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Type I interferons (IFNs), including IFN-«, -B, and -, play a critical role in innate immune
responses against viral infection. IFN-), including IL-29, IL-28A, and IL-28B, recently
identified as a new subfamily of IFN named type III IFN, has also been demonstrated
to suppress virus replication in vitro and in vivo. However, the molecular mechanisms
that regulate the induction of type III IFNs during viral infection remain elusive. Here,
we demonstrate that IL-28 (IFN-\ 2/3) IFN production, similar to type I IFN, represents
a primary and direct host response to HCV genomic RNA transfection. IL-28 (IFN-)\2/3)
induction by HCV genomic RNA was dependent upon the activation of NF-kB and IRF3. We
identified a minimal IL-28 promoter region consisting of putative NF-kB and IRF3-binding
sites. Furthermore, we showed that HCV infection can inhibit HCV genomic RNA-induced
IL-28 expression, and that the viral NS3/4A protease activity was responsible for this
inhibitory effect. Our results present important evidence for the control of type III IFN
response by HCV, and shed more light on the molecular mechanisms underlying the

persistence of HCV infection.
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Introduction

Viral infection can trigger innate immune responses, and inter-
feron (IFN) production plays critical roles in the antiviral program
and immune response regulation. Currently, there are three kinds
of IFNs: type I (IFN-a and IFN-B), type II (IFN-y), and type III
(IFN-)). IFN-\ was a recently identified IFN subclass that includes
IFN-A1, IFN-)A2, and IFN-A3, encoded by IL-29, IL-28A, and
IL-28B, respectively [1,2]. Viruses can be sensed in infected cells
through the interaction of pathogen-associated molecular patterns
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(PAMPs) with host pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs) and NOD-
like receptors (NLRs). After engaging with ligands, these PRRs
activate IKKe/TANK-binding kinase 1 (TBK-1), the IKKa/B/y com-
plex as well as MAPK, leading to the activation of IFN regulatory
factor 3 (IRF3), IRF7, NF-«kB, and AP-1. The activated transcrip-
tion factors translocate to the nucleus and activate the transcrip-
tion of type I IFN. In an autocrine as well as paracrine manner,
the IFN-a/p activates expression of IFN-stimulated genes (ISGs)
through the JAK-STAT signaling pathway to establish an antiviral
state in the host cells [3,4]. IFN-\s are believed to activate the
JAK-STAT signaling pathway that promotes the expression of a
common set of antiviral proteins [5]. However, in contrast to
type I IFN that signals through a universally expressed receptor,
IFN-) uses a distinct receptor complex (IL-28R) for signaling,
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which consists of a unique IFN-AR1 subunit and IL-10R2 subunit
[1,6]. The IFN-AR complex is expressed on a limited range of cell
types, such as epithelial cells of respiratory and gastrointestinal
tracts [7]. Differences in their receptor distribution suggest that
the type I and III IFNs may not be functionally redundant.

Viruses also evolve multiple mechanisms to evade the host IFN
responses. The influenza A virus NS1 protein or the poxvirus E3L
protein can sequester viral double-stranded RNA (dsRNA) and pre-
vent activation of intracellular dsRNA sensors, such as RIG-I and
MDAS, suppressing type I IFN induction pathway [8,9]. In addi-
tion, the type I IFN-activated JAK-STAT signaling pathway may
also be targeted by viruses. For example, Japanese encephalitis
virus counteracts the effect of IFN-a/B by blocking Tyk2 activa-
tion [10]. Hepatitis C virus (HCV) NS3/4A, the viral protease
responsible for cleavage of the viral polyprotein [11,12], can also
cleave the key adaptor protein MAVS [13, 14] — also named VISA,
Cardif, or IPS-1[14-17] — that transmits signals from upstream
sensor molecules RIG-I or MDAS to downstream TBK-1/IKKe and
IKKa/B/y complex; HCV NS3/4A also cleaves TRIF, another key
adaptor protein responsible for transmitting signals from TLR3
[18], therefore blocking both RIG-I- and TLR3-mediated activa-
tion of type I IFNs. HCV NS2 protein was also found to inhibit
IFN-q, IFN-B, IL-29, and chemokine gene promoter activity [19].

