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REVIEW

Genetic Variants at the /FNL3 Locus and Their
Association with Hepatitis C Virus Infections Reveal
Novel Insights into Host-Virus Interactions

Sreedhar Chinnaswamy

Human genetic variation plays a critical role in both spontaneous clearance of and response to interferon (IFN)-
based therapies against hepatitis C virus (HCV) as shown by the success of recent genome-wide association
studies (GWAS). Several GWAS and later validation studies have shown that single nucleotide polymorphisms
(SNPs) at the IFNL3 (formerly IL28B) locus on chromosome 19 are involved in eliminating HCV in human
patients. No doubt that this information is helping clinicians worldwide in making better clinical decisions in
anti-HCV therapy, but the biological mechanisms involving the SNPs leading to differential responses to
therapy and spontaneous clearance of HCV remain elusive. Recent reports including the discovery of a novel
IFN (IFN-2A4) gene at the ITFNL3 locus and in vitro functional studies implicating 2 SNPs as causal variants lead
to novel conclusions and perhaps to new directions in research. An attempt is made in this review to summarize
the major findings of the GWAS, the efforts involved in the discovery of causal SNPs; and to explain the
biological basis for spontaneous clearance and response to treatment in HCV infections.

Introduction

HEPATITIS C virus (HCV) is a global health problem
affecting more than 3% of the world population (La-
vanchy 2011). It causes chronic disease conditions of the
liver, including liver cancer. The mode of transmission is by
contact with contaminated blood. HCV is a flavivirus with a
plus-strand RNA genome that exists as 7 genotypes (1 to 7)
and 67 subtypes (a, b, c, etc.) (Smith and others 2013).
Currently, there is no vaccine to prevent HCV infections.
The standard of care (SOC) treatment for chronic HCV in-
fections for several years has been a combination of Inter-
feron-o. (IFN-o1) and Ribavirin (RBV) that is administered
over an extended period of time (Fried and others 2002).
This treatment involves severe side-effects and is poorly
tolerated. Drugs targeting the different viral proteins (Di-
rect-acting antivirals or DAAs) are being developed; some
have entered into clinical practice and are showing great
promise; however, the emergence of resistance mutations is
a major limitation to this strategy (Alkhouri and Zein 2012;
Asselah and Marcellin 2013).

Host genetic variation is a strong determinant of HCV
pathogenesis and treatment-response. Genome-wide asso-
ciation studies (GWAS) and later validation studies con-
ducted by several groups around the world have reported
that single nucleotide polymorphisms (SNPs) around the
innate immunity gene /FNL3 (formerly /L28B) encoding the

cytokine IFN-A3 on chromosome 19 have strong associa-
tions with both HCV spontaneous clearance and treatment-
response (Ge and others 2009; Suppiah and others 2009;
Tanaka and others 2009; Thomas and others 2009; Rauch
and others 2010; Hayes and others 2012; Duggal and others
2013). However, the biological significance of these asso-
ciations remains unknown, especially in in vivo situations.
The objective of this review is to update the current litera-
ture on association of IFNL3 polymorphisms with HCV
infections and importantly to understand the biological
significance of these associations. The efforts involved in
discovering the causal SNPs and the progress made so far
since the initial GWAS are analyzed. The association of
IFNL3 variants with treatment response in nongenotype 1
HCV infections is also addressed. The article ends with a
discussion on future directions of research in light of the
GWAS findings and the discovery of causal SNPs.

Genetic Studies and Innate Immunity
Against HCV

Innate immunity against RNA viruses is mediated by
IFNs, which are cytokines expressed by a variety of cell
types in response to viral infections. The HCV RNA repli-
cation intermediates are sensed by innate immunity pattern
recognition receptors such as RIG-I (Retinoic acid inducible
gene) and TLR3 (Toll-like receptor 3) (Lemon 2010). Type
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I IFNs (IFN-o and IFN-B) and Type III IFNs (IFN-A) are
produced in response to viral infections by several different
cell types in the human body. These IFNs, on secretion by
virus infected cells, act in an autocrine/paracrine manner
and drive the expression of several hundreds of genes col-
lectively called ISGs (IFN-stimulated genes) that will pre-
pare the body/cells to fight virus infection (Fig. 1). Many of
the ISGs act directly to suppress virus replication, while
others act indirectly by mediating antiviral processes, in-
cluding priming an optimal adaptive immune response. The
disruption of RIG-I and TLR3 signaling by HCV NS3-4A
protease preventing the production of type I IFNs, including
IFN-a, is well recognized (Lemon 2010; Horner and Gale
2013). HCV NS3-4A is also likely to disrupt IFN-A secre-
tion similar to its effect on IFN-a secretion, as both cyto-
kines are stimulated for secretion through similar pathways
(Levy and others 2011; Horner and Gale 2013). In fact, a
recent report confirms that HCV NS3-4A protease cleaves
the adaptor protein mitochondrial anti-viral signaling pro-
tein (MAVS) which is responsible for RIG-I-dependent
signaling events that lead to IFN-A expression (Ding and
others 2012).

A subset of HCV-infected individuals are able to spon-
taneously clear the virus within 6 months of infection
(~20% for genotype 1 HCV), while the remaining progress
to chronic infection that may lead to fibrosis, cirrhosis, and
even hepatocellular carcinoma (Lauer and Walker 2001;
Lavanchy 2011). Among the persistent carriers when subject
to SOC therapy (for a duration of 2448 weeks depending
on the HCV genotype), only a subset respond to the therapy
(also dependent on HCV genotype; ~50% for genotype 1
HCV) (Fried 2004). Response to treatment is measured by
monitoring for SVR (sustained virological response, which
is defined as testing negative for HCV RNA 6 months after
cessation of therapy). HCV infections are known to have an
ethnic bias: The African-American population is more sus-
ceptible to chronic infection and less responsive to treatment
(Howell and others 2000). Clinical phenotypic variation in

FIG. 1. A schematic of the sig-
naling events that lead to produc-
tion of ISGs by Type I and Type I1I
interferons (IFNs). The IFN recep-
tors are indicated next to their
extracellular domains in different
shapes. IFN molecules are shown
as triangles. TYK2-Tyrosine ki-
nase 2; JAK-Janus kinase; STAT-
Signal transducer and activator of
transcription; IRFO-IFN regulatory
factor 9; ISRE-IFN-stimulated re-
sponse element; GAS-y activated
sequence. The basic mechanisms of
signal transduction are shown; for
details, the readers can refer Don-
nelly and Kotenko (2010), and Li
and others (2009).
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both natural progression and response to treatment com-
bined with features of ethnic bias makes HCV a good can-
didate for genetic studies to identify host genes that are
critical for viral replication and infection. Variation at sev-
eral host genes has been identified mainly by candidate gene
approaches to be important for spontaneous and treatment-
induced viral clearance (Selvarajah and others 2010;
Schlecker and others 2012). Most of these genes (such as
HLA, TNF, IL10, JAK, TYK, IFNARI, IFNAR2, IFNG, and
others) belong to biological pathways involving response to
virus, immune response, and inflammatory responses, based
on gene ontology classification (Schlecker and others 2012).
The majority of these studies have been carried out on small
sample sizes and in restricted geographical regions, and,
hence, the results may not be robust enough to be replicated
in larger and diverse host populations (Fried and others
2006; Selvarajah and others 2010). Therefore, at the advent
of the genomics era, similar to other human complex dis-
eases HCV infections were also subject to genome-wide
studies in different regions of the world.

In the year 2009, 3 reports were published almost si-
multaneously on the results of GWAS carried out in dif-
ferent world populations for treatment response in patients
with chronic HCV infections (Ge and others 2009; Suppiah
and others 2009; Tanaka and others 2009). Another GWAS
was subsequently carried out to identify SNPs that played a
role in spontaneous clearance of HCV infection (Rauch and
others 2010). Intriguingly, all the 4 studies had the same
locus on chromosome 19q13 (with several overlapping
SNPs) that showed genome-wide significance in the re-
spective case-control studies (Ge and others 2009; Suppiah
and others 2009; Tanaka and others 2009; Rauch and others
2010). The strong association seen in all 4 studies suggested
a clear role for this locus that has the IFN-A genes (IFNL2
(formerly 7L28A) coding for IFN-A2; IFNL3 (formerly
IL28B) for IFN-A3; and IFNLI (formerly IL29) for IFN-A1)
(Fig. 2) in generating antiviral responses in patients. The
majority of the strongly associated SNPs identified are
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FIG. 2. SNPs at the IFNL3 locus associated with HCV infections. (A) IFNL3 locus at 19q13 has 4 genes. IFNL3 codes for
IFN-A3, IFNL2 codes for IFN-A2, and IFNLI codes for IFN-A1 apart from the newly identified /FNL4 (codes for IFN-A4) that
arises due to a deletion polymorphism (ss469415590) found upstream of /FNL3 coding region. The important SNPs at the
IFNLS3 locus identified by several genetic studies are shown. The SNPs rs4803219, rs28416813, rs§103142, and rs4803217
were identified as causal SNPs by di Lulio and others (2011). The SNPs identified by Smith and others (2011) are in italics.
The TA repeat SNP identified by Sugiyama and others (2011) is underlined. rs12979860 and rs8099917 are considered the
“tag-SNPs”* (in bold) that are in LD with the causal SNPs. (B) The protective and nonprotective alleles of the SNPs that were
identified by different studies are shown as haplotypes. (C) Crystal structure of IFN-A3 depicting K70 (dark shade) (PDBID:
3HHCL). The variant rs8103142 changes the amino acid K70 to R70. K70 is exposed on the outside surface of the protein.

within 8 kb of IFNL3 coding region at its 5" end (Fig. 2).
IFN-A2 and IFN-A3 share 96% identity, while IFN-A1 shares
about 81% identity with the other 2 (Gad and others 2010).
The 3 genes are considered as having been evolved from a
common precursor by gene duplication events (Donnelly
and Kotenko 2010). Biologically, IFN-A3 is 16-fold more
potent than IFN-A2 and about 2-fold more potent than IFN-
A1 against encephalo myocarditis virus infection in HepG2
cells (Dellgren and others 2009), while a recent report shows
IFN-L1 to be the most potent out of the 3 IFN-As against
HCYV subgenomic replicons (Friborg and others 2013). More
recently, Kanda and others (2013) show that IFN-A3 induces
more anti-HCV-specific ISGs (such as TLR3, MyD88, IFN-
B1, and CXCL10) than the other 2 IFN-As in HepG2 stable
cell lines carrying the 3 IFN-A genes.

