the response
of peripheral blood mononuclear cells to HCV antigens (core, E2, NS3, NS4, and
NS5) of 179 AA and 174 CA. Approximately 31% of AA who had a combined
baseline HCV antigen response at or above a specific threshold experienced an
SVR versus only 23% with a lesser response. Similarly, 53% of CA who achieved
the threshold response achieved an SVR versus 39% with a lesser response. In AA
patients, 30.6% who achieved the threshold response achieved an SVR versus 22.5%
with a lesser response. The authors conclude that regardless of race, baseline HCV-
directed immunity is important to achieve an SVR. These results indicate that a
definitive cause of the observed lower SVR rates in AA versus CA receiving PEG-
IFN-alpha/RBV therapy remains elusive. The reduced response to pegylated inter-
ferons/RBV therapy in AA versus CA may result from a combination of negative
predictive factors present in the AA population rather than a single etiology.

Persistently Normal Alanine Transaminase (PNALT) Levels

Persistently normal ALT (PNALT) levels in patients with chronic HCV infection
may be present in up to 30% of subjects with chronic HCV infection (National
Institutes of Health Consensus Development Conference Statement: Management of
Hepatitis C, 2002). Shiffman (2006) reported that patients with PNALT levels have
lower HCV RNA titers and lower liver inflammation and fibrosis scores on biopsy
than patients with persistently elevated ALT levels. Approximately two-thirds of
patients had portal fibrosis, and 10% revealed bridging fibrosis on liver biopsy.
Quality of life is similarly impaired in subjects with PNALT as in HCV-infected
patients with elevated ALT concentrations (Gane et al., 2005). These data indicate
that patients with PNALT levels and chronic HCV infection should be considered for
therapy since ALT concentrations do not correlate with liver pathology and patients
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are at risk for disease progression. Zeuzem (2004a) reported the results of an inter-
national, multicenter, randomized trial of the efficacy of PEG-IFN-alpha-2a (180
μg/week) plus RBV (800 mg daily) in chronic HCV-infected patients with PNALT
levels. Patients were treated for 24 weeks (Group A) or 48 weeks (Group B). Patients
with cirrhosis, other liver diseases, or co-infection with the human immunodefi-
ciency virus (HIV) were excluded. An SVR was achieved in 30% (Group A) and
52% (Group B) of patients (P < 0.001). For HCV genotype 1 infected patients, an
SVR occurred in 13% (Group A) and 40% (Group B) (P < 0.001). Patients infected
with genotype 2 or 3 achieved an SVR 72% (Group A) and 78% (Group B) of the
time (P = 0.45). Thirteen percent and 56% of subjects infected with HCV genotype
4 achieved an SVR in Group A and B, respectively. Treatment duration (48 weeks)
and low baseline HCV load correlated with the likelihood of achieving an SVR in
patients with genotype 1 or 4 but not for patients infected with genotype 2 or 3.
Patients younger than 40 years of age had a higher chance of achieving an SVR
than subjects over 40 years of age. Arora (2006) assessed the effect of achieving an
SVR on overall quality-of-life measures in subjects with chronic HCV infection and
PNALT. Patients who experienced an SVR had improved quality of life and lower
fatigue than patients who did not respond to therapy.

Zehnter (2006) compared the value of PEG-IFN-alpha-2a (180 μg/week) com-
bined with RBV (1–1.2 g/day) in 911 patients infected with HCV genotype 1 and
elevated ALT concentrations and 265 subjects with PNALT levels. Patients received
therapy for 48 weeks with a 24-week followup off therapy. Patient groups were well
matched; however, subjects with PNALT levels tended to be younger. The SVR
rates were 74% and 51% in subjects with PNALT levels versus those with elevated
ALT concentrations, respectively. The authors surmised that the higher SVR in the
patients with PNALT levels could be attributed to the younger age in this group.
Overall, patients with PNALT concentrations should be considered for treatment
based on factors similar to those in patients with elevated ALT levels. Therapy
choices appear to be the same as in patients with chronic HCV infection and elevated
ALT concentrations.

Nonresponders and Relapsers to Unmodified Interferon
with or Without Ribavirin

Patients who do not achieve an SVR to interferon with or without RBV are des-
ignated as nonresponders. Null responders are nonresponders who fail to achieve
less than a 2 log10 decline in HCV RNA concentrations from baseline 12 weeks
after therapy initiation. These patients rarely respond to additional therapy, and the
most appropriate therapy for these patients is best determined in controlled trials
(DiBisceglie et al., 2006). Evidence from Tang (2005) that rapid clearance of HCV
may be important in enhancing host response to the virus may provide clues to the
design of new treatment combinations for these difficult-to-treat patients. Although
patients who relapse are not technically nonresponders, they will be discussed here.



Pegylated Interferons 261

The lead-in component of the HALT-C trial is investigating the value of retreat-
ment of patients with chronic HCV infection and advanced fibrosis or cirrhosis
who failed therapy with unmodified interferon with or without ribavirin (Shiffman
et al., 2004). Subjects received PEG-IFN-alpha-2a at 180 μg/week with RBV (1–1.2
g/day). Patients with undetectable HCV RNA levels at week 20 were treated for a
total of 48 weeks and followed for SVR at 24 weeks’ post-therapy. Patients with
detectable HCV RNA concentrations at 20 weeks were entered into the maintenance
phase of the study. Although 32% of subjects were HCV RNA negative at week 48,
the relapse rate was high and only 18% achieved an SVR. Factors associated with
an SVR were absence of cirrhosis, prior treatment with interferon monotherapy,
genotype 2 or 3, HCV RNA concentrations <1.5 million IU/mL, and an AST:ALT
ratio <1.0.

Diago (2006) performed an induction dose study with PEG-IFN-alpha-2a plus
RBV in HCV genotype 1 infected patients who had not responded to ≥22 weeks
of unmodified interferon/RBV. No patients had cirrhosis. Patients were randomized
to 180 μg/week, 270 μg/week, or 360 μg/week of PEG-IFN-alpha-2a with RBV
(1–1.2 g/day) for 12 weeks followed by PEG-IFN at 180 μg/week with the same
RBV dose for an additional 36 weeks. An SVR was achieved in 18% (180 μg/week),
30% (270 μg/week), and 38% (360 μg/week) in the respective dosing regimen arms.
Izumi (2006) investigated the effect of PEG-IFN-alpha-2a (180 μg/week) plus RBV
(600–1,000 mg/day) in Japanese patients with chronic HCV infection who had not
responded to prior unmodified interferon monotherapy. A much higher rate of SVR
was noted in this population than was found in the HALT-C trial or by Diago (2006).
Forty-eight percent of patients had an SVR overall, and 50% of subjects infected
with HCV genotype 1b experienced an SVR after 48 weeks of therapy.

Similar retreatment studies in subjects who did not respond to unmodified inter-
feron with or without RBV have been performed by Taliani (2006), Jacobson
(2005a), and Poynard (2005) utilizing PEG-IFN-alpha-2b with RBV. Although
study population, trial design, and dosing regimens were different, the SVR rates
are similar to those found with PEG-IFN-alpha-2a (180 μg/week/RBV) (15–21%).
Gaglio (2005) found that fixed-dose RBV was equally as effective as weight-based
dosing in patients who failed prior unmodified interferon-based therapy. Jacobson
(2005a) noted an SVR of only 8% in subjects who were nonresponders to unmodi-
fied interferon/RBV therapy versus an SVR rate of 21% in subjects with no response
to unmodified interferon monotherapy. Factors associated with an SVR in these
studies were low baseline HCV RNA levels, low γ-glutamyltransferase (γ-GT),
weight >75 kg, genotype non-1, and nonresponse to interferon monotherapy.

