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Summary

Dendritic cells (DCs) play an important role in the induction of the

primary immune response to infection. DCs may express the tryptophan-

catabolizing enzyme indolamine2,3-dioxygenase (IDO), which is an

inducer of immune tolerance. Because there is evidence that chronic

hepatitis C virus (HCV) infection leads to functional impairment of

certain DC populations, we analysed IDO expression in DCs and

monocytes from chronically infected and recovered HCV patients. The

IDO1 and -2 expression was increased significantly in the monocytes of

chronic HCV patients but, interestingly, not in those from recovered

patients. The myeloid DCs from chronically infected HCV patients also

showed enhanced IDO1 expression, while no change in either IDO1 or -2

was found for plasmacytoid DCs. Up-regulation of IDO1 gene expression

was confirmed by the presence of enhanced kynurenine/tryptophan ratios

in the plasma from chronic HCV patients. Increased IDO1 and -2

expression was also observed in monocytes from healthy donors infected

with an adapted mutant of the HCV JFH-1 strain ex vivo, confirming a

direct effect of HCV infection. These changes in IDO expression could be

prevented by treatment with the IDO inhibitor 1-methyl tryptophan (1-

mT). Furthermore, maturation of monocyte-derived DCs from chronically

infected HCV patients, as well as well as monocyte-derived DCs infected

ex vivo with HCV, was impaired, but this was reversed by 1-mT

treatment. This suggests that IDO inhibitors may be used to treat chronic

HCV patients in vivo, in conjunction with current therapies, or to

activate DCs from patients ex vivo, such that they can be administered

back as a DC-based therapeutic vaccine.
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Introduction

Hepatitis C virus (HCV) infection is a serious health

problem, with approximately 150 million chronically

infected individuals worldwide, which is likely to increase

during the coming years. Although HCV infection can

occur in two forms, acute or chronic, up to 80% of all

patients become chronically infected, which may be fol-

lowed by hepatic cirrhosis, liver failure or hepatocellular

carcinoma [1] years after the initial acquisition of the

infection. In addition, co-infections with human immu-

nodeficiency virus (HIV), hepatitis B virus (HBV) or

extended alcohol consumption are associated with more

severe HCV-induced liver disease [2]. Whereas in the late

1970s and early 1980s the spread was due primarily to con-

taminated blood transfusions, today most cases are

acquired through the sharing of infected needles while

injecting drugs or, to a much lesser extent, via prenatal and

sexual transmission [3]. Recently, the nucleotide polymer-

ase inhibitor sofosbuvir (SovaldiTM) was approved for the

treatment of chronic HCV in combination with other anti-

viral drugs. Sofosbuvir inhibits the HCV NS5B RNA poly-

merase, which plays an important role in the replication of

the virus. Fewer side effects and an up to 90% success rate

makes it the most promising treatment at present [4].

However, there is still no licensed vaccine available. Devel-

oping vaccine strategies to generate effective immune
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responses to HCV as well as for potential treatment of

HCV infections to improve the life of infected people is of

great importance. The absence of an effective T cell

response in HCV-infected individuals is thought to play a

role in the establishment of a chronic infection [5], which

underlines the importance of the adaptive immune

response for the clearance of HCV infection.

Dendritic cells (DC) play a key role in initiating a fast

and effective anti-viral T cell response and are derived

from haematopoietic bone marrow progenitor cells.

Immature DCs (iDC), which have low T cell activation

potential but high endocytic capacity, are localized specif-

ically in the skin and the inner lining of the nose, lungs,

stomach and intestines. Once in contact with potential

harmful pathogens they mature and migrate to the lymph

nodes. Maturation of DCs is critical for the uptake and

presentation of antigens to naive T cells. Mature DCs are

defined by morphological changes, the up-regulation of

major histocompatibility complex (MHC) and co-

stimulatory molecules, their ability to produce cytokines

influencing T cell activation and their high ability for

antigen presentation [6].

Humans have two major subsets of DCs: DC1, also

called myeloid DCs (mDCs) and DC2, or plasmacytoid

DCs (pDCs), which can be distinguished by the expres-

sion of their surface molecules. Myeloid DCs are charac-

terized as CD1c1CD11c1CD14– human leucocyte antigen

D-related (HLA-DR1) cells. Once activated and mature,

they produce T helper 1 (Th1) or Th-2 promoting

cytokines to prime naive T cells. pDCs are CD1231ô

CD11c–CD14–HLA-DR1 cells and secrete interferon

(IFN)-a [7]. Both types are necessary to link the innate

and adaptive immune response.

