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94010 Créteil, France
jean-michel.pawlotsky@hmn.aphp.fr

H.-G. Kräusslich, R. Bartenschlager (eds.), Antiviral Strategies, Handbook of Experimental 203
Pharmacology 189,
c© Springer-Verlag Berlin Heidelberg 2009



204 S. Chevaliez and J.-M. Pawlotsky

9 Treatment of Other Viral Infections with Type I IFN
in Humans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

Abstract In 2007, the world celebrated the 50th anniversary of the discovery of
interferon (IFN) by Isaacs and Lindenmann. Subsequently, the IFN-α gene was
cloned, fully sequenced and IFN-α was produced in recombinant form. Recom-
binant IFN-α is now used as the basis for treatment of chronic hepatitis C virus
infection and can also be used to treat certain forms of chronic hepatitis B virus
infections. IFNs have also been used in other viral infections, although with less
success. The antiviral mechanisms of IFNs are reviewed in this chapter as well as
the utility of IFNs in the treatment of persistent viral infections.

Abbreviations

CARD Caspase recruitment domains
ds Double-stranded
ERK 1/2 Extracellular signal-regulated kinase 1/2
GAF γ-IFN activation factor
GAS γ-IFN activation site
HAART Highly active antiretroviral therapy
HBV Hepatitis B virus
HCV Hepatitis C virus
HDV Hepatitis D/delta virus
IFN Interferon
ISRE IFN-stimulated response element
LRR Leucine-rich repeats
MDA-5 Melanoma differentiation-associated gene 5
MEK 1/2 Mitogen-activated/extracellular signal-regulated kinase 1/2
NK Natural killer cells
PKR RNA activated protein kinase
PRR Pattern-recognition receptors
RIG-1 Retinoic acid-inducible gene 1
RLR Retinoic acid-inducible gene 1 (RIG-1)-like helicase receptors
TIR Toll/IL-1R/resistance
TLR Toll-like receptors
TNF Tumor necrosis factor
TRAM TRIF-related adaptor molecule
TRIF TIR domain-containing adaptor inducing IFN-β
TRIM Tripartite motif protein

In 2007, the world celebrated the 50th anniversary of the discovery of interferon
(IFN) by Isaacs and Lindenmann (Isaacs and Lindenmann 1957). Human IFN-α
was the first cytokine to be purified to homogeneity. Subsequently, the IFN-α gene
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was cloned, fully sequenced and IFN-α was produced in recombinant form in E.
coli (Nagata et al. 1980). Recombinant IFN-α is now used as the basis for treatment
of chronic hepatitis C virus (HCV) infection and can also be used to treat certain
forms of chronic hepatitis B virus (HBV) infections. IFNs have also been used in
other viral infections, although with less success.

1 Interferons

IFNs are natural glycoproteins produced by the cells of most vertebrates in response
to the challenge by foreign agents, such as infectious organisms (viruses, bacteria,
fungi, and parasites), and by tumor cells. IFNs can be produced by cells of the
innate and adaptive immune systems and by non-immune cells such as fibroblasts
and epithelial cells.

1.1 Type I IFNs

Type I IFNs form a superfamily of innate cytokines that comprise IFN-α (alpha),
with 13 human subtypes, IFN-β (beta), IFN-ω (omega), IFN-τ (tau), IFN-κ (kappa),
IFN-ε (epsilon), IFN-λ (lambda), and IFN-ζ (zeta) (Pestka et al. 2004). Only IFN-
α, IFN-β, IFN-ω, IFN-κ, and IFN-ε are expressed in humans. All IFN-α subtypes
are secreted by leukocytes, whereas IFN-β is also produced by fibroblasts. IFN-τ
is exclusively expressed in ruminants at a specific stage of pregnancy (Martal et al.
1998), whereas IFN-κ is expressed by human keratinocytes (LaFleur et al. 2001).

There are 17 human type I IFN genes, all clustering on chromosome 9. They
are intronless and encode secretory signal peptide sequences that are proteolytically
cleaved prior to secretion from the cell. Type I IFNs are genetically and structurally
closely related. They range in length from 161 to 208 amino acids and have apparent
molecular weights of 15–24 kDa (Table 1) (Chen et al. 2004). The different subtypes
of human IFN-α have approximately 50% amino acid sequence identity, whereas
IFN-α shares approximately 22% amino acid identity with human IFN-β and 37%
with human IFN-ω (Chen et al. 2004).

1.2 Type II IFNs

There is only one known type II IFN, IFN-γ, discovered in 1965 (Wheelock and
Sibley 1965). IFN-γ is exclusively produced by immune cells, such as activated
thymus-derived T cells and natural killer (NK) cells, after stimulation by foreign
antigens or mitogens in the early stages of the innate immune response (Boehm
et al. 1997). The human IFN-γ gene maps to chromosome 12. IFN-γ is a noncovalent
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homodimer composed of two identical 17-kDa polypeptide chains 166 residues long
(Ealick et al. 1991). The 23-residue hydrophobic signal sequence is removed by
proteolytic cleavage prior to secretion from the cell (Table 1) (Boehm et al. 1997).

1.3 Type III IFNs

Recently, a novel class of type I-like human IFNs, named IFN-λ1 or IL-29, IFN-λ2
(IL-28A) and IFN-λ3 (IL-28B), was identified (Dumoutier et al. 2003; Sheppard
et al. 2003). The three IFN-λ genes cluster on human chromosome 19 and comprise
5 exons for IFN-λ1 and 6 for IFN-λ2 and IFN-λ3, and several introns (Table 1). They
encode 20- to 22-kDa secreted monomeric proteins of 196 to 200 amino acids. Type
III IFNs have also been identified in other species such as mice, birds, and fish.

2 IFN Production during Viral Infections

Production of types I and III IFNs is an essential component of the innate immune
response, the first line of defense against an invading pathogen (Gale and Foy 2005).
IFNs exert auto- and paracrine actions within a few hours in response to a viral
infection. Their protective function is dual: they induce an antiviral cellular state
and facilitate the clearance of infected cells by activating apoptosis, in synergy with
other proapoptotic agents such as tumor necrosis factor (TNF) family members,
depending on the intracellular level of double-stranded (ds) RNAs (Clemens 2003).

2.1 Viral Triggering of IFN Production

Most cell types recognize incoming RNA or DNA viruses, owing to the pres-
ence of intracellular RNAs with a 5′ triphosphate end (i.e. lacking a 5′ cap struc-
ture) or dsRNA structures generated during viral RNA replication. Indeed, dsRNA
replication intermediates are essential for the synthesis of new RNA genomes,
whereas DNA viruses often have overlapping open reading frames lying in oppo-
site orientations, and these generate mRNA transcripts that can base-pair to form
dsRNA stretches. The conserved molecular patterns of dsRNAs are recognized by
pattern-recognition receptors (PRR), of which the best known are Toll-like recep-
tors (TLR) and retinoic acid-inducible gene 1 (RIG-1)-like helicase receptors (RLR)
(Yoneyama et al. 2004). TLRs are present at the cell surface and in endosomes and
recognize various microbial structures, whereas RLRs are expressed ubiquitously in
the cytoplasm and recognize only viral structures. Their activation leads to the pro-
duction of both type I and III IFNs, and this production appears to be regulated by
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Fig. 1 Type I IFN production and signaling pathways. (a) Interferon regulatory factor 3 (IRF-
3) activation. HCV RNA binding to retinoic acid-inducible gene 1 (RIG-1) or Toll-like receptor
3 (TLR-3) results in the phosphorylation and activation of IRF-3 by the tumor necrosis factor
receptor-associated factor-associated nuclear factor κB (NF-κB) activator binding kinase 1 (TBK-
1) or inhibitory κB kinase ε (IKK-ε) protein kinases. The dimer of phosphorylated IRF-3 translo-
cates to the cell nucleus, interacts with its transcription partners, and binds to the cognate-DNA
positive regulatory domain (PRD) in the promoter region of IRF-3 target genes, including IFN-β,
resulting in IFN-β production and secretion. (b) IRF-7 activation. IRF-7 is a transcription factor
and an IFN-stimulated gene (ISG). It is activated after expression by viral components through
signaling pathways that overlap with the pathways of IRF-3 activation. IRF-7 phosphorylation,
dimerization, and heterodimerization with IRF-3 allow it to bind its cognate virus-responsive ele-
ment (VRE) in the promoter region of IFN-α genes, resulting in the production of various IFN-α
subtypes that further signal ISG expression. (c) Type I IFN signaling. Type I IFN binding to the
receptor signals the activation of the associated Tyk2 and Jak1 protein kinases to direct the phos-
phorylation and assembly of a Stat1–Stat2 heterodimer and trimeric IFN-stimulated gene factor 3
(ISGF3) complex containing IRF-9. The ISGF3 complex locates to the cell nucleus, where it binds
to the IFN-stimulated response element (ISRE) on target genes to direct ISG expression. Adapted
from Gale and Foy (Gale and Foy 2005) and Stephen J. Polyak, presentation at the Post-Graduate
Course of the 41st Annual Meeting of the European Association for the Study of the Liver, Vienna
(Austria), April 26–27, 2006, with permission

a common mechanism (Ank et al. 2006; Onoguchi et al. 2007; Uze and Monneron
2007). Type I IFN production is described in Fig. 1.

