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The Mechanism of Interferon Refractoriness
During Hepatitis C Virus Infection and lts Reversal
with a Peroxisome Proliferator-Activated Receptor o« Agonist
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Patients who respond poorly to therapies for hepatitis C virus (HCV) infection display a characteristic phe-
notype with high basal hepatic interferon-stimulated gene (ISG) expression, but limited induction following
interferon (IFN) treatment. The molecular pathways that mediate this refractory state are not known. We
examined whether the AMPK activator metformin, the PPARY agonist pioglitazone, or the PPARo agonist WY-
14643 could potentiate IFN responses, reverse IFN refractoriness, and enhance viral eradication in hepatocytes.
WY-14643 demonstrated the strongest antiviral synergy with IFN-o and so was tested in the context of chronic
IFN activation. Cells rendered refractory to IFN by IFN-o pretreatment were resensitized by WY-14643, as
demonstrated by improved STAT1 phosphorylation, promoter activation, and ISG expression. WY-14643
treatment reduced the expression of key negative regulators of IFN signaling: the AXL receptor tyrosine kinase,
suppressor of cytokine signaling (SOCS) 1 and 3, which are upregulated in the IFN-refractory state. AXL is a
novel regulator of IFN-o signaling that is induced by HCV infection in vitro and which may drive SOCS3
expression. Our data suggests that PPARa agonists could be a useful adjunct treatment for chronic HCV

infection by reducing the expression of AXL/SOCS and increasing the sensitivity to IFN.

Introduction

INTERFERONS (IFNs) ARE key mediators of acute antiviral
immunity, but in chronic viral infections, ongoing IFN
expression can be counterproductive, paradoxically inhibit-
ing the antiviral immune response (Odorizzi and Wherry
2013). Increased expression of IFN-stimulated genes (ISGs)
has been associated with disease progression in human im-
munodeficiency virus (HIV) infection (Herbeuval and others
2006) and in active versus latent Mycobacterium tubercu-
losis infection (Berry and others 2010). Similarly, in chronic
hepatitis C virus (HCV) infection, IFN responsiveness is a
major predictor of treatment outcome. Even for non-IFN
containing, all oral, direct acting antiviral (DAA) regimens,
IFN sensitivity is strongly linked to treatment response
(Poordad and others 2011; Chu and others 2012).

In chronic HCV infection, it is well established that in-
creased expression of ISGs in the liver before treatment is
associated with a decreased likelihood of achieving a sus-
tained virological response (SVR), irrespective of whether
the treatment is IFN-based or not (Sarasin-Filipowicz and
others 2008). In these individuals, overactivation of the type

I/IIT IFN signaling pathways results in elevated baseline ISG
expression inducing a state of interferon refractoriness, with
minimal further induction following IFN-a treatment, and
reduced viral clearance (Sarasin-Filipowicz and others
2008). HCV, therefore, represents a useful model to study
the mechanisms of IFN activation during chronic infection,
and to explore novel ways to enhance the response.
Interestingly, in chronic hepatitis C, the development of
insulin resistance (IR) is also associated with nonresponse
to treatment (Romero-Gomez and others 2005; Camma and
others 2006); conversely, those responding to therapy dem-
onstrate improved insulin sensitivity (Kawaguchi and others
2007). This relationship may result from HCV inducing
suppressor of cytokine signaling (SOCS) 3, a negative regu-
lator of both the insulin and IFN signaling pathways, (Ka-
waguchi and others 2004; Persico and others 2007). In
seeking to determine if there are common mechanisms un-
derlying ISG and SOCS3 regulation that might explain the
outcomes of HCV, we examined the role of insulin sensiti-
zation agents. We show that the PPARa agonist WY-14643
enhances the effect of IFN-a in cells rendered refractory to
IEN stimulation, by increasing STAT phosphorylation, ISG
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promoter activation, and ISG expression. WY-14643 addi-
tionally impaired IFN-mediated expression of the negative
regulators AXL, SOCS1, and SOCS3. PPARa agonists re-
verse hepatic ISG upregulation and, therefore, may improve
treatment outcome for both IFN-based and exclusively DAA
regimens. Furthermore, treatments that reduce overactive
IFN signaling offer potential to treat a wide range of chronic
infections, and possibly even nonviral disease (Odorizzi and
Wherry 2013).