Indoleamine 2,3-dioxygenase 1 (IDO1) is the rate-

limiting enzyme for the tryptophan (Trp) catabolism

through the kynurenine pathway (Kyn), and catalyzes the

degradation of L-tryptophan to N-formylkynurenine [8].

Its expression in DCs and monocytes is influenced by dif-

ferent soluble [IFN-a and -b, prostaglandin E2 (PGE2),

tumour necrosis factor (TNF)-a] and membrane-bound

[cytotoxic T lymphocyte antigen (CTLA)-4/CD28,

CD200] molecules. Moreover, T cell activation and prolif-

eration are modulated by the induction of IDO1 in

antigen-presenting DCs [9]. IDO1-expressing DCs and

macrophages inhibit antigen-specific allergenic T cell acti-

vation in both human and murine cells. It is known that

IDO1 is produced mainly by pDCs [10], but is also

expressed by mDCs.

Recently, several studies have suggested that the expres-

sion of IDO1 is an important mediator of immune toler-

ance and is changed in cancer and HIV patients [9,10].

There are different theories as to what triggers the

increase in IDO1 expression in these chronically infected

patients or if IDO1 actively suppresses immune responses

to HIV antigens [8]. Recent studies on liver samples of

chronic HCV patients showed an up-regulation of IDO1

[11,12]. Higashitani [12] also showed that the degree of

liver inflammation and fibrosis is correlated with

enhanced IDO1 activity in DCs, whereas its level was

down-regulated in cultured macrophages from chronic

HCV patients [13]. The recently discovered IDO2 gene is

also expressed by human DCs, but seems to be mainly

inactive despite its similarity to IDO1 [14]. 1-

Methyltryptophan (1-mT) is used widely as a competitive

IDO inhibitor. It exists in two stereoisomers, the levo

(L-) and dextro (D-) isoforms. Recent studies have shown

that L-1-mT is more effective at inhibiting IDO1 and its

effect on the T cell response, whereas the IDO2 gene

seems to be affected by D-1-mT [15].

In this study, we demonstrated that the IDO1 and -2

expression levels in monocytes and DCs and Kyn/Trp

ratios in plasma are enhanced in chronic HCV patients in

comparison to healthy individuals, while the IDO1 and -

2 levels are normal in recovered patients. Similarly, IDO1

and -2 expression is increased in monocytes infected with

HCV ex vivo, and maturation of monocyte-derived DCs

from chronic HCV patients is impaired. The changes in

IDO expression could be reversed by 1-mT treatment,

which may have implications for HCV treatment and DC

vaccine development.

Materials and methods

Subjects

A total number of nine chronically infected (seven male,

two female; age 43 6 15 years) and five spontaneously

recovered (four male, one female; age 37 6 20 years) HCV

patients were studied. Patients were referred from the out-

patient clinic at the Department of Medicine of the Royal

University Hospital, Saskatoon and fulfilled the following

inclusion criteria: (a) active [HCV-RNA detected by poly-

merase chain reaction (PCR)] or former HCV infection

and (b) absence of hepatitis B and/or HIV infection. All

patients signed written and informed consent to participate

in the study. Furthermore, 10 healthy volunteers (five male,

five female; age 30.5 6 2) were evaluated. All age values and

ranges are listed as median values with interquartile range.

Table 1 shows the characteristics of the patients and healthy

controls. The study was performed in accordance with the

guidelines of the Biomedical Research Ethics Board (Uni-

versity of Saskatchewan).

Cell isolation and generation of mature DCs

Myeloid DCs, pDCs and CD141 monocytes were isolated

from 100 ml blood of HCV patients and healthy volun-

teers. Peripheral blood mononuclear cells (PBMCs) were

isolated by density gradient separation using Ficoll-Plaque

Premium (GE Healthcare Life Science, Baie d’Urfe, QE,

IDO expression by monocytes and DCs in HCV patients
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Canada). Plasma was frozen at 280�C until further use.