2.1.1 TLR Pathways

At least 12 different TLRs have so far been identified in mammals (Uematsu and
Akria 2007). TLRs are type I transmembrane PRRs that possess an extracellular
domain containing leucine-rich repeats (LRR), a transmembrane domain, and an
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intracellular signaling domain known as the Toll/IL-1R/resistance (TIR) domain.
The difference in the amino acid number and the molecular weight of different TLRs
is principally related to differences in the number of LRRs in their extracellular do-
main, which allow them to recognize different ligands. The TIR domain can interact
with various adaptor molecules, such as myeloid differentiation primary response
protein 88 (MyD88), TIR domain-containing adaptor inducing IFN-β (TRIF), and
TRIF-related adaptor molecule (TRAM), thereby activating intracellular signaling
pathways.

2.1.2 RLR Pathways

In cell types other than dendritic cells, RLRs such as RIG-1 and melanoma
differentiation-associated gene 5 (MDA-5) appear to play a key role in the re-
sponse to viral infections (Kato et al. 2005). RIG-1 contains two tandem caspase
recruitment domains (CARD), which are needed to activate NF-κB and IRF-3.
Double-stranded RNA binding to the RNA helicase domain of RIG-1 induces a
conformational change that exposes the CARD domains to downstream signaling
proteins. MDA-5 also contains two CARD domains that can activate the IFN-β
promoter (Creagh and O’Neill 2006; Seth et al. 2006). A recent study has shown
that the tripartite motif protein 25 (TRIM25), a ubiquitin ligase, catalyzes RIG-1
ubiquitination, a crucial step in the cytosolic pathway by which RIG-1 elicits host
antiviral responses (Gack et al. 2007).

2.2 IFN Gene Induction

The induction of type I and III IFN gene transcription is principally controlled by
transcription factors NF-κB, IRF-3, and IRF-7 (Fig. 1). In its inactive state, NF-κB
is held in the cytosol by members of the inhibitory κB (IκB) family. In the presence
of incoming viruses, the IκB kinase (IKK) is activated and phosphorylates IκB,
which is subsequently ubiquitinated and degraded by the proteasome. Free NF-κB
translocates into the nucleus, where it increases the transcription of target genes.
Like NF-κB, the inactive form of IRF-3 is cytosolic. In response to a viral infection,
IRF-3 is phosphorylated by two IKK-like kinases: TNF receptor-associated factor
(TRAF)-associated NF-κB activator (TANK) binding kinase 1 (TBK-1) and IKKε.
IRF-3 phosphorylation leads to its dimerization and translocation into the nucleus
(Hayden et al. 2006; Seth et al. 2006). IRF-7 is expressed at low levels in most
cells. It is also activated through phosphorylation by TBK-1 and IKKε (Honda et al.
2005). NF-κB, IRF-3, IRF-7, and nuclear architecture proteins assemble into a com-
plex in the nucleus that remodels the chromatin in IFN gene promoters, resulting in
an increase in transcriptional initiation.
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3 Responses to IFN

3.1 IFN-Induced Signaling Pathways

On binding to its receptor, the IFN molecule is sandwiched between the two chains
of the receptor, thus forming a ternary complex that activates the canonical Jak/Stat
pathway through activation of the transduction elements located in the intracyto-
plasmic tail of each receptor subunit (Fig. 1).

3.1.1 Type I and III IFNs

The similarity of the transcriptional responses induced by type I and type III IFNs
has been confirmed by microarray analysis of Jak/Stat pathway gene expression in
various cell lines (Doyle et al. 2006; Dumoutier et al. 2004). Figure 1 shows type
I IFN signaling through the Jak-Stat pathway. Type I and III IFN binding to their
specific receptor triggers the activation of Jak1 and Tyk2 through tyrosine transpho-
sphorylation. The activated kinases induce the formation of the IFN-stimulated gene
factor-3 (ISGF3), itself composed of two elements, ISGF3α and ISGF3γ. ISGF3α is
formed of two cytoplasmic peptides, Stat1 (p91) and Stat2 (p113), which share 42%
nucleotide identity. ISFG3γ is a member of the IRF family, which has been renamed
IRF-9. The IRF-9 protein is a single polypeptide with an apparent molecular weight
of 48 kDa. It comprises two domains: a conserved amino-terminal DNA-binding
domain and a carboxy-terminal Stat-binding domain. IRF-9 is mostly cytoplasmic
and inactive in untreated cells. It migrates to the nucleus after IFN treatment.

The phosphotyrosyl residues of activated Jak proteins serve as docking sites for
Stat1 and Stat2, both of which are phosphorylated on a single tyrosine residue by ac-
tivated Jak proteins. Stat1 and Stat2 phosphorylation induces their release from the
IFNARs and their dimerization through their SH2 domain. Stat1–Stat2 heterodimers
then move to the nucleus to form the ISGF3 complex, together with IRF-9 (Fig. 1).
ISGF3 then interacts directly with the IFN-stimulated response element (ISRE), a
DNA sequence that characterizes ISGs. These may contain one or several ISRE
sequences in their promoter sequence. Other Stat proteins have been shown to be
activated by type I and III IFNs, but their involvement in IFN responses may be
restricted to certain cell types (Takaoka and Yanai 2006).

3.1.2 Type II IFN

IFN-γ receptor subunits IFNGR1 and IFNGR2 trigger the activation of Jak1 and
Jak2 through tyrosine phosphorylation. Jak1 and Jak2 activation leads to the for-
mation of a multimeric complex, γ-IFN activation factor (GAF), that transduces
the signal to the target DNA sequence in ISGs, known as the γ-IFN activation site
(GAS). GAF is a homodimer of tyrosine-phosphorylated Stat1 proteins. GAF exists
in latent form in the cell cytoplasm. It can be rapidly activated following IFN-γ
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binding to its receptor by phosphorylation at Stat1 tyrosine residue 701. Once acti-
vated, GAF translocates into the nucleus and binds GAS sequences to induce ISG
transcription. It was recently shown that Stat1–Stat2 heterodimers can also activate
GAS elements (Takaoka and Yanai 2006). In addition, a novel c-Jun-dependent sig-
nal transduction pathway induced by type II IFN has been identified. This pathway
involves protein kinases other than Jaks, including extracellular signal-regulated ki-
nase 1/2 (ERK1/2) and mitogen-activated/extracellular signal-regulated kinase 1/2
(MEK1/2). This pathway appears to operate in parallel with the canonical Jak/Stat
signaling pathway (Gough et al. 2007).

3.2 IFN Antiviral Effectors

The antiviral state induced by different types of IFNs is mediated by various IFN-
induced proteins. The best-known antiviral effectors produced as a result of IFN cas-
cade induction are shown in Table 2. They include 2′–5′ oligoadenylate synthetase
(2′–5′OAS), double-stranded RNA activated protein kinase (PKR), and myxovirus
(Mx) proteins. Additional effectors include RNA-specific adenosine deaminase 1
(ADAR1), the 20-kDa ISG product (ISG20), ISG54 and ISG56, and IFN-stimulated
micro RNAs (Pedersen et al. 2007).