Type III IFNs have been reported to have antiviral func-
tion through the JAK-STAT signal pathway, which is similar to
IFN-a/B. Recent work demonstrated that genetic variations of the
IL-28 locus in the human genome are strongly associated with
spontaneous clearance of HCV [20] and with the therapeutic out-
comes of chronic HCV patients treated by pegylated type I IFN
plus ribavirin [21-23]. This association suggests that type III IFN
may contribute to type I IFN-mediated HCV control.

Here, we demonstrate that IL-28 production, similar to type I
IFN, represents a primary and direct host response to viral infec-
tion. HCV genomic RNA was able to induce the IL-28 expression
in a RIG-I-dependent manner, which can be suppressed by HCV
NS3/4A protease. Our results present important evidence for the
control of type III IFN response by HCV, and shed more light
on the molecular mechanisms underlying the persistence of HCV
infection.

Results

IL-28 and IL-29 are not classical type I IFN-stimulated
genes

Previous studies showed that IL-28 and IL-29 expression can be
upregulated upon virus infection or poly(I:C) stimulation that also
induces type I IFN production [1,2]. Another study showed that
IL-28 and IL-29 can be induced by IFN-u treatment in hepatoma-
derived cell line HepG2, suggesting type III IFNs may act against
virus infection as the type I IFN-stimulated gene [24]. Recent
genome-wide association studies on chronic HCV patients receiv-
ing the standard IFN-a-based therapy revealed a remarkable asso-
ciation of SNPs (single-nucleotide polymorphism) near and within
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Figure 1. IL-28 and IL-29 are not induced by type I IFN. The indi-

cated cell types were treated with 200 IU/mL of IFN-« or IFN-B, and col-
lected at the indicated time points for determining the mRNA levels of
IL-28 (circles), IL-29 (squares), and MxA (triangles) by RT-qPCR. All data
were normalized against cellular GAPDH mRNA levels, and expressed
as the fold of induction as compared with mock-treated cells. Data are
shown as the mean =+ SD of six samples pooled from three independent
experiments. (A) HepG2 cells were treated with IFN-q; (B) HepG2 cells
were treated with IFN-B; (C) A549 cells were treated with IFN-o; (D) A549
cells were treated with IFN-g; (E) Huh7 cells were treated with IFN-q; (F)
Human monocyte-derived dendritic cells (MoDCs) were treated with
IFN-a.

the IL-28B gene with the outcome of the therapy [21-23] also sug-
gesting that type I IFN may act against HCV by inducing type III
IFN.

To investigate whether type III IFNs (IL-28 and IL-29) are type
I IFN induced, HepG2 and a lung epithelial cell line (A549) were
treated with IFN-a or IFN-B for 3, 6, and 12 h. RT-qPCR assay was
performed to determine the IL-28, IL-29, and MxA mRNA levels.
As shown in Fig. 1A-D, IL-28 and IL-29 mRNA levels barely
changed upon either the IFN-a or IFN-f treatment; whereas MxA,
one of well characterized type I IFN ISGs, was dramatically upreg-
ulated (> 100-fold). Our data (not shown) also indicated that the
IL-28 and IL-29 mRNA levels did not increase at later time points
(24 and 36 h) in HepG2 cells. Furthermore, we tested whether
IFN-a can induce IL-28 and IL-29 in another hepatic cell line
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Figure 2. HCV 3'UTR RNA transfection induces type III IFN expression.
(A-B) Huh7 cells were transfected with HCV 3'UTR RNA. Sixteen hours
posttransfection, (A) the cells were collected for determining the IL-28
mRNA levels by RT-qPCR, and (B) the culture supernatants were col-
lected for determining the IL-28 protein levels by ELISA. (C-D) A549 cells
were transfected with HCV 3'UTR RNA. (C) The cells were collected for
determining the IL-28 mRNA levels by RT-qPCR, (D) the culture super-
natants were collected for determining the IL-28 protein levels by ELISA.
Data are shown as the mean + SD of six samples pooled from three
independent experiments.