Myeloid DCs, pDCs and monocytes were subsequently iso-

lated using specific antibodies conjugated to microbeads

(Miltenyi Biotech, Auburn, CA, USA), according to the

manufacturer’s instructions. Briefly, CD191 B cells and

CD1c mDCs were labelled with CD19/CD1c- (BDCA-1)

biotin for depletion of the B cell fraction (negative selec-

tion using an LD column), followed by positive selection

with anti-biotin microbeads on an LS column to obtain

CD1c (BDCA-1) mDCs. The flow-through was incubated

with a human CD304 (BDCA-4/neuropilin-1) antibody for

the isolation of pDCs. In a last step, CD141 monocytes

were isolated on an LS-column after incubation with a

human CD14-specific antibody. Immature DCs (iDCs)

and mature DCs (matDCs) were generated as described

previously [16]. Briefly, CD141 monocytes were resus-

pended in complete RPMI medium (CRPMI) (RPMI-

1640; Invitrogen Canada Inc., Burlington, ON, Canada),

containing 10% heat-inactivated fetal bovine serum (FBS),

2 mM L-glutamine, 100 mM non-essential amino acids,

1 mM sodium pyruvate, 50 mM 2-mercaptoethanol (ME),

10 mM HEPES and 50 mg/ml gentamycin (GIBCO Life Tech-

nologies, Burlington, ON, Canada). The cells were distrib-

uted into six-well plates after adding recombinant human

granulocyte–macrophage colony-stimulating factor

(rhGM-CSF) (100 ng/ml, PeproTech Inc., Rocky Hill, NJ,

USA) and interleukin (IL)-4 (200 ng/ml, PeproTech Inc.),

collected on day 3 in RNA lysis buffer (Zymo Research,

Irvine, CA, USA) and stored at 280�C until use. To mature

these cells (matDC) the medium was replaced on day 3,

and 10 ng/ml recombinant human (rh)IL-1b, 10 ng/ml

rhIL-6, 20 ng/ml rhTNF-a (PeproTech Inc.) and 500 ng/ml

PGE2 (Sigma-Aldrich Canada Ltd, Oakville, ON, Canada)

were added 48 h before the cells were collected in RNA

lysis buffer.

Analysis of mRNA expression of co-stimulatory
molecules and IDO

To compare the mRNA levels of different co-stimulatory

molecules by quantitative reverse transcription–PCR

(qRT–PCR), total RNA was extracted from all cell types

(mDCs, pDCs, CD141 monocytes, iDCs, matDC) of

HCV patients and healthy controls using ZR RNA Micro-

Prep (Zymo Research). The isolated RNA was treated

with TurboDNase (Ambion Life Technologies, Burlington,

ON, Canada), and its integrity and concentration were

determined using spectrophotometry. Reverse transcrip-

tion was performed using a QuantiTect reverse transcrip-

tion kit (Qiagen, Mississauga, ON, Canada) with 20 ng

total RNA in accordance with the manufacturer’s proto-

col. The cDNA product was assessed by qRT–PCR using

96-well plates (Bio-Rad, Mississauga, ON, Canada) and

actin was used as internal control to normalize the input.

Table 1. Characteristics of hepatitis C patients and controls.

Patient Age (years) Sex ALT Viral load log (eq/ml) Genotype IL-8 conc. (pg/ml) TNF-a conc. (pg/ml)

HCV PCR1 33 M 73 6�238 1b 26�049 27�092

51 M 177 6�138 3a 67�342 14�589

71 F 89 6�031 1a 53�957 11�572

40 M 33 6�146 1b 48�871 17�176

23 M 88 5�954 1 22�647 26�488

53 M 51 5�942 1b 42�103 12�488

25 M 64 6�169 2 67�970 28�069

43 M 105 6�860 4 71�757 25�757

58 F 116 7�011 1 69�985 27�005

HCV PCR– 30 M 21 n.a. 13�779 5�093

37 M 10 n.a. 6�696 4�251

48 M 9 n.a. 14�804 4�554

35 M 30 n.a. 16�921 8�418

70 F 30 n.a. 9�304 5�102

Controls 24 F 0�492 0�744

34 M 0�518 0�891

33 M 0�865 0�697

30 F 0�429 0�560

29 F 0�605 1�028

29 M 0�979 0�693

33 M 0�903 0�688

29 M 0�936 1�551

31 F 0�479 0�643

31 F 0�645 0�753

ALT 5alanine aminotransferase; IL 5 interleukin; n.a. 5 not applicable; PCR 5 polymerase chain reaction; TNF 5 tumour necrosis factor;