3.3 Immunomodulatory Properties of IFNs

In addition to their direct antiviral properties described earlier, IFNs exhibit potent
immunomodulatory properties that contribute to their antiviral effects by activating

Table 2 Interferon-induced antiviral effectors

Short name Name Function(s)

2′-5′ OAS 2′-5′ oligoadenylate synthetase Activate a latent endoribonuclease,
RNAse L, which degrades viral and
cellular mRNAs and rRNAs

PKR Double-stranded RNA-activated
protein kinase

A serine threonine kinase that phos-
phorylates eIF2α on serine residue
51 when activated

MxA and MxB Mixovirus proteins A and B IFN-induced GTPases that block
intracellular transport of viral com-
ponents

ADAR1 Adenosine deaminase acting on
RNA 1

Involved in RNA editing

ISG20 IFN-stimulated gene product of
20 kDA

A member of the DEDD exonucle-
ase superfamily with RNAse and
DNAse activity

ISG54 and ISG56 IFN-stimulated gene products of
54 and 56 kDA

Inhibit translation

miRNA IFN-induced micro RNAs Specifically target viral transcripts
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cells other than those that are infected (Pestka et al. 1987). IFNs can stimulate the
effector function of NK cells, cytotoxic T lymphocytes, and macrophages, upregu-
late the expression of major histocompatibility complex (MHC) class I and class II
molecules, induce immunoglobulin synthesis by B cells, and stimulate the prolifer-
ation of memory T cells. This offers various modes to control viral replication, by
modulating the innate and adaptive immune responses (Guidotti and Chisari 2001).
Type I IFNs act through activation and maturation of dendritic cells, leading to
MHC upregulation. They can also upregulate various chemokines, chemokine re-
ceptors, and costimulatory molecules, which, in turn, stimulate CD4-positive and
CD8-positive T cell responses and modulate T lymphocyte responses through the
promotion of Th1 differentiation (Solis et al. 2006).

IFN-γ is a major immunoregulatory cytokine involved in the regulation of nearly
all phases of immune and inflammatory responses, including activation and differ-
entiation of T cells, B cells, NK cells, and macrophages. The expression of class
II MHC molecules on immune cells is principally regulated by IFN-γ, especially
on monocytes and macrophages. IFN-γ also increases the transcription of the β2-
microglobulin light chain of MHC class I molecules. In addition, IFN-γ regulates
T cell functions and modulates neutrophil functions by modulating the surface ex-
pression of various molecules, including integrins and chemokine receptors (Gattoni
et al. 2006a, b).

4 Therapeutic Forms of IFN

4.1 Standard IFN-α

Different forms of IFN-α have been available for the treatment of chronic hepatitis
B and C, including IFN-α2a and IFN-α2b. The administered dose was 3–5 mega-
units three times a week subcutaneously.

4.2 Pegylated IFN-α

Polyethylene glycol (PEG) consists of repeating units of ethylene glycol form-
ing linear or branched polymers with different molecular masses. Pegylation is
the process by which PEG chains are covalently attached to IFN molecules. Pe-
gylation confers a number of properties on IFN-α molecules, such as sustained
blood levels that enhance antiviral effectiveness and reduce adverse reactions,
as well as a longer half-life and improved patient compliance (Kozlowski et al.
2001).

Two forms of pegylated IFN-α have been approved by the Food and Drug
Administration (FDA) and by the European Medicines Agency (EMEA) for the
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Table 3 Pharmacological parameters of pegylated IFN-α molecules approved for the treatment of
chronic hepatitis C

Pegylated IFN-α2a Pegylated IFN-α2b

Chemical parameters

Molecular weight (kDa) 60 31
PEG structure Branched Linear
Production Recombinant (E. coli)

Pharmacokinetic parameters

Cmax Dose-related Dose-related
Tmax (h) 72–96 15–44
Half-life (h) 80a 40a

Apparent volume of distribution (l) 6–14 69
Clearance Principally renal Not fully elucidatedc

Posology and administration

Approved dose 180 μg qw 1.5μg/kg qw
Route of administration Subcutaneous Subcutaneous
aAfter subcutaneous injection

treatment of chronic hepatitis C in adults, namely pegylated IFN-α2a and pegylated
IFN-α2b, in which the IFN-α molecules are linked to PEG molecules of different
sizes (Table 3).

4.3 Other IFNs

Other IFNs that can be used in the treatment of viral infections include IFN-β,
IFN-ω, a molecule that is more potent than its nonglycosylated form, which itself
has activity comparable to that of IFN-α (Buckwold et al. 2007), and that will be
delivered continuously by an implantable device, IFN-γ and IFN-λ1, a pegylated
form of which will soon be available.

New IFN-α molecules are also being developed. They include albumin-IFN-
α2b (Alb-IFN-α2b, Human Genome Sciences, Rockville, Maryland, and Novartis,
Basel, Switzerland), a novel 87.5-kDa recombinant protein consisting of an IFN-
α2b molecule attached to a human albumin moiety. Alb-IFN-α2b has a half-life of
up to 159 h, allowing dosing at intervals of 2–4 weeks (Balan et al. 2006). Pharma-
cokinetic studies in monkeys showed approximately 140-fold slower clearance and
an 18-fold longer half-life than IFN-α after a single subcutaneous injection (Osborn
et al. 2002).

Novel IFN-α variants have been created experimentally by means of DNA
shuffling (“gene-shuffled” IFN-α). In this technique, natural IFN-α genes are
fragmented and then reassembled through recombination, a process that mimics
evolution. Gene-shuffled IFN variants may have increased antiviral and antiprolifer-
ative activity (Chang et al. 1999). A library of clones has been generated (Maxygen,
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Redwood City, California, and Roche) and two clones have been selected for their
improved in vitro activity relative to human IFN-α. One of them has been pegylated
but its development has been halted because of strong immune reaction.

IFN alphacon-1 (Infergen, Amgen, Thousand Oaks, California) is a synthetic re-
combinant “consensus” IFN-α molecule created by scanning the sequences of sev-
eral natural IFNs and assigning to the recombinant molecule the most frequently
observed amino acid at each position (Keeffe and Hollinger 1997). The intrinsic an-
tiviral activity of this IFN appears to be 10- to 100-fold higher than that of standard
IFNs (Blatt et al. 1996; Ozes et al. 1992). The future of consensus IFN-α will de-
pend on the development of a pegylated or otherwise pharmacologically modified
form. Multiferon (Viragen, Plantation, Florida) is a highly purified, multi-subtype
natural human IFN-α derived from human leukocytes. Medusa R© (Flamel Technolo-
gies, Lyon, France) is a self-assembled poly-aminoacid nanoparticle system that can
be used as a protein carrier for novel long-acting native protein drugs. Medusa IFN-
α2a and Medusa IFN-β are currently in early clinical development. Various types of
orally administered IFN-α are also being developed.

5 IFN-Based Treatment of Hepatitis C Virus Infection

5.1 Treatment of Chronic HCV Infection with IFN-α

Chronic HCV infection is curable, and cure is the goal of antiviral therapy. Success-
ful treatment is characterized by a sustained virological response (SVR), defined
by undetectable HCV RNA in a sensitive assay (detection limit ≤ 50 international
units (IU)/ml) 6 months after the end of therapy. Recent large-scale follow-up stud-
ies have shown no relapse or recurrence after 4–6 years in more than 99% of patients
who have an SVR (McHutchison et al. 2006; Swain et al. 2007).

The choice of IFN-α as a potential treatment for chronic hepatitis C in 1986 was
empirical (Hoofnagle et al. 1986). At this time, the causative agent of chronic “non-
A, non-B” hepatitis had not yet been identified, and there was no way of evaluating
HCV replication or, thus, the antiviral activity of a drug. In the first cohort of 10
patients with chronic non-A, non-B hepatitis treated with IFN-α, a significant de-
cline in alanine aminotransferase (ALT) levels was observed in 8 patients, and liver
histology had improved at the end of therapy in the three patients who were biopsied
(Hoofnagle et al. 1986). Ten years later, 5 of the 10 patients were free of infection
(Lau et al. 1998).