(Huh?7) and human monocyte-derived dendritic cells (MoDCs).
As shown in Fig. 1E and F, IL-28 and IL-29 were not upregulated
in response to the IFN-a treatment. These data clearly indicated
that, in contrast to the previous report [24], IL-28 and IL-29 were
not classical type I IFN stimulated genes under the conditions
tested.

IL-28 can be upregulated upon HCV 3'UTR stimulation

Previous studies showed that IL-28 and IL-29 were upregulated
upon viral infection or poly(I:C) stimulation in PBMCs [1], and
HCV 3'UTR was the PAMP motif recognized by RIG-I to trigger
IFN-B transcription [25]. To examine whether HCV 3'UTR can
induce IL-28, we synthesized 3'UTR RNA of JFH-1, a genotype 2a
HCV strain [26-28], and transfected it into Huh7 or A549 cells.
Yeast tRNA and poly(I:C) were also transfected in parallel as the
controls. The IL-28 mRNA and protein levels were determined by
RT-qPCR and ELISA respectively. Figure 2A-D shows that HCV
3'UTR RNA and poly(I:C) transfection can activate IL-28 in both
cells. IFN-B and MxA mRNAs were also strongly induced by the
treatment, and IL-28 and IL-29 mRNA induction displayed similar
kinetics with IFN-B (data not shown).

IL-28A and IL-28B cDNA sequences share over 90% homol-
ogy; therefore, they could not be distinguished in the RT-qPCR or
ELISA assays. To answer this question, we subcloned the RT-qPCR
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products of IL-28 mRNA induced by HCV 3'UTR. The sequencing
analysis of 20 and 16 individual clones revealed that the ratio of
IL-28A/IL-28B mRNA in A549 and Huh7 cells upon the induction
was about 1.5:1 and 1.7:1 respectively, indicating that both IL-28A
and IL-28B were induced.

Taken together, our data indicated that IL-28 may be directly
induced by HCV 3'UTR suggesting that the type III IFN produc-
tion likely constituted a primary rather than a secondary antiviral
response to HCV infection.

RIG-I is essential for HCV 3'UTR RNA-induced IL-28
production

Previous studies showed that HCV 3'UTR could be sensed by RIG-I
to activate type I IFN response[25]. To examine the role of RIG-I
in the type III IFN response to HCV 3'UTR, we transfected HCV
3'UTR RNA into Huh7 cells and RIG-I deficient Huh7.5.1 cells
[29], and the IL-28 protein levels were determined by ELISA. As
presented in Fig. 3A, both poly(I:C) and HCV 3'UTR RNA signif-
icantly induced IL-28 in Huh7 cells, but not in Huh7.5.1 cells,
suggesting that RIG-I was the essential PRR that recognizes HCV
3'UTR RNA to trigger the type III IFN response. To further con-
firm this, we transfected Huh7.5.1 cells with plasmids expressing
the wild-type or a dominant-negative mutant RIG-I (RIG-IC) in
which the CARD domain was deleted [30]. At 24 h posttransfec-
tion, the cells were transfected again with the HCV 3'UTR RNA.
Sixteen hours later, culture supernatants were collected for IL-28
ELISA analysis, and the cells were harvested for RT-PCR to quan-
tify the transfected 3'UTR RNA and for western blotting assay to
determine the RIG-I expression levels. As presented in Fig. 3B, the
wild-type but not the dominant-negative mutant RIG-I can restore
the IL-28 induction in Huh7.5.1 cells upon the HCV 3'UTR RNA
stimulation. In consistent with this result, the overexpression of
the dominant-negative mutant RIG-I can significantly reduce IL-28
induction in Huh7 cells upon the stimulation (data not shown).

IL-28 and type I IFNs share a similar activation
pathway upon viral infection

NF-kB and IRF3 are essential transcription factors for IFN-B tran-
scription in response to virus infection [31]. Therefore next we
tested whether the induction of IL-28 was also mediated by these
two key transcription factors.