The GWAS result is intriguing for the following reasons:
(1) Genetic variation at a type III IFN locus determines the
response to treatment with a type I IFN (IFN-o) in a viral
infection; (2) no other gene that could be responsible for
uptake, processing, or metabolism of the 2 drugs (IFN-o and
RBV) showed any genome-level significance in determining
the treatment response; and (3) the same region in the ge-
nome was responsible for both spontaneous clearance and
response to treatment. Importantly, the GWAS result satis-
factorily explained the long-standing observation of high
HCYV incidence and poor response rate to IFN-based therapy
in the African-American population by showing that this
ethnic group has a high frequency of the ‘‘nonprotective’
IFNL3 allele compared with East Asians, Hispanics, or
European Americans (Ge and others 2009; Thomas and
others 2009). More importantly, the GWAS results reveal

the significance of type III IFNs in HCV disease biology at
the human patient level, even though both IFN-o and IFN-A
may have similar anti-HCV properties in vitro (Doyle and
others 2006; Marcello and others 2006; Kohli and others
2012). Minor differences especially in the kinetics of ISG
expression have been noted between the 2 IFNs, but overall,
they seem to have similar antiviral properties in vitro
(Marcello and others 2006; Kohli and others 2012). How-
ever, the target cells of IFN-As may be more specific, as
receptors for IFN-As are mostly expressed on cells of epi-
thelial origin; whereas those of IFN-o are expressed on most
human cell types [refer Levy and others (2011) and Kotenko
(2011), for a comparative review of literature on the biology
of the 2 IFNs].

A review of the GWAS in HCV infections

The initial GWAS carried out on treatment response to
SOC therapy and on spontaneous clearance have been ex-
tensively reviewed elsewhere (Balagopal and others 2010;
Kelly and others 2011; Clark and Thompson 2012; Hayes and
others 2012). Briefly, Ge and others (2009) identified SNP
rs12979860 about 3kb upstream of the [FNL3 gene on
chromosome 19 to be strongly associated in European
Americans with the achievement of SVR (C allele-protective;
T allele-nonprotective, Fig. 2B). After this report, Thomas and
others (2009) showed that rs12979860 was also involved in
spontaneous clearance of HCV in a candidate gene study.
Tanaka and others (2009) and Suppiah and others (2009)
saw that rs8099917 lying ~ 7.5 kb upstream of /FNL3 coding
region showed the strongest association with virological
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responses against SOC therapy from a Japanese and Austra-
lian cohort, respectively (T allele-protective; G allele-non-
protective, Fig. 2B). In a subsequent GWAS, Rauch and
others (2010) also saw that rs8099917 was associated with
spontaneous clearance of HCV at genome-wide significance.
This study also did resequencing and recombinant mapping at
the I/FNL3 region in a cohort containing spontaneous clearers
and persistently infected patients and identified a 5-SNP
containing haplotype that had 2 promoter SNPs (rs4803219
and rs28416813), one exonic SNP (rs8103142), and two 3’
UTR SNPs (rs4803217 and rs581930) to have strong associ-
ation with spontaneous clearance (Fig. 2) (Rauch and others
2010). Apart from this study, a recent study reports on a
GWAS carried out on a large number of individuals in 13
international study centers, to identify SNPs responsible for
spontaneous clearance of HCV (Duggal and others 2013).
This study involving 919 patients who had spontaneously
cleared HCV and 1482 chronic HCV patients, using the II-
lumina Human Omni-Quad array with more than a million
SNPs, showed 2 loci to be significantly associated with
spontaneous clearance (with P values below the threshold of
1x 10_8). The strongest association was, however, with
rs12979860 at the IFNL3 locus (P=2.17x107%), while
184273729 near the class II HLA locus on chromosome 6
also showed strong genome-wide significance (P=1.71
%107 '%). The latter SNP lies in between DQA2 and DQBI
(coding for the o and B chains of MHC class II, respec-
tively) genes, and the region shows strong linkage disequi-
librium (LD).

Several follow-up studies have been carried out since the
original GWAS data from different regions of the world
were published (Kelly and others 2011; Clark and Thomp-
son 2012; Hayes and others 2012). In all of the studies with
genotype 1 HCV, the association has been replicated, sug-
gesting that the polymorphisms reported around the /FNL3
gene are critical to HCV replication, irrespective of the
ethnicity of the hosts. Several studies have showed a clear
correlation of HCV viremia with the I/FNL3 genotype post-
treatment (Howell and others 2012; Lindh and others 2011a,
2011b). For example, Lindh and others (2011a, 2011b) re-
port that JFNL3 genotype at the SNP rs12979860 correlates
with both earlier and later phases of viral decline in geno-
type 1, 2, and 3 HCV. Genotype CC at the SNP site shows
more viral clearance from serum when compared with the
CT or TT genotype. This shows that similar to the results
from in vitro studies (Marcello and others 2006), IFN-As
may be directly responsible for viral clearance in affected
patients.

Polymorphisms at IFNL3 Locus and Association
with Nongenotype 1 HCV Infections

Even though the initial GWA studies were carried out in
genotype 1 HCV infections, the association with response to
SOC therapy was later replicated in other HCV genotypes
such as genotypes 4, 5, and 6 (Bitetto and others 2011;
Asselah and others 2012; Seto and others 2013). However,
the association with response to treatment in genotype 2 and
3 HCV-infected patients is controversial. In genotype 2 and
3 HCV infections, the majority of the studies have shown a
significant association with early virological responses but
not with sustained responses (Moghaddam and others 2011;
Sarrazin and others 2011; Bucci and others 2013); whereas
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some studies have shown an association with both early and
sustained responses in genotype 2 or genotype 2/3 HCV
infections (Sakamoto and others 2011; Cavalcante and
others 2013). However, recent studies (Schreiber and others
2012) show that when data are combined from several
studies involving genotype 2 and 3 HCV infections, the
association of treatment responses with [FNL3 SNPs is
replicated even with these HCV genotypes. This indicates
that due to high treatment-response rates in these easy-to-
treat HCV genotypes (Tapper and Afdhal 2013), the studies
that showed no association may have suffered from a lack of
power. Furthermore, relapse rates are known to be higher in
genotype 3 HCV infections (possibly due to shorter dura-
tions of therapy, Zeuzem and others 2009) and may be a
factor affecting the results of association tests (Moghaddam
and others 2011; Bucci and others 2013). Therefore, it is
likely that all genotypes of HCV may have to deal with
similar, if not identical, innate immune responses that are
mediated by IFNL3, even though the outcome may differ
due to viral-genotype effects (Bellecave and others 2010;
Horner and Gale 2013). However, the predictive value of
IFNL3 genotypes in treatment response involving genotype
2 and 3 HCV infections is low (Schreiber and others 2012).
Comparative studies between the easy-to-treat genotypes 2
and 3 and the difficult-to-treat genotypes 1 and 4 HCV in
terms of viral load, IFNL3 genotypes and especially of ISG
expression are lacking. Such studies can delineate the dif-
ferences that lead to different treatment-response rates be-
tween different HCV genotypes.