5.1.1 Standard IFN-α and Pegylated IFN-α Monotherapy

The first National Institutes of Health (NIH) Consensus Development Conference
on Management of Hepatitis C, held in 1997 (1997), recommended that standard
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IFN-α be used at the same dose for 48 weeks for the treatment of chronic hepatitis
C. However, the SVR rates were still only 12–20% with this treatment schedule (Di
Bisceglie and Hoofnagle 2002; Lindsay et al. 2001). The development of pegylated
IFN-α was found to ensure sustained drug exposure. Pegylated IFN-α2a is admin-
istered at a fixed dose of 180μg/week, whereas pegylated IFN-α2b is administered
at a weight-adjusted dose of 1.5μg/kg/week. Both pegylated IFNs have been re-
ported to yield a twofold higher SVR rate than the corresponding standard IFN-α
when administered alone for 48 weeks

5.1.2 IFN-α-Ribavirin Combination Therapy

Ribavirin is a guanosine analogue with a broad spectrum of activity against DNA
and RNA viruses (Sidwell et al. 1972). Ribavirin modestly and transiently inhibits
HCV replication in vivo (Pawlotsky et al. 2004), but it efficiently prevents relapses
during IFN-ribavirin combination therapy (Bronowicki et al. 2006). The underlying
mechanisms are unknown. In the first trial of standard IFN-α and ribavirin combina-
tion therapy, HCV was eradicated in 40% of patients who received the combination,
but in none of those on IFN-α monotherapy (Brillanti et al. 1994). Further ran-
domized controlled trials (McHutchison et al. 1998; Poynard et al. 1998) led to the
approval of the standard IFN-α-ribavirin combination as the standard treatment for
chronic hepatitis C, before the development of pegylated IFNs (1999).

Ribavirin is administered at a dose of 0.8–1.2 g/day, depending on body weight
and the HCV genotype (2002). Higher doses may be necessary for heavy patients.
The addition of ribavirin increased the SVR rate to 41% and 43%, respectively,
compared to 16% and 19% with standard IFN-α2a and IFN-α2b monotherapy
(McHutchison et al. 1998; Poynard et al. 1998). In the three main registration tri-
als (randomized controlled studies involving patients without cirrhosis), pegylated
IFN-α plus ribavirin gave global SVR rates of 54–56%, compared to 18–39% with
pegylated IFN-α monotherapy (Fried et al. 2002; Hadziyannis et al. 2004; Manns
et al. 2001). The SVR rates ranged from 76% to 84% in patients with HCV geno-
type 2 or 3 infection and from 42% to 52% in patients with HCV genotype 1 in-
fection. Little information is available on patients with other genotypes, but the
SVR rates in patients with HCV genotype 4 infection appear to be close to those
in patients with genotype 1 infection. Pretreatment variables that correlated with
sustained viral eradication included HCV genotypes 2 and 3, lower baseline viral
load, lower body weight, younger age, and milder hepatic fibrosis (Fried et al. 2002;
Hadziyannis et al. 2004; Manns et al. 2001). In pivotal trials approximately 10% of
patients discontinued therapy because of adverse events, and dose reductions were
required in about 30% of cases (Fried et al. 2002; Hadziyannis et al. 2004; Manns
et al. 2001). Neutropenia and thrombocytopenia were frequently associated with
IFN-α administration, and hemolytic anemia was the most frequent adverse effect
of ribavirin administration (Fried et al. 2002; Hadziyannis et al. 2004; Manns et al.
2001). Ribavirin-associated anemia can be severe and demand discontinuation or
dose reduction.
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5.1.3 Optimized Pegylated IFN-α–Ribavirin Combination Therapy

Pegylated IFN-α-ribavirin combination therapy can be improved by increasing the
dose of pegylated IFN-α and/or ribavirin in selected patients and by tailoring the
length of treatment to the virological response.

Elevated Doses

The optimal dose of ribavirin is still uncertain. The approved dose is 0.8 g/day
for patients infected with HCV genotypes 2 and 3, and 1.0–1.2 g/day in patients
(weighting less and more than 75 kg, respectively) infected with HCV genotypes
1, 4, 5, and 6. However, several studies have suggested that higher serum ribavirin
concentrations are associated with higher SVR rates (Jen et al. 2000, 2002; Lindahl
et al. 2005). In patients infected with HCV genotype 1, the probability of an SVR
increases with the AUC of ribavirin concentrations (Snoeck et al. 2006). In addition,
the proportion of patients achieving an SVR is higher with a standard weight-based
dose of ribavirin than with a low dose (Jensen et al. 2006). Although adverse ef-
fects are more frequent and more serious, the use of high ribavirin doses (average
2.5 g/day) to treat patients with high-viral-load HCV genotype 1 infection is fea-
sible and leads to an SVR in 9 out of 10 patients (Lindahl et al. 2005). The use
of higher ribavirin doses is offset by the potential increase in drug-related toxic-
ity (principally hemolytic anemia), especially at doses above 15 mg/kg. Epoetin (or
darbepoetin, an epoetin prodrug) can be used to reduce the incidence and sever-
ity of anemia. However, neither the FDA nor the EMEA has approved the use of
these drugs in the treatment of chronic hepatitis C, and the cost-effectiveness of this
approach has been questioned (McHutchison et al. 2007b). In patients with HCV
genotype 2 or 3 infection, the SVR rate is not strongly influenced by the dose of rib-
avirin, and 0.8 g/day is probably sufficient to maximize the chances of achieving an
SVR (Fried et al. 2002; Hadziyannis et al. 2004; Manns et al. 2001). Whether lower
doses of ribavirin could be sufficient to achieve the same SVR rates is currently
under investigation.

In a so-called difficult-to-treat patient population (HCV RNA > 800,000IU/ml
and body weight > 85kg), raising the doses of both pegylated IFN-α and ribavirin
significantly increased the SVR rate (Fried et al. 2006). In another study, weight-
based ribavirin administration up to 1.4 g/day was more effective than a fixed dose of
0.8 g/day in patients infected with HCV genotype 1 (Jacobson et al. 2005). In a small
number of cirrhotic patients infected with HCV genotype 1 who had not responded
to a previous course of pegylated IFN-α and ribavirin, 180μg of pegylated IFN-α2a
every 5 days, combined with ribavirin, induced an SVR in several cases (Hézode
et al. 2006). Ongoing trials are assessing more frequent administration and higher
weekly doses of pegylated IFN-α, and higher doses of ribavirin, in nonresponder
and difficult-to-treat patients. Patients receiving such reinforced therapy must be
carefully monitored for toxicity, and the merits and drawbacks of growth factor
administration should be considered.
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Tailoring the Treatment Duration to the Virological Response

Current guidelines state that the length of treatment should be tailored to the HCV
genotype (Pawlotsky 2006). Patients infected with HCV genotypes 1, 4, 5, and 6
should be treated for 48 weeks (with 1.0–1.2 g/day ribavirin), whereas patients in-
fected with HCV genotypes 2 and 3 should be treated for 24 weeks only (with
0.8 g/day ribavirin) (2002; Hadziyannis et al. 2004). Treatment must be stopped at
week 12 in genotype 1-infected patients who do not have a 2-log drop in their HCV
RNA level. Rapid virologic responses (RVR) are defined by an HCV RNA level be-
low 50 IU/ml at week 4 of therapy. Several recent reports suggest that patients with
an RVR could qualify for shorter treatment, which would improve adherence and re-
duce the cost of therapy. Conversely, extending treatment duration beyond 48 weeks
may achieve an SVR in patients infected with HCV genotype 1 who have a slow vi-
rologic response, defined as an HCV RNA decline of more than 2 log IU/ml but a
value above 50 IU/ml at week 12. For more detailed information, see the chapter by
Zeuzem, this volume.

5.2 Treatment of Acute HCV Infection with IFN-α

HCV infection is rarely diagnosed in the acute phase, as most acutely infected in-
dividuals are asymptomatic. Between 50% and 90% of patients develop chronic in-
fection, however, and this warrants early therapy. After occupational exposure with
a known date, treatment should not be started before the acute episode character-
ized by alanine aminotransferase elevation, but it should always be started within
24 weeks after the onset of symptoms. The optimal treatment schedule for acute
hepatitis C is controversial. Pegylated IFN-α monotherapy at the standard dose for
24 weeks yielded SVR rates close to 100% in symptomatic patients referred to ter-
tiary care centers (De Rosa et al. 2006; Jaeckel et al. 2001; Santantonio et al. 2005;
Wiegand et al. 2006). Shorter therapy may be envisaged (Calleri et al. 2007). Combi-
nation with ribavirin is recommended if a first course of pegylated IFN-α monother-
apy fails to eradicate the infection. Viral elimination appears to be independent of
the HCV genotype and the HCV RNA level (Calleri et al. 2007; De Rosa et al. 2006;
Jaeckel et al. 2001).