Materials and Methods
Cell culture, viral RNA production, and infection

All HCV clones were propagated in the Huh-7 hepatoma
cell line. Cells were maintained in Dulbecco’s minimal es-
sential medium with 10% fetal bovine serum. JFHI and
JFH1-Rluc2A (Gorzin and others 2012) (kindly provided by
Prof Eric Gowans, University of Adelaide, South Australia)
viral RNA was transcribed in vitro using the T7 RiboMAX
express large-scale RNA production system (Promega,
Madison, WI) and transfected into Huh-7 cells. A nonclonal
stable cell line containing a tricistronic, firefly luciferase ex-
pressing the HCV subgenomic replicon (SGR), Tri-JFHI,
hereafter referred to as SGR-luc (Jones and others 2010)
(kindly provided by Dr. John McLauchlan, University of
Glasgow Centre for Virus Research, Glasgow, United King-
dom) was created by selection with 500 pg/mL G418 (Roche,
Basel, Switzerland) for 2 weeks before experimentation.

Cell line treatments

JFHI1-infected Huh-7 cells were treated with either
100 uM metformin (Sigma Aldrich, St. Louis, MO), 10 uM
pioglitazone, or 100 uM WY-14643 (Cayman Chemicals,
Ann Arbor, MI). Twenty-four hours after treatment with
these insulin sensitizers, IFN-o. was added (Roferon®—A;
Roche). Cells containing the SGR or luciferase-expressing
JFH1 were treated with 10 U/mL IFN-a. Cells infected with
wild type JFHI1 were treated with 5 and 0.5 U/mL IFN-a.
PPARa knockdown was performed by transfecting cells
with MISSION PPARa siRNA (Sigma-Aldrich) using Li-
pofectamine RNAiMax™ (Life Technologies, Carlsbad,
CA). Cells were treated with siRNA 24 h before WY-14643
treatment, and remained for the duration of the experiment.

To induce IFN refractoriness in vitro, JFH1-infected Huh-7
cells were treated for 3 weeks with 2 U/mL IFN-o (Roferon-
Aj; Roche) alone, or in combination with 100 uM WY-14643.
To ensure continuous drug treatment, media was replaced
every 2 days. After 3 weeks of exposure to low-dose IFN-a.,
cells were treated with 20 U/mL IFN-o then cell protein/RNA
was extracted over the following 24 h and analyzed.

Real-time polymerase chain reaction
analysis of RNA

At 0, 24, and 48 h post-IFN addition, RNA was extracted
using RNeasy columns (Qiagen, Venlo, Netherlands).
cDNA was synthesized from 500 ng of RNA using the Su-
perscript IIT first-strand synthesis system (Life Technolo-
gies) according to the manufacturer’s protocol. Quantitative
PCR (qPCR) was then performed on the Rotor-Gene 6000
(Qiagen) using either Tagman or SYBR green protocols to
amplify ISG15 (CGCAGATCACCCAGAAGATC, GCCCT
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TGTTATTCCTCACCA), USP18 (CAGACCCTGACAAT
CCACCT, AGCTCATACTGCCCTCCAGA), Viperin (CT
TTTGCTGGGAAGCTCTTG, CAGCTGCTGCTTTCTCC
TCT) AXL (AGCGATGTGTGGTCCTTCG, TCCCTGGC
GCAGATAGTCAT), SOCSI (TTCGCCCTTAGCGTGAA
GAT, AGCAGCTCGAAGAGGCAGTC), and SOCS3 (CA
CATGGCACAAGCACAAGA, CCCTCCAACACATTCCA
GGT). All mRNA levels were normalized to 18s ribosomal
RNA (4319413E; Applied Biosystems, Foster City, CA).

GAS and ISRE activity reporter assays

Firefly luciferase reporter plasmids p(9-27)4tkA(—39)
lucter and p(IRF-1*GAS)6tkA(—39)lucter containing 4
IFN-stimulated response elements and 6 IFN gamma-
activated sequences, respectively were kindly provided by
Assoc. Prof. Michael Beard (University of Adelaide,
South Australia). JFH1-infected Huh-7 cells pretreated
for 3 weeks with 2U/mL IFN-a0+WY-14643 or mock-
treated cells were seeded into 6-well plates. Cells were
transfected with 2pg of GAS/ISRE reporter plasmids
using Fugene HD (Roche), then treated 24 h later with
20U/mL IFN-a. At 0, 4, and 8h post IFN, cells were
lysed and luminescence was quantified using the VICTOR
plate reader (Perkin Elmer, Waltham, MA). Lumines-
cence was normalized to protein concentration and mea-
sured by the DC protein assay (Bio-Rad, Hercules, CA).

Western blotting

Protein lysates were resolved using 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and transferred
onto a nitrocellulose membrane. Specific antibodies against
NS5A (Prof. Mark Harris, University of Leeds, United
Kingdom), STATI1, and p-STAT1 (SC-345, Santa Cruz
Biotechnology; 9167, Cell Signalling, Dallas, TX) or B-actin
(A1978; Sigma-Aldrich) were used, followed by peroxidase-
conjugated secondary antibodies. Membranes were visual-
ized using the SuperSignal West Pico chemiluminescence
kit (Thermo Fisher Scientific, Waltham, MA) and exposed to
x-ray film. NS5A protein expression was quantified using
Image J densitometry analysis and normalized to B-actin
expression.

