
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.



Interferon-Induced Effector Proteins and Hepatitis C Virus Replication 111

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
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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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