5.3 Future Perspectives of IFN-Based HCV Therapy

5.3.1 Other IFNs

Several studies have tested IFN-β for chronic hepatitis C, achieving response rates
similar to those obtained with IFN-α and with similar or fewer adverse effects
(Barbaro et al. 1999; Castro et al. 1997; Habersetzer et al. 2000; Montalto et al.
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1998; Villa et al. 1996). Recent reports from Japan suggest that daily IFN-β ad-
ministration is highly effective in patients with low or moderate HCV RNA levels
(Horiike and Onji 2003; Shiratori et al. 2000). Twice-daily administration of IFN-β
as induction therapy has also been reported to be effective (Kim et al. 2005; Naka-
jima et al. 2003). It is unlikely, however, that IFN-β will be used in routine clinical
practice unless it is pegylated or otherwise modified, and until specific clinical trials
are done.

IFN-ω (Intarcia Therapeutics, Emeryville, California) has been reported to be
well tolerated and safe, in patients infected with various HCV genotypes, at doses
of 15–120μg three times weekly for 12 weeks, with dose-dependent virological and
biochemical responses (Plauth et al. 2002). At a dose of 25μg daily, IFN-ω induced
a 2-log HCV RNA decline at week 12 in two-thirds of 74 patients infected with
HCV genotype 1 (Gorbakov et al. 2005). In a recent trial, SVR was achieved in 6%
and 36% of patients receiving the same dose of IFN-ω without and with ribavirin,
respectively (Novozhenov et al. 2007). A new trial of IFN-ω, delivered continuously
by an implantable device, will start soon.

IFN-γ has potent activity against HCV in the subgenomic replicon system (Dash
et al. 2005; Frese et al. 2002; Lanford et al. 2003). Synergistic immunomodulatory
effects of IFN-γ1b and IFN-α have been reported (Wang et al. 2006). However,
a pilot study of IFN-γ at a dose of 100–400μg three times per week showed no
antiviral efficacy in patients infected with HCV genotype 1 who had not responded
to standard therapy or who had relapsed (Soza et al. 2005).

IFN-λ1 exhibits dose- and time-dependent inhibition of HCV replication in
various models, independently of type I and II IFN receptors and induced path-
ways (Marcello et al. 2006). A pegylated form of IFN-λ will soon enter clinical
evaluation.

5.3.2 New IFN-α Molecules

Alb-IFN-α2b has been reported to induce a dose-dependent antiviral response in
previously untreated patients and in nonresponders to the pegylated IFN-α and rib-
avirin combination (Bain et al. 2006; Balan et al. 2006). The results of a phase
II trial in untreated genotype 1-infected patients were recently reported: the SVR
rates were not significantly different among four groups of patients receiving either
the standard pegylated IFN-α2a and ribavirin combination or alb-IFN-α2b at doses
of 900μg every two weeks, 1,200μg every 2 weeks and 1,200μg every 4 weeks
(Zeuzem et al. 2007). End-of-treatment responses to alb-IFN-α2b administered ev-
ery 2 or 4 weeks in combination with ribavirin are similarly frequent in patients
infected with HCV genotypes 2 and 3 (Bain et al. 2007). Higher doses of alb-IFN-
α2b given every 4 weeks are currently under investigation, and the product will soon
enter phase III clinical evaluation.

Consensus IFN-α has been used in various populations of HCV-infected patients
but the published results are variable. Consensus IFN-α gave a higher response
rate than the combination of standard IFN-α and ribavirin in patients who relapsed
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after standard IFN-α monotherapy (Miglioresi et al. 2003). In patients in whom the
standard IFN-α-ribavirin combination failed, an SVR rate of approximately 30%
was obtained with consensus IFN-α (Bocher et al. 2006). In contrast, an SVR was
achieved in only 8% of patients who did not respond to standard IFN-α2b plus
ribavirin (Moskovitz et al. 2003). Recently, a direct comparison of consensus IFN-
α-ribavirin and pegylated IFN-α-ribavirin showed similar SVR rates of 37% and
41%, respectively, in previously untreated patients infected with HCV genotype 1
(Sjogren et al. 2007). Nevertheless, there is no clear evidence that consensus IFN-α
is superior to other IFNs when given at equivalent doses. The future of consensus
IFN-α will depend on the development of a pegylated or otherwise pharmacologi-
cally modified form.

5.3.3 Enhanced IFN-α-Based Therapy

The results of IFN-α-based therapy can theoretically be improved by using better-
tolerated drugs that mimic the action of ribavirin and/or by using HCV inhibitors
that, when combined, substantially reduce HCV replication. Since the mechanism
of action of ribavirin is still unknown, no credible alternative approach is currently
available. In contrast, many specific inhibitors of the HCV replication cycle are in
preclinical development and several have reached clinical development (Pawlotsky
et al. 2007). A number of them are being tested in combination with pegylated IFN-
α, with or without ribavirin.

The NS3/4A serine proteinase inhibitors telaprevir (VX-950, Vertex Pharmaceu-
ticals, Cambridge, Massachusetts) and boceprevir (SCH 503034, Schering-Plough
Corporation, Kenilworth, New Jersey) have now advanced to phase II clinical trials.
In a recent trial, HCV RNA became undetectable (below 10 IU/ml) in all 12 pa-
tients receiving the triple combination of pegylated IFN-α2a, ribavirin, and telapre-
vir for 28 days (Rodriguez-Torres et al. 2006). Preliminary results of the PROVE
1 phase II trial showed that, after 12 weeks of treatment with telaprevir plus both
pegylated IFN-α and ribavirin, HCV RNA was undetectable (<10IU/ml) in sig-
nificantly more genotype 1-infected treatment-naive patients than in the arm receiv-
ing only the dual combination of pegylated IFN-α and ribavirin, without telaprevir
(70% and 39%, respectively). Telaprevir administration was associated with more
frequent dermatological (especially rash and pruritus) and gastrointestinal side ef-
fects (McHutchison et al. 2007a). Telaprevir was withdrawn after 12 weeks in all the
groups, and the patients will continue on pegylated IFN-α and ribavirin for various
times. Other trials of the triple combination given for 12 or 24 weeks and a dual
combination of pegylated IFN-α and telaprevir (without ribavirin) are undergoing
in treatment-naive and nonresponder patients (PROVE 2 and PROVE 3).

In nonresponders to IFN-α-ribavirin, the antiviral effect of boceprevir appeared
to be strictly additive to that of pegylated IFN-α2b (Sarrazin et al. 2007). In an
ongoing phase II clinical trial, higher doses of boceprevir are being administered
to treatment-naive patients, in combination with pegylated IFN-α and ribavirin.
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Resistance is a problem when these drugs are administered alone and will need to be
carefully monitored when they are used in combination with IFN-α and ribavirin.

Inhibitors of the RNA-dependent RNA polymerase belong to two categories:
nucleoside/nucleotide inhibitors target the catalytic site of the enzyme, and non-
nucleoside inhibitors target allosteric sites of the RdRp (Pawlotsky et al. 2007).
Three RdRp inhibitors have been tested in clinical trials, including two nucleo-
side inhibitors, valopicitabine (NM283, Idenix Pharmaceuticals, Cambridge, Mas-
sachusetts, and Novartis) and R1626 (Roche), and a non-nucleoside inhibitor, HCV-
796 (ViroPharma, Exton, Pennsylvania, and Wyeth Pharmaceuticals, Madison, New
Jersey) (Pawlotsky et al. 2007).

In a phase IIb trial involving 190 HCV genotype-1-infected treatment-refractory
patients, valopicitabine had a dose-dependent additive effect to that of pegylated
IFN-α2a (Afdhal et al. 2006). Frequent gastrointestinal side-effects have been re-
ported and the development of valopicitabine has been halted. In a phase II trial in
which HCV genotype 1- and non-1-infected patients received the combination of
pegylated IFN-α2b and HCV-796 for 14 days, the HCV RNA level fell more than
with pegylated IFN alone (3.3–3.5 log IU/ml in the combination groups and 1.6
log IU/ml in the pegylated IFN-α group), and no viral breakthroughs due to resis-
tance selection occurred during the 14 days of administration (Villano et al. 2007).
R1626, combined with pegylated IFN alpha and ribavirin, has recently progressed
to phase II clinical development. Further studies are needed to establish the potential
benefits and drawbacks of adding HCV replication cycle inhibitors to the pegylated
IFN-α-ribavirin combination, the current standard of care.