The “RENEW” study was designed to compare the benefits of 1.5 μg/kg/week
versus 3.0 μg/kg/week of PEG-IFN-alpha-2b with RBV (800–1,400 mg daily) in
the management of patients who had failed previous HCV therapy with unmodi-
fied interferon/RBV (Gross et al., 2005). Ninety-one percent of subjects had HCV
genotype 1, 40% had a Metavir score 3 or 4 (F3/4), and 16% were African Amer-
ican (AA). Treatment duration was 48 weeks with a 24-week followup. An SVR
occurred in 12% and 17% in the 1.5- and the 3.0-μg/kg/week dosing groups,
respectively (P = 0.03). Overall, patients with F3/4 and African Americans had
lower SVR rates; however, subjects in these groups receiving the higher dose of
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PEG-IFN achieved comparable SVR rates to the other study members. The SVR
rate for the 1.5- and 3.0-μg/kg/week PEG-IFN-alpha-2b dosing regimens for AA
subjects were 2.0% and 14%, respectively (Gross et al., 2005a). Therapy discontin-
uations and dose changes were comparable between the two dosing groups. Despite
differences in study design, patient population, and dosing, the SVR rates with both
PEG-IFN products in nonresponders to unmodified interferon-based regimens were
remarkably similar (15–21%). Induction dosing with PEG-IFN-alpha-2a appeared
to improve the chance of achieving an SVR, but further studies with larger numbers
of patients will be necessary to validate these findings.

The likelihood of achieving an SVR is greater in patients who relapse after
unmodified interferon monotherapy or combination therapy with RBV. Relapse is
defined as a detectable HCV RNA in serum after a patient has had an end-of-therapy
response (undetectable HCV RNA). Yoshida (2005) conducted a study including
119 patients who had relapsed after interferon monotherapy or combination therapy
with RBV. Patients were assigned to receive either 24 or 48 weeks of PEG-IFN 180
μg/week with 800 mg/day of RBV. Forty-seven percent of patients had advanced
fibrosis. Overall, the SVR was 40%. Thirty-five percent and 51% of patients with
genotype 1/2 or 3 experienced an SVR, respectively. Nevens (2005) found an over-
all SVR of 43% in subjects receiving 180μg/week of PEG-IFN-alpha-2a and RBV
(1–1.2 g/day). Patients had relapsed after receiving unmodified interferon with or
without RBV.

In the EPIC trial reported by Poynard (2005), patients who relapsed after ther-
apy with unmodified interferon with RBV were treated for 48 weeks with 1.5
μg/kg/week of PEG-IFN-alpha-2b with weight-based RBV. Nonresponders to this
therapy were placed into the maintenance phase of the study. An overall SVR of
39% was achieved in relapse patients. The SVR rate was higher in the patients
infected with HCV genotype 2 or 3 than in those with genotype 1 (58% vs. 29%).
Similarly, Jacobson (2005a) reported an overall SVR of 42% in subjects who had
relapsed after combination interferon/ribavirin therapy. Even though the medica-
tion regimens and patient populations were different, the overall SVR for patients
who relapsed after unmodified interferon with or without ribavirin were comparable
between the two peginterferons.

Herrine (2005) investigated the value of combining PEG-IFN-alpha-2a 180
μg/week with or without RBV with amantadine (AMD) or mycophenolate mofetil
(MMF) in patients who had an increase in HCV RNA levels during therapy (break-
through) or relapse during or after receiving unmodified interferon/RBV therapy.
Subjects were assigned to one of four treatment groups. Group A received PEG-
IFN-alpha-2a plus RBV (800–1,000 mg daily), Group B received PEG-IFN-alpha-
2a plus 1 g of MMF orally twice daily, Group C received PEG-IFN-alpha-2a and
AMD 200 mg daily, and Group D received PEG-IFN-alpha-2a plus AMD 200 mg
daily plus ribavirin (800–1,000 mg daily). Treatment duration was 48 weeks with
a 24-week followup period. An SVR was achieved in 37.5 % (Group A), 17.2%
(Group B), 9.7% (Group C), and 45.2% (Group D) of subjects. Only Groups D and
C were significantly different when compared, P = 0.02. The study revealed no clear
advantage of combining amantadine to PEG-IFN/RBV therapy. The combination of
AMD with MMF and PEG-IFN alone offered no advantage over RBV-containing
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regimens. More study will be necessary with combination therapy (Group A versus
Group D) plus standard doses of ribavirin (1–1.2 g/day) to determine efficacy in
relapse or breakthrough situations.

The ideal therapy with which to treat patients who do not respond or relapse after
therapy with unmodified interferon/ribavirin regimens has not been definitively
determined. It is known, however, that the risk of a nonresponse or relapse is
increased in subjects who require dosage reduction of PEG-IFN and RBV during
therapy (Ferenci et al., 2005; Shiffman et al., 2004). Steps to reduce the need for
regimen alterations, including supportive medications (i.e., erythropoietin, filgras-
tim) and psychiatric evaluation, should be considered as part of any retreatment
with PEG-IFN/RBV (Collantes & Younossi, 2005). An assessment of adherence
is also important, and adherence-building exercises should be considered. Treat-
ment of alcohol and other substance abuse conditions is critical before beginning
retreatment.

Relapse or Nonresponse to Peginterferons

Few studies have looked at treatment of patients who have failed therapy with
PEG-IFN-alpha/RBV. Berg (2006a) took patients who relapsed after 24 weeks
of PEG-IFN-alpha-2a at 180 μg/week with RBV (800 mg or 1–1.2 g daily) and
retreated them for an additional 48 weeks. Treatment was initiated at the same dose
(PEG-IFN-alpha-2a/ribavirin) they had received before. The overall SVR was 55%.
Fifty-one percent and 64% of subjects infected with HCV genotypes 1 and 2 or 3
achieved an SVR, respectively. Kaiser (2006) compared the efficacy of consensus
interferon/RBV with PEG-IFN-alpha-2a/RBV in subjects who had relapsed after 48
weeks of PEG-IFN/ribavirin therapy. Group A received daily consensus interferon
(9 μg), and Group B received standard PEG-IFN (180 μg/week) dosing. Both groups
received weight-based RBV for a total of 72 weeks. Eighty-three percent of patients
were infected with HCV genotype 1. The SVR for Groups A and B were 69% and
44%, respectively, P < 0.05. A clinical study is under way to determine the safety
and efficacy of daily high-dose consensus interferon/RBV therapy in subjects who
are nonresponders to combined PEG-IFN-alpha and ribavirin (ClinicalTrials.gov
identifier: NCT00266318).

The “REPEAT” study is a multinational trial to test the value of an induction dose
of PEG-IFN-alpha-2a plus RBV compared with standard-dose PEG-IFN-alpha-
2a/RBV in patients who are nonresponders to PEG-IFN-alpha-2b/RBV therapy.
Patients were randomized to four treatment groups. Groups A and B received PEG-
IFN-alpha-2a at 360 μg/week for the first 12 weeks followed by 180 μg/week for
a total of either 72 or 48 weeks, respectively. Groups C and D received PEG-IFN-
alpha-2a at 180 μg/week for a total of either 72 or 48 weeks, respectively (Marcellin
& Jensen, 2005). All groups received RBV (1–1.2 g/day). The results of the first
12 weeks of the trial have been presented. The high-dose induction groups of the
study appear to be more effective in lowering HCV RNA concentrations than the
standard PEG-IFN dosing arms. Forty-three percent of subjects in Groups A and B



264 S. J. Matthews, C. McCoy

had undetectable HCV RNA concentrations at 12 weeks of therapy versus 26% in
Groups C and D. Whether these results will translate into an improved SVR awaits
completion of the study.

Role of Maintenance Therapy in Patients Who Fail to Respond
to Interferon-Based Therapy

The HALT-C, EPIC, and COPILOT trials are three randomized controlled stud-
ies whose goal is to determine whether maintenance therapy with PEG-IFN-alpha
will decrease the progression of disease in subjects with chronic HCV infection
and advance disease compared with no therapy or placebo (Shiffman et al., 2004;
Poynard et al., 2005; Curry et al., 2005). Patients had failed prior unmodified inter-
feron/RBV therapy. Whether maintenance therapy will be of value in preventing
disease progression awaits the final results of these studies.

