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Abstract

Infection with hepatitis C virus (HCV) results in chronic and
progressive liver disease. Persistency rates add up to 85%.
Despite recognition of the virus by the human host in pe-
ripheral blood and in the liver, immune response appears to
be ineffective in clearing infection. The ability to spontane-
ously eradicate the virus as well as the outcome of infection
upon therapy with human recombinant interferon-a (IFN-a)
was found to correlate most closely with genetic variations
within the region encoding the IFN-A genes, as revealed by
genome-wide association studies on main ethnic popula-
tions in 2009. This review summarizes the induction of type
land type lll IFN genes and their effectors, the IFN-stimulated
genes. It focusses on the in vivo situation in chronic HCV in-
fection in man both in the peripheral blood compartment
and in the liver. It also addresses the impact of genetic poly-
morphisms in the region of type Ill IFN genes on their activa-
tion. Finally, it discusses how antiviral drugs (i.e. IFN-q, riba-
virin and the direct-acting antivirals) may complementarily
control the activation of endogenous IFNs and succeed in
combatting infections. ©2015 S. Karger AG, Basel

Introduction

Interferon (IFN) was discovered in 1957 as an entity
which interferes with viral replication [1]. It can be in-
duced either by noninfectious inactivated virus particles
or by the infectious live virus. The activating microbial
compounds are highly conserved unique molecular sig-
natures — so-called pathogen-associated molecular pat-
terns (PAMPs). In the case of viral infections they may
comprise single-stranded (ss) RNA, double-stranded (ds)
RNA or an uncapped exposed 5 -ppp (5'-triphosphate)
moiety on an RNA molecule, tagging it as non-self [re-
viewed in 2, 3].

Sensors of PAMPs generally comprise a set of germ-
line-encoded pathogen recognition receptors which di-
vide into the membranous toll-like receptors (TLRs) and
into the cytoplasmic members of the RIG-1-like receptor
(RLR) family [reviewed in 4]. While the TLRs sense
pathogens extracellularly (e.g. microbial membrane com-
ponents via TLR1, TLR2, TLR4, TLR5, TLR6) or after
having entered the endosomal compartment in the course
of phagocytosis (e.g. nucleic acids via TLR3, TLR7, TLRS,
TLRY), the RLR family members detect replicating virus-
es intracellularly within the cytosol. After recognizing
their respective PAMPs, pathogen recognition receptors

© 2015 S. Karger AG, Basel
1662-811X/15/0073-0251$39.50/0

KARGER 125

E-Mail karger@karger.com
www.karger.com/jin

Prof. Dr. rer. nat. Sabine Mihm

Department of Gastroenterology II, University Medical Center Goettingen
Robert-Koch-Strasse 40

DE-37075 Goettingen (Germany)

E-Mail smihm @ med.uni-goettingen.de


http://dx.doi.org/10.1159%2F000369973

activate signaling pathways, resulting in the induction of
proinflammatory cytokines. The nucleic acid-sensing
TLRs as well as the RIG-like receptors (RLR) additionally
promote the activation of IFNs.

Hepeatitis C virus (HCV) is a hepatotropic virus which
was discovered in 1989 as the etiological agent of nonA-
nonB or posttransfusion hepatitis in man [5]. It is an en-
veloped ssRNA virus with a positive sense genome of
about 9.6 kb in length. It replicates in hepatocytes via mi-
nus-strand RNA intermediates after having entered them
in a multistep process that involves the low-density lipo-
protein receptor as well as four essential cell surface mol-
ecules [reviewed in 6]. HCV is noncytopathic and it is
excreted from the liver by way of blood. Thus, the infect-
ed human host senses circulating intact viral particles
within the peripheral blood compartment as well as rep-
licating viruses within hepatocytes.

However, most of the estimated 160 million people
worldwide infected by HCV do not clear the virus but de-
velop a chronic, life-long infection in the liver [7]. Persis-
tent infection leads to varying degrees of liver disease and
might end in liver failure or hepatocellular carcinoma.
The mechanisms underlying the high persistency rates
are still not fully understood. The importance of innate
immunity in the control of HCV infection is underscored
by the fact that HCV has evolved ways to inactivate innate
immune signaling adaptor proteins and by genome-wide
association studies, showing that the host’s genetic back-
ground in the region of the type III IFN genes determines
the outcome of infection.