M 5 male; F 5 female.
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All assays were performed in triplicate with 0�5 ml cDNA

using platinum SYBR green qPCR SuperMix-UDG (Invi-

trogen) in a final volume of 20 ml. The primers to deter-

mine the mRNA levels of IDO1, IDO2, CD40, CD80 and

CD83 (Table 2) were used at a concentration of 10 pmol

per reaction and fluorescence was measured over 40

cycles. Reverse transcription was performed with the fol-

lowing cycles in a C1000 Thermal Cycler (CFX96 Real

Time System; Bio-Rad): 2 min at 55�C, 2 min at 95�C,

followed by 40 cycles of 30 s at 95�C and 30 s at 56�3�C
(annealing temperature). The PCR products were ana-

lysed further by a melt curve program from 55�C to

95 �C with 5 s each, ending with 1 min at 95�C.

Measurement of tryptophan and kynuridine
concentration

One ml plasma from each patient and healthy volunteer

was thawed on ice and inactivated at 56�C for 40 min to

eliminate HCV infectivity [17]. Detection of Trp and Kyn

was performed by liquid chromatography-mass spectrom-

etry (LC-MS) with the assistance of Yong Huang, Depart-

ment of Bioengineering and Therapeutic Science, UCSF

School of Pharmacy, San Francisco, CA, USA.

Evaluation of proinflammatory cytokines and
chemokines and IDO

Serum cytokines and chemokines were quantified using

the electrochemiluminescence (ECL) detection-based

Meso Scale Discovery (MSD) multiplex platform and Sec-

tor Imager 2400 (MSD, Gaithersburg, MD, USA), accord-

ing to the manufacturer’s instructions. The human

proinflammatory-10 ultrasensitive kit from MSD, which

measures IFN-c, IL-10, IL-12 p70, IL-13, IL-1a, IL-2 IL-4,

IL-5, IL-8 and TNF-a, was used. The MSD Discovery

Workbench software was used to convert relative lumines-

cent units into protein concentrations using interpolation

from several log calibrator curves.

Production and titration of infectious HCV strain
JFH-1

A plasmid containing the cell culture-adapted HCV cDNA,

JFH-1T (pJFH-1T), modified with coding mutations in E2,

p7 and NS2 [18], was kindly provided by Dr Rodney Rus-

sell (University of Newfoundland). pJFH-1T was linearized

with Xba1, and the end was blunted using Mung Bean

DNA nuclease (New England Biolabs, Pickering, ON, Can-

ada). pJFH-1 was treated with Xba1 twice, followed by a

single digestion with mung bean DNA nuclease (New Eng-

land Biolabs). The linearized DNA was used for in-vitro

transcription with the MEGAscript T7 kit (Ambion),

according to the manufacturer’s instructions. Infection of

the human hepatoma cell line Huh7�5 was carried out

using electroporation. The trypsinized cells were washed

twice and resuspended in phosphate-buffered saline (PBS)

pH 7�2 (GIBCO-Life Technologies) to a final concentration

of 1.5 3 107 cells/ml. Four hundred ml of the cell suspen-

sion were mixed with 10 mg of mRNA, transferred to a 4-

mm sterile disposable cuvette (VWR, Edmonton, AB, Can-

ada) and electroporated in the presence of J6/JFH-1 RNA

in a Gene PulserTM (Bio-Rad) with a voltage of 270 V and a

capacitance of 950 mF. Subsequently, the cells were immedi-

ately resuspended in Dulbecco’s minimal essential medium

(DMEM; Invitrogen) supplemented with 10% heat-

inactivated FBS, 1% non-essential amino acids and 0.1%

gentamycin (GIBCO-Life Technologies), and incubated at

37 �C and 5% CO2. After 3 days the supernatant was col-

lected and concentrated using Amicon-15-Plus columns

(Fisher Scientific, Edmonton, AB, Canada) at 2000 g for 20

min at 4�C. Infectious supernatants were divided into ali-

quots and stored at 280�C for further experiments. The

titre was measured by using focus-forming assays. Briefly,

Huh7�5 cells were infected with virus dilutions for 5 days,

and infected foci were visualized by staining with mouse

anti-HCV NS5a IgG (Meridian-Life Science, Saco, ME,

USA) and goat anti-mouse Alexa Fluor 488 (Invitrogen).