Discovery of the Causal SNP(s) and IFN-.4

Although the GWAS for HCV infections has met with
unprecedented success, the progress on discovery of the
causal SNP(s) has been very slow. One of the reasons for
this is the limitations associated with a large-scale genetic
study such as GWAS (Klein and others 2012). In a typical
GWAS, a million or more SNPs of the human genome are
spotted on chip-arrays along with their flanking sequences
as “‘probes.” Next, sheared genomic DNA from cases and
controls is allowed to hybridize, after which the call for a
particular variant (depending on base-pair hybridization) is
obtained by fluorescence-assisted methods (For a review of
basic study design refer Dube and Hegele 2013). Then, each
SNP is interrogated for its association with case versus
control using an appropriate statistical method. Multiple
testing correction is imparted to compensate for the large
number of tests carried out to avoid false positives, and after
the correction, the SNPs that have P values below a fixed
threshold (usually 1x107®) are considered genome-wide
significant. However, the oligonucleotides that are arrayed
on the chip do not represent the complete set of SNPs which
are identified (more than 40 million submitted so far (dbSNP
build138, NCBI) and several of them are yet to be identi-
fied) on the human genome but a sample of SNPs that are
chosen based on how strongly they are correlated to nearby
SNPs by LD (Bush and Moore 2012). These ‘‘tag-SNPs”’
are selected from available datasets such as Hapmap or the
1000 genomes project. Therefore, rarely does a GWAS di-
rectly identify the “‘causal’ variant, as it may not have been
chosen as a “‘tag-SNP”’ to be arrayed on to the SNP array. In
the simplest of situations, the causal variant may be one or a
very few critical SNPs that affect the expression of the
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causal gene or function of the causal protein and lie close to
the “‘tag-SNP”” within the LD block (region of the genome
that has strong LD and co-segregates in successive genera-
tions). In such situations, fine-mapping by sequencing the
DNA around the GWA signal region within the LD block
will identify the causal SNP, which usually is a common
SNP (the minor allele occurring in>5% of the population).
However, it is possible that a large number of rare variants
(that are not picked up by most of the available GWAS
platforms) which are individually or in small combinations
are causative of the phenotype in a nonoverlapping manner
could be giving rise to ‘“‘synthetic associations”” in GWAS
(Cirulli and Goldstein 2010). These rare variants are usually
not in LD with the ““tag-SNP’’ and, hence, occur at a distant
location (several megabases) from the ‘‘tag-SNP”’. Identi-
fying such rare variants that give rise to synthetic associa-
tions in a GWAS will require whole-genome sequencing
that will have coverage of the genome beyond the LD block
which defined the GWA signal. In view of the intrinsic
complexities involved in such studies, it is well recognized
that identification of the causal SNP(s) post-GWAS is the
bottle-neck in complex disease genetics (Goldstein 2009;
Chakravarti and others 2013). It is also imperative that ge-
netic studies are followed up with appropriate functional
studies to validate the causal SNPs to gain a mechanistic
understanding of the underlying biology (Chakravarti and
others 2013). After the initial success of GWAS in HCV
infections, several groups have been engaged in this venture,
and have reported varying success.

Suppiah and co-workers have followed up their GWA
studies and sequenced about 100kb of DNA sequence
around the /FNL3 gene in about 200 responder and nonre-
sponder (to SOC therapy) HCV-infected patients by using
massively parallel sequencing to identify the causal variants
(Smith and others 2011). However, even though some new
SNPs (rs4803221 and rs7248668, Fig. 2) were discovered
with better predictive values for treatment response than
their GWAS SNP 158099917, they did not come across any
definitive causal variant(s) that drastically increased the
odds ratios. The authors did an in silico analysis and showed
that certain SNPs may give rise to transcription factor
binding sites or may change potential methylation sites in
the promoter DNA but no experiments were carried out to
investigate these findings. The Mizokami group tried to
functionally characterize several of the SNPs that their
group identified from the initial GWAS on HCV infections
but did not find any significant result apart from identifying
another new SNP which affected transcription in in vitro
reporter assays (Sugiyama and others 2011). This SNP,
rs72258881 that is present ~750bp upstream of the first
exon of IFNL3 (Fig. 2) had multiple copies of TA repeats
when genotyped in different healthy Japanese individuals.
The number of repeats (11 or 13) correlated with levels of
transcription of reporter gene in vitro. However, the asso-
ciation of this novel SNP with response to treatment or
spontaneous clearance of HCV remains to be established.
SNP rs1188122 that was initially identified in their GWAS
and thought to be occurring near a splice-site junction was
tested for function and was not found to be affecting
splicing. SNP rs28416813 was also tested for influence on
splicing and found to have no effect. The number of exons
present in the /FNL3 gene is not clear as Kotenko and others
(2003) (Donnelly and Kotenko 2010) predicted 5 exons,
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while Sheppard and others (2003) claimed /FNL3 to have 6
exons (with a small, 4-amino-acid coding 1st exon being
extra in the latter report). Sugiyama and others (2011) car-
ried out 5" RACE and showed that /FNL3 has 6 exons and
that rs28416813 is located in the first intron. While
rs28416813 may not have affected splicing, there is a pos-
sibility that it could affect transcription due to its proximity
to the transcription start site (Chinnaswamy and others
2013). This possibility was not tested by Sugiyama and
others (2011). Instead, they tested rs4803219 that is located
in the promoter region ( ~ 300 bp upstream of the 1st exon of
IFNL3, Fig. 2) (Kotenko and others 2003) for its role in
reporter gene expression, and found no significant influence
of the alternate alleles on transcription.

In a report from Egypt, a 20kb region at the /FNL3 locus
bounded by rs12980275 and rs8099917 was speculated to
include the causal SNP(s) for spontaneous clearance of
(genotype 4) HCV (Pedergnana and others 2012). The LD
block in the European population comprised a much larger
fragment that included DNA all the way up till /FNL2
coding region, while genotype data from the Egyptian
population reduced the size of the LD block to ~20kb in
size. Within this 20 kb region, the strongest association with
spontaneous clearance was with rs12979860 and rs8103142
(Pedergnana and others 2012). Rauch and others (2010) and
di Lulio and others (2011) undertook a comprehensive ge-
netic analysis approach in identifying the causal SNP in-
volved in spontaneous clearance of HCV. They examined
the distribution of haplotypes in patients with ‘“‘extreme”
genotype-phenotype (discordant) combinations that is, per-
sistently infected but carrying protective alleles at rs12979860
and rs8099917 and spontaneously cleared but carrying the
nonprotective alleles at the 2 SNP positions and compared
them with concordant genotype-phenotype combination
groups (Rauch and others 2010). This recombinant mapping
analysis pointed to 4 SNPs as prime candidates to be causal
(Fig. 2): rs4803219, rs28416813, rs8103142, and rs4803217
(di Lulio and others 2011). The 4 SNPs were found to be in
high LD between each other and with the tag-SNP
rs12979860. Further, di Lulio and others (2011) tested the
association of these 4 SNPs with spontaneous clearance in
both a multiple-source and a single-source cohort. The
multiple-source cohort had patients who were infected with
multiple HCV genotypes and were not homogeneous for age
or sex or other viral (HIV) coinfections. On the other hand,
the single-source cohort included 27 spontaneous clearers
and 44 persistently infected women who had acquired ge-
notype 1b HCV infection from a single source several years
ago and had no HIV coinfection. The haplotype containing
protective alleles of the 4 SNPs (Fig. 2) were highly pre-
dictive of spontaneous clearance of HCV in both cohorts but
more strongly with the single-source cohort. The study with
the single-source cohort had no confounders such as dif-
ferences in viral genotype, age, and sex of the patients and,
hence, was a test of the net contribution of host genetics in
spontaneous clearance of HCV. Therefore, the strong asso-
ciation of these 4 SNPs with spontaneous clearance of HCV
in this cohort is an indication of the presence of causal
SNP(s) within the 4 studied SNPs or the haplotype block.
The study also examined for occurrence of copy number
variants (CNVs) in the IFNL3 region. An analysis of the
available data from 1,000 genomes project and also by
g-PCR analysis from their patient samples failed to detect
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any CNVs and it was concluded that CNVs at IFNL3 region
may be unlikely to have any role in their association with
HCV infection outcome (di Lulio and others 2011). This
study also noted the technical challenges involved in se-
quencing the IFNL3 region due to the presence of the ho-
mologous IFNL2 in the vicinity, an observation also made
by others (Smith and others 2011; Sugiyama and others
2011; Reynolds and others 2012; Chinnaswamy and others
2013). In view of these difficulties, extreme care is needed
in designing primers for PCR-based sequencing/genotyping
methods and interpretation of genotyping results, especially
with the SNPs closer toward the 5" end, on the coding re-
gion, and at 3" ends of IFNL3. In a separate study, the 4
SNPs identified by di Lulio and others (2011) were tested in
a cohort of HCV-infected patients receiving SOC therapy
for association with SVR and 3 of them (rs28416813,
rs8103142 and rs4803217, Fig. 2) showed the strongest as-
sociation (de Castellarnau and others 2012), suggesting that
the predicted causal SNPs for spontaneous clearance of
HCV were also important in response to treatment. Inter-
estingly, 3 out of the 4 potential causal SNPs identified by di
Lulio and others (2011) (viz. the promoter SNP rs28416813,
the exonic SNP rs8103142, and the 3’"UTR SNP rs4803217,
see Fig. 2) along with the tag-SNP rs12979860 were found
to be under strong positive selection during evolution in the
European and Asian population (Manry and others 2011).
This suggests that these ethnic groups may have evolved to
deal with HCV infections better than other world popula-
tions due to evolutionary pressures. The protective allele
frequency at rs12979860 is known to be higher in East
Asians and European Americans than the African or His-
panic populations (Ge and others 2009). Furthermore, evo-
lutionary selection has not operated uniformly across all the
3 IFN-A genes, as low LD was noted between them in all
populations (Manry and others 2011).

Of the 4 predicted causal SNPs, the most amenable to
functional analysis is the exonic SNP rs8103142. The
polymorphism that resides on the 70th codon in the second
exon of IFN-A3 changes the amino acid from Lysine to
Arginine. K70 is not a part of the receptor binding site of
IEN-A3 (Gad and others 2009), but it is located on the
surface of the protein (Fig. 2) and, hence, could be important
in its function by affecting interaction with other factors.
However, 3 independent studies have ruled this possibility
out by showing that the conservative substitution does not
affect the activity of the protein, at least in vitro. Urban
and others (2010) used both Escherichia coli-expressed and
HEK293T-cell-expressed recombinant IFN-A3 variants
and tested for anti-HCV replicon activity in Huh7.5 cells
and found no difference. Similarly, Sugiyama and others
(2011) used 293-F-cell-expressed and purified variants of
IFN-A3 and saw no difference in the stimulation of ISRE
activity in different human liver cell lines. Friborg and
others (2013) used synthetic human recombinant IFN-A3 wt
and IFN-A3K70R against HCV subgenomic replicons from
different genotypes and found no difference in their poten-
cies. These results suggest that rs8103142 may itself not be
a causal SNP but is in LD with some other causal SNP(s) in
the IFNL3 region.