Interferons

Since its discovery a bundle of IFN subtypes have been
identified. Today they are divided into three families -
type L, type II and type III IFNs. In humans, type I IFNs
comprise 13 closely related IFN-a subtypes, a single
IFN-B and the more distantly related IFN-x, IFN-w and
IFN-& which can be secreted by many cell types in re-
sponse to infection. The expression of the only type II
IFN, IFN-vy, is far less ubiquitous and restricted to T cells
and NK and NKT cells. By mediating the clearance of vi-
ral infections, IFN-y is a functional homolog in terms of
exhibiting broader and nonredundant biological activi-
ties than the other types of IFNS, i.e. by activating macro-
phages and by promoting adaptive immune responses.
Aiming at identifying further IFN-like cytokines, more
recently type III IFNs were discovered by two indepen-
dent genomic screening approaches [8, 9]. They are phy-
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logenetically close to the type I IFNs. They are clustered
on chromosome 19 and have been named IFN-A1, IFN-\2
and IFN-A3 or IL-29, IL-28A and IL-28B, respectively.
Like type I IFNs, they are induced by viral infections and
confer antiviral activity by activating various antiviral ef-
fectors, the so-called IFN-stimulated genes (ISGs) [10,
11]. Type I and type III IFNs do, however, utilize distinct
receptor complexes for signaling. While IFN-a receptor
expression is ubiquitous, the expression of the IFN-A re-
ceptor is much more limited and restricted to epithelial
cells and hepatocytes [10, 11]. Only recently, a novel type
III IFN was discovered — termed IFN-A4. IFN-A4 is en-
coded by the IFNL4 gene, which is located upstream of
IFNL3 [12]. For their genomic organization see figure 1.

Induction of IFNs and ISGs in Chronic HCV
Infection: The Peripheral Blood Mononuclear
Cell Compartment

In peripheral blood mononuclear cells (PBMCs) from
patients with HCV infection the induction of an antiviral
state was shown at first indirectly by quantifying the hu-
man myxovirus resistance protein 1 (MxA) in cell lysates
which, owing to high induction by IFN, is frequently used
as a marker for the IFN-induced antiviral response [13].
Its expression is highly regulated by type I and type III
IFNs, and it is not inducible directly by viruses or other
stimuli. It was found to be significantly augmented in
PBMCs from chronic hepatitis C patients compared to
basal levels from healthy volunteers [14]. Moreover, the
patients’ basal levels of MxA rose in the course of a
6-month IFN-a therapy, returning to baseline during
posttreatment follow-up.

Also on the mRNA level, PBMCs from chronic hepatitis
C patients were found to have higher MxA gene activation
than PBMCs from healthy controls [15, 16], further rising
during an IFN-a therapy [15]. A gene expression profiling
of PBMCs revealed an elevated expression of ISGs in
chronic hepatitis patients [17], and a recent transcriptome
analysis of peripheral blood monocytes resumed a signifi-
cant ISG mRNA induction during IFN-a treatment [18].

Direct measurements of IFN gene transcripts were
carried out in RNA preparations from PBMCs derived
from chronic hepatitis C patients and from noninfected
individuals [16]. IFN-a gene activation was measured
both by assays specific for single species as well as by an
assay covering all subtypes (IFN-a,). IFN-\ gene activa-
tion was quantified by applying an assay specific for
IFN-A1 and one covering the highly conserved sequences
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Fig. 1. Genomic organization of the IFNL genes. In man, multi-
exon type III IFNs are organized in a single gene cluster spanning
approximately 55 kb on chromosome 19, with IFNL1 and IFNL2
in opposite orientation to IFNL3 and IFNL4. Genome-wide as-
sociation studies have identified rs12979860 to be associated with
viral clearance. It is located upstream of IL28B/IFNL3 and was
thus termed an IL28B SNP. However, with the discovery of
IFNL4, rs12979860 was found to be located within IFNL4 intron
1 [12]. Protein expression of IFNL4 is controlled by a dinucleo-

of the paralogs IFN-A2 and IFN-A3 (IFN-A2/3). Analysis
revealed significant gene activation of IFN-a, IFN-f,
IFN-A1, and IFN-A2/3 in chronic HCV infection [16].
Taken together, it is well accepted that HCV is sensed
within the peripheral blood compartment, provoking the
activation of both IFN genes and ISGs. Recognition most
probably takes place by plasmacytoid dendritic cell pre-
cursors (pDCs), which are the professional IFN producers
in peripheral blood [19]. This specialized cell type is char-
acterized by the expression of TLR7 sensing ssRNA. Rec-
ognition might also take place by subsets of myeloid DCs,
e.g. BDCA3+ (blood dendritic cell antigen 3) DCs, which
have been shown to be responsive to the TLR3 agonist
polyIC, a synthetic analog of dsRNA, or to HCV in vitro in
terms of IFN-A1, IFN-A2 and IFN-A3 production [20, 21].