6 IFN-Based Treatment of Hepatitis B Virus Infection

HBV-infected patients can be subdivided into two groups according to the pres-
ence or absence of circulating hepatitis B e (HBe) antigen (Ag). HBeAg-negative
patients do not produce HBeAg because the infecting virus harbors precore and/or
core promoter nucleotide substitutions (Carman et al. 1989). They generally have
lower, fluctuating HBV DNA levels and a more severe course of disease. Chronic
HBV infection currently is not curable, because covalently closed circular DNA (cc-
cDNA) persists in the hepatocyte nucleus. Antiviral treatment of chronic hepatitis
B has a triple aim: (1) to slow the progression of fibrosis to cirrhosis; (2) to prevent
hepatic failure; and (3) to prevent hepatocellular carcinoma. Profound and sustained
inhibition of HBV replication is necessary if these goals are to be achieved. Treat-
ment can consist of short-term therapy, generally with IFN-α, or long-term (possibly
life-long) therapy with specific nucleoside/nucleotide analogue inhibitors of HBV
replication.

The virological response, which is assessed by measuring HBV DNA levels in
serum during and after therapy, is the best predictor of the outcome of antiviral
treatment. It has been suggested that HBV viral load should be reduced to less
than 2,000 IU/mL (de Franchis et al. 2003; Keeffe et al. 2006; Liaw et al. 2005;
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Lok and McMahon 2007), but the ideal outcome is undetectable HBV DNA (<
10–30IU/ml) in highly sensitive real-time PCR-based assays. In HBeAg-positive
patients, loss of HBeAg followed by the emergence of anti-HBe antibodies (“e” se-
roconversion) indicates a sustained response to therapy when it persists after treat-
ment cessation. HBs seroconversion (loss of HBsAg and emergence of anti-HBs
antibodies) is the most desirable endpoint, as it indicates a complete response with
sustained remission from HBV disease. It is rarely achieved with current therapies.

6.1 Treatment of Chronic HBV Infection with IFN-α

IFN-α was first used empirically in chronic hepatitis B in 1986 (Peters et al. 1986).
The effect of human recombinant IFN-α on lymphocyte proliferation and differenti-
ation was studied in 18 patients with chronic hepatitis B. Inhibition of immunoglob-
ulin synthesis was observed, and the authors postulated that the immunomodulatory
effect of IFN-α could be important in the therapeutic response of chronic hepatitis
B (Peters et al. 1986). The first study to evaluate the antiviral efficacy of IFN-α in-
volved nine patients, who received different doses administered three times a week
for two weeks. Two of them entered sustained remission, with undetectable HBV
DNA, loss of HBeAg, and ALT normalization (Dooley et al. 1986). Two forms of
IFN-α have been used in the treatment of chronic hepatitis B, namely standard and
pegylated IFN-α.

6.1.1 Standard IFN-α Monotherapy

Standard IFN-α has been used in chronic HBV infection at a dose of 5 million
units (MU) daily or 9–10 MU three times a week (de Franchis et al. 2003). A 4- to
6-month course was initially recommended, but it soon appeared that longer treat-
ment (12 months or more) could result in more frequent and more durable responses
(Hui et al. 2006; Lampertico et al. 1997; Lampertico et al. 2003).

HBeAg-Positive Patients

A meta-analysis of 15 randomized controlled trials involving HBeAg-positive pa-
tients showed that, after 12–24 weeks of treatment, HBeAg was lost in 33% of
cases, with HBe seroconversion in 18% of them, compared to 12% in the con-
trol arm (Wong et al. 1993). HBeAg relapsed in 10–30% of patients who received
the shortest treatments (Lau et al. 1997; Lok et al. 1993; Niederau et al. 1996;
van Zonneveld et al. 2004). Clearance of HBsAg and seroconversion to anti-HBs

antibodies were rare and occurred late (5–10% of patients 1 year after treatment
in European studies). HBsAg was lost in 11–25% of sustained HBe seroconverters
after 5 years (Bortolotti et al. 2000; Fattovich et al. 1998; Niederau et al. 1996).
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Standard IFN-α treatment has been shown to reduce the risk of cirrhosis and hepa-
tocellular carcinoma (Lin et al. 2007).

HBeAg-Negative Patients

The use of IFN-α-based therapy is more controversial in HBeAg-negative patients,
in whom sustained responses such as HBe seroconversion cannot be expected. Four
randomized controlled trials showed a reduction in the HBV DNA level at the
end of treatment in 60–70% of patients, compared to 10–20% of untreated con-
trols (Fattovich et al. 2000; Lampertico et al. 1997; Manesis and Hadziyannis 2001;
Pastore et al. 1992). However, about half the virological responders relapsed after
treatment discontinuation, and relapses continued to occur for up to 5 years post-
therapy (Papatheodoridis et al. 2001). Despite the high relapse rates, a sustained vi-
rological response (sustained inhibition of viral replication) was achieved in about
one-third of patients 5 years after treatment (Kaymakoglu et al. 2007a). Longer IFN
treatment periods (12 months or more) are associated with higher rates of sustained
virological response (Lampertico et al. 1997, 2003).

Retreatment of nonresponders with standard IFN-α

Two small studies of repeat therapy with standard IFN-α involved both HBeAg-
positive and HBeAg-negative patients (Carreno et al. 1999; Manesis and Hadziyan-
nis 2001). Retreatment of nonresponders and responder-relapsers resulted in
sustained virological responses in 33% and 35% of cases, respectively. How-
ever, the results were difficult to interpret, as the first IFN-α dose regimen and the
interval before retreatment were both variable.

6.1.2 Pegylated IFN-α Monotherapy

Pegylated IFN-α2a, but not pegylated IFN-α2b, has been approved by the Amer-
ican and European authorities for the treatment of chronic hepatitis B, based on
two large pivotal trials involving HBeAg-postive and HBeAg-negative patients (Lau
et al. 2005; Marcellin et al. 2004). Pegylated IFN-α2b has also been tested in
HBeAg-positive and HBeAg-negative patients (Flink et al. 2006b; Janssen et al.
2005; Kaymakoglu et al. 2007b; Zhao et al. 2007).

HBeAg-Positive Patients

In a clinical phase II trial, the efficacy of various doses of pegylated IFN-α2a
(90–270μg weekly) administered for 24 weeks was studied in treatment-naı̈ve pa-
tients, by comparison with standard IFN-α2a at a dose of 4.5 MU three times a week
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(Cooksley et al. 2003). At the end of follow-up, 24 weeks after the end of ther-
apy, HBeAg had been lost by 35% of patients receiving pegylated IFN-α2a 180μg
weekly and by 25% of patients receiving standard IFN-α. In addition, an endpoint
combining HBeAg loss, HBV DNA < 5.0× 106 (6.7 log10 copies/mL), and ALT
normalization was reached by 24% of pegylated IFN-α-treated patients, whatever
the dose regimen, compared to 12% of patients receiving standard IFN-α (Cooksley
et al. 2003). A larger clinical trial tested pegylated IFN-α2a monotherapy at a
weekly dose of 180μg (Lau et al. 2005). At the end of follow-up, HBeAg sero-
conversion had occurred in 32% of the patients and ALT had normalized in 41% of
patients. The approved pegylated IFN-α2a treatment schedule for HBeAg-positive
patients is currently 180μg weekly for 48 weeks. It is possible, however, that a
lower dose and/or shorter treatment may be sufficient (Zhao et al. 2007), and further
studies are therefore needed (Hui et al. 2006). With pegylated IFN-α2b, 52 weeks
of therapy yielded a 29% seroconversion rate 24 weeks after the end of treatment
(Janssen et al. 2005).

Several recent studies have suggested that the HBV genotype influences treat-
ment outcome, HBV genotype A or B infection tending to respond better to pe-
gylated IFN-α than HBV genotype C or D infection (Flink et al. 2006b; Janssen
et al. 2005; Zhao et al. 2007). However, more data are needed before using the HBV
genotype to tailor treatment.