To examine whether the NF-«kB pathway was activated upon
HCV 3'UTR RNA stimulation in A459 cells, we transfected A549
cells with 3'UTR RNA and cells lysates were subjected to west-
ern blotting assay to detect IkBa. As shown in Fig. 4A, IkBa
was degraded at 4 h posttransfection and then restored to nor-
mal levels at 8 h postinfection, an indicator of NF-kB activation
[32], suggesting that HCV 3'UTR RNA could activate the NF-kB
pathway. Next, we examined whether the NF-kB activation led
to IL-28 induction. We transfected increasing doses of plasmids
expressing IKK-B, which is responsible for phosphorylation and
degradation of IkBa, or p65, the transactivation subunit of
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Figure 3. RIG-I is essential for HCV 3'UTR RNA-induced IL-28 produc-
tion. (A) Huh7 and RIG-I deficient Huh7.5.1 cells were transfected with
2 g in vitro transcribed HCV 3'UTR RNA, with an equal dose of yeast
tRNA and poly(l:C) included as the controls. Sixteen hours later, the
culture supernatants were collected for the IL-28 ELISA assay. (B) The
plasmids expressing FLAG-tagged wild-type or a dominant-negative
mutant RIG-I (RIG-IC), or GFP were transfected into Huh7.5.1 cells.
Twenty-four hours posttransfection, the cells were transfected with the
HCV 3'UTR RNA for an additional 16 hours, with Huh7 cells included
as the control. After stimulation, culture supernatants were collected
for IL-28 ELISA analysis (upper panel), and the cells were harvested for
RT-PCR to quantify the transfected 3'UTR RNA and for western blotting
assay to determine the Flag-RIG-I1 and Flag-RIG-IC expression levels
(lower panels). The ELISA data are presented as absolute quantities.
Data are shown as the mean + SD of six samples pooled from three
independent experiments.

NF-kB into A549 cells, and measured the IL-28 protein levels at
24 h posttransfection. As shown in Fig. 4B and C, overexpression
of IKK-B or p65 significantly increased the IL-28 expression in
a dose-dependent manner. These data suggested that the NF-
kB activation-mediated HCV 3'UTR RNA induced type III IFN
production.

Next, we examined whether IRF3 activation was also involved
in HCV 3'UTR induced IL-28 production. First, we analyzed the
subcellular localization of IRF3 upon HCV 3'UTR RNA transfec-
tion. As shown in Fig. 4D, the frequency of cells with IRF3 in
nucleus reached over 50% at 3 h posttransfection from less than
2% at the baseline, indicative of IRF3 activation[31]. Then we
examined whether the activation of IRF3 led to IL-28 induc-
tion. We transfected A549 cells with increasing doses of plasmids
expressing IRF3 or TBK-1 that is responsible for phosphorylation
of IRF3, and measured the IL-28 protein levels at 24 h posttrans-
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Figure 4. NF-«B and IRF3 mediate HCV 3'UTR RNA-induced IL-28 acti-
vation. (A) Western blot analysis of IkBa in A549 cells at the indicated
time points after 3'UTR RNA transfection. Cells lysates were separated
by 12% SDS-PAGE and probed with an IkBa antibody. f-actin was also
examined as the protein loading control. (B, C) Increasing amounts of
plasmids expressing (B) IKK-p or (C) p65 subunit of NF-kB was trans-
fected into A549 cells, respectively. Culture supernatants were collected
24 h posttransfection for IL-28 analysis by ELISA. (D) Immunofluores-
cence analysis of the IRF3 subcellular localization in A549 cells upon
3'UTR RNA transfection. 3'UTR RNA transfected A549 cells were fixed
at the indicated time points and then were probed with an antibody
against IRF3, followed by a secondary Alexa FluorR 488 conjugated anti-
body (green). Cell nuclei were visualized by staining with Hoechst dye
(blue). Two hundred cells from three randomly selected images were
counted to quantify the nuclear localization of IRF-3, and the numbers
were shown in white on the top of the representative images. Data
are shown as means + SD of three randomly selected images and are
representative of three independent experiments. The magnification
is 100x. (E and F) Increasing amounts of plasmids expressing (E) TBK-
1 or (F) IRF3 were transfected into A549 cells. Culture supernatants
were collected 24 h posttransfection for IL-28 analysis by ELISA. The
ELISA data are presented as absolute quantities. Data are shown as the
mean + SD of six samples pooled from three independent experiments.

fection. As shown in Fig. 4E and F, overexpression of TBK-1 or IRF3
significantly increased the IL-28 expression in a dose-dependent
manner, suggesting that the IRF3 activation-mediated HCV 3'UTR
RNA induced type III IFN production.