Induction of IFNs and ISGs in Chronic HCV Infection:
The Liver Compartment

The situation in the human liver, however, presents
differently. While MxA and many other ISGs were found
to be increased in chronic hepatitis C compared to, for
example, nonviral liver diseases and while the human liv-
er responds to IFN-a therapy by an upregulation of ISGs,
particularly in responders [22, 23], the IFN genes could
not be demonstrated to be activated beyond the constitu-
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tide polymorphism within exon 1, ss469415590. While the TT
allele introduces a frameshift and disrupts the open reading
frame, only the variant allele AG creates IFNL4. The minor allele
of a further SNP within exon 2, rs117648444, causes an amino
acid substitution (P70S), leading to a functionally impaired
IFNL4 protein. Transcription of IFNL3 has been shown to be re-
lated to rs12979860 [58] and ss469415590 [57], as well as to an
SNP within the 3'-UTR which was shown to mediate miRNA-
driven mRNA decay [60].

tive levels of control tissue [16]. Evidence for this also
came from microarray analyses comparing HCV-associ-
ated liver cirrhosis tissue to nondiseased liver tissue [24]
or from a comparison of HCV-associated hepatocellular
carcinoma specimens to a noninfected nontumor liver
[25], where the activation of ISGs but not of IFNs was eas-
ily detectable. Moreover, an analysis of a subtracted li-
brary (transcriptome of an HCV-infected liver tissue mi-
nus that of noninfected tissues with similar histopatho-
logical changes) also revealed an enhanced expression of
ISGs but not that of type I or type III IFN genes them-
selves [26]. This is distinct from the situation in chimpan-
zees, who do show induction of IL-29 and IL-28 early in
HCYV infection [27, 28].

The finding of a lack of hepatic IFN inducibility by
HCV in humans is in line with the discovery that the HCV
protease NS3/4A targets and cleaves two crucial adaptor
proteins in viral RNA sensing [29, 30]. Inactivation of the
adaptors leads to a block in the activation of IRF-3, a tran-
scription factor that is essential for IFN induction. One
adaptor, MAVS (mitochondrial antiviral signaling pro-
tein), is an essential component of the RIG-I- and Mda5-
mediated cytosolic sensory pathway, while the other one,
TRIF (toll-IL-1 receptor domain-containing adaptor in-
ducing IFN-f), mediates recognition of HCV dsRNA in-
termediates via TLR3 [31, 32]. As a measure of MAVS
integrity, its intracellular location could be demonstrated
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with mitochondrial membrane proteins in specimens
from patients with nonviral liver diseases. In patients with
chronic hepatitis C, in contrast, its distribution failed to
associate with mitochondria, indicating proteolysis and
cellular redistribution [33]. Moreover, cleavage of MAVS
in liver biopsy samples from patients with chronic hepa-
titis C was also demonstrated by means of Western blot-
ting, discriminating between full-length and cleaved
forms [34]. This latter study also showed a correlation be-
tween MAVS cleavage and a reduced ISG activation.

Regarding the noninfected, nonparenchymal liver cell
compartment, HCV might be sensed by TLR7 expressing
pDCs. This sensing might take place following the uptake
of HCV RNA from the extracellular environment either
by phagocytosis or by autophagy from dying infected
cells, or by a pathway that was uncovered only recently,
namely, the exosomal transfer of viral nucleic acids from
infected cells to pDCs [35-37]. Common to all three path-
ways is that they do not require active viral replication,
and pDCs are not productively infected with HCV. No-
tably, these pathways have been investigated in vitro. In
chronic hepatitis C, the number and function of pDCs
have been found to be impaired [reviewed in 38, 39]. As
type I IFN has been shown to negatively control pDC
numbers in various in vitro infection models, it was thus
suggested that type I IFN might negatively regulate pDC
numbers during HCV infection. A recent immunohisto-
chemistry analysis in fact failed to detect any pDCs both
in pretreatment and end-of-treatment human liver
biopsies [40].