HBeAg-Negative Patients

One large trial evaluated 48 weeks of treatment with pegylated IFN-α2a in HBeAg-
negative patients (Marcellin et al. 2004). After 24 weeks of follow-up, 36% of the
patients had normal ALT levels and HBV DNA levels below 20,000 copies/mL.
HBsAg was lost in 4% of cases. In a trial of pegylated IFN-α2b given for 48 weeks,
26% of patients achieved an HBV DNA level below 400 copies/mL (Kaymakoglu
et al. 2007b).

Nonresponders to Standard IFN-α and Lamivudine

In two published cohort studies, pegylated IFN-α was effective in approximately
one-third of HBeAg-positive patients in whom standard IFN-α or lamivudine had
failed (Flink et al. 2006a; Leemans et al. 2006).

6.1.3 Combination Therapy with IFN-α Alpha and Nucleoside/Nucleotide
Analogues

A few studies have evaluated standard IFN-α2a and -α2b combined with lamivu-
dine, whereas more recent trials tested pegylated IFN-α combined with nucleo-
side/nucleotide analogues. The aim was to determine whether combination therapy
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could increase antiviral efficacy, reduce adverse effects, and hinder the emergence of
analogue-resistant viral variants. Simultaneous and sequential protocols were both
tested.

Simultaneous Combination Therapy

Several studies have tested lamivudine and standard IFN-α given simultaneously for
16–24 or 48–52 weeks. In one trial, involving HBeAg-positive patients, sustained
HBe seroconversion and undetectable HBV DNA (<1.6 pg/mL) were significantly
more frequent at the end of follow-up in patients receiving the combination than in
patients treated with lamivudine alone (33% and 15%, respectively) (Barbaro et al.
2001). In contrast, lamivudine plus standard IFN-α was not more effective than
lamivudine alone in HBeAg-negative patients (Akarca et al. 2004; Yurdaydin et al.
2005). The incidence of lamivudine resistance was nonetheless lower when IFN-α
was coadministered (Jang et al. 2004; Santantonio et al. 2002).

Conflicting results have been reported with pegylated IFN-α and lamivudine
combination therapy. In a randomized controlled trial involving HBeAg-positive
patients, a sustained virological response (HBV DNA < 500,000copies/mL) and
HBe seroconversion were more frequent in patients receiving pegylated IFN-
α2b 1.5μg/kg/week and lamivudine 100 mg daily than in patients receiving
lamivudine monotherapy (Chan et al. 2005a, b). In contrast, there was no dif-
ference in the rate of ALT normalization or histological improvement. Lamivudine
resistance was more frequent with lamivudine monotherapy than with combi-
nation therapy (40% and 21% of patients, respectively). Another trial involving
HBeAg-positive patients favored pegylated IFN-α2a or -α2b plus lamivudine over
lamivudine monotherapy, but not over pegylated IFN-α monotherapy, despite an
additive antiviral effect (Lau et al. 2005). In another study involving HBeAg-
positive patients, 52 weeks of treatment with pegylated IFN-α2b yielded an HBe
seroconversion rate of 29%, whether IFN-α2b was given alone or combined with
lamivudine (Janssen et al. 2005). The combination did not improve liver histological
status (van Zonneveld et al. 2006), but it induced less resistance to lamivudine. In
HBeAg-negative patients, lamivudine combination with pegylated IFN-α2a or -α2b
did not improve the rate of ALT normalization or HBV DNA suppression at the end
of follow-up compared to pegylated IFN-α alone. Nevertheless, the decline in viral
load was more pronounced and lamivudine resistance was less frequent with the
combination (Kaymakoglu et al. 2007b; Marcellin et al. 2004).

One trial assessed the combination of pegylated IFN-α2b and adefovir dipivoxil
given for 48 weeks to both HBeAg-positive and HBeAg-negative patients. There
was no control arm. Both liver cccDNA and serum HBsAg levels fell strongly,
and 4 (17%) of the 26 patients seroconverted to anti-HBs at the end of follow-up
(Wursthorn et al. 2006).



Interferons and Their Use in Persistent Viral Infections 225

Sequential Combination Therapy

The use of sequential combination therapy is based on the notion that lowering
the HBV DNA level with nucleoside/nucleotide analogues, thereby permitting par-
tial immune recovery, might improve the subsequent efficacy of pegylated IFN-α.
One trial compared 8 weeks of lamivudine monotherapy followed by 16 weeks
of lamivudine/standard IFN-α combination therapy, with 52 weeks of lamivudine
monotherapy in HBeAg-positive patients (Sarin et al. 2005). The rate of sustained
virological responses, defined by HBe seroconversion and undetectable HBV DNA
(<1.4 × 105 copies/mL) 24 weeks after the end of treatment, was significantly
higher with the combination than with lamivudine monotherapy. A recent study
of HBeAg-positive patients conducted by the same group compared 4 weeks of
lamivudine monotherapy followed by 24 weeks of pegylated IFN-α therapy with 24
weeks of pegylated IFN-α monotherapy (Sarin et al. 2007). Six months after the end
of treatment, HBV DNA was undetectable (below 4,700 copies/mL) in 50% of the
patients who received sequential therapy and 15% of patients on pegylated IFN-α
monotherapy. HBeAg loss was also more frequent in the sequential therapy group
(39% vs. 15%, respectively) (Sarin et al. 2007).

In HBeAg-negative patients, 12 weeks of lamivudine monotherapy followed
by 36 months of pegylated IFN-α2b therapy (including 3 months of concomi-
tant administration) has been compared with 48 weeks of lamivudine monotherapy
(Vassiliadis et al. 2007). At the end of follow-up, the rate of ALT normalization
was significantly higher with the sequential therapy than with lamivudine alone. No
difference in the proportion of patients with undetectable HBV DNA was observed.
Similar results were obtained in a Chinese cohort study (Shi et al. 2006).

6.2 Treatment of Chronic HBV Infection with Other Type I IFNs

6.2.1 Standard IFN-β Monotherapy

The antiviral efficacy of IFN-β administered for 24 weeks at a dose of 3 million
units daily has been studied in a small series of HBeAg-positive patients. HBe sero-
conversion was observed in half the patients and ALT normalization in four patients
out of five (Kagawa et al. 1993). Sequential therapy with lamivudine and IFN-β has
been tested in HBeAg-positive patients (Enomoto et al. 2007). A sustained virolog-
ical response was achieved in only 7 (29%) of the 24 patients, 24 weeks after the
end of therapy. In a pilot study of IFN-β therapy in 29 patients in whom IFN-α ther-
apy had failed, HBV DNA became undetectable in 6 patients (21%) (Munoz et al.
2002).



226 S. Chevaliez and J.-M. Pawlotsky

6.2.2 Standard IFN-λ

The antiviral efficacy of IFN-λ has been evaluated in vitro in human hepatocyte-
derived cells. IFN-λ reduced HBV replication but the results suggested that antiviral
efficacy in vivo would be limited (Hong et al. 2007).

6.3 Treatment of Chronic HBV Infection with Type II IFN

IFN-γ exhibits antiviral activity against HBV in vitro (Parvez et al. 2006). In addi-
tion, IFN-γ was found to reduce hepatic fibrosis by 63% after 9 months, compared
to 24% in untreated controls (Weng et al. 2005).

7 IFN-Based Treatment of Hepatitis D/Delta Virus Infection

Worldwide, 15 million HBsAg carriers are also infected with hepatitis D/delta virus
(HDV) (Gaeta et al. 2000). This situation represents a major therapeutic challenge,
as most of these patients have advanced liver disease, including cirrhosis in 60–
70% of cases, and hepatocellular carcinoma (Fattovich et al. 2000; Saracco et al.
1987). No specific HDV inhibitors have been developed, and IFN-α-based treatment
is more difficult in HBV–HDV infection than in HBV monoinfection. HDV RNA
levels in serum can be used to monitor treatment efficacy. The endpoint of therapy is
HDV RNA clearance and ALT normalization, and this is sometimes achieved after
the end of treatment. A sustained response can lead to HBsAg clearance from serum.