Altogether, our results indicated that IL-28 and type I IFNs
shared a very similar induction pathway that is dependent upon
NK-«B and IRF3.

Mapping of a minimal region of IL-28 promoter
for transcription activation

To map a minimal region in the IL-28 promoter responsi-
ble for IL-28 transcription activation, we analyzed the DNA
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Figure 5. NF-«B p65 and IRF3 can directly bind to the putative elements
located within the IL-28B promoter. (A) Sequence of the minimal IL-28B
promoter. One putative IRF3-binding site, at —243 nt and two puta-
tive NF-«kB-binding sites, at —298 nt and —283 nt, are indicated with
open boxes. The position is numbered according to the start site of
IL-28B translation. (B) Schematic diagram of a series of IL-28B promoter
luciferase reporter constructs. Putative NF-«B and IRF3-binding sites are
marked. (C) A549 cells were cotransfected with various IL-28B promoter
luciferase reporter plasmids and the internal control plasmid pRL-TK.
Twenty-four hours later, cells were transfected with or without HCV
3'UTR RNA (2 ug/mL) for 12 h. The cell lysates were subjected to a dual
luciferase assay, and the results were expressed as fold induction of
luciferase activity relative to the empty vector without HCV 3'UTR RNA
transfection. Data are shown as the mean + SD of six samples pooled
from three independent experiments. (D) A549 cells were infected
with SeV for 4 h, cross-linked, and sonicated to generate chromatin
fragments. The sheared chromatin was immunoprecipitated with
monoclonal antibodies against NF-kB p65, IRF3, or a mouse IgG isotype
control followed by qPCR analysis using the primer set flanking the
IL-28 promoter. The data are expressed as the percentage of immuno-
precipitated chromatin DNA versus the total input. Data are shown as
the mean + SD of six samples pooled from three independent experi-
ments.

sequences 1200-bp upstream of IL-28 start codon by TFsearch
program (http://www.cbrc.jp) and TESS Tool (http://www.cbil.
upenn.edu/cgi-bin/tess/tess). Two putative kB and one putative
IRF3-binding sites were identified (Fig. 5A). To confirm this bio-
informatical result, we constructed a series of truncated IL-28 pro-
moters (Fig. 5B) upstream of a promoterless luciferase ORF in the
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pGL3-enhancer vector [33]. The engineered pGL3-IL28P plasmids
were transfected into A549 cells prior to the HCV 3'UTR RNA
transfection. The luciferase activities were measured to evaluate
the promoter activity of the inserted IL-28 promoter sequences.
As shown in Figure 5C, deletion of the kB and IRF3-binding sites
(-2611L28p) completely abolished the luciferase activity induced
by the HCV 3'UTR RNA transfection. The deletion of any of these
kB and IRF3-binding sites also significantly impaired the HCV
3'UTR RNA stimulation, with the first kB-binding site as the most
critical one. All the data suggested that the key elements respon-
sible for IL-28 transcription activation were located in a region
between 461-bp and 261-bp upstream of IL-28 ORF. Furthermore,
we performed the chromatin immunoprecipitation (ChIP) assay
to confirm this result. The Sendai virus (SeV) infected A549 cells
were harvested at 4 h postinfection, and the cell lysates were
immunoprecipitated with antibodies for IRF3 or p65, followed
by gqPCR using the primer sets specifically for the IL-28 promoter
sequence to quantify the amount of the IRF3 or NF-kB-bound DNA.
As shown in Figure 5D, the amount of IL-28 promoter precipitated
by a-NF-kB p65 or a-IRF3 increased for 15- and 5-fold respectively
in the SeV infected cells as compared with the isotype 1gG control,
whereas no difference was observed in the mock infected cells.
These results revealed direct and specific binding of NF-«xB and
IRF3 to cis-regulatory sequences in the IL-28 promoter region.