Kupffer cells, the resident macrophages in the liver,
represent the largest population of innate immune cells in
the liver. Physiologically, they capture gut-derived patho-
gens or their products that enter the liver via the portal
vein by phagocytosis. They might sense HCV viral parti-
cles from the blood on the one hand, and they might be
exposed to viral nucleic acids by phagocytosis of infected
hepatocytes on the other. In chronic hepatitis C, they do
respond to infection in many various respects [reviewed
in 41]. Little is known, however, about their ability to con-
tribute to an IFN response. Low levels of IFN-f protein
were demonstrated recently in Kupffer cells in liver sec-
tions, specifically from nonresponding chronic hepatitis
C patients (n = 2) [42], though whether Kupffer cells con-
tribute to IFN production needs further investigation.

Despite the overall lack of hepatic IFN gene induction
in chronic HCV infection beyond its constitutive expres-
sion, a clear so-called ‘activation of the endogenous IFN
system’ is consistently observed, meaning a broad mRNA
induction of ISGs [43]. The pattern of ISGs detected in
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patients with chronic hepatitis C corresponds to a type I
or type IIT IFN receptor signaling signature [28, 43].
Seemingly paradoxical, the transcript baseline activity of
the IFN effectors is inversely linked to the outcome of in-
fection - a robust preactivation of ISGs associates with a
poor outcome of infection, both with regard to spontane-
ous resolution and to an IFN-a-based antiviral treatment
regimen [22, 23, 44, 45].

The following two puzzling findings: (1) a pronounced
ISG activation in spite of only constitutive IFN gene ex-
pression in chronic HCV infection, and (2) the activation
of ISGs being unfavorable with regard to the outcome of
infection, might be linked to a recently identified new
member of the IFN-A family, namely, IFN-A4/IFNL4.

The Novel IFNL4

IFNL4 was uncovered through an RNA sequencing ap-
proach on a 150-kb region spanning the area of the IFN-A
genes only recently. Prokunina-Olsson et al. [12] found a
transient activation of a novel transcribed region located
in-between IFNL3 and IFNL2 in primary human hepato-
cytes that had been stimulated with polyIC for different
time periods to mimic an RNA virus infection. The tran-
script from this region harbors a dinucleotide polymor-
phism ss469415590 (refSNP No. rs368234815), the major
allele TT of which causes a frameshift and disrupts the
IFNL4 ORF, while only the minor allele AG enables IFN-A4
protein expression. The major allele TT thus resultsin aloss
of function, meaning that IFN-A4 is distinguished from
other IFN subtypes in that only a subpopulation of human
beings is predisposed to express a functional protein [46]
(fig. 1). Infact, the IFNL4 gene, which is evolutionarily con-
served in mammals, is recognized as turning into a poly-
morphic pseudogene in humans [47]. Pseudogenization is
inferred to be targeted by a positive selection of various
strengths rising in dimension from Africa to Europe and
the New World and reaching near fixation in East Asia.

This dinucleotide polymorphism is in linkage disequi-
librium (LD) with rs12979860, which is located about
3 kb upstream of IL28B/IFNL3 and which was most con-
vincingly identified in genome-wide association studies
to be associated with the outcome of an HCV infection in
patients of European and African ancestry [48, 49]. LD
between 5469415590 and rs12979860 was found to be
perfect in Asians and Japanese, good in Europeans and
moderate in Africans [12]. The dinucleotide polymor-
phism is less closely correlated to rs8099917 [12], the sec-
ond SNP that was found to be associated with the out-
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come of HCV infection in cohorts of European [50, 51]
and Asian [52] ancestry, located about 8 kb upstream of
IL28B/IFNL3. As both SNPs differ in terms of frequency
geographically, they also predict clearance differently in
different populations. Intriguingly, the disrupting allele
TT associates with the favorable rs12979860 allele C,
meaning that obviously the absence of IFNL4 correlates
with low ISG baseline activity and a favorable outcome of
infection [12, 53].