The first evidence of functional roles for /FNL3 SNPs
associated with HCV infections has come recently, where 2
SNPs-1s28416813 and rs4803217-have been shown to in-
fluence reporter gene expression by utilizing different
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mechanisms (Chinnaswamy and others 2013; McFarland
and others 2013). In the first report, Chinnaswamy and
others (2013) found that rs28416813 due to its close prox-
imity to an NF-kB-binding site (Fig. 3A) in the downstream
promoter region of IFNL3, influenced gene expression in
luciferase reporter assays. This SNP lies 37 bp upstream of
start codon of IFNL3 (Kotenko and others 2003; Osterlund
and others 2007) and one nucleotide away from a non-
consensus NF-kB binding site (Fig. 3A). After confirming
for binding to the transcription factor NF-«xB, the authors
showed by molecular modeling that rs28416813 lies in a
position that can contact the residue R41 in p65 component
of NF-kB in solved co-crystal structures. The nonprotective
allele (Tanaka and others 2009; Rauch and others 2010; di
Lulio and others 2011) at this SNP position was responsible
for decreasing transcription from a 1.4kb promoter con-
struct by 25%-50% compared with the protective allele
when either the NF-kB was overexpressed or the endoge-
nous NF-kB was stimulated by physiological inducers such
as dsRNA and TNF-a or by an active HCV RNA-dependent
RNA polymerase in HEK293T cells (Fig. 3B). Deletion of
the nonconsensus NF-xB-binding site increased the tran-
scription activity, suggesting that this region of the promoter
may be acting as a silencer; while scrambling the site to
eliminate NF-kB binding had a modest reduction of tran-
scription, which was similar to the effect produced by the
nonprotective allele (Chinnaswamy and others 2013). The
SNP 1528416813 seems to be ideally poised to have a subtle
effect on the weak binding of NF-kB to this site. A stronger
interaction resulting from the binding of NF-xB to a con-
sensus binding element would have weakened the effect of
the nearby SNP, hence a nonconsensus site may have
evolved so that the alternate alleles at the nearby site would
give the host additional control for transcriptional regula-
tion. It is also possible that rs28416813 may be affecting the
binding affinity of different NF-xB functional dimers (such as
pS0 homodimers, p65 homodimers, or pS0+p65 hetero-
dimers) to the DNA that can result in the differential regu-
lation of transcription (Udalova and others 2000). Although
rs28416813 is outside the binding motif of NF-xB by 2 bases,
based on X-ray crystal data, such flanking sequences can
affect affinity of pS0 homodimers to the NF-kB element
(Chen and others 1998). Interestingly, the promoter region of
the homologous IFNL2 also has this nonconsensus NF-kB
site but no SNP is reported to occur around the site. In a
separate study, Ding and others (2012) have shown that a
261bp distal region of the /FNL3 promoter, including this
nonconsensus NF-kB site, is not enough for transcription.
This suggests that a major part of the IFN-A3 enhanceosome
that will include transcription factors such as NF-xB, IRF1, 3,
7, and 8 (Osterlund and others 2007) seems to be farther away
from this distal region that has the only known functional
SNP (affecting transcription) associated with HCV infections
(Fig. 3). A major future thrust area of research should be to
structurally and functionally characterize the IFN-A3 en-
hanceosome complex, similar to the efforts that were put in
for the IFN-B enhanceosome (Balachandran and Beg 2011).

McFarland and others (2013) report on the second func-
tional SNP rs4803217 in the 3'UTR region to be affecting
IFNL3 mRNA stability resulting from effects on AU-rich
element (ARE) mediated decay (AMD) and binding of
HCV-induced miRNAs. The authors performed in vitro lu-
ciferase reporter assays using constructs with the 3'UTR
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FIG. 3. 1528416813 and rs4803217 are functional SNPs. (A) A schematic of the putative enhanceosome complex of
IFNL3. The enhanceosome (large open box) comprises of the factors identified by Osterlund and others (2007) that bind to
the promoter region of IFNL3. The dotted oval represents factors that are still to be identified in the enhanceosome. The
nonconsensus NF-kB-binding site at +115 to + 124 (in relation to transcription start site TSS) and the /FNL3 exon lat
+ 163 are shown as closed rectangles. The start codon ATG on exon 1 (Kotenko and others 2003; Osterlund and others
2007) is shown. rs28416813 at + 126 is depicted as a small rectangle adjacent to the nonconsensus NF-kB-binding site. The
weak NF-kB-DNA interaction is depicted on the nonconsensus site as well as its interaction with the alleles at rs28416813.
The nucleotides forming the nonconsensus NF-kB-binding site are shown (fop). In contrast, the nucleotides in a consensus
NF-kB-binding site are shown below (bottom). rs28416813 occurs as G or C (in italics) in the population and is just one
nucleotide away from the nonconsensus site. (B) This panel is adapted from Chinnaswamy and others (2013). The
nonprotective allele at rs28416813 reduces downstream gene expression in a reporter assay. Firefly luciferase reporter
activity (after normalizing with Renilla luciferase activity) of a 1.4kb IFNL3 promoter construct that includes the non-
consensus NF-kB-binding site. The construct with the alternate alleles at rs28416813 was cotransfected with Renilla
luciferase controls after expressing the HCV NS5B and RIG-I (WT or mutant) proteins in HEK293T cells. HCV NS5B will
generate ligands for RIG-I (exogenous or endogenous) that can lead to stimulation of /FNL3 promoter. A WT RIG-I can
increase the promoter activity by 10-fold (compared with an RNA-binding mutant of RIG-IK861E). The nonprotective
allele at rs28416813 can decrease the promoter activity ether in the presence of a WT RIG-I or with the endogenous RIG-I
(as in RIG-IK861E). (C) rs4803217 affects mRNA stability. The mRNA transcript of /FNL3 with 5 exons is shown along
with 5" and 3’ UTRs. rs4803217 in the DNA occurs close to the last exon of IFNL3 (53 bases downstream) and affects
mRNA stability by affecting binding/functioning of AMD factors and HCV-induced miRNA binding to the 3* UTR
(McFarland and others 2013).

region of IFNL3 cloned downstream of the luciferase gene.
They found that the nonprotective allele at rs4803217 was
responsible for increased mRNA degradation, resulting in
30%—40% less reporter activity in HepG2 and Huh7 cells
compared to constructs that had the protective allele in the
3’UTR. Further, HCV-induced miRNAs (hsa-mir-208b and
hsa-mir-499) differentially bound to the region involving the
SNP rs4803217 in the luciferase transcripts with IFNL3
3’UTR. This led to loss of degradation of mRNA by miR-
NA-induced silencing complex (miRISC) preferentially
from transcripts originating from constructs that had the

protective allele at rs4803217 (Fig. 3C). This finding high-
lights the role of 2 HCV-induced miRNAs in HCV patho-
genesis. Along with the previously known miR-122, these
HCV-induced miRNAs could be exploited for future ther-
apeutic purposes (McFarland and others 2013).

All 4 causal SNPs predicted by di Lulio and others (2011)
(Fig. 2A, B) have, therefore, been functionally analyzed and
2 of them have been demonstrated to be functionally rele-
vant [rs28416813 in the promoter (Chinnaswamy and others
2013) and rs4803217 in the 3'UTR (McFarland and others
2013)] while the other 2 have not been found to have
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functional roles [rs4803219 in the promoter region (Su-
giyama and others 2011) and rs8103142 in the coding region
(Urban and others 2010; Sugiyama and others 2011; Friborg
and others 2013)]. The 2 functional SNPs influence tran-
scription and post-transcriptional events that may lead to
increased /FNL3 expression and production of IFN-A3 in
patients carrying the protective alleles.

The effect of the 2 functional SNPs on expression of
reporter genes in in vitro systems was not very high (average
effect of inhibitory alleles on expression, less than 50%)
(Chinnaswamy and others 2013; McFarland and others
2013). Presuming that these in vitro findings may also be
true in vivo in HCV-infected patients, the modest effect of
the functional SNPs on /FNL3 transcription may be signif-
icant because IFNs are known to function by feed-forward
amplification loops (Balachandran and Beg 2011; Choubey
and Moudgil 2011). For example, IRF-7 that is required for
the transcription of IFNs is also an ISG that will further
contribute to IFN expression in a loop (Levy and others
2002). NF-xB that is required for IFN induction is also in-
duced by IFNs (Pfeffer 2011). Due to this phenomenon,
modest changes in IFN expression can cause large down-
stream effects in ISG expression. Therefore, it is important
to appreciate small differences in IFN-A3 mRNA or protein
levels in future clinical studies by having sufficiently pow-
ered sample sizes to avoid false-negatives in order to as-
certain the effect of IFNL3 genotypes on IFN-A3 expression.
The 2 functional SNPs rs28416813 and rs4803217 are in
strong LD (*=0.99) with each other and with rs12979860
(r2 =0.94) (di Lulio and others 2011). Interestingly, neither
rs28416813 nor rs4803217 was arrayed on any of the
GWAS chips that were used in the 4 studies conducted in
2009-10 (Balagopal and others 2010). rs28416813 was
identified by fine-mapping by Ge and others (2009), by
Tanaka and others (2009), and by Rauch and others (2010);
while rs4803217 was identified by Rauch and others (2010)
by recombinant mapping. It is important to note here that
Rauch and others (2010) and di Lulio and others (2011) had
identified and predicted rs28416813 and rs4803217 as 2 of
the 4 potential causal SNPs for spontaneous clearance of
HCV by using solely genetic methods (Fig. 2). Hence, the
discovery of rs28416813 and rs4803217as 2 functional
SNPs associated with HCV infections is a vindication of the
value of well-performed genetic tests in human complex
disease research. The in vivo significance of transcriptional
regulation by both rs28416813 and rs4803217 in HCV in-
fections still needs to be determined, although their associ-
ation with HCV infections is well validated (Suppiah and
others 2009; Tanaka and others 2009; Rauch and others
2010; Chen and others 2011; di Lulio and others 2011).