HCV NS3/4A protease suppresses viral genomic
RNA-induced IL-28 activation

Next, we tested whether IL-28 could be induced during HCV
infection. Huh7 cells were inoculated with cell culture-grown
HCV (HCVcc; strain (JFH-1) at an MOI of 0.2. IL-28 mRNA
levels were determined by RT-qPCR at 3, 6, 12, 24, 48, and
72 h postinfection. IL-28 mRNA levels were not induced in
the HCV infected Huh7 cells (data not shown), indicating that
HCV may have evolved a mechanism to block the induction of
IL-28. Therefore, we examined the impact of HCV on its own
3'UTR RNA-induced IL-28 expression. Huh7 cells were first
infected with HCVcc. When greater than 80% cells had been
infected at day 5 postinfection (data not shown), the cells were
then transfected with HCV 3'UTR RNA for 16 h. The culture super-
natants were collected for the IL-28 ELISA, and cells were collected
for western blot to probe HCV NS3 and MAVS (also named as
VISA, IPS-1, or Cardif) [14-17], a known host target of NS3 pro-
tease [13,14]. As illustrated in Fig. 6A, HCV 3'UTR RNA induced
the IL-28 expression in the uninfected Huh7 cells, whereas this
induction was significantly reduced in the HCV infected cells in
which MAVS was cleaved. These results suggested that HCV infec-
tion could block the IL-28 activation induced by its own genomic
RNA.

To confirm whether the inhibitory effect of HCV infection on
the IL-28 induction was indeed exerted by NS3/4A protease, we
transfected Huh7 cells with plasmids expressing wild-type NS3/4A
or a protease defective H57A mutant [34,35]. At 48 h posttrans-
fection, Huh7 cells were transfected again with HCV 3'UTR RNA
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Figure 6. HCV NS3/4A protease blocks HCV 3'UTR RNA-induced
IL-28 production. (A) The HCVcc (JFH-1) infected Huh7 cells were trans-
fected with HCV 3'UTR RNA. Sixteen hours later, the cells were lysed
for western blotting analysis to probe MAVS and HCV NS3 expression.
The culture supernatants were collected for IL-28 analysis by ELISA.
Data are shown as means + SE of duplicate wells and are representa-
tive of three independent experiments.p < 0.05 (two-tailed unpaired
t-test). (B) Huh7 cells were transfected with the indicated dose of plas-
mids expressing wild-type or protease defective H57A mutant NS3/4A.
Forty-eight hours later, the cells were transfected again with HCV 3'UTR
RNA for an additional 16 h. Cell lysates were subjected for western blot-
ting assay to detect NS3 expression, and the culture supernatants were
harvested for the IL-28 ELISA. Data are shown as the mean + SD of six
samples pooled from three independent experiments.

for 16 h. The culture supernatants and cell lysates were collected
to measure the IL-28 and NS3 protein levels respectively. As illus-
trated in Fig. 6B, the wild-type NS3/4A protease could reduce the
HCV 3'UTR RNA induced IL-28 expression in a dose-dependent
manner, while the protease mutant NS3/4A could not.

Collectively, our data suggested that HCV 3'UTR RNA acted as
the PAMP motif recognized by RIG-I to induce IL-28 production,
and HCV NS3/4A protease was able to block this activation by
targeting the key adaptor molecules MAVS.
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Discussion