Infection of CD141 monocytes

HCV infection of monocytes was carried out using

MACSductin (Miltenyi Biotech), according to the manu-

facturer’s instructions. Monocytes were isolated on an LS-

column after incubation with a specific human CD14-

specific antibody which was conjugated to microbeads,

following the manufacturer’s instructions (Miltenyi Bio-

tech). Subsequently, 2�5 3 106 freshly isolated monocytes

were washed twice in PBS, pH 7�2 (GIBCO-Life Technolo-

gies) and resuspended in 100 ml magnetic affinity cell

sorter (MACS) buffer [PBS pH 7�4, 10% bovine serum

albumin (BSA) and 250 mM ethylenediamine tetraacetic

acid (EDTA)] (GIBCO-Life Technologies). Subsequently, the

target population was labelled magnetically with CD141

MACS microbeads for the second time, and incubated at

4�C for 15 min. After completion of the cell labelling, the

Table 2. Primer sequences for qRT–PCR.

b-actin, forward AGCGAGCATCCCCCAAAGTT

b-actin, reverse GGGCACGAAGGCTCATCATT

IDO1, forward GGCACACGCTATGGAAAACT

IDO1, reverse CGGACATCTCCATGACCTTT

IDO2, forward TGCTTCATGCCTTTGATGAG

IDO2, reverse GAAGGCCTTATGGGAAGGAG

CD40, forward CTCATGCTCGCCCGGCTTTGG

CD40, reverse CGATCCTGGGGACCACAGACAACA

CD80, forward GTGGCAACGCTGTCCTGTGGT

CD80, reverse GTGCCCTCGTCAGATGGGCG

CD83, forward TCACTTGTAAGTTTGCACGGCTACA

CD83, reverse CAGACAGGCACACCCCTGAGC

IDO 5 indolamine 2,3-dioxygenase; qRT–PCR 5 quantitative

reverse transcription–polymerase chain reaction.

IDO expression by monocytes and DCs in HCV patients
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cells were washed in serum-free RPMI medium and

resuspended in 1 ml. For infection with a multiplicity of

infection (MOI) of 0�1, 7�5 ml MACSductin reagent was

mixed with 2�5 3 105 virus particles and incubated for

20 min at room temperature (RT). Target cells and the

virus-MACSductin complex were mixed and applied onto

an already washed LS column. After one more washing

step the virus–cell complexes were eluted with 3 ml

CRPMI medium incubated at 37�C and 5% CO2. Forty-

eight h later 0�2 mM L-1-mT (Sigma-Aldrich) was added

to one part of the cells to determine the effects of the

IDO1 inhibitor, whereas the rest of the monocytes

remained untreated. Gene expression was measured 5

days later by qRT–PCR as described above.

Analysis of HCV infection and replication in
monocytes

The HCV- and mock-infected CD141 monocytes with or

without 1-mT treatment were washed twice to remove any

remaining virus. Isolation of RNA and generation of cDNA

was performed as described above. Gene-specific primers

for HCV plus and HCV minus strand RNA as well as NS5A

were designed using NCBI (www.ncbi.nlm.nih.gov/), as fol-

lows. NS5a, forward: GGCTGCACAGGTACGCTCCG;

NS5a, reverse: TCCTGCCGCCACAGGAGGTT; HCV-

positive strand, forward: CTCGCAAGCACCCTATCAGG-

CAGT; HCV-positive strand, reverse: GCAGAAAGCGTC-

TAGCCATGGCGT [19]; the same primers were used in

reverse order for detection of negative-strand RNA. RT–

PCR was performed with Invitrogen one-step RT–PCR

(Invitrogen), following the manufacturer’s instructions

with some modifications. Briefly, 21�5 ml diethylpyrocar-

bonate (DEPC)-treated water (GIBCO-Life Technology),

mixed with 25 ml reaction mix buffer (containing 0�4 mM of

each dNTP and 2.4 mM MgSO4) and 1 ml RT/platinum Taq

mix were mixed with 0�5 ml RNA. This solution was incu-

bated for 3 min at 50�C for cDNA synthesis. Subsequently,

the primer mix (10 mM each of forward and reverse pri-

mers) was added. Samples were heated first to 94�C for 2

min, followed by 35 cycles of 94�C/45 s, 59�2�C (NS5A) or

60�C (positive and negative strand)/30 s and 72�C/1 min.