Among the studies that were initiated to identify the
causal SNP(s), the study from the NIH which reported the
discovery of IFN-A4 has provided evidence to understand a
major part of the puzzle (see next section). In this study by
Prokunina-Olsson and others (2013), RNA sequencing was
performed from primary human hepatocyte cultures after
stimulating with polyl:C (a dsRNA mimic) to identify the
regions in the genome that are stimulated for expression in
response to a dSRNA mimic. Surprisingly, it was seen that a
transcript was consistently produced which mapped to a
novel gene near the promoter region of /FNL3 (Fig. 2). This
novel protein resembled IFN-A3 but was smaller in size and
due to its similarities in structure and function to IFN-A3, it
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was christened by human genome organization (HUGO) as
IFN-A4. Several other smaller transcripts were also pro-
duced from the same transcription start site but had pre-
mature stop codons and some of the transcripts encoded
proteins that did not align with any other known proteins
using BLAST. Importantly, a simple nucleotide polymor-
phism (a single nucleotide deletion, dbSNP) ss469415590
(AG) was responsible for a frame-shift that gave rise to the
open reading frame for the 179-amino-acid IFN-A4 protein
(which is 29% similar to IFN-A3 protein at amino-acid
level) and this variant was present in a higher frequency in
nonresponders than in responders to SOC therapy. The as-
sociation seen with this SNP with response to treatment is
stronger than that seen with rs12979860 (Kramer and others
2013; Prokunina-Olsson and others 2013). Interestingly, the
authors noted that IFN-A4 was not secreted in to the media,
but showed the expression of similar ISGs to IFN-A3 and
IFN-o when overexpressed within the cells and was able to
suppress a subgenomic HCV replicon in cells. Moreover,
cells that were transfected with an IFN-A4 construct did not
respond to IFN-A3 and IFN-a by further up-regulation of
their ISGs. The study found that IFN-A4 does not have se-
quence similarity to IFN-A3 at the region that binds to one
of the receptors (IL10R2, Fig. 1). However, a recent report
found that IFN-A4 signals by using the same receptors as
IFN-A3 and is equally potent as the latter in in vitro study
systems (Hamming and others 2013); therefore, the mech-
anism of in vivo action of IFN-A4 is not clear. The TT/-G
polymorphism giving rise to IFN-A4 was also shown by
Bibert and others (2013) to be associated with response to
treatment in HCV-infected patients.

Biological Basis of a Differential Response
to IFN Treatment Among Patients with Chronic
HCV Infections

The biological basis for a subset of the individuals not
responding to SOC therapy remained a conundrum thus far,
but recent studies are showing great promise in reaching a
clearer understanding about this phenomenon (Clark and
Thompson 2012; Hayes and others 2012; Horner and Gale
2013). However, several questions still remain as explained
next. A high level of ISG induction and a low level of basal
(pretreatment) viremia have been consistently seen in pa-
tients who will eventually not respond to the SOC therapy as
reported by many studies (Chen and others 2005; Sarasin-
Filipowicz and others 2008; Chen and others 2010; Honda
and others 2010; Urban and others 2010; Dill and others
2011; Onomoto and others 2011). This observation, al-
though seemingly counterintuitive, suggests that a saturation
of the IFN response pathways by endogenously expressed
IFNs in some patients leads to no further induction of ISG
stimulation by exogenously provided IFN and, therefore,
these patients have a higher chance of being nonresponders.

IFN-As were discovered a decade ago (Kotenko and
others 2003; Sheppard and others 2003) but were largely
neglected for their role as antiviral cytokines in HCV re-
search until the GWAS reports showed their significance in
HCV infections even though IFN-A3 was known to have
anti-HCV activity in vitro (Marcello and others 2006). Since
then, studies have started emerging that clearly demonstrate
the anti-HCV properties of IFN-As both in vitro (Die-
gelmann and others 2010; Friborg and others 2013; Shindo
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and others 2013) and in vivo (Muir and others 2010). In fact,
IFN-A1 is being developed as a promising alternative to
IFN-o in anti-HCV therapy (Baugh and others 2013). IFN-o
and IFN-A have several similarities in their biological ac-
tivities beginning from receptor-mediated signaling to
stimulation of specific ISGs (Fig. 1) (Levy and others 2011;
Horner and Gale 2013). Several of the important anti-HCV
proteins such as OAS-1, ISG-15, MX-1, RNase-L, PKR, and
others are induced by both these IFNs after stimulation by
dsRNA (Marcello and others 2006; Kohli and others 2012).
However, the kinetics of induction of ISGs differs between
the 2 cytokines. IFN-A is known to act slowly but leads to a
steady increase in ISG induction, whereas IFN-o not only
induces ISGs rapidly but also leads to their rapid decline
(Marcello and others 2006; Kohli and others 2012; Shindo
and others 2013). The less ubiquitous distribution of re-
ceptors for IFN-A in humans may be the reason for lesser
side-effects observed with IFN-A1 anti-HCV therapy com-
pared with IFN-o therapy (Muir and others 2010). The
strategic locations of the different SNPs that have been
identified to be associated with HCV infections suggest that
the alternate alleles may be involved in the differential
regulation of the transcription of some of the IFN-A genes
(Hayes and others 2012; Horner and Gale 2013). This is
confirmed by recent reports which show that SNP
1528416813 due to its proximity to a nonconsensus NF-kB
site, and SNP rs4803217 by interfering with mRNA stabil-
ity, affect reporter gene expression in vitro and, therefore,
can potentially affect IFNL3 gene expression in vivo
(Chinnaswamy and others 2013; McFarland and others
2013).

The best possible explanation for the biological basis of
the GWAS findings involving a differential response to
IFN-o-based therapy is that there is an IL28B genotype-
dependent difference in the level of expression of IFN-As in
potential responders versus nonresponders (Barth 2011;
Horner and Gale 2013) (Note: Since several of the reports
cited in this section use the old nomenclature for the IFN-A
genes, the same is used in this section of the article to assist
readers interested in examining data from these references).
The same would hold true to explain spontaneous clearance
versus persistent HCV infection. However, clinical data
seem conflicting in support of the explanation, especially
when intra-hepatic expression of IFN-As is taken into con-
sideration. Urban and others (2010) did not see a statistically
significant difference in /L28A/B mRNA levels between the
different genotypes at rs12979860 in HCV-infected liver
tissue. Similarly, Honda and others (2010) did not see a
significant difference in /L28B expression (mMRNA) between
the genotypes at rs8099917 in HCV-infected liver biopsy
samples. Asahina and others (2012) failed to observe a
statistically significant difference in intra-hepatic expression
of IL28A/B (mRNA) in patients with chronic HCV infection
based on genotypes at rs8099917 and rs12979860. However,
several previous and recent studies show that the I/L28B
genotypes/alleles are associated with IFN-A expression
levels in blood or ex vivo stimulated peripheral blood
mononuclear cells (PBMCs) with the favorable alleles
showing higher expression (Suppiah and others 2009; Ta-
naka and others 2009; Langhans and others 2011; Rallon
and others 2012; Shi and others 2012; Bibert and others
2013; Murata and others 2013; Torres and others 2013). In
support of this association, Dill and others (2011) show data
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from 92 patients where intra-hepatic mRNA levels of /L28B
correlate with genotypes at rs12979860 with the C allele
responsible for higher expression. In addition, Abe and
others (2011) showed that the protective TT genotype at
rs8099917 showed a significantly higher expression of /L28
mRNA in HCV-infected liver tissue but not in blood; while
Fukuhara and others (2010) showed that the protective T
allele was responsible for a decrease in intra-hepatic /L28B
mRNA levels. Therefore, a consensus cannot be reached on
the correlation between IL28B genotype and intra-hepatic
expression of IL28B gene product. The reason for the dis-
crepancies could be the difficulty to design primers to ex-
clude the homologous [L28A transcripts from IL28B
transcripts and the inherent heterogeneous nature of the
hepatic cell population in liver biopsies. However, available
data from several studies seems convincing in agreement
with the association of IL28B genotype on its own expres-
sion in blood or ex vivo stimulated PBMCs (Suppiah and
others 2009; Tanaka and others 2009; Langhans and others
2011; Rallon and others 2012; Shi and others 2012; Bibert
and others 2013; Murata and others 2013; Torres and others
2013). However, there are a few exceptions to this gener-
alization (Ge and others 2009; O’Connor and others 2013).
Ge and others (2009) used the SNPExpress database and
saw no correlation of IL28B genotypes (at rs12979860) with
IL28B mRNA levels in PBMCs from 80 individuals without
HCV infection. A recent report showed no association of
rs12979860 with IL28B mRNA expression from un-
stimulated or IFN-o-stimulated PBMCs (O’Connor and
others 2013) isolated from 20 healthy patients. The limita-
tion of the latter reports was that they did not include HCV-
infected patients (Ge and others 2009) nor were the isolated
PBMCs from healthy patients stimulated with appropriate
ligands that are known inducers of IL28B expression
(O’Connor and others 2013) (IFN-a is reported to induce
expression of IFN-A by some but not others; Ank and others
2006; Ding and others 2012; Yin and others 2012). It is
likely that experiments with PBMCs optimally stimulated
for IL28B expression or from HCV-infected patients will be
more informative on the influence of /L28B genotype on its
expression. In line with this, Shi and others (2012) deter-
mined IFN-A3 expression by measuring the protein levels
instead of mRNA levels by using enzyme-linked immuno-
sorbent assay (ELISA) from a large number of Chinese in-
dividuals. They saw that no differences indeed existed in
IFN-A3 protein levels in healthy and spontaneously cleared
individuals, but the levels were significantly lower in per-
sistently infected patients compared with the healthy and
spontaneous clearance group (Shi and others 2012). When
stratified by genotype at rs12979860 of 227 patients, the
patients with the protective CC genotype had significantly
higher expression of IFN-A3 protein compared with the CT
and TT genotypes (P=0.02). The difference in expression
between the genotypes was more significant (P=0.013)
within the spontaneously cleared group of patients, sug-
gesting a role for IFN-A3 protein in spontaneous clearance
of HCV. The inconsistencies observed between the reports
discussed earlier could be due to technical issues such as the
need for specific primers and antibodies against /L28B gene
and protein to exclude the homologous counterparts of
IL28A; larger sample sizes to have sufficient power to avoid
false negative results and appropriate conditions that will
induce IL28B gene expression.
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The association of IL28B genotypes and expression of
ISGs in liver tissue or PBMCs with response to treatment is
also not clear. Some studies reported that //I28B genotype
does not independently associate with the expression of
intra-hepatic ISGs (Dill and others 2011; McGilvray and
others 2012) or ISGs in PBMCs (Naggie and others 2012)
but is a covariate along with response to treatment. Other
studies have showed that the intra-hepatic ISG levels cor-
relate with /L28B gene polymorphisms in chronic HCV
patients (Honda and others 2010; Abe and others 2011) and
in one study, the correlation is independent of SVR status
(Urban and others 2010). All of them show that the pro-
tective alleles are responsible for a lower intra-hepatic ISG
expression (Honda and others 2010; Urban and others 2010;
Abe and others 2011), although one study (Abe and others
2011) noted that ISG expression in PBMCs did not have
significant differences between IL28B genotypes. Interest-
ingly, a recent study shows that this trend is opposite in
normal liver, where the protective IL28B alleles associate
with higher levels of ISG induction (Raglow and others
2013) whereas a previous study on a large number of indi-
viduals with no HCV infection had not seen such a rela-
tionship (Shebl and others 2010). However, no conflict
seems to exist at intra-hepatic levels of ISG expression when
patients are stratified based on response to SOC therapy as
several studies showed that potential nonresponders have
high levels of ISG induction compared with responders who
have significantly lower levels of ISG induction (Chen and
others 2005; Sarasin-Filipowicz and others 2008; Chen and
others 2010; Honda and others 2010; Urban and others
2010; Dill and others 2011; Onomoto and others 2011).