Chromatin immunoprecipitation

Approximately 2 x 107 cells at 80% confluency were used
for each chromatin immunoprecipitation (ChIP) experiment.
Cells were fixed by adding 37% formaldehyde to media for
a final concentration of 1%, and incubated at room tem-
perature (RT) for 10 min. Fixation was stopped by adding
1M glycine to a final concentration of 125 mM, and incu-
bated at RT for 5min. Cells were washed twice with cold
phosphate buffered saline (PBS) and scraped into 50 mL
cold PBS containing 0.01x cOmplete protease inhibitor
cocktail (Roche). Cells were then pelleted by centrifugation
at 3,000 rpm for 10 min at 4°C. To each sample, 2mL of
cold lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl,
pH 8.1, 1x cOmplete protease inhibitor cocktail) was added
and kept on ice for 10 min. Cells were next sonicated on ice
at 40% amplitude and 60% duty for 5 cycles of 15 seconds.
Lysates were centrifuged at 13,000 rpm for 10 min at 4°C to
pellet cell debris and the 300 puL aliquots were removed.
ChIP aliquots were diluted in 1.7 mL ChIP dilution buffer
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(0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7m
Tris-HCI1 pH 8.1, 167 mM NaCl, 1x cOmplete protease in-
hibitor cocktail) and precleared with 20 pL. of prewashed
protein G beads (sc-2002; Santa Cruz Biotechnology). Ex-
tracts were rotated at 4°C for 1 h and beads were pelleted by
centrifugation at 2,500 rpm for 2 min and supernatant placed
into a new tube. To each tube, 2 pL. of the STATI antibody
(sc-345; Santa Cruz Biotechnology) was added and rotated
at 4°C overnight. To each tube, 20 uL of prewashed and
blocked protein G beads were added and rotated for 1h at
4°C. Beads were then gently pelleted at 2,500 rpm for 5 min
and washed with the following buffers: Low salt (0.1% SDS,
1% Triton X-100, 2mM EDTA, 20mM Tris-HCI pH 8.1,
150 mM NaCl), high salt (0.1% SDS, 1% Triton X-100,
2mM EDTA, 20 mM Tris-HCI pH 8.1, 500 mM NaCl), LiCl
wash buffer (1% Triton X-100, 1% deoxycholic acid, 1 mM
EDTA, 10 mM Tris-HCI pH 8.1), TE buffer (10 mM Tris-
HCI pH 8.1, I mM EDTA). To each tube, 250 pL of elution
buffer (1% SDS, 100 mM NaHCO3) was added, incubated
at RT for 20 min and centrifuged at 2,500 rpm for 5 min. The
supernatant was transferred to a new tube, 250 pL of elution
buffer was added to the beads, and the step repeated. To
reverse the crosslinks between the DNA and protein, 33 uL
of 3M NaCl was added to 500 pL of the elution and heated
to 65°C for 6h. Importantly, input DNA was diluted to
500 uL with ChIP dilution buffer, and crosslinks were re-
versed using 3 M NaCl. Lastly, 10 pL of 0.5 M EDTA, 20 uL.
of 1 M Tris-HCI pH 6.5, and 2 pL. of 10 mg/mL proteinase K
was added to the elution and incubated at 45°C for 1h,
followed by phenol:chloroform extraction to recover DNA.
STAT1-bound DNA from individual samples was quantified
by qPCR. Two sets of primers aimed as amplifying targeting
AXL intron 4 were assayed, as well as a GAPDH control:
AXLpl (CGCTGCGTCTTCTGTGCTAA, GCCGATTCCA
GATGTGCTTT), AXLp4 (CTCCCCTACCCTCCCCTTTC,
TGCTTGTGCATCTGTGTTTGTG), GAPDH (ATGGTTG
CCACTGGGGATCT, TGCCAAAGCCTAGGGGAAGA).
All samples were normalized to their respective inputs.

Data analysis

Quantitative data was expressed as mean * standard error
of the mean. Statistical analysis was performed using the
Graphpad Prism. Student’s #-tests were performed to com-
pare individual treatments. Correlation was performed and
the 7 value determined to identify the relationship between
gene expressions.

Results

PPARu. agonists enhance the antiviral effect
of IFN-o. against HCV

Due to the association between IR and treatment nonre-
sponse in patients with HCV infection, it has been suggested
that insulin sensitization may increase rates of virological
response (D’Souza and others 2005; Romero-Gomez and
others 2005). To test this hypothesis, 3 different classes of
insulin-sensitizing drugs were tested for their ability to
improve the efficacy of IFN-o against HCV: metformin, an
AMPK activator; pioglitazone, a thiazolidinedione that acts
as a PPARY agonist; and WY-14643, a PPARa agonist.