Experimental Therapy

It is clear that we have gone about as far as we can go with PEG-IFN/RBV therapy
for patients with chronic HCV infection. New modalities that attack the hepatitis
C virus at different sites are under development. The serine protease inhibitors are
being investigated for their ability to inhibit hepatitis C viral replication. Agents
under development include VX-950 and SCH 503034 (Reesink et al., 2005; Zeuzem
et al., 2006a). Reesink (2005) performed a phase 1B trial with VX-950 in healthy
adults and patients infected with HCV genotype 1. Patients assigned to the 750-mg
q8h group experienced the greatest decrease in HCV RNA concentrations after 14
days of treatment (median drop of 4.4 log10). The NS3 protease inhibitor (SCH
503034) was administered to HCV genotype-infected patients who had failed ther-
apy with PEG-IFN-alpha-2b with or without RBV. Patients received varying doses
of SCH 503034 alone or with PEG-IFN-alpha-2b for a period of 14 days using a
three-way crossover design. A 2- to 3-week washout period occurred between each
dosing regimen. Interestingly, undetectable HCV RNA concentrations were found
in 4 of 10 patients after 14 days of PEG-IFN plus 400 mg of SCH 503034. These
inhibitors will need to be used in combination with other HCV-active antiviral agents
due to the emergence of resistant serine protease if used alone (Lin et al., 2006,
Zeuzem et al., 2006). Combination phase II studies with PEG-IFN-alpha-2a and
2b are under way (ClinicalTrials.gov Identifier NCT00336479; ClinicalTrials.gov
Identifier NCT00160251).

Valpoitabine (NM283) is a viral RNA polymerase inhibitor that is under study in
HCV treatment-naïve and nonresponders to prior interferon-based therapies (Pock-
ros et al., 2006; Dieterich et al., 2006). Pockros (2006) outlined the 24-week effects
on HCV RNA baseline concentrations of valopicitabine alone, in combination with
PEG-IFN-alpha-2a compared with PEG-IFN-alpha-2a/RBV. Patients were infected
with HCV genotype 1 and were nonresponders to PEG-IFN/RBV therapy. Subjects
were randomly assigned to five treatment groups, including PEG-IFN-alpha-2a at
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180 μg/week plus RBV (1–1.2 g/day) (A), PEG-IFN-alpha-2a at 180 μg/week and
various doses of valopicitabine (B–D), or valopicitabine monotherapy (E). Sub-
jects in the 800-mg/day valopicitabine/PEG-IFN-alpha-2a group had a greater mean
decline of HCV RNA (3.32 log10 IU/mL) versus PEG-IFN-alpha-2a/RBV or val-
opicitabine monotherapy, 2.31 log10 IU/mL and 0.54 log10 IU/mL, respectively.
Dieterich (2006) administered valopicitabine/PEG-IFN-alpha-2a to treatment-naïve
HCV genotype 1 infected patients and reported a mean decrease of 4.5 log10 IU/mL
in subjects after 8 weeks of combination therapy.

A Toll-like receptor 9 agonist (CPG 10101-CPG) is being investigated in phase
II studies. The drug acts by stimulating the immune system. McHutchison (2006)
has reported on the first 12 weeks of CPG monotherapy, CPG in combination ther-
apy with PEG-IFN-alpha-2b with or without RBV or with RBV alone, compared
with PEG-IFN-alpha-2b plus RBV. Subjects were infected with HCV genotype 1
and had relapsed after PEG-IFN /RBV therapy. At 12 weeks, 57% and 86% of
patients receiving PEG-IFN/RBV or PEG-IFN/RBV plus CPG had achieved an
EVR, respectively (P = 0.21).

Interest in improving the tolerability of PEG-IFN/RBV therapy has led to the
development of the drug viramidine. Viramidine is a pro-drug of RBV that is being
investigated for use with interferon due to its lower incidence of anemia. Benhamou
(2006) reported on the results of a phase III study comparing PEG-IFN-alpha-2b
combined with weight-based RBV (1–1.2 g/day) or viramidine (V) (600 mg twice
daily). An SVR was achieved in 52% (RBV) and 38% (V) of patients in each group
(intent-to-treat) and did not meet the non-inferiority efficacy endpoint. Anemia was
found in 24% and 5% of subjects in the RBV and V groups, respectively. The
authors noted an increase in SVR with increasing mg/kg dose of V. Anemia was
not increased proportionally. Revision of the standard dose of viramidine is likely
to result from this study.

A variety of other agents are under investigation for the management of
treatment-naïve or nonresponders/relapsers to interferon-based therapies. Most of
the agents discussed here are in phase II or early phase III studies, and whether they
will have a role in the management of HCV-infected individuals will be determined
by results from controlled studies. Due to concerns about viral resistance when
these agents are used alone, combination regimens including PEG-IFN will likely
be necessary.

Children

The management of chronic HCV-infected children and adolescents with PEG-IFN-
based therapy has not been extensively studied. A trial by González-Peralta (2005)
recorded an overall SVR rate of 46% (54/118) in children treated for 48 weeks
with unmodified interferon/RBV. An SVR was realized in 36% and 84% of chil-
dren infected with HCV genotypes 1/2 or 3, respectively. Interestingly, Schwarz
(2003) reported an SVR of 38% (5/13) children receiving PEG-IFN-alpha-2a (180
μg/1.73 m2× patient’s body surface area) monotherapy for 48 weeks. Ninety-two
percent (12/13) of patients were infected by HCV genotype 1. Wirth (2005) treated
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62 children and adolescents with chronic HCV infection with PEG-IFN-alpha-2b
(1.5 μg/kg/week)/RBV (15 mg/kg daily). Subjects infected with HCV genotype 1
were treated for 48 weeks, while patients with HCV genotype 2 or 3 were given
the option of receiving 24 weeks of therapy. The overall SVR was 56%. The SVR
rate in patients with HCV genotypes 1 and 2 or 3 were 48% and 100%, respectively.
Utilizing the same dosing regimen as Wirth (2005), Hasan (2006) found an SVR
rate of 75% (9/12) in a small group of adolescents infected with HCV genotype 4.
Although these studies do not show the superiority of PEG-IFN/RBV regimens over
unmodified interferon/ribavirin treatments, the once-weekly dosing of the peginter-
feron may appeal to busy parents/children.

Liver Transplantation

Use of PEG-IFN therapy in the post-liver transplant population is an evolving
practice with new clinical information being published at a rapid pace. As more
liver transplantation programs emerge and grow, and more high-risk transplants are
performed, recurrent hepatitis C in the recipients will likely rise, with the poten-
tial for graft loss (Lauer & Walker, 2001; National Institutes of Health Consen-
sus Development Conference Statement: Management of Hepatitis C, 2002). High
doses of immunosuppressive agents immediately post-transplantation present a par-
ticular problem in terms of tolerability of treatment with PEG-IFN and RBV. For
this reason, treatment is recommended to be held until months after transplantation,
with two scenarios being explored most often. The first is the use of PEG-IFN as
preemptive or “prophylactic” treatment before clinical onset of recurrent hepatitis
C, relatively early (e.g., one month) post-transplant in high-risk patients with high
viral loads. The second is the use of PEG-IFN for treatment of recurrent hepatitis
C, later post-transplant (e.g., six months). Much of the literature describing this use
has been published for unmodified interferon therapies (Singh et al., 1998; Sheiner
et al., 1998; Firpi et al., 2002; Berenguer Prieto et al., 2004; Giostra et al., 2004;
Bizollon et al., 2003). Although interferon-based therapies carry theoretical risks of
inducing graft rejection, recent trials do not support the association (Kuo & Terrault,
2006; Chalasani et al., 2005).

In a study of the two treatment scenarios mentioned above, preemptive treatment
and active therapy of recurrent hepatitis C in patients following liver transplanta-
tion, Chalasani et al. (2005) enrolled 54 patients within 3 weeks of an orthotropic
liver transplantation (OLT) for “prophylaxis” or preemptive therapy and enrolled
67 patients 6 to 60 months after transplantation for active treatment of recurrent
HCV disease. In either treatment group, patients were randomized to treatment with
180 μg/week of PEG-IFN-alpha-2a or no antiviral treatment for 48 weeks with a
24-week followup post-therapy. In the preemptive arm, patients who received PEG-
IFN had a significantly greater drop in HCV RNA concentrations at weeks 4 and 24
than untreated patients (P < 0.003 and P < 0.02, respectively). Likewise, patients
in the treatment arm on PEG-IFN-alpha-2a had significantly lower viral loads
than untreated patients at each scheduled post-baseline assessment (P < 0.001).
Unfortunately, only 2 treated patients in the prophylaxis trial (8%) and 3 in the
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treatment trial (12%) achieved an SVR. Acute rejection rates were similar in the
treated and untreated groups in both the prophylaxis (12% vs. 21%; P < 0.5) and
treatment (12% vs. 0%; P < 0.1) trials.

