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Abstract 2�

In patients with hepatitis C virus (HCV) infection, enhanced activity of indoleamine-2,3-E�

dioxygenase 1 (IDO) has been reported. IDO - a tryptophan-catabolizing enzyme – has been .�

considered as both an innate defence mechanism and an important regulator of the immune B�

response. The molecular mechanism of IDO induction in HCV infection and its role in the F�

antiviral immune response remain unknown. Using primary human hepatocytes, we show G�

that HCV infection stimulates IDO expression�� IDO gene induction was transient and C�

coincided with the expression of type I and type III interferons (IFNs) and IFN-stimulated D�

genes (ISGs) in HCV-infected hepatocytes. Overexpression of hepatic IDO prior to HCV 4�

infection markedly impaired HCV replication in hepatocytes, suggesting that IDO limits the 23�

spread of HCV within the liver. siRNA-mediated IDO knockdown revealed that IDO functions 22�

as an IFN-mediated anti-HCV effector. Hepatic IDO was most potently induced by IFN-� and 2E�

ongoing HCV replication could significantly upregulate IDO expression. IRF1 and STAT1 2.�

regulated hepatic IDO expression. Hepatic IDO expression also had a significant inhibitory 2B�

effect on CD4+ T cell proliferation. Our data suggest that hepatic IDO plays a dual role during 2F�

HCV infection by retarding viral replication and also regulating host immune responses.  2G�

�2C�

Key words: indoleamine-2,3-dioxygenase, hepatocyte, hepatitis C virus, antiviral immune 2D�

response 24�
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Introduction 2�

 E�

Hepatitis C virus (HCV), a member of the Flaviviridae family, is one of the most important .�

causes of chronic liver disease which may lead to cirrhosis and hepatocellular carcinoma B�

(HCC) [1]. Hepatic innate immunity is the first line of defence against HCV and plays a F�

crucial role in the initiation and modulation of adaptive immune responses [2]. Although the G�

initiated immune response can clear HCV, the majority of acutely-infected individuals C�

develop persistent infection. Persistence of HCV has been ascribed to HCV escape D�

mutations and impaired innate and adaptive immune responses through mechanisms that 4�

are not yet fully understood (reviewed in [2] and [3]).  23�

 22�

Indoleamine-2,3-dioxygenase 1 (IDO) is an enzyme that metabolizes tryptophan to 2E�

kynurenine which can be further metabolized to various downstream catabolites, such as 3-2.�

hydroxykynurenine. IDO is induced mainly by type II interferons (IFN-�) and to a lesser 2B�

extent by type I IFNs (IFN-�/�) and other inflammatory cytokines in human tissues and cell 2F�

subsets [4]. IDO has been considered to be part of the host’s innate defence mechanism as 2G�

it can control pathogen proliferation by depleting tryptophan from the local microenvironment 2C�

[5]. Nutrient deprivation is an evolutionarily ancient but important strategy of the innate host 2D�

defence. IDO-mediated tryptophan depletion in cell culture models has been shown to inhibit 24�

replication of various viruses, such as herpes simplex virus, hepatitis B virus, and flaviviruses E3�

[6-8].  E2�

 EE�

Previous research has demonstrated that IDO plays a crucial role in immunological E.�

homeostasis [9] and pathogen persistence [10]. CD4+ T cells are very sensitive to tryptophan EB�

shortage and accumulation of kynurenine catabolites which cause their arrest in the G1 EF�

phase of the cell cycle, anergy and even apoptosis. For example, IDO-producing dendritic EG�



� B

cells (DCs) inhibit T cell activation and proliferation or induce T regulatory (Treg) cells 2�

through tryptophan starvation and/or formation of immunotoxic kynurenine catabolites, such E�

as 3-hydroxykynurenine and 3-hydroxyanthranilic acid [4]. In vitro studies have shown that .�

HIV stimulates IDO expression in DCs [11]. Moreover, during HIV infection, IDO is B�

overexpressed in lymphoid tissue and parallels with the accumulation of Treg cells [12] F�

suggesting that activation of IDO facilitates HIV persistence.  G�

 C�

An increased serum kynurenine to tryptophan ratio, which is an index for IDO activity, D�

has been previously demonstrated in patients with chronic HCV infection when compared to 4�

patients with resolved HCV infection and healthy individuals [13-16]. Studies in HCV-infected 23�

chimpanzees showed that IDO mRNA expression is upregulated in the liver during the acute 22�

phase of infection but returns rapidly to baseline levels in chimpanzees that subsequently 2E�

cleared the infection. In contrast, chimpanzees that developed persistent infection 2.�

maintained high level of hepatic IDO mRNA expression [14,17]. However, the molecular 2B�

mechanism of IDO induction in HCV infection and its impact on anti-HCV effector functions 2F�

remains poorly defined.  2G�

 2C�

In this study, we show that hepatic IDO expression exerts inhibitory effects on both 2D�

HCV replication and immune cells. The dichotomous nature of IDO may favour persistence 24�

within the host over viral eradication.  E3�

E2�
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Materials and methods 2�

Cells, reagents, and antibodies E�

Human Huh7.5.1 cells were kindly provided by Dr. F. Chisari (The Scripps Research .�

Institute, La Jolla, CA; MTA number 636) [18]. PHH were provided by Stephen Strom of B�

University of Pittsburgh through the Liver Tissue Procurement and Distribution System (N01-F�

DK-7-0004/HHSN26700700004C). PHH were isolated from liver resections according to G�

standard perfusion protocols. After seven days of culture, PHH remained attached and C�

maintained a healthy and highly differentiated phenotype. Peripheral blood mononuclear D�

cells (PBMCs) were isolated from healthy blood donors (EFS-Alsace, Strasbourg, France) by 4�

Ficoll density gradient centrifugation. CD4+ T cell positive selection was performed by 23�

magnetic sorting using CD4+ microbeads (Miltenyi Biotech). Human recombinant IFN-� and 22�

IFN-� were obtained from Roche and Intermune, respectively. Rabbit polyclonal anti-IDO1 2E�

(Abcam), anti-� actin (Abcam), anti-IRF1 (Santa Cruz Biotechnology), anti-STAT1 and anti-2.�

STAT1 (Tyr701) antibody (Cell Signaling) were used for Western blot analysis. PE-2B�

conjugated mouse anti-human IFN-γR, anti-HCV core (clone C7-50, Thermo Scientific) and 2F�

anti-IRF1 antibodies were used for flow cytometry analysis. The IDO inhibitor 1-DL-MT, a 2G�

racemic mixture of 1-methyl-tryptophan comprising both isomers (D+L), was purchased from 2C�

Sigma-Aldrich. 2D�

 24�

Viruses   E3�

Production of HCV pseudoparticles (HCVpp) bearing envelope glycoproteins of strains HCV-E2�

J (1b) and JFH1 (2a), and production of vesicular stomatitis virus pseudoparticles (VSVpp) EE�

has been described previously [19]. HCVpp were added to Huh7.5.1 cells for 3h at 37°C. E.�

HCVpp infection was determined by measuring luciferase activity 72 hours post-infection. EB�

HCVpp entry was assessed with a luciferase assay system (Promega) using a Mithras EF�

LB940 plate reader (Berthold Technologies). Production of cell-culture-derived HCV (HCV EG�

JFH1 strain kindly provided by Dr. T. Wakita of the National Institute of Infectious Disease, EC�
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Tokyo, Japan, MTA number 1664) has been described previously [20]. For infection 2�

experiments, Huh7.5.1 cells and PHH were infected with JFH1 at a multiplicity of infection E�

(MOI) of 0.05 and 0.1, respectively, for 3 hours at 37°C to allow HCV entry. HCV JFH1 .�

infection efficiency of PHH ranged from 4 to 7 RNA copies per hepatocyte. PHH were B�

infected with 50 µl of serum derived from a patient infected with HCV genotype 1b (viral load F�

of 6.68 x 105 IU/ml) who had participated in an HCV clinical trial (ClinicalTrials.gov identifier: G�

NCT00638144). The cells were then washed with a heparin solution (60 µg/ml) to remove C�

surface-bound viral particles followed by two washes in PBS. JFH1 infection was analyzed in D�

cell lysates by quantification of viral RNA at different time points post-infection. HCV RNA 4�

copy numbers were determined by real-time quantitative RT-PCR, as described previously 23�

[21]. Ultraviolet (UV)-inactivated JFH1 virus was produced by placing 2 ml of JFH1 under a 22�

Vilber UV lamp (VL-115.M) for 20 minutes. UV-inactivated virus was non-infectious as 2E�

determined by titration on naïve Huh7.5.1 cells.  2.�

�2B�

Real-Time RT-PCR analysis 2F�

RNA was extracted from cell samples using the RNeasy Kit (Qiagen) according to the 2G�

manufacturer’s instructions. Complementary DNA (cDNA) was synthesized using a cDNA 2C�

reverse transcription kit (Fermentas). PCR was performed using TaqMan probe-based 2D�

chemistry. The qPCR reaction mix was incubated for 5 min at 95°C and 10 min at 50°C 24�

followed by 40 PCR cycles, with each cycle comprising 95°C for 15 s and 60°C for 1 min E3�

(Rotor-Gene 6000, Corbett Life Science). Primers and internal probes for IDO1, IDO2, E2�

CXCL10 chemokine, signal transducer and activator of transcription 1 (STAT1), interferon-EE�

regulatory factor 1 (IRF1), melanoma differentiation-associated protein 5 (MDA5), double-E.�

stranded RNA-activated protein kinase R (PKR), IFN-�, IFN-�, IFN-�, claudin-1, and GAPDH EB�

were purchased from Applied Biosystems. Glyceraldehyde 3-phosphate dehydrogenase EF�

(GAPDH) was used as a reference gene for normalization of quantitative PCR data.  EG�

 EC�
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�2�

Immunoblotting  E�

Proteins (5-10 µg) were loaded onto a 10% SDS-PAGE gel. The separated proteins were .�

transferred onto PVDF membranes. The membrane was incubated with primary antibody for B�

2h, followed by incubation with secondary antibody (IgG horse-radish peroxidase conjugated, F�

from Pierce) for 1h at room temperature. The membrane was developed with ECF Western G�

blotting detection reagent (Amersham Biosciences) and visualized with an image analyzer C�

(TyphoonTM Trio, GE Healthcare). Quantitative densitometric analyses were performed on D�

digitized images using ImageQuant software (GE Healthcare).  4�

 23�

Staining of surface and intracellular antigens by flow cytometry  22�

For analysis of cell-surface antigens, cells were stained with fluorochrome-labeled antibodies 2E�

(PE-conjugated mouse anti-human IFN-�R, BD Biosciences). For analysis of intracellular 2.�

antigens, cells were permeabilized using Cytofix/Cytoperm (BD Biosciences). The cells were 2B�

incubated with primary antibodies (anti-HCV core or anti-IRF1 antibody) for 45 min, followed 2F�

with fluorochrome-labeled antibodies (Alexa555 or PE-conjugated secondary antibody, BD 2G�

Biosciences) for 30 min. Antigen expression was analyzed on a LSRII flow cytometer using 2C�

DIVA software (BD Biosciences).  2D�

 24�

T cell proliferation assay E3�

T cell proliferation assays were performed by staining cells with CellTrace CFSE cell E2�

proliferation dye (Invitrogen). The percentages of cells in different generations were EE�

calculated using ModFit LT for Win32 (Verity Software House, Topsham). The proliferation E.�

index (PI) was calculated according to the ModFit program and represents the sum of the EB�

cells in all generations divided by the computed number of original parent cells present at the EF�

start of the experiments. The PI is proportional to the percentage of cells that have EG�
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proliferated in culture and is also weighted for the number of divisions that cells have 2�

undergone. E�

Transient transfection and RNA-mediated interference .�

Huh7.5.1 cells were transfected with either pcDNA3.1 encoding full-length human IDO cDNA B�

(pcDNA IDO) [22], IRF1 cDNA (InvivoGene), or pcDNA3.1 (vector control, Invitrogen) using F�

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruction. PHH were G�

transfected using Lipofectamine™ LTX reagent (Invitrogen) according to the manufacturer’s C�

instructions. The siRNAs directed against IRF1 consist of pools of 4 individual siRNAs D�

(Smartpool) and were obtained from Dharmacon Research, as was the control siRNA GLO 4�

(si Control). Huh7.5.1 cells were transfected with 50nM of either the IRF1-targeting siRNA 23�

pool or the control siRNA GLO using Dharmafect 4 siRNA-transfection reagent (Dharmacon 22�

Research) according to manufacturer’s instruction. At 48h post-transfection, Huh7.5.1 cells 2E�

were stimulated with IFN-� (50 IU/ml) for 7h.  2.�

 2B�

Measurement of IDO activity 2F�

IDO functional activity was measured in terms of the ability of cells to catabolize exogenous 2G�

tryptophan (100 µM; Sigma Aldrich) to kynurenine by reverse-phase high-performance liquid 2C�

chromatography (HPLC), as detailed previously [23]. Alternatively, kynurenine was measured 2D�

spectrophotometrically using the Ehrlich reagent method, as described previously [24]. The 24�

values were compared with a standard curve with defined concentrations of kynurenine (0-E3�

100 µM; Sigma Aldrich). IFN-�-stimulated PHH or IDO-transfected Huh7.5.1 cells were E2�

washed and resuspended in HBSS buffer containing 100 µM tryptophan. After 4h, EE�

supernatants were harvested and assessed for the presence of kynurenine. The IDO specific E.�

inhibitor, 1-DL-MT, was used to block IDO activity.  EB�

 EF�

Co-culture conditions EG�



� 4

Isolated CD4+ T cells were labelled with CFSE (10 µM) and stimulated with anti-CD3 and 2�

anti-CD28-coated beads (Invitrogen) at a bead-to-cell ratio of 1:1 in the presence of IL-2 (30 E�

IU/ml, Invitrogen) 48h prior to co-culture. Then, CFSE-labelled and activated CD4+ T cells .�

were co-cultured with IDO-transfected Huh7.5.1 cells at a ratio of 1:1. After 72 h of co-B�

culture, CD4+ T cells were collected and their proliferative responses were analyzed by flow F�

cytometry as described above. As a control, some cultures were supplemented with 1-DL- G�

1MT (1000 µM) at the time of co-culture.  C�

 D�

Determination of IDO mediated anti-HCV activity 4�

Huh7.5.1 cells were transfected with siRNAs targeting the type I IFN receptor 2 (IFN�R2), 23�

with siRNAs targeting IDO, or with non-targeting control siRNAs (NT) at a final concentration 22�

of 50 nM, using a reverse-transfection protocol with Oligofectamine (Invitrogen) as described 2E�

previously [25]. After 72h, cells were infected with HCV JFH1. At 24h post-infection, cells 2.�

were either mock-treated or treated with INF-� at 10 IU/ml. Twenty-four hours after IFN-� 2B�

treatment, cells were harvested, and total cellular RNA was extracted using the RNeasy Mini 2F�

Kit (QIAGEN). For the IDO gene-expression assay, complementary DNA (cDNA) was 2G�

synthesized from total cellular RNA using the First Strand cDNA Synthesis Kit (Roche). The 2C�

mRNA levels of IDO were measured by quantitative RT-PCR using IDO-specific primers and 2D�

probes (IDT) on an ABI 7500 Real Time PCR System. Relative IDO mRNA levels were 24�

calculated by ��CT method, and were normalized by 18S rRNA levels (Applied Biosystems). E3�

Copy numbers of intracellular HCV RNA were measured by quantitative RT-PCR with the E2�

primers, probe, and parameters described previously [26]. The relative amount of HCV RNA EE�

was normalized to 18S rRNA.  E.�

 EB�

Statistical analysis EF�

Unpaired T tests were used to analyse data and compare different conditions. Data are EG�

expressed as means ± SD, and P values less than 0.05 were considered significant. EC�

ED�
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Results 2�

Primary human hepatocytes express an enzymatically active IDO E�

Hepatocytes are the primary target cells supporting HCV replication and provide the first line .�

of immune defence against HCV. We thus explored the capacity of primary human B�

hepatocytes (PHH) to produce a functional IDO protein. PHH from two different donors were F�

stimulated with different doses of type I and II IFNs. As shown in Fig. 1, IFN-� markedly G�

enhanced IDO mRNA expression in a dose-dependent manner, reaching a plateau at 100 C�

IU/ml. IDO was prominently induced by IFN-�, while IFN-� had a much weaker effect on IDO D�

mRNA expression (Fig. 1A). Western blot analysis confirmed the expression of IDO protein 4�

in PHH. IFN-�-induced IDO protein expression was detectable through 3 days in PHH (Fig. 23�

1B). To confirm that IDO is functional in PHH, we monitored the degradation of exogenous 22�

tryptophan to kynurenine by HPLC. Kynurenine production was observed in IFN-�-stimulated 2E�

PHH and the presence of the IDO inhibitor 1-DL-MT abolished IDO activity (Fig. 1C), 2.�

indicating that hepatic IDO protein is enzymatically active.  2B�

 2F�

HCV stimulates IDO expression in primary human hepatocytes  2G�

Although hepatocytes are the primary target cells of HCV in vivo, in vitro infection of primary 2C�

human hepatocytes (PHH) remains a difficult task. Here we took advantage of the 2D�

development of recombinant cell-culture-derived HCV JFH1 virus [20] to evaluate IDO 24�

expression in PHH. PHH were exposed to infectious JFH1 virus and replication-deficient E3�

JFH1. As shown in Fig. 2 and consistent with previous publications [27,28], limited replication E2�

of JFH1 in PHH was detected over 24-96h, suggesting that innate antiviral host defenses EE�

produced an antiviral state restricting HCV replication and spread in PHH. Using a qRT-PCR E.�

approach we detected a robust increase in IDO mRNA expression within 48 hours of EB�

infection that co-incided with JFH1 replication, the expression of CXCL10, IFN-�, IFN-�, and EF�

IFN-�, as well as the induction of interferon-stimulated genes (ISGs), such as STAT1, IRF1, EG�

MDA5 and PKR. In contrast, JFH1 infection did not stimulate the expression of IDO2, a EC�
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paralog of IDO [29], and claudin-1, a tight junction protein and a putative receptor for HCV 2�

entry [30]. Gene induction was dependent on HCV replication, as UV-inactivated non-E�

infectious JFH1 had little if any effect on gene expression (Fig. 2). These results suggest that .�

HCV replication drives hepatic IDO expression together with proteins that exhibit significant B�

antiviral properties.  F�

�G�

IRF1 regulates HCV-induced hepatic IDO expression C�

Since HCV replication is transient in primary liver cells (Fig. 2 and [27,28]), we used the D�

Huh7-derived cell-culture system [20] to gain a deeper insight into the molecular mechanism 4�

of HCV-induced IDO. As shown in Fig. 3A, at day 5 after JFH1 exposure almost all Huh7.5.1 23�

cells were infected, as evidenced by the presence of HCV core-positive cells during flow-22�

cytometry analysis. Expression of IDO mRNA was very low or undetectable in uninfected 2E�

Huh7.5.1 cells (Fig. 3B). As in PHH, JFH1 infection and IFN-� stimulated IDO expression in 2.�

Huh7.5.1 cells (Fig. 3B). Furthermore, IFN-� significantly upregulated IDO expression in 2B�

JFH1-infected Huh7.5.1 cells (Fig. 3B) and to a similar extent as that observed previously in 2F�

Huh7 cells by Larrea and colleagues [14]. To exclude the possibility that this enhancement 2G�

was the direct result of greater IFN-� receptor density on the cell surface of JFH1 infected 2C�

Huh7.5.1 cells, we determined IFN-� receptor � chain expression levels using flow cytometry. 2D�

As expected, there was no difference between JFH1-infected Huh7.5.1 cells and non-24�

infected control Huh7.5.1 cells (Fig. 3C).  However, we failed to detect IDO at the protein E3�

level in Huh7.5.1 cells by Western blot (data not shown), probably because IDO is expressed E2�

at very low levels in these cells. Of note, levels of IDO gene transcription were extremely low EE�

in Huh7.5.1 cells compared to PHH in the presence or absence of IFN-� (Fig. 3D).   E.�

 EB�

Because IRF1 is an IFN-�-induced transcriptional activator critical for IDO regulation EF�

[31], we investigated IRF1 mRNA expression level in Huh7.5.1 cells in the presence and EG�
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absence of JFH1 infection.�JFH1-infected cells demonstrated an approximately 1 log higher 2�

IRF1 mRNA expression compared to uninfected control cells (Fig. 4A). IFN-� treatment of E�

JFH1-infected cells further increased IRF1 expression level (Fig. 4A). Analysis of IRF1 .�

protein expression by flow cytometry confirmed the presence of increased amounts of IRF1 B�

protein in JFH1-infected Huh7.5.1 cells compared to uninfected cells upon IFN-� treatment F�

(Fig. 4B). To demonstrate that IRF1 is a critical factor in hepatic IDO expression, we G�

transiently overexpressed the human IRF1 gene in Huh7.5.1 cells. As shown in Fig. 4C, IRF1 C�

overexpression alone stimulated the expression of IDO mRNA in Huh7.5.1 cells. siRNA-D�

mediated knockdown of IRF1 abrogated almost completely IFN-� induced IDO expression in 4�

Huh7.5.1 cells (Fig. 4D), indicating that IRF1 regulates hepatic IDO expression.  23�

 22�

A subgroup of genes induced by IFN-� requires both IRF1 and STAT1 for 2E�

transcriptional activation. Previous studies have shown that full activation of STAT1 is crucial 2.�

for IFN-�-induced IDO expression in murine dendritic cells [32]. We, therefore, studied levels 2B�

of STAT1 expression and activation in JFH1-infected Huh7.5.1 cells. As shown in Fig. 4E-F, 2F�

STAT1 mRNA and protein expression did not markedly differ between JFH1-infected and 2G�

control Huh7.5.1 cells in the absence or presence of IFN-�. However, we observed that IFN-2C�

�-induced STAT1 tyrosine phosphorylation was prolonged in JFH1-infected Huh7.5.1 cells 2D�

compared with uninfected Huh7.5.1 control cells, even though JFH1 infection per se was not 24�

able to promote virtually detectable STAT1 phosphorylation. Prolonged phosphorylation of E3�

STAT1 may contribute to enhanced upregulation of IFN-�-induced IDO expression in JFH1-E2�

infected Huh7.5.1 cells.  EE�

�E.�

Antiviral activity of hepatic IDO in HCV infection   EB�

To determine whether hepatic IDO has an impact on HCV replication, we transiently EF�

overexpressed the human IDO gene in Huh7.5.1 cells and PHH prior to HCV exposure��At EG�
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48h post-transfection, IDO was expressed at the protein level in Huh7.5.1 cells and PHH 2�

(Fig. 5A). Enzymatic activity of the expressed IDO protein was verified by the production of E�

kynurenine in the cell culture supernatant (Fig. 5A). In an additional experiment, we .�

demonstrated that the IDO inhibitor 1-DL-MT inhibited IDO-mediated tryptophan-to-B�

kynurenine conversion in a dose-dependent manner without causing cytotoxic effects on F�

IDO-transfected Huh7.5.1 cells (Fig. 5A). To assess whether IDO has an effect on HCV G�

entry, we studied HCV pseudoparticle (HCVpp) entry into Huh7.5.1 cells and PHH. As shown C�

in Fig. 5B, transient IDO over-expression did not inhibit HCVpp entry in Huh7.5.1 cells and D�

PHH indicating that IDO does not prevent the virus from entering the cells based on the 4�

HCVpp system. However, we cannot completely rule out an effect on entry because recent 23�

studies suggest that the HCVpp system does not completely reproduce all the steps of HCV 22�

entry [33]. Expression of IDO reduced HCV replication up to 50% in JFH1-infected Huh7.5.1 2E�

cells and PHH (Fig. 5C). Similar results were observed in Huh7.5.1 cells co-transfected with 2.�

a JFH1 subgenomic replicon (data not shown) or PHH exposed to serum-derived HCV 2B�

(genotype 1b) (Fig. 5C) indicating that IDO attenuates HCV replication. To assess whether 2F�

IDO's antiviral activity relies on its catalytic function, we added the IDO inhibitor 1-DL-MT to 2G�

the cell cultures. As shown in Fig. 5D, the presence of 1-DL-MT restored HCV replication to 2C�

normal level in JFH1-infected Huh7.5.1 cells. These results suggest that IDO's antiviral 2D�

activity is mediated by tryptophan shortage and/or accumulation of kynurenine. 24�

 E3�

IDO mediates antiviral effects of interferons. E2�

To investigate whether IDO participates in innate immune responses to HCV, we performed EE�

IDO siRNA-knockdown experiments in Huh7.5.1 cells.  As shown in Fig. 6A, siRNA-treated E.�

cells were subsequently challenged with JFH1 virus and a suboptimal dose of IFN-� (10 EB�

IU/ml). Treatment of cells with suboptimal doses of IFN-� has been necessary since higher EF�

doses of IFN-� would minimize the siRNA effect. Efficient siRNA transfection and knockdown EG�

of IDO in Huh7.5.1 cells was monitored at day five after transfection by qRT-PCR. We EC�
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observed at this time point a target-gene knockdown of 70%, a value still considered to be 2�

highly efficient (Fig. 6B). As shown in Fig. 6C, IFN-� at suboptimal dose decreased HCV E�

replication by 50% in Huh7.5.1 cells. Downregulation of HCV replication was IFN-� .�

dependent, as evidence by rescue of HCV replication in Huh7.5.1 cells following type I IFN B�

receptor 2 (IFN�R2) siRNA knockdown. IDO siRNA knockdown also reversed IFN-�-F�

mediated suppression of HCV replication, indicating that IDO is an ISG with anti-HCV G�

activity.  C�

 D�

 Hepatic IDO modulates CD4+ T-cell proliferation 4�

IDO-expressing dendritic cells have a crucial role in down-regulation of immune responses 23�

[4]. To investigate whether hepatic IDO has similar effects on immune cells, we performed 22�

co-culture experiments in which naïve or activated CD4+ T lymphocytes were cultured in the 2E�

presence of IDO-transfected Huh7.5.1 cells. As shown in Fig. 7A, the presence of IDO-2.�

transfected Huh7.5.1 cells or control cells transfected with the empty vector did not have an 2B�

effect on naïve CD4+ T cells. In contrast, the presence of IDO-expressing Huh7.5.1 cells 2F�

significantly reduced the proliferation of anti-CD3/CD28 stimulated CD4+ T lymphocytes 2G�

when compared to control cells (Fig. 7A-B). These results suggest that IDO expressed in 2C�

hepatocytes plays an important role in the regulation of hepatic immune responses. Addition 2D�

of the IDO inhibitor 1-DL-MT during the co-culture experiment partially rescued CD4+ T cell 24�

proliferation (Fig. 7B). The incomplete reversal of suppression by 1-DL-MT might be due to E3�

the fact that 1-DL-MT-mediated blockage was incomplete, as evidenced by the production of E2�

kynurenine of IDO-transfected Huh7.5.1 cells in the presence of 1000 µM 1-DL-MT (Fig. 5A).  EE�

 E.�

Discussion EB�

The present study shows that IDO is transiently expressed in HCV-infected hepatocytes and EF�

coincides with an increase in IFNs and ISGs, suggesting that IDO participates in innate anti-EG�
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HCV immune mechanisms. Indeed, we found that HCV replication is less efficient in 2�

Huh7.5.1 cells overexpressing IDO. Furthermore, we were able to recapitulate these findings E�

in PHH although the level of IDO transfection and HCV JFH1 infection in these cells were .�

very low compared with Huh7.5.1 cells. Our findings are in line with recent studies showing B�

that overexpression of IDO prior to infection with West Nile virus (WNV), a mosquito-borne F�

flavivirus, significantly inhibited WNV replication via tryptophan starvation [8]. In addition, G�

Mao and colleagues demonstrated that IDO inhibited hepatitis B virus replication via C�

tryptophan deprivation [7]. Since tryptophan shortage restricts mammalian cell growth and D�

viral replication is dependent on the host cell metabolic machinery, a tryptophan-deficient 4�

intracellular environment is presumably less favourable for HCV replication. Type I IFN 23�

production by the infected hepatocyte serves as the first line of host defense against HCV 22�

and current evidence suggests that IFN-mediated anti-HCV activity is performed by the 2E�

combined action of multiple ISGs [28,34]. To investigate whether IDO is an ISG with anti-2.�

HCV activity, cells with silenced IDO gene expression were exposed to IFN-� at a suboptimal 2B�

dose to avoid minimizing siRNA efficiency. Knockdown of IDO rescued HCV replication in 2F�

Huh7.5.1 in the context of IFN-� treatment suggesting that IDO contributes to the 2G�

suppression of HCV replication mediated by IFNs. Our findings are in line with in vivo studies 2C�

that showed a transient upregulation of hepatic IDO during the acute phase of HCV infection 2D�

in chimpanzees that spontaneously cleared HCV infection  [14].  24�

�E3�

HCV infection triggered IRF1 expression in hepatocytes and Huh7.5.1 cells. Gene-E2�

expression profiling of JFH-1-infected Huh7 cells by microarray analysis also demonstrated EE�

an increase in IRF1 expression [35]. In addition, IRF1 mRNA expression levels have been E.�

shown to be upregulated in liver biopsy samples from HCV-infected patients [36]. IRF1 is a EB�

pleiotropic transcription factor with anti-viral, anti-proliferative, and pro-apoptotic properties. EF�

IRF1 regulates expression of several ISGs, such as PKR and 2',5'-oligoadenylate synthetase EG�

[31]. Previous studies have suggested that IRF1 is one of the key cellular factors that EC�
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regulates intracellular HCV replication [37]. Of note, we observed a substantial increase in 2�

the level of HCV replication in JFH1-infected Huh7.5.1 cells following partial IRF1 gene E�

silencing (data not shown). It has been previously shown that the IDO promoter contains a .�

putative binding site for IRF1 [38]. Overexpression of IRF1 alone was sufficient to up-B�

regulate IDO expression in Huh7.5.1 cells. On the other hand, partial silencing of IRF1 gene F�

in Huh7.5.1 cells abolished IFN-�-induced IDO expression. These findings suggest that IDO G�

expression in HCV-infected cells is driven by IRF1. IRF1 can be induced by many stimuli, C�

including IFNs (-�, -�, -�), TNF-�, IL-6, and viral infections.  Positive-feedback regulation of D�

IFN-� expression by IRF1 has been also observed, suggesting a complex gene network in 4�

the regulation of the IFN pathway by IRF1 [31]. The double-stranded RNA (dsRNA) 23�

replication intermediate of HCV is recognized in the infected hepatocyte through the 22�

combined action of multiple pathways, including PKR, retinoic acid-inducible gene I (RIG-I) 2E�

like helicases and Toll-like receptor 3 (TLR-3) pathways, that ultimately leads to the induction 2.�

of type I IFNs or pro-inflammatory cytokines [2]. Thus, it is possible that HCV-induced IFN 2B�

production triggers IRF1 production in hepatocytes. However, a detailed analysis of the 2F�

underlying mechanism in this study is hampered by the fact that Huh7.5.1 cell lines are 2G�

highly adapted, with defects in RIG-I and TLR3 pathway signalling [39] that allow high levels 2C�

of HCV replication by impairing innate immunity. 2D�

 24�

IDO mRNA expression was most potently induced by IFN-� in hepatocytes and E3�

Huh7.5.1 cells. IFN-�-induced IDO was enzymatically active in hepatocytes, as evidenced by E2�

the production of kynurenine, the main metabolite of tryptophan. However, we were unable to   EE�

detect IDO protein expression in IFN-�-stimulated Huh7.5.1 cells by Western blot, suggesting E.�

that IDO is expressed at low levels in these cells. Absence of detectable IDO protein signal in EB�

Huh7.5.1 cells may also be explained by the IDO gene’s very low transcription rate in these EF�

cells compared to PHH. Ongoing HCV replication in Huh7.5.1 cells significantly upregulated EG�

IFN-�-induced IDO expression. Similar effects on IFN-�-induced IDO expression have been EC�
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previously reported in Huh7 cells by Larrea and colleagues [14]. In their study, IFN-�-induced 2�

IDO mRNA expression was analysed for up to 40 hours post IFN-� treatment. Interestingly, E�

IDO mRNA expression level remained significantly upregulated until this time point when .�

compared to uninfected control cells, suggesting that IFN-� induces a sustained IDO B�

expression in HCV-infected hepatocytes. Cooperative binding of IRF1 and STAT1 to the IDO F�

promoter appears to play an important role in the regulation of IDO gene expression [32]. G�

IFN-� mediated IRF-1 expression is driven primarily by phosphorylated STAT1 homodimers C�

[40]. Analysis of phospho-STAT1 levels demonstrated prolonged STAT1 phosphorylation in D�

JFH1-infected Huh7.5.1 cells in the presence of IFN-�. Delayed dephosphorylation of 4�

activated STAT1 in JFH1-infected Huh7.5.1 cells may sustain IRF1 expression as well as 23�

IDO. Although further studies are necessary to support this hypothesis, prolonged 22�

phosphorylation in the presence of IFN-� in virus-infected cells has been described for 2E�

Sindbis virus, an enveloped plus strand, mosquito-borne ARN virus [41] and, most recently, 2.�

for cytomegalovirus [42]. Finally, adenovirus has been shown to prolong phosphorylation of 2B�

STAT1 induced by IFN-� in infected cells by inhibiting STAT1 dephosphorylation [43] . 2F�

 2G�

IFN-� production is mainly attributed to natural killer cells and activated T cells which 2C�

play key roles in innate and adaptive immune responses, respectively. Previous studies 2D�

showed that co-culture of IFN-γ-producing T cells with HCV-infected Huh7 cells resulted in 24�

100-fold higher IDO levels than in experiments using exogenous IFN-� alone [14].�However, E3�

whether induced hepatic IDO exerts immunoregulatory effects upon innate and adaptive E2�

immune cells was not investigated. In the present study, we found that hepatic IDO EE�

expression significantly inhibited the proliferation of activated CD4+ T cells, suggesting that E.�

HCV-infected hepatocytes in an IFN-γ rich environment are capable of exerting a negative EB�

feedback loop on CD4+ T cells. Further studies are necessary to address the underlying EF�

mechanism of hepatic IDO-mediated inhibition. Shortage in tryptophan supply combined with EG�

the production of kynurenine pathway metabolites have been associated with the emergence EC�
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of a regulatory phenotype in naïve CD4+CD25- T cells affecting CD4+  as well as CD8+ T cell 2�

function [44]. Downstream kynurenine pathway metabolites, such as 3-hydroxyanthranilic E�

acid, have also been described as causing dysfunction of activated T cells, T cell anergy and .�

even apoptosis [4]. Whether hepatocytes possess the enzymatic machinery to further B�

metabolize kynurenine into immunomodulatory downstream metabolites remains unknown. F�

Functional exhaustion and, ultimately, deletion of HCV-specific CD4+ T cells is a hallmark of G�

chronic HCV infection [3]. Sustained hepatic IDO expression within the liver environment C�

may play a role in dampening the HCV-specific T cell response. Of note, there are two other D�

enzymes involved in tryptophan metabolism: tryptophan-2,3-dioxygenase (TDO) and IDO2, a 4�

paralogue of IDO [29]. IDO2 gene expression is not induced by IFNs and its function is still 23�

unclear. TDO is constitutively expressed in the liver and plays a crucial role in systemic 22�

tryptophan homoeostasis [45]. Cells expressing recombinant human TDO have been shown 2E�

to inhibit T-cell proliferation and production of IFN-� [46], suggesting that hepatic TDO might 2.�

contribute to the tolerogenic properties of the liver. However, since TDO does not respond to 2B�

inflammatory signals and cannot be blocked by the IDO specific inhibitor 1-DL-MT, our in 2F�

vitro data point to a prominent role for IDO in mediating antiviral and immune regulatory 2G�

effects in HCV infection. 2C�

 2D�

In conclusion, we identified a dichotomous role of hepatic IDO in HCV infection. The 24�

dominant nature of this role – anti-HCV activity or immune counterregulation – in HCV E3�

infection remains to be investigated. In the early phase of HCV infection, upregulation of IDO E2�

may contribute to the host’s innate antiviral defence mechanism by slowing down HCV EE�

replication. At later time points, when HCV-specific T cells are activated and accumulate in E.�

the liver, a sustained IFN-�-induced upregulation of IDO in HCV-infected hepatocytes may EB�

counterregulate the anti-HCV T cell response and favour tolerance. In addition, IDO EF�

expression might protect hepatocytes against a possible overshooting T-cell response or EG�

might be secondary to the progressive inflammation events of the liver, which is a hallmark of EC�



� 24

persistent HCV infection. Hepatic IDO might be beneficial in acute infection and deleterious 2�

in chronic infection. However, the question arises as to whether it is possible to potentiate E�

IDO’s contribution to anti-HCV activity and reduce its immunosuppressive effect in the .�

chronic phase of infection. In a model of bacterial infection, Muller and colleagues [47] B�

demonstrated that IDO-mediated antimicrobial and immunoregulatory effects require different F�

threshold levels of tryptophan. A 10 - 40 fold greater tryptophan depletion was required to G�

mediate an immunoregulatory effect compared to the antibacterial effect [47]. This C�

observation, together with the fact that IDO-mediated regulation of T-cell responses is closely D�

linked to toxic effects of kynurenine and other immunosuppressive metabolites of the 4�

kynurenine pathway [4] may provide the opportunity to modulate the IDO pathway towards 23�

favoring the antiviral effect. Thus, attenuation of IDO activity with small molecule inhibitors, 22�

such as 1MT, or inhibition of toxic kynurenine accumulation via the activation of other 2E�

downstream enzymes that are involved in the production of harmless by- or end-products, 2.�

may tip the balance toward IDO-mediated antiviral effects with less IDO-mediated immune 2B�

suppression. However, to answer these questions an IDO knock-out mouse susceptible to 2F�

HCV has to be developed. Since IDO-inhibitor drugs have already entered phase II clinical 2G�

trials in cancer patients (www.clinicaltrials.gov. NCT01685255, NCT01604889), knowledge of 2C�

the dominant role of IDO in acute and chronic HCV infection may pave the way for novel 2D�

therapeutic intervention.  24�
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Figure legends 2�

Fig. 1. Expression of IDO in PHH. (A) PHH from two donors (H1421, H1423) were E�

incubated with different doses of IFNs. IDO expression is shown as a ratio of IDO/GAPDH as .�

compared with non-stimulated PHH. (B) PHH were incubated with IFN-� and harvested at B�

the indicated time points. Levels of IDO protein expression in PHH lysates were determined F�

by western blotting.��-actin levels are shown as a loading control. (C) PHH were stimulated G�

with IFN-� (100 IU/ml) for 48 hours in the presence and absence of 1-DL-MT (100 µM). Then, C�

cells were cultured for 4h in HBSS buffer containing 100 µM tryptophan. Kynurenine D�

accumulation was measured in cell-culture supernatants by HPLC. Data are given as mean 4�

kynurenine production ± SD from two independent experiments.  23�

 22�

Fig. 2. HCV infection stimulates IDO expression in PHH. PHH (donor H0199) were 2E�

infected with JFH1 for 3h, washed, and lysed at the time points indicated. HCV RNA levels 2.�

were normalized to GAPDH mRNA levels. Results are presented as fold induction to 3 h 2B�

post-infected PHH. Gene induction was measured by real-time RT-PCR analysis in PHH 2F�

exposed to JFH1 or UV-infected JFH1. Gene induction of IDO, IDO2, CXCL10, IFN-�, IFN-�, 2G�

IFN-�, IRF1, STAT1, MDA5, PKR, Claudin-1 and are shown as fold change over uninfected 2C�

PHH cultures.   2D�

 24�

Fig. 3. Ongoing HCV replication in Huh7.5.1 cells enhances IFN-�-induced IDO E3�

expression. (A) Robust HCV infection of Huh7.5.1 cells was determined using anti-HCV E2�

core staining and flow cytometry at day 5 post-inoculation. (B) JFH1-infected Huh7.5.1 cells EE�

and uninfected, control cells were stimulated with IFN-� and then analyzed for IDO gene E.�

expression. (C) After 4h of IFN-� stimulation, JFH1-infected Huh7.5.1 cells and control cells EB�

were analyzed for IFN-� receptor chain � expression. (D) IDO gene expression levels in PHH EF�



� E4

(donor H1421, H1423) and Huh7.5.1 cells in the presence or absence of IFN-�. *P<0.05, 2�

**P<0.01 E�

.�



� .3

Fig. 4. IRF1 regulates IDO expression in HCV infection. (A) JFH1-infected Huh7.5.1 cells 2�

and uninfected, control cells were analyzed for IRF1 expression in the absence and E�

presence of IFN-�.  IRF1 expression is shown as a ratio of IRF1/GAPDH. (B) IFN-� induced .�

IRF1 protein expression is shown as delta mean fluorescence intensity (�MFI, MFI of IFN-γ B�

stimulated cells minus MFI of non-stimulated cells). (C) Huh7.5.1 cells were transfected with F�

pcDNA IRF1 or pcDNA3.1. 48h post-transfection, IRF1 expression was verified by western G�

blotting. IDO mRNA expression is shown in the presence or absence of IFN-� in transfected C�

cells. (D) IRF1 was silenced in Huh7.5.1 cells. Numbers represent densitometric analysis of D�

IRF1 bands protein normalized to �-actin levels. Then, cells were stimulated with IFN-� (50 4�

IU/ml) for 7h and the relative levels of IRF1 and IDO mRNA expression determined. Data are 23�

expressed as the percentage of gene expression for IRF1 silenced Huh7.5.1 cells in 22�

comparison to si Control (=100%). (E) JFH1-infected Huh7.5.1 cells and control cells were 2E�

analyzed for STAT1 expression in the absence and presence of IFN-�.  STAT1 expression is 2.�

shown as a ratio of STAT1/GAPDH. (F) After treatment with IFN-�, cells were harvested at 2B�

the indicated times. Equal amounts of total cell lysates were immunoblotted with anti-STAT1 2F�

and anti-phospho-STAT1 antibodies. Densitometry analysis shows phospho-STAT1 levels 2G�

relative to STAT1 levels.   *P<0.05, **P<0.01. 2C�

�2D�

Fig. 5. Impact of hepatic IDO expression on HCV infection. (A) Huh7.5.1 cells and PHH 24�

(H0204, H0216, H0208) were transfected with pcDNA IDO or pcDNA3.1. IDO protein E3�

expression was verified by western blotting. Functional activity of the expressed IDO protein E2�

in Huh7.5.1 cells was verified by accumulation of kynurenine in the supernatant in the EE�

presence and absence of the specific IDO inhibitor 1-DL-MT using the Ehrlich reagent E.�

method. (B) 48h post-transfection, Huh7.5.1 cells and PHH (donor H0204, H0216, H0208) EB�

were assessed for HCVpp entry (genotype 2a: JFH1, genotype 1b: HCV-J). Data are EF�

expressed as the percentage of HCVpp entry into IDO transfected PHH compared to EG�

pcDNA3.1-transfected control cells (=100%). Vesicular stomatitis virus G glycoprotein EC�



� .2

(VSVG)-pseudotyped virions were included as a control. (C) 48h post-transfection, Huh7.5.1 2�

cells and PHH were incubated with JFH1 or HCV serum (genotype 1b). Two days after JFH1 E�

infection, viral replication in IDO-transfected cells was measured. HCV RNA copies were .�

normalized to GAPDH. Data are shown as mean % of HCV replication compared to B�

pcDNA3.1-transfected cells (=100%). (D) Rescued HCV JFH1 replication in IDO-transfected F�

Huh7.5.1 cells. JFH1 replication in IDO-transfected Huh7.5.1 cells was determined in the G�

presence and absence of the specific IDO inhibitor 1-DL-MT. Data are shown as the mean ± C�

SD of triplicate determinations and are representative of three independent experiments.  D�

�4�

Fig. 6. IDO function as an ISG effector with anti-HCV activity. (A) Flowchart describing 23�

the three main parts of the experiment. Huh7.5.1 cells were transfected with siRNAs against 22�

the type I IFN receptor 2 (IFN�R2), IDO, or non-targeting control (NT) siRNAs. After 72 2E�

hours, cells were infected with HCV JFH1 virus and, after an additional 24 hours, IFN-� (10 2.�

IU/ml) was added. Twenty-four hours later, cells were harvested and HCV replication 2B�

measured by qRT-PCR. (B) Knock-down efficiencies of IDO.  IDO mRNA levels were 2F�

quantified by qRT-PCR at day 5 after siRNA transfection. (C) Intracellular HCV RNA 2G�

amounts. Data are shown as mean % of HCV replication compared to cells treated with NT 2C�

siRNAs (=100%). Values represent the mean ± SD of triplicate measurements. 2D�

 24�

Fig. 7. Hepatic IDO expression inhibits CD4+ T cell proliferation. (A) Flow cytometry E3�

analysis of CD4 and CFSE staining following CD4+T/Huh7.5.1 cell co-culture. Huh7.5.1 cells E2�

were transfected with pcDNA IDO or pcDNA3.1. 48h post-transfection, cells were added to EE�

CD3/CD28 activated CD4+ T cells or control CD4+ T cells. CFSE fluorescence of undivided E.�

non-stimulated and CD3/CD28 activated CD4+ T cells undergoing multiple rounds of cell EB�

division following Huh7.5.1 co-culture is shown. (B) Pooled data from three different co-EF�

culture experiments are shown as mean proliferation index (PI) ± SD. Data were compiled EG�



� .E

from three different healthy CD4+ T cell donors. Inhibition of CD4+ T cell proliferation by 2�

IDO-transfected Huh7.5.1 cells was statistically significant (**P<0.01). The presence of 1-DL-E�

MT (1000 µM) for the duration of the co-culture partially restored IDO-mediated CD4+ T cell .�

suppression. B�
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Quentin LEPILLER 

Rôle de l'indoléamine-2,3-
dioxygénase dans la persistance 

des infections virales 

 

 

Résumé 
L’indoléamine-2,3-dioxygénase (IDO) est une enzyme du catabolisme du tryptophane suspectée de 
jouer un double rôle lors des infections en contribuant aux défenses innées de l’hôte et en régulant la 
réponse immunitaire. IDO est exprimée au cours de l’infection par le virus de l’hépatite C (VHC). 
Cependant, les mécanismes moléculaires conduisant à l’expression de IDO lors de l’hépatite C et 
l’impact de IDO sur la réplication virale et sur la réponse immunitaire ne sont pas connus. Dans ce 
travail de thèse, nous avons montré que le VHC stimule l’expression de IDO dans les hépatocytes. 
L’expression de IDO était transitoire et coïncidait avec l’expression des interférons (IFNs) de types I et 
III et avec la transcription de gènes stimulés par les IFNs. L’expression de IDO était également 
augmentée dans les hépatocytes exposés à la présence de lymphocytes T CD4+ activés et 
producteurs d’IFN-�. L’expression hépatique de IDO diminuait la réplication virale, ce qui suggère que 
IDO limite la diffusion du VHC dans le foie au cours de l’hépatite C. Grâce à des expériences de 
silencing, nous avons montré que IDO contribue à l’effet antiviral de l’IFN-� sur le VHC. L’expression 
de IDO était régulée par l’activation des facteurs de transcription IRF-1 et STAT-1 dans les 
hépatocytes infectés par le VHC. En plus de son effet antiviral sur le VHC, l’expression hépatique de 
IDO inhibait significativement la prolifération des lymphocytes T CD4+ activés, suggérant un rôle 
immunorégulateur de IDO au cours de l’hépatite C. Nos données suggèrent donc que IDO joue un 
double jeu lors de l’hépatite C, en limitant la réplication virale et en régulant la réponse immunitaire 
adaptative de l’hôte. Notre travail ouvre la voie à des expérimentations in vivo et à des études 
cliniques visant à préciser la place des inhibiteurs pharmacologiques de IDO dans l’arsenal 
thérapeutique contre le VHC. 

Mots clés : indoléamine-2,3-dioxygénase, VHC, immunité innée, tolérance immunitaire 
 

 

Abstract 
Indoleamine-2,3-dioxygenase (IDO) is a tryptophan-catabolizing enzyme that plays a dual role during 
infectious diseases by contributing to the innate defenses against pathogens and by regulating the 
immune response. IDO is expressed in patients with hepatitis C virus (HCV) infection. However, the 
molecular mechanism of IDO induction in HCV infection and its role in the antiviral immune response 
remain unknown. Using primary human hepatocytes, we have shown that HCV infection stimulates 
IDO expression. IDO gene induction was transient and coincided with the expression of type I and 
type III interferons (IFNs) and IFN-stimulated genes (ISGs) in HCV-infected hepatocytes. IDO 
expression was also stimulated when the hepatocytes were incubated with IFN-�-secreting CD4+ T 
cells. Expression of IDO prior to HCV infection significantly impaired HCV replication in hepatocytes, 
suggesting that IDO limits the spread of HCV in the liver. By using siRNA-mediated IDO knockdown 
experiments, we have shown that IDO contributes to the IFN-�-antiviral effect on HCV replication. IDO 
expression was regulated by IRF-1 and STAT-1 in HCV-infected hepatocytes. Hepatic IDO expression 
also had a significant inhibitory effect on CD4+ T cell proliferation, suggesting an immunoregulatory 
role of IDO during HCV infection. Our data suggest that hepatic IDO plays a dual role during HCV 
infection by retarding viral replication and also regulating host immune responses. This work paves the 
way for in vivo experiments and clinical studies aiming to determine the relevance of pharmacological 
inhibition of IDO during HCV infection. 

Key words : indoleamine-2,3-dioxygenase, HCV, innate immunity, immune tolerance 
 