7.1 Standard IFN-α Monotherapy

To date, standard IFN-α, but not pegylated IFN-α, has been approved by the Amer-
ican and European authorities for the treatment of chronic hepatitis D. Clinical pilot
trials conducted in the early 1990s suggested that IFN-α could inhibit HDV repli-
cation. The sustainability of this inhibition depended on the dose and duration of
IFN-α therapy, and relapse was frequent (Farci et al. 1994; Gaudin et al. 1995;
Madejon et al. 1994; Rosina et al. 1991). A complete response, characterized by
normalization of ALT levels and undetectable HDV RNA, was observed six months
after the end of treatment in 50% of patients receiving a high dose of standard IFN-
α, compared to 21% and 0% of patients receiving a low dose of IFN-α and no
treatment, respectively (Farci et al. 2004). IFN-α treatment has been shown to pro-
vide a clinical benefit, with regression of advanced hepatic fibrosis. No pretreatment
characteristics have been shown to predict the response to IFN-α, and the possible
influence of the HDV genotype on the response is not known (Niro et al. 2005b).
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Several strategies have been developed to improve the efficacy of standard IFN-α
treatment; in particular, treatment has been prolonged, for up to 12 years, but toler-
ability was poor (Lau et al. 1999b).

7.2 Pegylated IFN-α Monotherapy

Three recent studies evaluated the efficacy and safety of pegylated IFN-α monother-
apy in patients with HBV–HDV infection (Castelnau et al. 2006; Erhardt et al. 2006;
Niro et al. 2006). The first tested was pegylated IFN-α2b, given for 48 weeks to 14
patients. A virological response, defined by undetectable HDV RNA, was achieved
in 43% of patients. ALT normalization was more frequent at the end of follow-up
than at the end of therapy (Castelnau et al. 2006). The second study, a randomized
controlled trial, evaluated the efficacy of 72 weeks of pegylated IFN-α2b therapy.
A virological response was achieved in 25% of patients (Niro et al. 2006). The last
study assessed the efficacy and safety of 48 weeks of pegylated IFN-α2b admin-
istration in 12 patients. A sustained virological response, defined by undetectable
HDV RNA and ALT normalization, occurred in only 2 patients (17%) (Erhardt et al.
2006). The different rates of sustained virological response might be explained by
different frequencies of cirrhosis in the three study populations.

7.3 IFN-α Combination with Nucleoside/Nucleotide Analogues

Drugs such as ribavirin that may directly reduce HDV replication and specific in-
hibitors of HBV replication such as lamivudine and adefovir dipivoxil have been
tested in combination with IFN-α in patients with chronic hepatitis D.

7.3.1 Standard IFN-α Plus Ribavirin

Ribavirin inhibits HDV replication in hepatocyte cultures (Di Bisceglie 1997). How-
ever, ribavirin monotherapy is not effective in patients with chronic hepatitis D. A
pilot study evaluated the efficacy of ribavirin, 15 mg/kg, administered for 16 weeks
to 9 patients. At the end of follow-up, HDV RNA levels were reduced in only one
patient and ALT levels never normalized (Garripoli et al. 1994). The efficacy of stan-
dard IFN-α, 9–10 MU three times a week, combined with ribavirin, 1,000–1,200 mg
daily, has been evaluated in two studies each lasting 24 months (Gunsar et al. 2005;
Kaymakoglu et al. 2005). Ribavirin did not increase the efficacy of IFN-α. An-
other trial tested the efficacy of a 72-week course of pegylated IFN-α2b alone vs.
48 weeks of pegylated IFN-α2b plus ribavirin followed by 24 weeks of pegylated
IFN-α2b alone. A virological response was achieved in 25% and 18% of patients,
respectively, while the rates of biochemical response were similar (Niro et al. 2006).
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Thus, ribavirin is ineffective in chronic hepatitis D, whether given alone or in com-
bination with IFN-α.

7.3.2 Standard IFN-α Plus Lamivudine

Lamivudine monotherapy has no effect on HDV (Lau et al. 1999a; Niro et al.
2005a), and lamivudine adjunction only slightly improves the efficacy of standard
IFN-α (Canbakan et al. 2006; Wolters et al. 2000).

7.3.3 Pegylated IFN-α Plus Adefovir Dipivoxil

A recent randomized multicenter trial compared the efficacy of pegylated IFN-α2a
monotherapy, adefovir monotherapy, and the pegylated IFN-α2a/adefovir combina-
tion administered for 48 weeks to patients with chronic hepatitis D. Adefovir did not
inhibit HDV replication, and the combination had no additional benefit compared
with pegylated IFN-α monotherapy in terms of the HDV RNA level (Yurdaydin
et al. 2006).

8 Treatment of HIV Infection with IFN-α

IFN-α was one of the first drugs to be tested against human immunodeficiency virus
(HIV) in the 1980s. Recombinant human IFN-α inhibits HIV replication in normal
peripheral blood mononuclear cells (Ho et al. 1985). However, the ability of IFN-
α to inhibit HIV replication in vitro depends largely on the viral isolate, the target
cells, the IFN concentration, and the inoculum. IFN-α appears to interfere with the
assembly and/or release of newly formed virions (Fernie et al. 1991; Hansen et al.
1992; Poli et al. 1989). In addition, IFN-α may inhibit viral protein synthesis by
blocking viral RNA translation (Coccia et al. 1994), and may also prevent cell in-
fection (Gendelman et al. 1990). In vivo, IFN-α has been suggested to block de
novo infection rather than virion production, a finding supported by in vitro studies
showing that IFN-α is more effective when used before rather than after viral chal-
lenge (Neumann et al. 2007). IFN therapy of HIV infection was abandoned because
of its adverse effects, its modest inherent antiviral efficacy, and the development of
highly active antiretroviral therapy (HAART) (Lane 1994).

8.1 Standard IFN-α

Several trials have evaluated the antiviral efficacy of standard IFN-α in HIV-
infected patients also receiving zidovudine, in comparison with zidovudine alone.
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The combination was not more effective than zidovudine monotherapy, either in
adults (Fernandez-Cruz et al. 1995; Fischl et al. 1997; Krown et al. 1999) or in
infants (Giovannini et al. 1992).

8.2 Pegylated IFN-α

In a prospective pilot study involving nine patients coinfected by HIV and HCV
genotype 1, HIV replication showed a slow continuous decline during the first week
of pegylated IFN-α administration, and there was no rebound when pegylated IFN-α
was withdrawn (Neumann et al. 2007). Pegylated IFN-α was also reported to display
antiretroviral activity in two patients with refractory HIV-related Kaposi’s sarcoma
(van der Ende et al. 2007) and in HIV-infected patients with condylomata acuminata
(Brockmeyer et al. 2006). Finally, pegylated IFN-α has been shown to participate
in early control of viral replication during primary HIV-1 infection when combined
with antiretroviral drugs (Emilie et al. 2001). However, there was no control group
in this study, and further investigations are therefore needed.

9 Treatment of Other Viral Infections with Type I IFN
in Humans

Table 4 is illustrating the role of type I IFN in other human viral infections
(Hodson et al. 2007; Isomura et al. 1982; Kalil et al. 2005; Lewis and Amsden 2007;
Phillpotts et al. 1984; Rahal et al. 2004; Sainz et al. 2004; Scagnolari et al. 2004;
Solomon et al. 2003).

Table 4 Treatment of viral infections other than chronic viral hepatitis and HIV with type I IFNs

Virus Protection References

Avian influenza A
virus

No significant protection Isomura et al. 1982; Phillpotts
et al. 1984

Coronavirus IFN-β more protective than IFN-α Sainz et al. 2004; Scagnolari
et al. 2004

Synergistic effect of IFN-α and IFN-β
Cytomegalovirus
(CMV)

No significant reduction of the risk of
CMV disease

Hodson et al. 2007

Reduced CMV viremia on IFN-α
treatment

Arthropod-borne
virus infections

Under investigation Kalil et al. 2005; Lewis and
Amsden 2007; Rahal et al.
2004; Solomon et al. 2003
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10 Conclusion

In conclusion, IFNs have proven to be invaluable tools in the fight against chronic
viral hepatitis. In these indications, their antiviral properties play a major role and
it remains unclear whether their immunomodulatory properties are also important.
Disappointing results obtained with purely immunomodulatory molecules, such as
interleukins or Toll-like receptor agonists suggest that, if immunomodulation plays
any role, potent inhibition of viral replication is also needed. The role of IFNs in the
treatment of viral infections other than hepatitis B and C remains elusive.
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