A preemptive-only, randomized comparative study of single therapy or combina-
tion therapy with RBV of unmodified interferon-alpha-2b 3 MU three times a week
versus PEG-IFN-alpha-2b 1.5 μg/kg once weekly was conducted by Shergill (2005).
Therapy was initiated two to six weeks’ post-transplantation and continued for 48
weeks. Fifty-one patients were treated, but with a high rate of dose reductions (85%)
and drug discontinuations (37%) due to adverse events and intolerability. Rates of
viral suppression at 48 weeks (ETR) were low for both groups, 4.5% for single
therapy with either interferon product versus 22.7% for combination therapy with
either product (P = 0.093). The difference was not statistically significant due to
the low total number of patients. Even lower comparative rates were recorded for
SVR at 4.5% for monotherapy and 18.2% for combination therapy. Comparisons
could not be performed regarding unmodified versus PEG-IFN products due to the
small number of patients. The authors concluded that while combination therapy
was better than monotherapy, SVR rates are far less than in non-transplantation
HCV-infected patients, and a majority of patients did not tolerate the drug therapy
well. In a post hoc analysis, the authors concluded that the best candidates for treat-
ment are patients with better liver function (MELD score) prior to treatment and
those who undergo living donor transplantation.

A French study investigated the benefit of active treatment of recurrent HCV dis-
ease post-liver transplantation. Dumortier (2004) treated 20 patients with 12 months
of combination therapy with PEG-IFN-alpha-2b and RBV. They evaluated viro-
logical and biochemical responses to treatment. Patients were started on low-dose
treatment at 0.5 μg/kg/week of PEG-IFN plus 400 mg of RBV daily. Therapy was
initiated at least 28 months’ post-transplantation, and dosing was escalated as toler-
ated to a maximum dose of PEG-IFN of 1 μg/kg/week and 1,200 mg of RBV daily.
A high rate of adverse events, at 20%, led to drug discontinuation. Dose reductions
of PEG-IFN to 0.5 μ/kg/week were required in 37.5% of the remaining patients,
and dose reductions of RBV were required in 87% of the remaining patients. Using
intent to treat, 55% of the patients had a virological response at 12 months, with an
SVR of 45%. Like most studies, virological outcomes were less for genotype 1 than
other genotypes (64% vs. 100%, respectively, P < 0.05). Five of the patients in this
study had a mild acute rejection episode.

Neff (2004) examined the benefits of treatment of recurrent HCV in liver trans-
plant recipients using combination therapy with PEG-IFN-alpha-2b (1.5 μg/kg/wk)
and RBV (400–600 mg/day) therapy for at least 48 weeks. The retrospective
review identified 57 patients, who were divided into patients who were treatment-
naïve versus those who had received interferon-based therapy pre-transplant and
were nonresponders to at least six months of combination therapy. Undetectable
HCV RNA concentrations were attained in eight (27.6%) treatment-naïve patients
and six (21%) treatment-experienced patients at the end of 48 weeks of ther-
apy. An SVR was achieved in 75% (6/8) and 33% (2/6) of treatment-naïve and
treatment-experienced patients, respectively. Ribavirin or PEG-IFN dose reductions
were required in both groups. Up to 69% of treatment-naïve patients had dose
reductions.
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A Spanish study conducted by Planas (2005) treated patients with evidence of
recurrent HCV infection after liver transplantation with PEG-IFN-alpha-2b at 1.5
μg/kg/week plus weight-based ribavirin (10.6 mg/kg/day). The 30 patients were
treated at a median of 43 months’ post-transplantation. Treatment duration was
dependent upon HCV genotype, 48 weeks for genotypes 1 and 4 or 24 weeks for
genotypes 2 and 3. An end-of-treatment response was measured at 63%, with an
SVR measured at 47%. Dose reductions were required in 40% of patients.

Other small case series include open-label reviews of patients with recurrent
HCV after liver transplantation by Biselli (2005), Beckebaum (2004), Mukerjee
(2003), and Oton (2005). Patients were treated with combination therapy including
PEG-IFN plus RBV. All four are observational studies designed to examine the
benefits of combination therapy with PEG-IFN-alpha-2b plus RBV. In the study
by Biselli (2005), the dose chosen for PEG-IFN-alpha-2b was 1.0 μg/kg/week
and RBV at 600 mg/day. Therapy was continued for at least six months. Nine
patients (45%) had an end-of-treatment response, and an SVR was attained in
60% of treatment-naïve patients versus 30% of previously treated nonresponders.
A drop-out rate of 45% was observed at six months. In the study by Beckebaum
(2004), 12 patients were treated with 3 months of unmodified interferon, followed
by 9 months of PEG-IFN–alpha-2b at 1.5 μg/kg/week plus RBV (10–12 mg/kg).
An ETR was observed in 33% of patients. A disappointing 42% had no response
after six months of treatment. The study by Mukherjee (2003) followed 39 patients
receiving PEG-IFN-alpha-2b at 1.5 μg/kg/week and RBV at 800 mg/day. In this
more standard does study, 17 patients withdrew within the first three months due
to drug intolerance. Four had not yet completed 3 months of treatment at the time
of publication. Of the 18 patients who completed treatment, 17 (94.4%) or 43.6%
of the total enrolled had an early virological response (HCV RNA undetectable at
3 months). An end-of treatment response (ETR) was achieved in 15 (83.3%) or
38.5% of the total enrolled patients at six months. An SVR occurred in 12 patients,
with results pending for three other subjects. Oton (2005) reviewed outcomes in
21 treatment-naïve patients who received PEG-IFN-alpha-2b at 1.5 μg/kg/week
plus RBV at a weight-based dose of at least 10.6 mg/kg/day. The time from liver
transplantation was at least 1.7 years. All patients were infected with HCV genotype
1. Treatment was intended for at least 48 weeks. Two patients dropped out, one
due to intolerance, the other due to non-drug-related cholangitis. Necessary dose
adjustments were high, at 14% for PEG-IFN and 32% for RBV. Fourteen patients
(66.7%) had an ETR, with an SVR reported in 42.8% of patients, demonstrating
one of the highest response rates among these observational studies.

Initial results of a randomized, multicenter study investigating the efficacy of
PEG-IFN-alpha-2a in patients with recurrent HCV infection following liver trans-
plantation were presented in abstract form (Vogel et al., 2002). The time of therapy
initiation varied widely, within 6 to 60 months of liver transplantation. All patients
were treatment-naive. Patients were assigned to receive either PEG-IFN at 180
μg/week or placebo. The majority of patients in both groups had a viral load >1
million IU/mL at baseline and HCV genotype 1. Treatment was continued for 48
weeks with a 24-week followup that was still pending. At 48 weeks of therapy,
35% of patients receiving active treatment with PEG-IFN and none of the patients
receiving placebo had an undetectable HCV RNA level.
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The published experience for preemptive therapy or treatment of recurrent HCV
infection in liver transplant patients demonstrates fairly low success rates with a rea-
sonably high amount of drug intolerance. Larger prospective dose-ranging studies
would help define the ideal approach. In the meantime, initiation of therapy with
PEG-IFN plus RBV at lower doses with titration upward as tolerated, and careful
monitoring and support with growth factors, appear to be a reasonable approach.
The pharmaco-economic benefit of PEG-IFN-based therapies in this patient popu-
lation has yet to be defined.

Human Immunodeficiency Virus (HIV) Co-infection

In the United States and Europe, between 15% and 30% of all people infected with
HIV are also infected with HCV (Sulkowski et al., 2000; Sherman et al., 2002;
Greub et al., 2000; Sulkowski et al., 2002). Rates are higher in people who contract
the disease through intravenous drug abuse (Garfein et al., 2000) than among men
who contract the disease through sexual contact with other men. However, there
have been spikes in the incidence in the population of men who have sex with men
(MSM), likely linked to the resurgence of unprotected sex (Sulkowski & Thomas,
2003; Rauch et al., 2005; Ghosn et al., 2004). Co-infected patients often have lower
CD4 counts, a more rapid progression of liver fibrosis, and increased mortality over
people who are singly infected (Nunez et al., 2003; Brau, 2003; Kramer et al.,
2005; Sulkowski et al., 2002; Tedaldi et al., 2003). Although there may be some
disagreement among researchers, co-infection with HCV does not appear to affect
progression or response to therapy of HIV disease (Sulkowski et al., 2002; Sullivan
et al., 2006; Hershow et al., 2005).