The identification of this novel IFN prompted us to
investigate intrahepatic IFNL4 transcripts in human liver
biopsy specimens [54]. By applying a 5'-nuclease assay
designed to quantify IFNL4 transcripts (i.e. JN806234
and JN806227) on a broad panel of liver tissue samples
(from patients with nonviral liver diseases of various eti-
ology, from patients with chronic hepatitis B or hepatitis
C and from patients with healthy livers), IFNL4 mRNA
was exclusively detected in specimens from patients with
chronic HCV infection. The activation of the IFNL4 gene,
therefore, was found to be related to chronic HCV infec-
tion, yielding in vivo relevance for the finding by Prokuni-
na-Olsson et al. [12] that IFNL4 is inducible in primary
human hepatocytes. With this, it constitutes the most
prominently (if not the sole) activated IFN subtype in the
liver of chronic hepatitis C patients. Hence, its expression
sufficiently could explain the activation of hepatic ISGs
driven by HCV infection. Accordingly, mRNA expres-
sion of ISGs (MxA and p44) was found to be positively
related to IFNL4 transcript expression [54]. In PBMCs, in
contrast, we have not been able to detect any IFNL4 tran-
scripts, either in samples from hepatitis C patients or in
those from healthy individuals (own unpublished obser-
vation). The reason for this pronounced hepatic induc-
ibility of the IFNL4 subtype in chronic HCV infection
while the other subtypes may be subject to viral protease-
driven suppression is unknown. Recently, Odendall et al.
[55] showed a differential RLR/MAVS-mediated activa-
tion of type I and type III IFNs by distinct intracellular
organelles, i.e. mitochondria and peroxisomes. The au-
thors identified MAVS that is associated with peroxi-
somes as a major mediator of an IRF-1-driven type III
IFN expression in various cell types and by various vi-
ruses. Whether this pathway might also be of relevance in
chronic HCV infection warrants further investigation.

Nonetheless, it remains enigmatic that the activation
of the only IFN subtype in the liver of chronic hepatitis C
patients relates to virus persistence. This might point to a
specific antagonistic mode of action of IFNL4, e.g. by
continuous stimulation of negative regulators of the im-
mune response. The concept that the ss469415590 AG

IFN-\ and Hepatitis C

allele governing IFNL4 expression constitutes the prima-
ry variant for impaired viral clearance is supported by the
recent finding that a missense variation encoding for an
altered IFNL4 protein (P70S) with an attenuated antiviral
activity (fig. 1) associates with an improved prognosis for
HCV-infected patients [56]. Alternatively, the genetic
predisposition to encode IFNL4 might tag further func-
tional variations.

Further Proposed Roles of IFNL SNPs

IFNL4 ss469415590

The same genetic polymorphism, ss469415590, which
has been shown to determine the ability to encode for
IFNL4 in primary human hepatocytes, intriguingly, has
been shown to relate to IFNL3 transcript expression in
PBMCs , the promoter region in which it is likewise lo-
cated (fig. 1). Bibert et al. [57] demonstrated this SNP to
create a methylation motif in a CpG island and to corre-
late with IFNL3 mRNA expression in polylC-stimulated
PBMCs from healthy blood donors and from chronic
hepatitis C patients. Of note, the authors applied an assay
discriminating between the highly homologous IFNL2
and IFNL3 subtypes, thus specifically assessing IFNL3
mRNA expression. Intriguingly, the IFNL4 disrupting al-
lele TT associates with high IFNL3 mRNA expression in
PBMC:s (table 1).

IL28B/IFNL3 rs12979860

Similarly, PBMCs from healthy donors homozygous
for the IL28B/IFNL3 rs12979860 unfavorable minor T al-
lele were found to express significantly less IFNL3 upon
a viral trigger (cytomegalovirus) compared to major C
allele homozygotes. Here too, a specific design ensured
differentiation between IFNL3 and IFNL2 transcripts.
The cohort analyzed by Egli et al. [58] was not genotyped
for ss469415590. However, as in the Canadian population
IL28B/IFNL3 rs12979860 and IFNL4 ss469415590 are in
close LD, data might still reflect an association between
the IFNL4 55469415590 TT allele and an increased IFNL3
expression. These results are thus consistent with the
aforementioned findings by Bibert et al. [57].