The conflicting results on the involvement of IL28B ge-
notypes with the expression of both /L28B and intra-hepatic
ISGs has led to speculation that /L28B polymorphisms may
not have a significant role in expression or activity of IFN-A3
(Park and others 2012; Booth and George 2013), which
would, in turn, affect ISG expression. This was also prompted
by a lack of association of type III IFN levels with the
clearance of HCV at the acute stage of infection in chim-
panzee models (Park and others 2012) and by reports that
ruled out the involvement of the exonic SNP (rs8103142) in
affecting the function of IFN-A3 (Urban and others 2010). It
was thought that some other mechanisms with or without the
involvement of IL28B SNPs was functional in HCV infec-
tions. The argument gained credence with the discovery of
IFN-A4 (Prokunina-Olsson and others 2013). The study by
Prokunina-Olsson and others (2013) concluded that more of
nonresponders than responders expressed IFN-A4 (due to a
novel SNP located ~3.2kb from /L28B coding region) in
response to chronic HCV infection and, hence, explained the
observed differences of ISG expression between the 2 groups.
However, the study also showed that rs12979860 is in high
LD with the novel SNP that gives rise to IFN-A4. Therefore,
it fails to explain the apparent nonassociation of intra-hepatic
ISG expression with the 7L28B SNP 1512979860 reported by
others (Dill and others 2011; McGilvray and others 2012),
even though the discrepancies could be due to varying LDs at
the IFN-A locus between populations.

The discovery of IFN-A4 is a big stride in improving our
understanding of the conundrum involving differential
treatment response in chronic HCV infections, but some
questions remain and the puzzle is only partially complete
(Fig. 4). First, the question remains: How do the
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FIG. 4. Transcription activity at the /FNL3 locus deter-
mines the natural progression and response to treatment in
HCYV infections. The figure is a summary and projection of
the likely scenario in HCV infection with regard to tran-
scription of IFN-A3 and IFN-A4 coding genes. Two groups of
people are represented by 2 ellipses showing the transcription
activity at IFNL3 locus. IFNL3 is shown as an open rec-
tangle, while IFNIA is depicted as a rectangle with a black
border (a white box represents absence of IFNL4 gene due to
absence of the deletion mutant AG at ss469415590 that will
give rise to IFN-A4 while TT at ss469415590 will give rise to
the IFNILA4 gene). The polymorphisms relevant to /FNL3 like
1rs28416813 are presumed to be in high LD with the IFN-A4-
generating SNP $s469415590. When HCV infects these 2
groups of people: (a) the nonprotective alleles that will have
lower levels of expression of IFN-A3 combined with a si-
multaneous expression of IFN-A4 that will saturate the in-
terferon-responsive  pathways cannot clear the virus
spontaneously (Shi and others 2012; Aka and others 2013;
Prokunina-Olsson and others 2013) and go on to have chronic
infection; (b) the protective alleles that will increase the ex-
pression of IFN-A3 (due to LD the protective allele TT at
85469415590 will be present in this group) will clear the HCV
(Shi and others 2012); (¢) unknown mechanisms operate that
will progress some patients with the protective alleles to have
a chronic course of disease (dashed arrow between b and c).
The mechanisms that will suppress IFN-A3 expression
(Rallon and others 2012) in these patients are unknown; (d)
when the chronic HCV-infected patients are subject to
therapy with IFN-a-ribavirin the patients that carry non-
protective alleles/genotypes will have no or lower levels of
IFN-A3 and high levels of IFN-A4, a feature characteristic
of nonresponse; (e) whereas the patients with the protective
alleles/genotypes will show an increase in IFN-A3 ex-
pression (dashed arrow between ¢ and e) (Rallon and
others 2012) and will help the patients eliminate the virus.
The question marks are used when experimental data for
gene expression are not available or clear. All shades in the
rectangles within the two ellipses (white, light gray, and
dark gray) denote very low or no gene expression. From (a)
to (e): White shade in rectangle denotes ‘“‘no” expression,
light gray denotes “‘no” or “low” expression and dark gray
denotes “‘high” expression.
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nonresponder patients, having high levels of ISG induction,
fail to reduce viral replication? It is possible that the HCV
uses certain mechanisms such as shielding its replication
sites within the cytoplasm from the action of any of the
direct-acting ISG products by concentrating their replication
complexes in lipid-rich membranes called ‘‘membranous
webs’” (Romero-Brey and others 2013). These lipid-rich
webs may provide protection from direct-acting anti-viral
proteins generated by the IFN response. Furthermore, if
expression of IFN-A4 can explain most of the variance with
expression of ISGs in the liver, it is likely that IFN-A4 is a
weak IFN in that it does not express certain critical ISGs
needed to inhibit HCV replication. However, a recent study
has examined the functioning of a recombinant IFN-A4 in
in vitro cell culture and found no differences in the mode of
signaling of IFN-A4 and IFN-A3 even though the former is not
secreted out of the cells as efficiently (Hamming and others
2013) but has similar anti-HCV potency as the latter. This
needs to be validated in vivo and also it is unclear whether
other IFN-As are also expressed at higher levels (or lower
levels) in intra-hepatic tissue with chronic HCV infection
(Fig. 4). The puzzle is only partially complete, because if the
favorable CC genotype at rs12979860 co-segregates with the
non-IFN-)\4 generating TT genotype at ss469415590 due to
high LD between them as shown by Prokunina-Olsson and
others (2013) and confirmed by others (Bibert and others
2013), then which IFN-A is responsible for clearing HCV
during the acute stage in cases of spontaneous clearance? It is
well validated that CC genotype at rs12979860 is responsible
for spontaneous clearance of HCV at the acute stage (Rauch
and others 2010; di Lulio and others 2011). In this context, the
roles of the other IFN-As, especially IFN-A3 encoded by
IL28B, remain unclear in HCV infections. The relevant
questions that emerge are as follows:

1) Is there a role for IFN-13 during treatment response?

2) If there is a role, then what is the mechanism of in-
hibition of its expression in the responders group when
infection takes a chronic course? (Fig. 4)

3) What is the role of IFN-A3 in spontaneous clearance
of HCV infection at the acute phase?

4) Are the causal SNPs in the 2 cases (spontaneous clear-
ance and response to treatment) same or different?