To screen for effects of these drugs on HCV replication,
luciferase reporter constructs were used. Huh-7 cells were
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transfected with either a JFHI1-based HCV subgenomic re-
plicon SGR-Luc (expressing NS3-NS5A), or the full-length
JFH1-Rluc2A. Following the establishment of stable infec-
tion, cells were pretreated for 24h with metformin
(100 M), pioglitazone (10 uM), WY-14643 (100 uM), or
mock treated, then treated with IFN-o (10 U/mL).

Pretreatment with the PPARa agonist WY-14643 had the
most marked effect, with a significant extra reduction in
HCYV replication of ~25% and 40% after 24 and 48 h of
IFN-a treatment, respectively, for both the subgenomic
(black bars) and full length (white bars) JFHI constructs
(Fig. 1A). The other insulin-sensitizing drugs had a lesser
effect, which was only significant after 48h for cells in-
fected with the JFH1-Rluc2A virus.

Because the PPARa agonist WY-14643 demonstrated the
strongest antiviral synergy with IFN-a against HCV, it was
chosen for further studies. To exclude any effect of the lu-
ciferase reporter used in screening experiments, WY-14643
was tested in the standard JFH1 HCV cell culture model
(Wakita and others 2005). JFH1-infected Huh-7 cells were
pretreated with WY-14643 (100 uM) for 24 h, then treated
with IFN-o (0.5 or 5U/mL). This low dose of IFN-o was
used to enhance the detection of synergy with WY-14643, as
higher doses of IFN-o reduced viral replication too rapidly.
Figure 1B and C demonstrates that WY-14643 pretreatment
significantly reduced both HCV RNA and protein, as
quantified by qPCR and western blot, compared with IFN-a
treatment alone. There was a significant reduction in HCV
RNA after both 24 and 48 h using 0.5 U/mL IFN-o and after
48 h using 5 U/mL IFN-a (Fig. 1B). A ~50% reduction in
NS5A protein after 48h was observed using both concen-
trations of IFN-a (Fig. 1C) (P <0.05).

Inhibition of HCV replication by WY-14643
is mediated by PPARu

To confirm that the inhibition of HCV replication by WY-
14643 is mediated by PPAR« signaling, siRNA knockdown
of the PPAR« nuclear receptor was performed. Twenty-four
hours post PPARa knockdown, JFH1-infected Huh-7 cells
were treated with 100 uM WY-14643 followed by IFN-a
(0.5U/mL) for 48h. An 80%-90% decrease in PPARu
mRNA was maintained for the duration of the experiment
(Fig. 2A). Knockdown of PPARw abolished the effect of
WY-14643 on HCV replication at 24 and 48 h post IFN-a
treatment (Fig. 2B), confirming that WY-14643-mediated
signaling is dependent on PPARa.

The addition of a PPARu agonist to cells chronically
exposed to IFN-u restores sensitivity to IFN-o
and reduces HCYV replication