Data are growing exponentially on the treatment and management of patients
with HCV/HIV co-infection. The publication of two well–designed, large, random-
ized studies has expanded the level of evidence for treating co-infected patients
(Table 4). The AIDS Pegasys RBV International Co-infection Trial (APRICOT)
evaluated the efficacy and safety of unmodified interferon-alpha-2a (3 MU 3
times/week) plus RBV (800 mg/day) versus PEG-IFN-alpha-2a at 180 ◦g/week plus
placebo versus PEG-IFN plus RBV (800 mg/day) (Torriani et al., 2004). Patients
were young, with a mean age of 40 years, mostly male, white and primarily infected
with HCV genotype 1 (60%). Inclusion criteria were compensated liver disease,
a CD4+ cell count ≥100 cells/mL, and stable HIV disease (with or without HIV
therapy). Sustained virological response rates were lower than for mono-infected
patients, and the highest SVR response occurred in the group treated with PEG-IFN
plus RBV (40%). However, the SVR rate for unmodified interferon plus RBV was
only 12%. The SVR rate for patients receiving PEG-IFN plus placebo (20%) was
also lower than the combination with RBV. Like mono-infection trials, patients
infected with HCV genotype 1 were more treatment refractory. For these patients,
the best chance for achieving an SVR was observed when subjects received the
combination of PEG-IFN plus RBV (29% vs. 14% and 7%) versus the PEG-IFN
plus placebo or unmodified interferon plus RBV groups, respectively.
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The RIBAVIC trial (Carrat et al., 2004), a multicenter, randomized, parallel
group, open-label trial, examined the safety and efficacy of PEG-IFN-alpha-2b plus
RBV versus unmodified interferon-alpha-2b plus RBV in HIV-HCV co-infected
patients (Table 4). The study was conducted in 71 French centers. Dosing for PEG-
IFN-alpha-2b was 1.5 μg/kg/week versus interferon-alpha-2b 3 MU three times a
week, both arms with RBV at 800 mg/day. An SVR was attained at a higher rate for
the PEG-IFN regimen than unmodified interferon (27% vs. 20%, = 0.047), respec-
tively. Different rates of SVR were even more pronounced when comparing patients
infected with genotype 1 who were assigned to PEG-IFN-alpha-2b versus unmodi-
fied interferon (17% vs. 6%, respectively, P = 0.006). When comparing SVR rates
for genotypes 2 and 3, there was not a statistically significant difference in SVR rates
between those treated with PEG-IFN product (44%) versus unmodified interferon
(43%).

Another multicenter randomized trial by Chung (2004) evaluated the efficacy of
unmodified interferon-alpha-2a or PEG-IFN-alpha-2a, both with escalating doses
of RBV (600–1,000 mg/day) (Table 4). Patients treated with the PEG-IFN-alpha-
2a/RBV regimen experienced a higher SVR rate versus unmodified interferon/RBV
(27% and 12%). An SVR was achieved in only 6% (unmodified interferon group)
and 14% (PEG-IFN group) of patients infected with HCV genotype 1, respec-
tively.

The PRESCO trial (Ramos et al., 2006), in progress, examines the benefit of
weight-based doses of ribavirin (1,000–1,200 mg/day) compared to the standard
RBV dose (800 mg/day) utilized in the APRICOT trial (Table 4). Data up to week
12 have been presented in abstract form. For HCV genotype 1, an EVR (2 log10
decrease in HCV RNA concentrations at 12 weeks of therapy) was observed in 78%
of the study subjects. This compares to 63% in APRICOT and 80% of subjects in
the HCV mono-infection trial (Fried et al., 2002). Differences were less pronounced
in patients with genotypes 2 and 3. Whether these results will translate into a better
SVR rate awaits the conclusion of the study.

Voight (2006) performed a prospective, uncontrolled, multicenter trial in Ger-
many, exploring the efficacy and safety of combination PEG-IFN-alpha-2b (1.5
μg/kg/week) plus RBV (800 mg daily) for 48 weeks for HCV genotypes 1 and 4
and 24 weeks for genotypes 2 and 3 in HIV/HCV co-infected patients. An end-
of-treatment response was found in 52% of patients overall, but an SVR response
occurred in only 25% of subjects. This rate was lowest for those with genotype
1 or 4 (18%) and highest for genotype 2 or 3 (44%). Discontinuation rates were
high (30%).

Soriano (2004) investigated whether an early virological response at 12 weeks
(EVR- undetectable HCV RNA or >2 log10 decrease of HCV RNA concentrations)
could be used to make treatment decisions in HCV patients co-infected with HIV.
Of the 89 co-infected patients, an EVR occurred in 58% of patients, and 32.6%
attained an SVR. The negative and positive predictive value for achieving an SVR
was 100% and 56%, respectively. From these results, consideration of treatment
discontinuation can be entertained after 12 weeks of therapy if there is no EVR
regardless of infecting HCV genotype in HCV/HIV co-infected patients receiving
PEG-IFN-based therapies.
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In a later investigation by the same group (Soriano, 2004a), high relapse rates
were observed in up to 32.8% of treated patients who have an ETR. As a result,
other groups have explored prolonged treatment durations for co-infected patients,
despite undetectable HCV-RNA concentrations at the end of therapy. An Italian
group examined the benefits of continuing treatment of co-infected patients with
chronic HCVgenotype 2/3, beyond 24 weeks, even if there was a treatment response
to PEG-IEN plus RBV (Zanini et al., 2006). Unfortunately, many of the patients
(36%) could not tolerate even 24 weeks of therapy due to adverse events. Those
able to complete therapy up to 48 weeks had a lower relapse rate than those who
could only complete 24 weeks of therapy (11% vs. 39%).

The benefits of treating acute hepatitis C in HIV-infected patients are still not
well known. A German group is studying treatment with PEG-IFN plus RBV for
acute HCV infection in patients with HIV (Vogel et al., 2006). The majority of
patients were infected with genotype 1. The interim analysis was that, after 24
weeks of therapy with PEG-IFN-alpha-2a with or without RBV, 61% of patients
had undetectable HCV RNA levels. No significant differences in these outcomes
between HCV genotypes or with the addition of RBV were seen. Early virological
responses at weeks 4 and 12 were the only significant predictors of this response.
The discontinuation rate was low, 6% due to adverse events.

A French group (Dominguez et al., 2006) published results of a prospective pilot
study of 25 patients with acute HCV infection (less than six months) treated with
PEG-IFN-alpha-2a at 180 μg/week and RBV at 800 mg/day. Nineteen started treat-
ment and 14 were available for an assessment at 24 weeks after the end of therapy.
The SVR for this group was high at 71% given few dropouts and exclusions. In addi-
tion to the high SVR, the authors reported that no patients required dose adjustments
due to adverse events.