Duong et al. [59] recently proposed hepatic expression
of the IFN-A receptor subunit 1 (IFN-AR1) as a missing
link between IFNL genotypes and the associated pheno-
type of ISG activation and treatment outcome. According
to their findings on human liver biopsy specimens, sam-
ples from carriers of the unfavorable T allele presented
higher hepatic IFN-AR1 expression and higher ISG acti-
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Table 1. Major and minor allele phenotypes of IFNL gene polymorphisms

SNP Alleles Major allele phenotype Minor allele phenotype Ref. No.
IFNL4 5469415590 TT/AG IFNL4 disruptive IFNL4 creating 12
IFNL4 rs117648444 C/T Wild-type IFNL4 protein Impaired IFNL4 protein (P70S) 56
IFNL4 55469415590 TT/AG T IFNL3 mRNA in PBMCs L IFNL3 mRNA in PBMCs 57
IL28B/IFNL4 rs12979860 C/T T IFNL3 mRNA in PBMCs | IFNL3 mRNA in PBMCs 58
IFNL3 rs4803217 G/T No hepatic IFNL3 mRNA decay Hepatic IFNL3 mRNA decay 60
IL28B/IFNL4 rs12979860 C/T | Hepatic IFNLR1 T Hepatic IFNLR1 59

vation. Their data point to a higher sensitivity towards
type III IFN species in patients carrying the risk alleles.
Furthermore, they provide complementary insights into
how IFNL genotypes might translate into ISG activation.

IFNL3 rs4803217

McFarland et al. [60], moreover, uncovered a mecha-
nism by which two microRNAs (MIR208B and MIR499A)
which are induced by HCV mediate the decay of IFNL3
transcripts. This decay was shown to depend on a poly-
morphism in the 3'-UTR (untranslated region) of the
IFNL3 mRNA, rs4803217, which is also in close LD with
IL28B/IFNL3 rs12979860. The polymorphism was shown
to influence the binding of HCV-induced microRNAs
during experimental in vitro infection, e.g. in hepatoma
cells. The favorable allele was shown to escape mRNA de-
cay, meaning again that an IFNL4 disruptive genotype
should associate with a higher relative abundance of
IFNL3 transcripts, this time in the liver compartment.

Taken together, the phenotype of a favorable outcome
of HCV infection associates with the inability to encode
IFNL4 and a low hepatic expression of its receptor IFN-
AR1 on the one hand, and with a capability of PBMCs to
respond to stimuli with an IFNL3 induction (in vitro) on
the other (table 1).

Lessons from Antivirals

Given that the HCV protease NS3/4A inactivates
adaptor proteins and thereby blocks IFN induction, anti-
viral drugs might not only inhibit viral replication but
also restore innate antiviral defense by diminishing the
load of viral proteins intracellularly, thereby retrieving
adaptor efficiency and allowing reactivation of the endog-
enous IFN system. In addition, they might act by enhanc-
ing sensitivity towards endogenous or exogenous IFNs.

This concept is supposed for all compounds that affect
HCV replication, including ribavirin (RBV), direct-act-
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ing antivirals (DAAs) inhibiting the NS5B RNA-depen-
dent RNA polymerase or the nonstructural protein 5A
(NS5A) or those which directly target NS3/4A protease.
It has been proven true for RBV, which exerts only a mod-
est antiviral activity in chronic hepatitis C [61]. In a co-
hort of patients who received a 4-week treatment with
RBV, or not, before combining it with IFN-a, pretreat-
ment with RBV was found to lower the hepatic baseline
of ISGs and to augment ISG induction by a following sin-
gle dose of PEG-IFN-a. RBV was thus suggested to reset
IEN responsiveness in the HCV-infected liver.

A first microarray gene expression profiling has been
conducted on paired liver biopsies from patients before
and at the end of an IFN-free antiviral treatment regimen
with sofosbuvir/RBV [40]. In the mostly responding pa-
tients, hepatic ISG expression was found to be downregu-
lated when liver specimens taken at the end of treatment
were compared to those taken before. The downregula-
tion of hepatic ISGs included USP18 (ubiquitin carboxy-
terminal hydrolase 18), which is a negative regulator of
IFN-a signaling [62]. USP18 has been reported to be el-
evated in the liver of chronic hepatitis C patients, particu-
larly in those who do not respond to IEN therapy [63]. At
the same time, the favorable outcome in the sofosbuvir/
RBV-treated patients was found to be accompanied by a
relative decrease of basal levels of some of the type III
IFNs and a relative increase of type I IFN-a2 subtype. In-
terestingly, the IFNLR1 was downregulated too. These
data thus provide evidence for a restoration of hepatic
type I activation by the end of the treatment. Moreover,
they fit into the concept that the activation of IFNL4 and
its receptor, which correlates with the stimulation of ISGs
[54, 59], is disadvantageous for viral clearance.