In patients with chronic HCV infection who are refractory
to IFN treatment, there is a chronic and sustained induction
of hepatic ISGs, most likely due to chronic endogenous IFN
stimulation (Sarasin-Filipowicz and others 2008). Huh-7
cells are one of the few cell lines capable of sustaining
prolonged HCV (JFH1) infection in vitro, possibly due to
deficient RIG-I signaling (Sumpter and others 2005). As a
result, Huh-7 cells express little to no type I IFN and,
therefore, the HCV cell culture model does not reproduce
the chronic IFN exposure seen in the livers of patients with
chronic HCV infection. To mimic the persistent exposure to
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FIG. 1. PPARu agonists and other insulin-sensitizing drugs enhance the antiviral effects of IFN-o against HCV. HCV
infected Huh-7 cells were pretreated with different insulin-sensitizing drugs for 24 h, treated with IFN-o (10 U/mL), then
HCYV replication determined by luciferase reporter output (A). Luminescence in mock-treated cells was normalized to 1 at
each time point and compared with treated cells. At 24 and 48h post IFN-a treatment, WY-14643 alone significantly
decreased viral replication compared with control in SGR-luc-containing cells (black) and JFH1-Rluc2A-infected cells
(white). To confirm these results, JFHI-infected Huh-7 cells were pretreated with WY-14643 for 24 h, then treated with
IFN-o. HCV RNA was measured by qPCR following treatment with 0.5 or 5 U/mL IFN-o (B). Significant reduction in JFH1
replication was observed at both 24 and 48 h using 0.5 U/mL IFN with WY-14643 pretreatment, and at 48 h using 5 U/mL
IFN with WY-14643 pretreatment. A maximum ~40% reduction in HCV protein expression (NS5A) was confirmed by
western blot and densitometry analysis of NS5A protein expression (C). Graphs and western blot densitometry demonstrate
an average of 3 experimental replicates (*P <0.05, ¥*P <0.01). HCV, hepatitis C virus; IFN, interferon; gPCR, quantitative
PCR; SGR, sub-genomic replicon.
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FIG. 2. PPARua knockdown reverses the IFN enhancing effect of WY-14643. JFH1-infected Huh-7 cells were transfected
with PPARo siRNA, or scrambled RNA control. Cells were pretreated with WY-14643 for 24 h, or mock treated, then
treated with 0.5 U/mL IFN-o. Treatment of Huh-7 cells with PPARo siRNA significantly reduced PPARwx expression at
baseline, 24 and 48 h by ~85%, 80%, and 75%, respectively (A). In cells transfected with scrambled RNA, WY-14643
maintained its IFN-o enhancing activity and reduced JFHI1 replication, compared with mock-treated cells (B). PPARu
siRNA knockdown prevented the effect of WY-14643, with no significant reduction in HCV RNA. Graphs demonstrate an
average of 3 experimental replicates (*P <0.05, **P <0.01).
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FIG. 3. The PPARw agonist WY-14643 enhances the antiviral effect of IFN-o against HCV in cells chronically exposed to
low-dose IFN. (A) JFHI-infected Huh-7 cells were pretreated with 2 U/mL IFN-a£ WY-14643 for 3 weeks, then treated
with 20 U/mL IFN-a. STAT phosphorylation was examined up to 2h posttreatment with 20 U/mL IFN-o; ISRE/GAS
promoter activation, ISG expression, and HCV replication were monitored. (B) In cells pretreated with WY-14643 in
addition to low-dose (2U/mL) IFN-o, there was enhanced response to treatment with high-dose (20 U/mL) IFN-o, with
significantly reduced JFHI replication after 24 h, compared with cells pretreated with IFN alone. Graph demonstrates an
average of 3 experimental replicates (*P <0.05). ISG, interferon stimulated gene.

IFN in vivo, JFH1-infected Huh-7 cells were treated with
low-dose IFN-a (2 U/mL) for 3 weeks, either alone or in the

(20U/mL), and multiple components of the IFN response
were measured, including STAT1 phosphorylation, ISRE/

presence of the PPARa agonist WY-14643 (Fig. 3A). Such
treatment has been established to mimic the ‘‘interferon
refractory” phenotype in vitro (Francois-Newton and others
2011) and in vivo (Sarasin-Filipowicz and others 2009). Cells
were then treated with a tenfold increased dose of IFN-o

GAS promoter activation, ISG expression, and HCV replication.

Figure 3B demonstrates the effect of high-dose (20 U/mL)
IFN-a treatment on HCV replication in Huh-7 cells, fol-
lowing 3 weeks exposure to low-dose (2 U/mL) IFN-o + the
PPARa agonist WY-14643. Cells pretreated with low-dose
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FIG.4. STATI phosphorylation and ISG promoter activity is desensitized as a result of IFN-o pretreatment, and resensitized
with the addition of PPARa agonist WY-14643. JFH 1-infected cells were treated with 2 U/mL IFN-a for 3 weeks, alone or in
combination with WY-14643, or mock treated, then treated with 20 U/mL IFN-a. Following the addition of 20 U/mL IFN-a,
STATI1 and pSTAT1 western blots were performed (A), and ISRE/GAS promoter activation was examined using luciferase
reporter plasmids (B). Pretreatment with IFN-o significantly reduced STAT! phosphorylation following subsequent IFN-o
treatment, which was partially restored with concurrent WY-14643 pretreatment (3 experimental replicates performed in
duplicate). IFN-a pretreatment also significantly decreased sensitivity of ISRE activation at 8 and 24 h post-IFN-a treatment.
Pretreatment with WY-14643 rescued ISRE sensitivity to levels similar to untreated cells. There was a trend toward reduced
GAS activation in cells treated with both WY-14643 and IFN-o, compared with IFN-a alone. *Significant difference between
treatment and control, and ¥significant difference between IFN and IFN plus WY-14643 treatment. Graphs demonstrate an
average of 3 experimental replicates ("*P<0.05, *“#?P <0.01). pSTAT1, phosphorylation of STATI.
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IFN-00+ WY-14643 were normalized to mock treated con-
trols, and as expected, viral replication was significantly
reduced (85%-90%), mimicking the partial suppression of
HCV replication by endogenous IFNs in vivo (Supplemen-
tary Fig. S1; Supplementary Data are available online at
www liebertpub.com/jir). Following treatment with high
dose IFN-a (20 U/mL) there was a further steep decline in
HCV RNA over 24 h (Fig. 3B), confirming an antiviral re-
sponse. Significantly, the addition of WY-14643 resulted in
a 60% further reduction in JFH1 replication 24 h posttreat-
ment with high-dose IFN-a (Fig. 3B).