A cost-benefit analysis for treatment of chronic HCV in co-infected patients
examined the relative benefit of treatment with PEG-IFN alone, or with RBV ver-
sus treatment with unmodified interferon (Kuehne et al., 2002). The quality-of-life
benefit was estimated using aversion of progression to cirrhosis with the decre-
ment being the associated side effects of drug treatment. This was applied to a
hypothetical cohort of 1 million HIV-positive adult patients with a mean CD4 cell
count greater than 350 and uncompensated liver disease. Treatment with either
interferon product benefited patients, with an increase in Quality Adjusted Life
Years (QALY) ranging between 6.2 and 13.9 months for any genotype. For all
genotypes, the use of unmodified interferon plus RBV in patients with moderate
liver disease came at a cost benefit of $50,000 per QALY. Patients infected with
HCV genotype 1 and treated with PEG-IFN plus RBV have better clinical out-
comes and subsequently an additional 1.6 quality-adjusted life months at a cost
of $40,000 per QALY. For HCV non-genotype 1, where clinical outcomes are sim-
ilar between pegylated and unmodified interferon products at a much higher drug
cost for the pegylated product, there is a benefit of only three additional weeks at
an inequitably high cost, $105,300 per QALY. The authors identified that further
cost benefits could be realized if it is ever definitively demonstrated that treatment
of HCV in HIV co-infected patients results in improved tolerance of antiretroviral
medications.
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Guidelines now favor the use of PEG-IFN-alpha-2a plus RBV over regimens with
unmodified interferon-alpha-2a or regimens without RBV in the management of
HIV/HCV co-infected patients. The time to start therapy remains controversial. Lee
and Dieterich (2004) recommend initiation of HCV therapy for patients with higher
CD4+ cell count (>350 cells/mL), with evidence of HCV-related liver disease (fibro-
sis) or when patients cannot maintain antiretroviral therapy due to recurrent drug-
induced hepatotoxicity. Others suggest starting therapy in patients with higher CD4
cell counts, before the initiation of HAART to avoid drug interactions and additive
toxicities. The HIV-HCV International Panel recommends treatment for any HIV
co-infected patient with a CD4+ cell count >350 or with a CD4+ cell count between
200 and 350 with consideration of response based on HCV genotype and viral load.
Deferral of therapy is recommended in those with a CD4+ cell count <200 (Soriano
et al., 2004b). In patients already receiving HAART, those regimens that include
didanosine (ddI) should be substituted with another drug given the increased risk of
mitochondrial toxicities, particularly when used in combination with RBV (Mauss
et al., 2004) As discussed, there are benefits to longer treatment durations unique to
this co-infected group. Treatment beyond 24 weeks in patients without a 12-week
response (EVR) is generally not beneficial (Strader et al., 2004; Alberti et al., 2005;
Sulkowski, 2006). However, unlike the mono-infected subject, for patients with a
12-week response, a 48-week treatment should be considered, regardless of the
genotype, including genotypes 2 and 3. No conclusion can be made regarding the
choice of pegylated product as no randomized trial has been performed to compare
PEG-IFN-alpha-2a with PEG-IFN-alpha-2b in the HCV/HIV co-infected popula-
tion. More frequent and more diligent monitoring of these patients is in order, with
careful consideration of the implications of the individual antiretroviral combination
and use of adjuvant drugs to support cell lines.

Adverse Event Profile

Second only to nonresponse to therapy, drug-related adverse events are often the
primary reason for discontinuation of PEG-IFN therapies. While the incidence of
some adverse events, such as myalgias, fever, and general malaise, may be less
than with unmodified interferon, the pegylation of IFN does not protect patients
from other adverse events. These include the more debilitating neuropsychiatric and
hematologic adverse events (Fried et al., 2002). A black box warning regarding
such reactions is described in each of the manufacturer’s product package inserts.
Careful screening of patients before initiating therapy with frequent followup of
core laboratory findings may decrease the need to alter or discontinue therapy due to
adverse events. Some adverse events may be managed with dose reductions and/or
supportive treatments. A summary of common types of drug-related adverse events
appears in Table 5.

In controlled trials of PEG-IFN versus unmodified interferon preparations
(Zeuzem et al., 2000; Heathcote et.al., 2000), protocol-defined dose reductions
were required in up to 32% of PEG-IFN-alpha-2a treated patients, compared with
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Table 5 Common and Clinically Significant Side Effects of Pegylated Interferon Therapies [(pegy-
lated IFN alpha-2a- PegasysTM) (pegylated IFN alpha-2b-Peg IntronTM)]

Appearance-Related/Skin Hematologic Effects

Alopecia Neutropenia (both lymphocytic and neutrophilic)
Eczema Anemia (more pronounced with co-treatment with

ribavirin)
Pruritis Thrombocytopenia
Rash
Dry skin

Cardiovascular Neurologic/Behavioral

Angina Aggression
Cardiomyopathy Anxiety
Hypertension Bipolar symptoms
Myocardial Infarction Depression

Dizziness
Endocrine Headache

Diabetes Hearing loss
Hypo/hyperthyroidism Impaired concentration

Mania
Gastrointestinal Neurocognitive impairments

Colitis Suicidal ideation
Decreased appetite Vision changes
Diarrhea
Hepatic decompensation

Asterixis
Elevated liver

transaminases (ALT/AST)
Elevated bilirubin
Decreased albumin
Decreased total protein
Encephalopathy
Increased prothrombin time
Increased INR

Nausea
Upper abdominal pain
Vomiting

General

Influenza-like symptoms
Cough
Fatigue
Fever
Myalgia
Rigors

Pneumonitis

up to 27% of those treated with unmodified interferon. The primary concern about
dose reduction is that while it may allay adverse events, it can also allow for
incomplete suppression or eradication of the virus, as described by Fried (2000).
The length of therapy also plays a role in the frequency and severity of adverse
events. Drug discontinuation secondary to adverse drug events was recorded at
higher rates in patients treated for 48 weeks (15%) versus those treated for 24 weeks
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Table 6 Treatment Discontinuation of Standard IFN Versus PEG-IFN Due to Clinical Adverse
Events or Lab Abnormalitiesa

Trials and Comparative Arms Standard
IFN Group

PEG-IFN Group

Mono-Infection Trials Discontinuation Rates (%)
Zeuzem et al. (2000)(PEG-IFN alpha-2a

vs. unmodified IFN alpha-2a)
7 10

Heathcote et al. (2000)(PEG-IFN alpha-2a
90 mcg/wk vs. 180 mcg/wk vs.
unmodified IFN alpha-2a)

10 90 mcg wk 11180 mcg wk 14

Fried et al. (2002)(PEG-IFN alpha-2a vs.
unmodified IFN alpha-2a)

10 10

Pockros et al. (2004)(PEG-IFN alpha-2a
135 mcg/wk vs. 180 mcg/wk vs.
unmodified IFN alpha-2a)

11 135 mcg/wk 9180 mcg/wk 10

Hadziyannis et al. (2004)(PEG-IFN
alpha-2a + ribavirin 800 mg/day vs.
PEG-IFN alpha-2a + ribavirin 1000
mg/day)

NA Ribavirin 800 mg/d16 Ribavirin
1000 mg/d15

Manns et al. (2001)(PEG-IFN alpha-2b vs.
unmodified IFN alpha-2b)

13 1.5 mcg/kg wk 140.5 mcg/kg wk
13

HIV/HCV Co-infection Trials

ACTG 5071, Chung et al. (2004)(PEG-IFN
alpha-2a vs. unmodified IFN alpha-2a)

12 12

RIBAVIC, Carrat et al. (2004)(PEG-IFN
alpha-2b vs. unmodified IFN alpha-2b)

17 16

APRICOT, Torriani et al. (2004)(PEG-IFN
alpha-2a vs. unmodified IFN alpha-2a)

14 12

a Discontinuation rates were similar between PEG-IFN and standard interferon. Higher doses of
ribavirin were associated with slightly higher rates of discontinuation. Additionally, the discontin-
uation rate was slightly higher among patients co-infected with HIV.

(5%). Drug discontinuation related to adverse drug events overall are compared in
Table 6 for unmodified interferon versus PEG-IFN-based therapies from the larger
randomized trials. The primary reasons for drug discontinuation were hematologic
abnormalities and neurocognitive disorders. A higher rate of discontinuation is
noted in the patients with HIV co-infection. Dose reductions are only slightly
higher with longer treatment courses, 30% versus 33% as noted in the Food and
Drug Administration briefing document (2002).

Constitutional symptoms resembling influenza-like illness have been noted in
up to 51% of patients treated with PEG-IFNs (Zeuzem et al., 2000; Heathcote
et al., 2000). Symptoms are often transient, and patients tend to develop tolerance
over time. In the larger comparative trials, influenza-like symptoms occurred more
frequently in patients treated with unmodified interferon plus RBV than with
PEG-IFN plus RBV; 50% compared with 42% (P = 0.02) (Fried et al., 2002;
Zeuzem et al., 2000).