The answer to the first question comes from a recent re-
port which shows that ss469415590 is associated with dif-
ferential expression of /L28B (Bibert and others 2013). The
polyl:C stimulated PBMCs from (IFN-A4-generating) AG
genotype patients show low levels of IL28B mRNA that
corresponds to nonresponse to therapy, while the TT ge-
notype shows a high IL28B mRNA expression that corre-
sponds to response to therapy (SVR). This will suggest that
85469415590 even though it is responsible for generating
IFN-A4 may have a significant role in the transcription of
IL28B gene either directly or indirectly by being in LD with
a functional SNP in the [L28B promoter (such as
1528416813 and rs4803217). $s469415590 lies on a CpG
island and it is likely that this SNP may affect epigenetic
regulation of IFN-A3 expression as proposed by Bibert and
others (2013). This may also answer the second question, as
epigenetic regulation may play a role in regulating expres-
sion of IFN-A3 in potential responder patients. It is known
that plasma IL28B protein levels increase in patients with
chronic HCV infection when administered with exogenous
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IFN-«a in an /L28B genotype-dependent manner (Rallon and
others 2012). Rallon and others (2012) have showed sig-
nificant increases in IFN-A3 protein levels in serum in HCV-
HIV co-infected patients undergoing SOC therapy from day
0 to 4th week of therapy. This difference was significant
only in CC genotype carriers at rs12979860. Interestingly,
the difference depended on the genotype at rs12979860 and
not on whether the patients would eventually be responders
or nonresponders to SOC therapy. In contrast to this study, a
recent study did not see a difference in IL28A/B and IL29
protein levels in serum between responders and nonre-
sponders either at baseline or at 12 weeks of therapy (Torres
and others 2013). However, the study notes a trend of higher
IL29 protein levels in the SVR group both at baseline and at
12 weeks of therapy but with no statistical significance,
while 1s8099917 was significantly associated with IL29
protein levels in the pooled samples. This study did not
differentiate between IFN-A3 and IFN-A2 proteins as the
antibody used in the ELISA was against IFN-A2 that also
cross-reacted with IFN-A3, whereas the study by Rallon and
others (2012) included a much larger number of patients
(112 versus 45 in the study by Torres and others 2013) and
used antibodies that were specific for IFN-A3 with no sig-
nificant cross-reactivity with the other 2 IFN-As. Further-
more, measuring the IFN-A3 levels before or around 4th
week may be more informative than at 12th week due to
higher virus titers being present before the 4th week of SOC
therapy. It is known that potential responders who have
eliminated the virus (from blood) at the 4th week (referred
to as RVR or rapid virological response) are more likely to
remain so at the 12th week and thereon (Thompson and
others 2010); hence, optimal induction of IL28B expression
by HCV may be lacking at later time points during SOC
therapy.

The third question becomes even more relevant with the
recent report which showed that TT genotype at ss469415590
is over-represented in patients who show spontaneous
clearance of HCV (Aka and others 2013). So, if TT geno-
type that fails to produce IFN-A4 is responsible for spon-
taneous clearance of HCV, then it is likely that other IFN-As
may have roles to play in eliminating HCV at the acute
stage. Bibert and others 2013 showed that the AG genotype
is responsible for lower expression of IFN-A3 and IP-10
levels from ex vivo stimulated PBMCs of HCV-infected
patients. Chinnaswamy and others (2013) and McFarland
and others (2013) show that a SNP in the distal promoter
region and another SNP in the 3'UTR of IL28B can affect
expression of the downstream gene although by different
mechanisms and that the protective alleles at both SNP sites
are responsible for higher levels of gene expression. Al-
though the data are from in vitro assays, it has given con-
vincing evidence to extrapolate and understand the role of
transcriptional regulation by the functional SNPs at the
IL28B locus in human patients. The LD status of rs28416813,
rs4803217, and ss469415590 is not known. Data so far point
to the role of IFN-A3 in spontaneous clearance of HCV (Shi
and others 2012; Horner and Gale 2013), although the roles
of IFN-A1 and IFN-A2 remain to be determined. Langhans
and others (2011) reported that IL29 (IFN-A1) protein serum
levels are lower in patients with a chronic HCV infection
than those who show spontaneous clearance, although the
levels of IL28A/B protein also showed a similar trend but
was not statistically significant. The report by Shi and others
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(2012) from China confirms this finding where I128B pro-
tein levels were higher in patients who cleared HCV
spontaneously than those with chronic infection with their
IL28B genotype significantly affecting expression levels.
Murata and others (2013) show that ex vivo stimulated
PBMCs from patients undergoing SOC therapy produce
IFN-A3 in an IL28B genotype-dependent manner (protec-
tive genotypes causing higher expression) that also corre-
lates with the treatment-response in the respective patients.
Yoshio and others (2013) showed more IL28B protein
levels expressed from (BDAC3) (blood dendritic cell an-
tigen 3) (+) dendritic cells derived from healthy subjects
with the protective TT genotype at rs8099917 than from
those with the TG genotype when infected with HCV in
cell culture.

Finally, the answer to the fourth question will depend on a
further dissection of in vivo mechanism(s) involving the
causal SNPs at the IL28B locus that will help in completing
the puzzle.

Toward a Complete Understanding
of HCV Disease Biology

Even after identifying all the causal SNPs at the /FNL3
locus, we may be far from deciphering the host-virus in-
teractions that can completely explain the phenotypic vari-
ance seen in natural progression and treatment response in

- Epigenome
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HCV infections. Chronic HCV infection, similar to any
other complex disease, will involve a set of major and minor
genes interacting in a network that will contribute to the
phenotype and, therefore, will have to deal with all the
limitations and challenges of complex-trait genetic analysis
such as pleiotropy, epistasis, genetic and allelic heteroge-
neity, and others (Schork 1997; Stranger and others 2011).
The genetic risk and the environmental risk together con-
tribute to the observed phenotypic variance in a typical
complex disease of humans. The common small-effect
genes that contribute to a network of gene—gene and gene—
environment interactions which lead to an anti-viral state
detrimental to HCV infection and replication (Fig. 5) will
remain difficult to identify. Due to stringent testing criteria
involved in a hypothesis-free study such as GWAS, the
small-effect genes (SNPs) involved in a complex network
will generally fail to emerge as ““GWAS-hits’’; therefore,
large sample sizes in case-control studies and alternate ge-
netic approaches are needed to identify these small-effect
genes. In research involving human complex disease ge-
netics, the scope for experimentation is very limited due to
ethical concerns, and the researcher has to make objective
observations and draw conclusions from ‘“‘experiments’ that
have already taken place in nature. To make confident ob-
servations of events that are very subtle but still true at the
population level will require a large sample size. Formation
of consortiums between different research groups both

Antiviral
state

NS34A, NS5A,
Core, E2.......

FIG. 5. Host-virus-environment interactions determine the outcome of HCV infections. On the left is shown the immunome
that is a subset of the larger host genome and on the right is shown HCV with its genome enclosed in a protein cover. The
components of the immunome are shown as genes (circles) or pathways (ellipses). The size of the circle or ellipse is
representative of the relative importance in the immunome. The arrows in between genes and pathways refer to genetic and
physiological interactions between the components. The size and length of the arrows represent the relative importance and
physical location on the genome respectively. The identified genes relevant to clearance of HCV infection are shown (such as
IFNL3, HLA, and KIR, Smith and others 2011) and other yet unidentified or not validated ones are shown with question marks.
The epigenome shown as a dotted line denotes the pervading influence of epigenetic (mostly transcriptional) regulation by
means of alterations in the chromatin state throughout the immunome. The genes and pathways that influence (arrows pointing
toward dotted line) the epigenome relevant to “HCV immunome” are not known, hence shown with question marks. The
combined effect of the immunome (including innate and adaptive components) will lead to an antiviral state that will inhibit
HCYV replication and eliminate it from the host. On the other hand, HCV can influence the host immunome, including the
epigenome. The viral factors that are known to affect the immunome (such as NS3-4A cleaving MAVS and TRIF and
inhibiting innate immune signaling, Lemon 2010; core affecting DNA methylation, Lee and others 2013) are shown.
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within and between different countries is a positive trend in
this direction, where samples can be pooled to increase the
power of the study but it should include appropriate measures
to check for phenotypic heterogeneity. One distinct advantage
with an infectious disease such as HCV infection is that the
major phenotype (which in this case is presence of the virus
in blood) is easy to test, quantitative, and highly reliable. This
may be one reason for the vastly acknowledged success of
GWAS in HCV infections. Therefore, in order to utilize this
distinct advantage (which happens to be the major limitation
in other human complex diseases such as cardiovascular
diseases), it is important to continue with large-scale genetic
studies in HCV infections. Apart from this approach, newer
and creative strategies are required to identify small-effect
genes. Prior knowledge of the biology involving the genes
can be used to treat some genes more uniquely than others
(thereby relaxing the stringency criteria) to define their as-
sociation with phenotypes in large-scale genetic studies
(Goldstein and others 2013) and subsequently rigorous
functional studies can be used to ascertain their true positive
nature. In other words, compromises in allowing for false-
positive outcomes are needed to make sure that small-effect
genes are not “lost” in association studies. In compensation, a
combination of rigorous functional characterization of the
identified genes and replication studies will filter in the true
positives. Fortunately, in HCV research due to relentless
efforts from researchers around the world, a lot of progress
is made and continues to be made in defining the involve-
ment of several host genes needed for HCV replication.
However, the significance of these genes at the human pa-
tient level and the variation in their coding regions or in
regions affecting their expression and their association with
HCV infections needs to be evaluated in vivo. A recent
study incorporated a large-scale candidate gene approach
where 112 candidate genes were tested at the genome-wide
level for SNPs in a consortium cohort for spontaneous
clearance of HCV (Mosbruger and others 2010). The study
identified SNPs in 4 gene regions (TNFSFIS, HAVCRI,
TANK, and ILISBP) to be significant at P <0.01 in 2 ethnic
populations. More of such studies and their validation
studies are required to identify the ‘‘other’”” genes in HCV
infections. This information can be used to build networks
that will have weighted contributions from each gene in the
pathway (Chakravarti and others 2013; Goldstein and others
2013). The challenge is to identify those genes significantly
contributing to the antiviral state, their interactions with
each other and with the ‘“‘major gene’” IFNL3, and in
combination their interactions with the environment, which
in this case includes the pathogen itself (Fig. 5). Suppiah and
others (2011) combined /FNL3 genotypes with HLA-C and
KIR variation in their cohort and saw that the positive pre-
dictive value for failure to respond to treatment increased
from 66% to 80%. By logistic regression analysis, they
found that the 3 genes interacted physiologically in raising
an anti-viral state against HCV. Neukam and others (2013)
also found that along with variants at /FNL3, those at other
genes such as TGF-f, AQP-2, and VLDLR were also inde-
pendently associated with SVR in HIV-HCV (genotype 1 or
4) coinfected patients. These variants modified the predic-
tive value of IFNL3 variants, suggesting a genetic interac-
tion between them.