After a last amplification step of 10 min at 72�C, the samples

were cooled down to 4�C before application on a 1% aga-

rose gel to identify the PCR products. Gene expression of

NS5a was measured by qRT–PCR, as described above.

Western blotting and immunohistochemistry

HCV-infected cells were collected in 100 ml sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

sample buffer on days 2 or 5 after infection and boiled for

5 min at 97�C. Twenty ml of each sample was separated by

SDS-PAGE on a 7�5% gel. After transfer to a nitrocellulose

membrane, the membrane was incubated with 1 : 1000

diluted mouse anti-NS5a antibody (1 : 1000; Meridian-Life

Science), followed by a 1 : 15 000-diluted Alexa488-labelled

anti-mouse immunoglobulin (Ig)G (LI-COR Inc., Lincoln,

NB, USA). Western blots were analysed using an Odyssey-

Licor scanner (LI-COR Inc.). To evaluate expression of

NS5A by fluorescence, monocytes from healthy individuals

and Huh7�5 cells were infected with J6/JFH-1 at an MOI of

0�1, as described above. Two and 5 days after infection the

cells were collected, plated onto an eight-chamber slide

(Millipore, Billerica, MA, USA) and fixed with an acetone–

methanol solution. Subsequently, they were incubated for

1 h with 1 : 200 diluted mouse anti-NS5a antibody (Merid-

ian-Life Science), followed by 1 h incubation with 1 : 100

diluted Alexa488-labelled anti-mouse IgG (Invitrogen).

Images were analysed using a Zeiss axiovert 200 M inverted

microscrope.

Flow cytometry

HCV-infected and uninfected monocytes were fixed and

permeabilized to stain for NS5A and IDO1 using a BD

Cytofix/Cytosperm Fixation/Permeabililzation Kit (BD

Bioscience, Mississauga, ON, Canada), according to the

manufacturer’s instructions. After incubation in 100 ml

Cytofix/Cytosperm solution for 30 min on ice, the cells

were washed twice in 31 Perm/Wash solution, and then

incubated with an anti-NS5A antibody (Meridian Life

Science, Memphis, TN, USA) for 30 min on ice. After

two washing steps, allophycocyanin (APC)-conjugated

anti-mouse IgG (BioLegend, San Diego, CA, USA) was

applied for another 30 min. For detection of IDO1, cells

were also incubated with anti-IDO1 antibody (Sigma-

Aldrich, St Louis, MO, USA) followed by goat anti-rabbit

IgG-fluorescein isothiocyanate (FITC) (Southern Biotech,

Birmingham, AL, USA). Finally, cells were resuspended in

200 ml PBS, pH 7�2 (GIBCO-Life Technologies) and

acquired by flow cytometry (BD Biosciences). Data were

analysed using Kaluza software (version 1�2).

Statistical analysis

The difference between chronic and recovered HCV

patients as well as healthy controls was assessed using

one-way analysis of variance (ANOVA). Significant differen-

ces were analysed further using the Kruskal–Wallis test

and Dunn’s multiple comparison test. Differences were

considered significant if P< 0�05.

Results

Chronic and recovered HCV patients have lower
numbers of PBMCs and elevated serum
proinflammatory cytokine levels

In order to determine the effect of HCV infection on the

numbers of circulating mDCs, pDCs and CD141 mono-

cytes in chronic (HCV PCR1) and recovered (HCV PCR–)

S. Schulz et al.
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HCV patients, in comparison with healthy controls (Ctrl),

we enumerated the purified cells using a counting chamber.

The numbers of PBMCs were decreased significantly in

chronically infected HCV patients compared with control

subjects (P< 0�01), and even recovered patients did not

reach the cell numbers of healthy individuals (P< 0�05)

(Fig. 1a). In addition, the mean number of pDCs was sig-

nificantly lower in HCV PCR1 patients compared to con-

trol subjects (P< 0�05) (Fig. 1c). No significant reduction

was seen in the numbers of mDCs and CD141 monocytes,

although a trend towards a decrease was found for both

HCV PCR– and PCR1 patients (Fig. 1b,c). This was not

due to differences in median age, as there were no statistical

differences between the three groups.