The PPARa nuclear receptor is widely known as a
modulator of lipid metabolism, but has also been shown to
inhibit IFN signaling through effects on STAT1 activation
and complex formation (Lee and others 2005; Yoo and
others 2011). To determine whether PPARa agonists af-
fected IFN-o-induced signaling, IFN-induced phosphoryla-
tion of STAT1 (pSTAT1) was examined following chronic
IFN-o pretreatment, alone or in combination with WY-
14643. pSTATI1 was detected by western blot, using phos-
pho-specific antibodies, and the relative increase in pSTAT1/
STAT1 from baseline was calculated using densitometry
(Fig. 4A). There was strong pSTAT! 30min after treat-
ment with [FN-o (20 U/mL), which persisted for at least 2 h.
Consistent with previous reports (Sarasin-Filipowicz and
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others 2009), pre-exposure to low-dose IFN-o (2 U/mL)
induced an IFN refractory state, characterized by increased
baseline STAT1 phosphorylation, but reduced STAT1 phos-
phorylation following treatment with high-dose IFN-o (20 U/
mL). The PPARo agonist WY-14643 partially reversed this
IEN refractoriness, restoring sensitivity to IFN-ao (Fig. 4A). In
cells pretreated with WY-14643 as well as IFN-o, baseline
STAT1 phosphorylation was reduced to levels similar to
untreated cells. More importantly, IFN-o-induced STAT1
phosphorylation was significantly increased, consistent with
restored IFN sensitivity.

When IFN-a binds the type 1 IFN receptor, phosphorylated
STAT! forms heterodimers with STAT2 and binds the ISRE in
the promoter of hundreds of ISGs. To a lesser extent, STAT1
can homodimerize and bind GAS elements in the promoter of
an overlapping subset of ISGs (Reich 2007). Interestingly,
STAT1 homodimers have been specifically implicated in the
induction of SOCSI and SOCS3, both of which negatively
regulate type I IFN signaling (Rothlin and others 2007).

To examine whether the effects of WY-14643 on STAT
phosphorylation results in differential activation of ISRE
and GAS promoters, ISRE and GAS luciferase reporter
constructs were transfected into HCV (JFH1)-infected Huh-
7 cells that had been pretreated with IFN-o (2 U/mL) for 3
weeks tWY-14643, or mock treated. Cells were then
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treated with IFN-o (20 U/mL) and luminescence was mea-
sured over 24 h (Fig. 4B). Consistent with chronic IFN-o
exposure inducing IFN refractoriness, in cells pretreated
with low-dose IFN-o there was significantly reduced ISRE
activation following high-dose IFN-o treatment, compared
with mock-treated cells. Interestingly, the addition of WY-
14643 to IFN-a pretreatment restored the sensitivity to IFN-
o, with significantly increased ISRE activation after 24 h.

GAS activation showed no significant differences among
treatments due to its minimal activation by IFN-o. None-
theless, pretreatment with IFN-o modestly enhanced base-
line GAS activation at all time points (Fig. 4B).

Pretreatment with PPARx agonist increases
IFN-x-mediated ISG induction and decreases
the expression of the negative regulators
AXL and SOCS3

A number of antiviral and regulatory ISGs were next ex-
amined to determine whether WY-14643 pretreatment sig-
nificantly increased ISG induction at the transcriptional level.
Figure 5 demonstrates the expression of the well-characterized
ISGs viperin (RSAD2), ISG15, and USP18. In agreement with
the STATI phosphorylation results, IFN-o pretreatment in-
creased the baseline ISG expression, whereas the addition of
WY-14643 reduced their baseline (Oh) expression (Fig. 5A).
Induction of ISGs by high-dose IFN-a (20 U/mL) was blunted
following pretreatment with low-dose IFN-o, but was partially
restored in the presence of WY-14643 (Fig. 5B).

Expression of ISGs responsible for the negative regulation
of the IFN-o signaling pathway, SOCS1, SOCS3, and AXL,
were also examined. In our HCV model, pretreatment with
low-dose IFN-ao alone increased the expression of both AXL
and SOCS3, both at baseline and following further treatment
with IFN-o0 (20 U/mL), compared with mock-treated cells
(Fig. 6). In contrast, pretreatment with both WY-14643 and
IFN-a significantly reduced IFN-o-mediated induction of
these negative regulators. An early reduction in AXL ex-
pression was observed at baseline and 4 h, with reduced in-
duction of SOCSI at 8h and SOCS3 at 4 and 8h (P<0.05).
The early downregulation of AXL, with subsequent blunting
of SOCS3 expression, supports the hypothesis that AXL in-
duces SOCS genes in hepatocytes, as has been previously
demonstrated in dendritic cells (Rothlin and others 2007).