Epigenetic regulation can inflate or deflate the effect of
the host genetic variation, therefore posing a limit to at-
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taining a complete understanding of the genetic risk in-
volved in the phenotypic variance. Environmental effects
are an important consideration in the biology of complex
diseases. These effects are usually heterogeneous in the
population and significantly contribute to the observed
variance in the phenotypes. While some environmental
agents can directly interact with human DNA and change
the genetic sequence leading to the phenotype (eg, nicotine
in lung cancer), others could affect the epigenetic regulation
of host gene expression (eg, alcohol in alcoholic liver dis-
ease, Osna 2011). Low estimates of heritability and sibling
relative risks have been noted for both spontaneous and
treatment-induced clearance of HCV, suggesting a major
role for an “‘environmental effect’” in HCV infections (Fried
and others 2006). In HCV infections, it is important to
consider the virus to be a part of the environment that in-
teracts with the host. Although it can be argued that the virus
is a common factor affecting all the individuals and hence
should not contribute to the variance, one should not forget
the interaction of the virus with the environment and its
differential outcome. For instance, a favorable interaction of
the virus with the host micro-environment (which is a re-
flection of the host macro-environment such as nutrient in-
take or alcohol consumption) can significantly change the
latter and lead to an outcome different than the one expected
from an unfavorable virus and a host micro-environment
interaction. In other words, the “‘virus-effect”” can signifi-
cantly change/increase the otherwise subtle ‘‘environmental
effect.” This enhanced “‘environmental effect” will im-
pinge on the host regulatory mechanisms (such as tran-
scriptional regulation of host genes) and will expose the
underlying host genetic variation in the form of explainable
phenotypic variance. For example, about 15% of the vari-
ance observed in spontaneous clearance of HCV is ex-
plained by IFNL3 and HLA variants (Duggal and others
2013). If this exaggerated ‘‘environmental effect” in HCV
infections is true, then eliminating the “‘virus-effect”” from
the overall “‘environmental effect”” should have dramatic
consequences on the observed phenotypic variance. In
support of this argument, SVR rates have increased to as
high as 70%-80% (from< 10%) in difficult-to-treat geno-
type 1 HCV infections (Ahlenstiel and others 2012; Lange
and others 2013) by including DAA protease inhibitors
bocepravir and telaprevir in SOC protocols (Triple therapy)
in recent years. This is suggestive of the substantial con-
tribution of the virus in the overall “‘environmental effect”
that contributes to phenotypic variance in HCV infections. If
the virus did not contribute to the ‘‘environmental effect”
substantially and if the “‘environmental effect” minus the
“virus-effect”” was significant enough to account for a large
part of phenotypic variance, then merely decreasing the viral
replication by DAAs would have only led to a transient
virological response and high relapse rates and, therefore, no
net change in SVR rates. Instead, we have seen large in-
creases in SVRs with triple therapy (Lange and others 2013;
Tapper and Afdhal 2013) in the last couple of years.

This argument is not in conflict with high response rates
prevailing in easy-to-treat HCV genotypes such as genotype
2 and 3. These easy-to-treat genotypes of HCV may have a
lesser contribution in the overall “‘environmental effect.”” It
is necessary to distinguish the ‘‘virus-effect’ that will and
will not contribute to phenotypic variance. For instance,
genotype 3 HCV is known to cause steatosis (Tapper and
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Afdhal 2013) but steatosis status is not known to impact
SVR in these infections (Asselah and others 2006). There-
fore, in these easy-to-treat infections, the ‘‘environmental
effect”” may not alter the host features (such as expression of
relevant genes) sufficiently so that the effect of the under-
lying host genetic variation on the phenotypic variation
becomes apparent. In agreement with this, a lesser impact of
IFNL3 polymorphisms in treatment response in genotype 2
and 3 HCV infections has been observed (Lange and Zeu-
zem 2011; Schreiber and others 2012). In addition, a weaker
association of /FNL3 genotypes with virological responses
(Holmes and others 2012) in triple therapy is also suggestive
of a clear role for the virus in exposing the genetic variation
of the host in response to therapy. A chronic infection by
HCYV is necessary to appreciate a stronger effect of IFNL3
variation in treatment response, as SVR rates from SOC
therapy are less dependent on /FNL3 polymorphisms in
acute HCV-HIV coinfections than in chronic HCV-HIV
coinfections (Nattermann and others 2011). In addition,
even though the achievement of RVR is dependent on
IFNL3 polymorphisms, the subsequent achievement of SVR
in these patients does not strongly depend on the variation at
IFNL3 (Thompson and others 2010). On the contrary,
IFNL3-effect is stronger on the achievement of SVR in
patients who fail to achieve RVR.

These observations underlie a phenomenon that needs
further attention—‘“HCV does not passively utilize the
available micro-environment within the host but has an
active role in remodeling this micro-environment, which is
reflected as a dependence of the host on /FNL3 polymor-
phisms in countering the infection”. Possibly due to this
active role, HCV elicits a stronger effect from IFNL3
polymorphisms in response to SOC (IFN-o. and RBV)
therapy only during the following conditions: (1) where
HCYV has replicated to higher levels in the human patients
(ie, before initiation of therapy; Thompson and others
2010); (2) in therapy that does not include DAAs which
directly interfere with its replication (Holmes and others
2012); or (3) when HCV was able to establish a chronic
infection (Nattermann and others 2011). The viral genotype
is, of course, a determining factor in this role of HCV in
remodeling the host micro-environment: The difficult-to-
treat genotypes (1 and 4) are likely to have bigger roles than
the easy-to-treat genotypes (2 and 3) (presuming that in-
fections with all HCV genotypes have similar, if not iden-
tical, innate immunity mechanisms and that /FNL3 is the
“major gene”’ in the antiviral pathway). The “‘environ-
mental effect” that includes the “‘virus-effect” is a highly
dynamic rather than a static entity in HCV infections which
can alter the genetic risk contribution to the phenotypic
variance. In view of this, an additional requirement in the
genetics of HCV infections apart from identifying all the
genetic risk factors is to define the contribution of the virus
to the environment. To summarize, in a chronic complex
disease with the involvement of a pathogen, the combined
effect of the environment and pathogen will exert pressure
on the host to bring its genetic factors in to play. In HCV
infections, the pressure appears to be on regulation of
transcription and chromatin state at the /FNL3 locus (Bibert
and others 2013; Chinnaswamy and others 2013; McFarland
and others 2013). In this context, it is tempting to speculate
that the HCV would use its resources to alter the chromatin
state and, therefore, transcription at the /FNL3 locus at some
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point during the process of establishing a chronic infection.
Further research is needed to confirm this speculation.

HCV could be interfering with the host at the genome,
epigenome, transcriptome, proteome, or metabolome levels.
Much progress is made in understanding how HCV proteins
subvert host immune responses by directly interacting with
several host proteins (Horner and Gale 2009; Horner and
Gale 2013). HCV proteins are also known to down-regulate
transcription of some host genes (Ke and Chen 2012; Matsui
and others 2012). However, much remains to be known
especially at the patient level if and how HCV would in-
terfere with the host epigenome to regulate the host im-
munome transcription (Fig. 5) to make it conducive to
establish a chronic infection. From the data available so far
and as elaborated earlier, it seems that the host genetic
variation alone would not explain a large portion of the
observed variance in chronic HCV infections. For example,
how will patients with protective alleles at the IFNL3 locus
fail to generate an immune response at the acute stage while
the same response will free them from infection after re-
ceiving treatment when the disease takes a chronic course?
Therefore, virus-mediated epigenetic regulation of the im-
mune response is crucial to understand chronic HCV in-
fection. Identifying the genes and pathways that are critical
in the epigenetic landscape of the HCV immunome can open
up avenues for interfering in the host-virus interactions to
tilt the scale toward eliminating the pathogen.

Conclusions

The genetic variation at the IFNL3 locus especially the
recent discovery of the variation that gives rise to IFN-A4
and its association with HCV infections has enabled us to
gain a better understanding of the biological basis of re-
sponse to treatment in chronic HCV infections. The finding
of functional SNPs rs28416813 and rs4803217 that can
potentially affect the expression of IFNL3 gene in vivo has
further added to our understanding of how the levels of IFN-
As may be important in controlling HCV replication at the
patient level. However, questions still remain on how the
variation at this important innate immunity gene locus
guides the progression of disease from acute stage to chronic
infection. The role of epigenetic regulation at the IFNL3
locus may be a fertile area of research that can help us to a
better understanding of the disease biology and host-virus
interactions.
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