Neuropsychiatric disorders, such as anxiety and depression, affect up to 26%
of patients during treatment with PEG-IFN products. A warning exists for all inter-
feron products regarding the potential new onset or exacerbation of neuropsychiatric
disorders, including depression, suicidal ideation, increased addictive behaviors,
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bipolar symptoms, mania, and aggressive behaviors. This warning is especially
emphasized in patients with underlying neuropsychiatric disorders, particularly if
they are not being treated or monitored for these conditions. A hypothesis for this
adverse event was studied by Schwaiger (2003), wherein serotonergic activity in
patients treated with PEG-IFN was measured and greatly reduced in those treated
with the drug. Byrnes (2005) reported on a pre and post-evaluation of 10 patients
treated with PEG-IFN to evaluate the potential confounding effect of HCV on neu-
ronal function. They performed baseline brain MRI and 1H–MRS (spectroscopy),
measurements of neurotransmitters, in addition to neuropsychological evaluation
(neuropsychometric tests, Beck’s depression inventory, and quality-of-life and self-
reported cognitive dysfunction questionnaires) prior to, and 12 weeks following,
initiation of PEG-IFN. The study demonstrated that as HCV viral load was reduced,
there was a reduction in inflammatory markers, but depression scores increased and
cognitive function declined. A history of depression is directly correlated with a
higher incidence of drug-related psychiatric events during PEG-IFN therapy (Cast-
era et al.,2004). However, there are some differences relative to unmodified inter-
feron products. In the trial by Fried et al. (2002), depression was observed less fre-
quently in the PEG-IFN-treated group compared with those treated with unmodified
IFN-alpha-2b (22% vs. 30%, P = 0.01). Other trials confirmed this pattern (Zeuzem
et al., 2000; Heathcote et al., 2000), although significantly morbid depression has
been described in patients receiving either product. In parallel, the dose finding trial
by Pockros et al. (2004) demonstrated a similar rate of depression for patients treated
with PEG-IFN product versus unmodified interferon. Neurocognitive decline, such
as decreased alertness, attention deficits, decreased vigilance, and impaired short-
term memory, was demonstrated in a cohort of 70 patients treated with PEG-IFNs
by Krauss (2005). Overall, neuropsychiatric disorders, including depression, mark
the highest-ranking reason for drug withdrawal, particularly in those patients treated
for 48 weeks versus 24 weeks (FDA brief, 2002).

Bone marrow suppression, resulting in low cell counts, such as anemia and neu-
tropenia, is another common treatment-limiting adverse event of PEG-IFN thera-
pies. This results from direct inhibition of progenitor cell proliferation in the bone
marrow by interferon (Ganser et al., 1987). Initial laboratory data should be recorded
as a baseline for the absolute neutrophil count, hemoglobin, and platelets. Patients
with low counts at baseline (a neutrophil count <1,500 cells/mm3 or a baseline
hemoglobin <10g/dL or a baseline platelet count <90,000 cells/mm3) should be
treated cautiously with lower starting doses of PEG-IFN and careful monitoring of
cell lines during therapy. Severe, persistently low counts may result in infectious
complications including opportunistic infections. Therapy with PEG-IFN should be
interrupted or discontinued if counts do not respond to dose modifications.

Hematologic abnormalities are the most common reason for dose modifications
in many of the trials (Fried et al., 2002; Chung et al., 2004; Torriani et al., 2004;
Pockros et al., 2004; Carrat et al., 2004). Drug-related neutropenia can begin early,
with a nadir in the first four weeks of therapy. Rates of neutropenia have been
reported to be higher in patients treated with PEG-IFN products than with unmodi-
fied interferon in randomized trials (Fried et al., 2002; Chung et al., 2004; Torriani
et al., 2004; Carrat et al., 2004; Heathcote et al., 2000). Neutropenia defined as
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grade 4 (ANC < 500/mL) has been documented in multiple trials. Dose reductions
are employed in up to 11% of the patients treated with the PEG-IFN versus 7% of
patients receiving unmodified interferon. In an analysis of the effects on hematologic
cell lines, Schmid (2005) analyzed 133 patients undergoing treatment with unmod-
ified interferon, unmodified interferon plus RBV, PEG-IFN-alpha-2a plus RBV, or
PEG-IFN-alpha-2b plus RBV. Leukopenia was common to all arms. The maximum
decrease in neutrophils and lymphocytes occurred in patients treated with PEG-
IFN products, 55% for PEG-IFN-alpha-2a and 52% for PEG-IFN-alpha-2b versus
37% for unmodified IFN (P < 0.05). As an exception, the trial by Heathcote (2000)
demonstrated similar rates of grade 4 neutropenia among groups (3% with unmodi-
fied interferon, 3% and 1% with the PEG-IFN-alpha-2a at 90 and 180 μg/wk). Dose
reductions for PEG-IFN-alpha-2a to 135 μg/week from 180 μg/week and to 0.75
μg/kg/week from 1.5 μg/kg/week for PEG-IFN-alpha-2b are recommended when
the ANC falls below 750. Treatment discontinuation is recommended if the ANC
falls below 500.

Thrombocytopenia has been observed, particularly early in treatment (within 2
weeks). Similar comparative rates of thrombocytopenia in the trial by Fried (2002)
were observed between patients receiving PEG-IFN-alpha-2a plus RBV, or PEG-
IFN-alpha-2a plus placebo as compared to unmodified interferon plus RBV at 4%
versus 6% versus <1%, respectively. Severe thrombocytopenia, classified as grade
3, or a platelet count between 20,000 and 50,000/mL, occurred equally between
unmodified and PEG-IFN products in the study by Zeuzem (2000). One HIV/HCV
co-infection study (Chung et al., 2004) described two patients with grade 4 throm-
bocytopenia (<20,000/mL), one in the unmodified and one in the PEG-IFN-treated
groups. However, the study by Heathcote et al. (2000) demonstrated a higher inci-
dence of thrombocytopenia in patients receiving PEG-IFN-alpha-2a, 26% versus 7%
of all patients treated with unmodified interferon (P < 0.001, P = 0.04, respectively).
In an observational crossover study, Homincik (2003) examined the effects of one
dose of unmodified interferon-alpha-2a followed by weekly PEG-IFN-alpha-2a for
36 weeks on both platelet count as well as platelet activity. Decreases in platelet
count were noted uniformly, but platelet activity was relatively unchanged. In the
analysis of drug-related hematologic effects of six prospective trials by Schmid
(2005), median decreases in platelet counts were similar in the patients treated with
unmodified interferon alone (25%) versus those treated with PEG-IFN products plus
RBV, 21% for PEG-IFN-alpha-2a and 23% for PEG-IFN-alpha-2b. An unusual
case of late-onset (six months after drug discontinuation) drug-related autoim-
mune thrombocytopenia (PEG-IFN-alpha-2b plus RBV) was reported by Elefsinio-
tis (2006). Drug-related thrombocytopenia was not associated with increased bleed-
ing episodes in any of the major trials, but when thrombocytopenia is severe, the
risk of bleeding rises proportionally. The presence of cirrhosis of the liver adds to
this risk. Dose reductions for thrombocytopenia have been required in up to 21%
of patients with cirrhosis versus 6% for the overall population in a monotherapy
study group and 16% for cirrhotics versus 4% for the overall population in the
combination study group (FDA Brief, 2002). Recovery of platelet counts occurs
by four weeks after treatment is completed or discontinued. Dose reductions to 90
μg/week from 180 μg/week for PEG-IFN-alpha-2a are recommended if the platelet
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count falls below 50,000. Therapy should be discontinued if the platelet count falls
below 25,000.