AXL STAT1 promoter occupancy and expression
is increased following HCV infection and decreased
following PPARu. agonist treatment

Next, we wanted to determine whether WY-14643 treat-
ment alters STATI binding to the AXL promoter/enhancer.
The UCSC genome browser (http://genome.ucsc.edu) was
interrogated to identify putative STAT binding sites within the
AXL gene (Kent and others 2002). Although no STAT binding
sites were identified within the AXL promoter, putative bind-
ing sites (pl and p4) were found in the fourth intron of AXL; a
region of strong histone acetylation indicative of histone un-
winding (Fig. 7A). To confirm binding to these potential gene
enhancer sites, STAT1 ChIP was performed.

Huh-7 and JFH1-infected Huh-7 cells were treated with
the PPARa agonist WY-14643 (100 uM) for 48 h, or mock
treated, then treated with IFN-oo (50U/mL) for 2h. As
shown in Fig. 7B, the PPARa agonist significantly reduced
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FIG. 6. Pretreatment with IFN-o.+WY-14643 modulates
IFN-a-induced AXL, SOCS1, and SOCS3 expression. IFN-o.
pretreatment upregulated the negative regulators of the IFN-
o signaling pathway. When WY-14643 was added, AXL
expression was reduced at baseline and 4h post-IFN-o
treatment. SOCSI expression was reduced at 8 and 24h
post-IFN-o treatment, whereas SOCS3 expression was re-
duced at 4 and 8h. *Significant difference between treat-
ment and control, and ﬁsigniﬁcant difference between IFN
and IFN plus WY-14643 treatment. Graphs demonstrate an
average of 3 experimental replicates (“*P<0.05). SOCS,
suppressor of cytokine signaling.

STAT1 binding to the AXL enhancer pl by >80% in both
Huh-7 and JFH1-infected Huh-7 cells. Interestingly, STAT1
binding was significantly increased in JFH-1-infected cells,
compared with mock-infected cells, suggesting that HCV
infection may upregulate the AXL expression. To confirm
this, qPCR was performed to measure the expression of
AXL and its downstream targets SOCSI and SOCS3. In-
terestingly, both AXL and SOCS3 were significantly upre-
gulated in JFH1-infected Huh-7 cells by ~2-fold, with no
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FIG.7. HCV-induced AXL expression is reduced by WY-14643. (A) The UCSC genome browser was used to identify 2
potential STAT1 binding sites (p1 and p4) in the fourth intron of AXL. (B) Binding of STAT1 to AXL was analyzed by ChIP
followed by qPCR. JFHI-infected and mock-infected Huh-7 cells were treated with IFN-o (50 U/L), with or without pre-
treatment with the PPARa agonist WY-14643. In response to IFN-a treatment, STAT1 binding was reduced by ~ 80% in cells
pretreated with WY-14643 (P <0.01). STATI binding to AXL p1 (P <0.05) and p4 (N.S.) was increased by ~ 2-fold in JFH1-
infected cells compared with mock-infected Huh-7 cells (2 experimental ChIP replicates, performed in duplicate). (C) AXL
expression in JFH1-infected cells was increased by a similar 2-fold over Huh-7 cells. SOCS3 expression was also significantly
upregulated in JFHI1-infected cells, and correlated with AXL expression (D), suggesting that AXL may induce SOCS3
expression in hepatocytes, as previously demonstrated in dendritic cells (Rothlin and others 2007). Graphs demonstrate an
average of 3 experimental replicates (*P <0.05; **P<0.01). ChIP, chromatin immunoprecipitation; N.S., not significant.

significant change in SOCS! expression (Fig. 7C). A strong
correlation between AXL and SOCS3, but not SOCS! ex-
pression was also observed, supporting a role for AXL in
SOCS3 induction (Fig. 7D).

Discussion

To explore the mechanisms underlying IFN refractoriness in
chronic viral infections, we examined different classes of in-
sulin sensitizers for synergy with IFN-o.. While metformin and
pioglitazone demonstrated modest synergy, the PPARo agonist
WY-14643 most potently enhanced the cellular antiviral re-

sponse. This was accomplished by inhibiting the binding of
activated STAT]1 to enhancer regions of the AXL gene, thereby
reducing AXL induction and subsequent SOC3 upregulation;
the net effect is restoration of IFN sensitivity and enhanced
viral clearance. This data suggests that PPAR«a agonists could
be a useful adjunct treatment for chronic HCV infection, as well
as other chronic infections associated with IFN refractoriness.