Host cells respond to virus infection by producing type I and type
III IFNs. It remains controversial whether type III IFN production
represents a primary or a secondary host response to virus infec-
tion. One study showed that the IFN-a treatment induced the IL-28
and IL-29 expression in HepG2 cells [24], and recent genome-wide
association studies revealed a remarkable correlation between
IL-28B SNPs and the outcome of IFN-a-based therapy of chronic
hepatitis C patients [21-23], favoring the concept that type III IFN
represents a secondary type I IFN-induced antiviral response, at
least in hepatocytes. Our study, however, demonstrates that type
III IFN cannot be induced by IFN-a or IFN-§ stimulation in hep-
atic cell lines (HepG2 and Huh?7), lung epithelial cell line (A549),
and monocyte-derived dendritic cells. Instead, our data demon-
strate that IL-28 production represents a direct antiviral response,
which was consistent with the results from several other groups.
A cluster of functional IFN regulatory factor-binding sites and a
NF-kB-binding site were found within the promoter region of IL-29
(IFN-11) [36]. Stoltz et al. found that Hantaan Virus could induce
IFN-)A1 expression in African green monkey epithelial Vero E6
cells that cannot produce type I IFNs, clearly indicating that HTNV
can induce IFN-)1 independent of IFN-a/B production [37]. Our
study provided the molecular mechanisms by which virus infec-
tion directly induces IL-28 (IFN-A2/3) transcription. We found
that HCV PAMP induces IL-28 through both NK-kB and IRF3, the
key transcription factors also required for transcription of IFN-B. A
minimal promoter region of IL-28 consisting of two NK-kB and one
IRF3-binding sites was identified. It is worth noting that the NF-kB
elements identified in our study were different from the element
identified by Osterlund et al. [38]. All of these data indicate that
type III IFN, similar to that of type I IFN, constitutes the primary
host antiviral response.

Although type I and type III IFNs share similar antiviral activi-
ties and molecular regulation of their production, several lines of
evidence suggest that type I and type III IFNs have some important
differences. While the type I IFN receptors are expressed in almost
all types of cells, the type III IFN receptors are primarily expressed
on epithelial cells, including hepatocytes, but not on hemopoietic
cells and neural cells, suggesting more restricted roles of type III
IFNs [39]. Type I and III IFNs may also exert their antiviral effects
at different stages of host responses or against different types of
viruses [7,40,41]. Recent studies revealed some unique roles of
type III IFNs in regulating adaptive immunity. IL-29 and IL-28B
were found to promote Thl and CTL responses, while inhibiting
regulatory T-cell responses [42]. A recent study found that IL-28A
could promote DC IL-12p70 production and Th1 responses, while
suppress Th2 and Th17 responses and ameliorated allergic air-
way disease [43]. These data suggested type III IFNs may have
a distinct role in regulating adaptive immunity than the type I
IFNs.

Our work found that HCV 3'UTR can act as the PAMP motif to
trigger type III IFN expression. As a counter measurement, HCV
blocks this antiviral response by using its own NS3/4A protease
to target the key adaptor molecules that mediate the activation of
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NK-«B and IRF3. In order to maintain a persistent viral infection,
HCV has developed multiple mechanisms to evade both innate and
adaptive immune responses. Previous studies had revealed that
HCV can block type I IFN production by cleaving two key adap-
tor molecules, TRIF [18] and MAVS [13,14], which play impor-
tant roles in TLR3 and RIG-I mediated IFN-$ production respec-
tively. Here our results provide important evidence that HCV can
employ a similar mechanism to block IL-28 production, which has
also been observed by Lamarre and colleagues in freshly isolated
human normal primary hepatocytes through microarray analysis
[44]. In addition to suppression of innate immune response, the
blockade of type III IFN production may potentially disrupt its
modulation on Th1/Th2/Th17 responses to skew Th1/Th2/Th17
responses in favor of Th2 and Th17 [42,43]. The lack of a Thl
response may contribute to the inadequate CTL response that plays
an essential role in eliminating HCV infection [45]. Therefore, our
findings should shed more light on the mechanisms underlying
the persistence of HCV infection. A deeper understanding of these
processes may eventually lead to development of efficient immune
therapy for chronic hepatitis C patients.

Materials and methods

Cell culture

A549, HepG2, Huh7, and Huh7.5.1 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin.
Human MoDCs were maintained in HyQ®RPMI 1640 medium
(HyClone, Logan, UT, USA) with the same supplements.