The assumption that antivirals restore defense mecha-
nisms is in line with empirical clinical knowledge. RBV-
IFN-a combination therapy is known to be superior to
IFN-a monotherapy [64], primarily by suppressing a re-
lapse of HCV upon cessation of therapy. Moreover, triple
therapy with novel DA As outperforms former IFN-based
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Fig. 2. Proposed relation between HCV in-
fection and the activation of the IFN sys-
tem in the human liver. In the human liver,
HCV actively suppresses TLR- and RLR-
driven type I and type III IFN induction by
its protease NS3/4A, apparently with the
exception of IFNL4. Hepatic viral load re-
lates to the number of hepatic IFNL4 tran-
scripts. Based on a close positive correla-
tion, hepatic stimulation of ISGs is sup-
posed to be driven by IFNL4 and its
receptor. ISGs include inhibitors that in-
terfere with type I IFN signaling. Accord-
ing to this model, the efficacy of antiviral
drugs relies on their interference with the
hepatic endogenous IFN system (see text
for details).
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regimens [65] and renders IFN nonresponders respon-
sive to IFN treatment.

Based on current knowledge, the relation between HCV
infection and the activation of the IFN system in the human
liver might be represented as depicted in figure 2. By its
protease NS3/4A, HCV actively suppresses TLR- and RLR-
driven type I and type III IEN induction, apparently with
the exception of IFNL4 [54]. Hepatic viral load relates to
the number of hepatic IFNL4 transcripts [54]. Not affected
by the inhibiting action of USP18 on IFN-a signaling, he-
patic ISG activation in chronic HCV infection might be run
by type III IFNs (IFNL4), thereby decreasing sensitivity to-
wards endogenous and exogenous IFN-a by activating
negative regulators of IFN-a signaling. This is based on
close positive correlations between the hepatic stimulation
of ISGs and IFNLA4 [54] and its receptor [59]. ISGs include
inhibitors that interfere with type I IFN signaling [40].

According to this model, the efficacy of IFN-a de-
pends, on the one hand, on simply providing it to the
liver as the endogenous source is blocked and, on the oth-
er, on its balance with IFN-a desensitizing ISGs. The ef-
ficacy of RBV in combination with IFN-a might rely on
its ability to lower hepatic ISGs [61]. The efficacy of DA As
relies on their strong inhibitory activity on viral replica-
tion, which might decrease the activation of type III IFNs
(IFNL4) and ISGs [40]. Moreover, a decreasing load of
HCV protease restores virus sensing by retrieving adap-
tor integrity and reactivates endogenous type I IFNs [40].

IFN-\ and Hepatitis C

Conclusion

HCV is sensed quite well in peripheral blood in terms
of type I and type IIT IFN gene induction and ISG activa-
tion. The constitutive IFN gene activation in the livers of
chronic hepatitis C patients might be due to the ability of
the virus to abate its recognition by cleaving pivotal sig-
naling adaptor molecules in infected hepatocytes. The in-
duction of IFNL4 apparently is an exception as it appears
not to be as vigorously affected by this suppression as the
other IFN subtypes. The underlying mechanism, howev-
er, needs to be elucidated.

The ability to encode IFNL4 is genetically deter-
mined and limited to IFNL4 ss469415590 AG allele
homozygous and IFNL4 55469415590 AG/TT heterozy-
gous individuals. IFNL4 might drive hepatic ISG ex-
pression, which might antagonize IFN-a efficacy. Its
role in the peripheral blood compartment needs to be
investigated. Further polymorphisms which are in
close LD with IFNL4 ss469415590 might affect IFNL3
activation in PBMCs and might also contribute to virus
eradication.

Complementary effects of the following: (1) strong di-
rect antiviral activity, (2) a reconstitution of the full sens-
ing of infection, and (3) enhancing sensitivity towards en-
dogenous or exogenous IFN, could explain the superior
efficacy of (multiple) drug combinations comprising
DAAs, RBV and IFNs.
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