Drug-related anemia has also been well documented, particularly in patients co-
treated with RBV. Data relative to erythropoietin levels in treated patients indicate
that patients cannot maintain erythropoietin levels adequate to offset treatment-
related anemia (Balan et al., 2003). Hemoglobin values appear to decrease simi-
larly when comparing PEG-IFN to unmodified interferon; in one study, they fell by
a maximum of 3.7 g/dL for PEG-IFN-alpha-2a plus RBV, compared to 3.6 g/dL
for unmodified interferon-alpha-2b plus RBV. However, when examining rates rel-
ative to the percent of patients whose hemoglobin falls below 10 g/dL, Schmid
(2005) demonstrated higher rates among patients treated with PEG-IFN-alpha-2a
with RBV (29%) versus 6% of patients treated with unmodified interferon-alpha-
2b with RBV (P < 0.05). The common denominator remains the additive anemic
effects mediated by ribavirin. The proposed mechanism is direct hemolysis by
RBV as demonstrated by De Franceschi (2000). A handful of patients with HIV
co-infection have had observed grade 4 anemia, Hgb less than 6.5 g/dL (Chung
et al., 2004). All three hematologic abnormalities have been documented at higher
rates in patients with a lower body mass index (BMI), perhaps reflecting the use of
fixed doses of PEG–IFN-alpha-2a. High RBV blood levels and concomitant treat-
ment with zidovudine have also been identified as predictors of treatment-related
anemia (Rendon et al., 2005). Treatment should be discontinued if the Hgb falls
below 8.5 g/dL.

New onset cardiovascular dysfunction has been documented rarely (21 total
reported cases) in patients treated with unmodified interferon (Kuwata et al.,
2002; Cohen et al., 1990; Sonnenblick et al., 1990). These conditions include
cardiomyopathy, myocardial infarction, angina, and hypertension. A baseline
EKG and serial monitoring in patients with pre-existing cardiovascular disease
are recommended. Risk reduction measures should also be considered in patients
at a high risk for cardiovascular complications. A recent case report by Condat
(2006) details a case of fatal cardiomyopathy in a patient receiving PEG-IFN/RBV
therapy.

Ocular changes have been described with unmodified interferon treatment of hep-
atitis C and newly with PEG-IFN-alpha-2b (Farel et al., 2004; Ahmed et al., 2003;
Schulman et al., 2003). In the case series review by Farel (2004), patients co-infected
with HIV and HCV who were treated with PEG-IFN-alpha-2b plus RBV underwent
serial ophthalmologic exams every three months, revealing pathology in 35% of the
patients. These included cotton wool spots, cataracts, and decreased red-green color
vision. The color vision changes were reversed in one patient 10 weeks after dis-
continuation of combination therapy. The other patient had sustained visual changes
from weeks 10 through 23 of therapy. Visual changes spontaneously resolved. None
of the patients had diabetes or hypertension. Speculation of the underlying mech-
anism for this side effect lies in an observational study by Sugano (1998) wherein
the authors measured plasma levels of complement 5a that revealed a drug-induced
increase in plasma levels of complement 5a. Complement 5a is purported to deposit
in the retinal vasculature, leading to local capillary rupture. Baseline and a followup
ophthalmologic exam are recommended based on these data.
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Interferon treatment for chronic HCV infection may exacerbate or result in hep-
atic decompensation, particularly in patients co-infected with HIV and receiving
highly active antiretroviral therapy (HAART). A baseline liver biopsy and serial
laboratory panels for liver injury (serum AST/ALT, total bilirubin) and synthetic
function (albumin, PT, INR, total protein) are recommended. An analysis of risk
factors for development of hepatic decompensation was performed for the APRI-
COT trial by Torriani (2004). All patients had advanced cirrhosis as a predisposing
factor. Additional risk factors were co-treatment with didanosine and evidence of
cholestasis at baseline. Adverse events include potentially acute liver transaminase
flares, elevations in bilirubin, and evidence of decompensation (e.g., encephalopa-
thy, elevated bleeding times, asterixis).

Thyroid disorders have been linked to unmodified interferon and PEG-IFN ther-
apy (Imigawa et al., 1995; Fonseca et al., 1991; Preziati et al., 1995; Lisker-Melman
et al., 1992). Induction of anti-thyroid antibodies and autoimmune thyroiditis is
the primary mechanism by which hypothyroidism is induced by interferon prod-
ucts. A baseline TSH and a followup TSH are recommended in the Veteran’s
Health Administration guidelines (2005). Some patients require supplementation
with levothyroxine.

Allergy or drug hypersensitivity is a rare event linked to PEG-IFN use. Like
other drugs, the reaction is not predictable and may manifest itself as an acute IgE-
mediated event, with urticaria, hypotension, and anaphylaxis. Anti-IFN antibodies
have been positive in a handful (4.8%) of patients in the larger trials (Fried et al.,
2002), but no notable sequelae were observed as a result. Skin rashes have been
documented in multiple trials. A severe skin rash was described in a case series
by Jessner (2002) wherein three patients using PEG-IFN developed a delayed rash
requiring drug discontinuation. Two of the three patients were switched to unmodi-
fied interferon therapy with resolution and without recurrence of the rash. The third
patient was not rechallenged.

Other notable case reports include a documented interstitial pneumonitis with
adult respiratory distress syndrome (Abi-Nassif et al., 2003). The patient described
had no previous history of pulmonary disease but, upon presentation, required
admission to the intensive care unit. The patient died 26 days after admission, of
bacteremia and fungemia. The mechanism of this potentially related AE is unknown
but may be secondary to a localized autoimmune response to the medication.

Appearance-related side effects include alopecia, dry skin, and injection site
reactions. Decreased appetite leading to weight loss and anorexia are also reported.
Drug-induced eczema and other skin disorders secondary to interferon therapies
have been well documented (Moore et al., 2004; Shen et al., 2005; Dalekos et al.,
1998; Dereure et al., 2002). Hyperpigmentation has been described of the tongue
and skin, particularly in dark-skinned non-Caucasian patients (Gurguta et al., 2005).
Other notable dermatological diseases noted with interferon therapy include cuta-
neous sarcoidosis and psoriasis, as described and reviewed recently by Hurst and
Mauro (2005) and Ketikoglou (2005), respectively.

Adverse events attributed to PEG-IFNs can be difficult to manage, requiring
dose adjustments and potentially drug discontinuation. A summary of discontin-
uation rates in some of the major trials, including the HIV co-infection trials,
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appears in Table 6. Discontinuation rates were notably higher in the co-infection
trials due to a higher frequency of drug-related adverse events. The addition of
preemptive agents or drugs to treat or palliate adverse drug effects while contin-
uing PEG-IFN is an option. These include granulocyte cell-stimulating factor or
granulocyte-macrophage colony-stimulating factor for neutropenia (Lebray et al.,
2005), oprelvekin (NEUMEGA�) for thrombocytopenia, erythropoeitin for anemia
(Afdhal et al., 2004; Sulkowski et al., 2005; Shiffman et al., 2005), and selective
serotonin reuptake inhibitors (Krauss et al., 2002) for depression.

Teratogenicity

Peginterferons are classified as pregnancy category C when used without RBV.
The addition of RBV increases the severity of this classification to category X
(PEGASYS� and PEG-INTRON� package inserts). Little to no collaborative data
are available on the safety of PEG-IFNs in humans or animals during pregnancy. In
Rhesus monkeys, unmodified interferon administered at 20 to 500 times the human
weekly dose was associated with no teratogenic events. No information is currently
available on the distribution of PEG-IFNs into breast milk, and as such, there are no
published data on the safety of the drug in the breastfed child.

Conclusion

The pegylation of the interferon molecule represents a significant breakthrough in
the management of chronic HCV infection when compared with unmodified inter-
feron. The therapeutic effect is especially obvious when the pegylated interferons
are combined with RBV. In addition, pegylation of interferon allows for less fre-
quent administration, which may improve adherence to therapy. Despite extensive
research, efforts to improve the SVR rate for subjects infected with genotypes 1 and
4 above the current 40–50% and 61–69% levels remains elusive. The likelihood of
attaining an SVR in subjects infected with HCV genotype 2 or 3 with combination
therapy with PEG-IFN/RBV regimens is excellent. However, new data indicate that
response to therapy of genotype 3 may be less than that of genotype 2. More research
is under way to address the issue of difficult-to-treat patients including subjects who
do not respond to treatment or relapse after an end-of-treatment response. Other
difficult-to-treat patients include African Americans as well as subjects undergo-
ing liver transplantation. New guidelines to manage HCV co-infection in patients
with HIV disease have been developed. Improved attention to adverse events has
allowed patients to continue therapy and complete more of therapy, thus improving
the chance of achieving an SVR. The combination of PEG-IFN products with new
agents that attack hepatitis C in a variety of different sites appear promising, and we
await the completion of phase III studies.
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