Plasmid construction

To construct the IL-28 promoter reporter plasmid, a 1063 bp
sequence upstream of the translation start codon was amplified
from cDNA of A549 cells using primers containing Kpnl and
HindlIII sites. To generate the IL-28 promoter truncations, a series
of DNA fragments were PCR amplified by using a common reverse
primer and a forward primer. The PCR product was then cloned
into pGL3-enhancer vector (Promega, Madison, WI, USA). To
make the pUC-3'UTR construct, JFH-1 3'UTR (9443-9678nt) was
PCR amplified. The PCR products were cloned into pUC19 behind
a T7 promoter. All constructs were verified by DNA sequencing
analysis. The primer information is available upon request.

In vitro transcription, RT-qPCR, and indirect
immunofluorescence

These assays were performed as previously described [26,46]. The
primer for RT-qPCR information is available upon request.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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HCVcc genesis and HCV 3'UTR RNA generation

The methods of producing HCVcc virus has been previously
described [26]. The HCV infectious clone (JFH1) was derived
from a Japanese patient with fulminant hepatitis [47]. Wakita
and colleagues [48] cloned this HCV ¢cDNA behind a T7 promoter
to create the plasmid pJFH-1. To generate the full-length genomic
JFH1 or 3'UTR RNA, the pJFH-1 or pUC-3'UTR plasmids were
linearized at the 3’ end of the HCV cDNA by Xbal digestion, and
used as a template for in vitro transcription (Ambion, Austin, TX,
USA). In vitro transcribed JFH1 RNA was delivered to cells by
electroporation [26]. Cells were passaged every 3-5 days, and the
produced viruses (HCVcc) were collected and titrated [26].

Western blot analysis

Cells were lysed and cell lysates were resolved by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto PVDF membranes (Millipore, Billerica, MA, USA). The pri-
mary antibodies included mouse anti-IkBa (Cell Signaling, Dan-
vers, MA, USA), mouse anti-HCV NS3 (Abcam, Cambridge, MA,
USA), mouse anti-MAVS (Santa Cruz, CA, USA), mouse anti-Flag
(Sigma, St. Louis, MO, USA) and mouse anti-B-actin (Santa Cruz).
The secondary antibodies were HRP-conjugated anti-mouse 1gG
(CHEMICO, Orchard Hills, Australia). The Amersham® ECL West-
ern Blotting Detection System (GE healthcare, Uppsala, Sweden)
was used to detect chemiluminescent signals.

ELISA

Cell culture supernatants were collected and analyzed using
Human IL-28 DuoSet® ELISA kit (R&D Systems, Minneapolis, MN,
USA) following the manufacturer’s instructions.

Promoter assay

Ten thousand A549 cells were seeded into 48-well plates overnight
prior to transfection with 50 ng/well of pGL3-IL28 constructs
and 50 ng/well of CMV promoter driven Renilla luciferase vector
(pRL-CMV; Promega) for normalization of transfection efficiency.
One day later, the cells were transfected with HCV 3'UTR RNA
(2 ug/mL) and harvested twelve later. Cell lysates were assayed
for luciferase activities using the Dual-Luciferase Reporter Assay
System (Promega) following the manufacturer’s instructions.

ChIP assay
A549 cells infected with SeV were harvested at 8 h postinfec-
tion, cross-linked, and sonicated to generate chromatin fragments

according to a previously described protocol [49]. In particular,
the cells were crosslinked with 1% formaldehyde, then lysed, and
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sonicated to shear DNA. Twenty percent of the sheared chro-
matins were kept as “input control”. The rest were incubated with
antibodies against NF-kB p65 (Upstate Biotech, Waltham, MA,
USA), IRF3 (Santa Cruz), or normal mouse IgG isotype control
followed by additional incubation with protein A agarose. The
bead-bound protein-DNA complexes were eluted and crosslinks
were reversed. Precipitated DNA was subjected to qPCR using
the IL-28 promoter primers: 5'-AGAAGGGCAGTCCCAGCTGATGT-
3’ and 5'-ACCAGAGCAGGTGGAATCCTCCT-3'. Enrichment values
were normalized with corresponding input control.
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