Huh-7 cells secrete very low levels of Type I IFN, so we
adopted an established in vitro model of IFN refractoriness.
Pretreating JFH1-infected Huh-7 cells with low-dose IFN-a
mimics the interferon-refractory phenotype that is common
among patients with poor treatment response (Lanford and
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others 2007; Sarasin-Filipowicz and others 2008). This phe-
notype, characterized by high baseline ISG expression but
decreased STAT1 and ISRE activation in response to treat-
ment, with blunted ISG induction, was confirmed in our
model. Most importantly, the refractoriness to subsequent
IEN exposure was partially reversed by treatment with the
PPARa agonist WY-14643. In contrast to antiviral ISGs, in
this setting we observed decreased baseline expression and
IFN-o-mediated induction of the negative regulators of the
IFN-a signaling pathway, namely AXL, SOCS1, and SOCS3.

In dendritic cells, the tyrosine kinase AXL provides a
negative feedback loop for IFN signaling: phosphorylated
STATI induces AXL, which (1) directly inhibits signaling at
the type I IFNa receptor; and (2) induces expression of
SOCS1 and SOCS3, which in turn suppresses the expression
of ISGs (Rothlin and others 2007). The role of AXL in the
IEN response in hepatocytes has not been studied. We have
now clearly demonstrated the upregulation of AXL following
HCV infection in vitro. We further identified a strong cor-
relation between AXL and SOCS3 expression, indicating that
AXL may drive SOCS3 expression in the HCV-infected liver,
thereby contributing to treatment failure. Consistent with
these data, previous studies have demonstrated that hepatic
SOCS3 expression is elevated in nonresponders to IFN-based
therapy (Huang and others 2007; Persico and others 2007).

In addition to their effects on lipids, PPARa agonists have
anti-inflammatory effects, modulating STAT1 and improving
a variety of inflammatory disorders in mice (Michalik and
Wahli 2008). We, therefore, hypothesized that PPARa ago-
nists may enhance the antiviral effects of IFN by dampen-
ing ISG overactivation in infected cells, thereby restoring
sensitivity to IFN. As expected, chronic exposure to low-dose
IFEN-ao resulted in overactive ISG expression and a blunted
antiviral response to IFN treatment, consistent with previous
reports (Sarasin-Filipowicz and others 2009; Francois-Newton
and others 2011). Significantly, treatment with the PPARa
agonist partially restored baseline STAT1 phosphorylation to
control levels (Fig. 4), and reduced baseline ISG expression
(Fig. 5). This resulted in a significant resensitization to IFN-o,
with increased ISG induction and ISRE promoter activity.

Our ChIP analysis of putative AXL promoters (Fig. 7)
provides a plausible and novel mechanism for this effect.
Binding of STAT1 to the AXL enhancer region in the fourth
intron was significantly increased in HCV-infected cells,
consistent with chronic IFN activation. However, STAT1
binding to this region was dramatically reduced (over 80%)
following treatment with the PPARa agonist. This supports
our hypotheses that reduced IFN responsiveness in the
context of chronic HCV infection is due to increased AXL
expression, and that PPARa agonists can restore the anti-
viral response by inhibiting AXL.

Enrichment of PPARa binding sites in close proximity to
STAT1/3 promoter regions has previously been demon-
strated in HepG?2 cells by ChIP and transcriptional profiling
(ChIP-chip) (van der Meer and others 2010). This suggests
that in addition to inducing global changes in STAT phos-
phorylation, PPARa may also physically interfere with
STAT1 promoter binding, resulting in gene-specific down-
stream inhibition of inflammatory genes.

Lastly, we suggest that supplementing current HCV treat-
ments in resource-poor countries may be a cost-effective
method to improve rates of SVR. DAAs such as simeprevir
and sofosbuvir in combination with ribavirin are equally/
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more effective than IFN-based therapy, but remain expensive
even in resource-rich countries (Hill and others 2014; Lawitz
and others 2014). Resource-poor countries possess the highest
rates of HCV infection and will require IFN-based treatments
for years to come whereas the price of current DAAs drops
(Hill and others 2014). Supplementing pegylated IFN and
ribavirin treatment with PPARa agonists such as fenofibrate
or natural PPAR« ligands such as fatty acids may be suffi-
cient to improve SVR, while simultaneously improving in-
sulin sensitivity (Fujita and others 2006).

In conclusion, we have demonstrated a novel mechanism
for reduced cellular responses to IFN during chronic HCV
infection, and a potential treatment to restore this response.
IFN pathway activation during chronic infection induces
AXL in infected hepatocytes, directly blocking signaling of
the type I IFN receptor, and inducing SOCS3, which in turn
impairs subsequent induction of ISGs. Treatment with a
PPARa agonist reverses this effect by reducing the binding
of activated STATI to enhancer regions of the AXL gene.
This suggests that PPARa agonists, which are widely
available and safe, could be useful adjunct treatments for
chronic HCV infection, particularly in resource-poor coun-
tries. Furthermore, PPARa agonists could potentially be
used for other chronic infections associated with IFN path-
way overactivation, such as HIV and tuberculosis.
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