To determine if there is a link between the presence of

inflammatory cytokines and an ongoing or a former

HCV infection, we analysed the plasma of HCV patients,

as well as controls, for their occurrence. The IL-8 and

TNF-a concentrations of patients and controls are shown

in Table 1. Chronic HCV PCR1 patients had higher levels

of IL-8 and TNF-a than recovered HCV PCR– patients

(P< 0�001), and both groups had higher levels than

healthy volunteers (P< 0�0001 and P< 0�001, respec-

tively). The ALT levels were higher in the HCV PCR1

patients than in the HCV PCR– patients (P< 0�01).

Effect of HCV infection on the expression of IDO1
and -2 in DCs

As there is evidence that DCs in chronically infected

HCV patients are phenotypically altered and functionally

impaired, these DCs may express IDO and be tolerogenic.

To evaluate this, IDO1 and -2 expression was analysed in

DCs from chronic and recovered HCV patients as well as

from healthy volunteers. Myeloid DCs, pDCs and mono-

cytes were isolated, and IDO1 and IDO2 mRNA was

quantified using qRT–PCR. The IDO1 mRNA levels were

significantly higher in mDCs and monocytes from HCV

PCR1 patients than in those from HCV PCR– patients

and healthy volunteers (P< 0�0001 and P< 0�001, respec-

tively; Fig. 2a,b). However, no differences were observed

in pDCs (Fig. 2c). IDO1 is known to mediate the degra-

dation of Trp to Kyn in the kynuridine pathway, so the

serum Kyn level depends strongly on the IDO1 activity.

To investigate further the effect of HCV infection, the

Kyn/Trp levels in the plasma were examined as a measure

of the biological activity of IDO1. As shown in Fig. 3, the

serum Kyn/Trp ratio was significantly higher in chronic

HCV PCR1 patients than in healthy subjects (P< 0�01)

and recovered HCV PCR– patients (P< 0�05).

Maturation of DCs is impaired during chronic HCV
infection

If monocytes and DCs from chronically infected HCV

patients display markers that are indicative of a

Fig. 1. Cell numbers in peripheral blood mononuclear cells

(PBMCs) (a), monocytes (b), mature dendritic cells (mDCs) and

plasmacytoid DCs (pDCs) (c) in healthy controls (Ctrl), recovered

hepatitis C virus (HCV) [HCV polymerase chain reaction (PCR)–]

and chronic HCV (HCV PCR1) patients. Results are shown as

median value and interquartile range. Significant difference is shown

as **P< 0�05; *P< 0�01.

IDO expression by monocytes and DCs in HCV patients
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tolerogenic phenotype, which is reflected in enhanced

Kyn levels in the serum, these cells might be difficult to

stimulate into inducing an appropriate immune response

in vivo. In order to determine whether or not monocytes

from chronically infected HCV patients can be differenti-

ated into DCs and matured monocytes from Ctrl, HCV

PCR– and PCR1 subjects were treated with IL-4 and

GM-CSF for 3 days, and then matured for 2 days with

IL-6, IL-1b, TNF-a and PGE2. DCs derived from healthy

or HCV PCR– individuals displayed the characteristics

of fully mature DCs, like a veiled morphology, by

microscopy (data not shown). Furthermore, these cells

expressed increased levels of CD80, CD83 and CD40,

well-known cell-surface markers for matDCs (Fig. 4).

However, these morphological features were not observed

in matDCs of chronically infected HCV patients. They

remained immature and showed the morphology of iDCs.

This correlates with the qRT–PCR results, as they showed

almost no up-regulation of any maturation marker (Fig.

4). Therefore, iDCs of HCV PCR1 patients could not be

stimulated to their mature state using a maturation cock-

tail of TNF-a, IL-6, IL-1b and PGE2 ex vivo.

A comparison between monocytes, iDCs and matDCs

revealed that the IDO1 expression was higher in mono-

ytes from HCV PCR1 patients (P< 0�001), as well as in

matDCs from both HCV PCR1 (P< 0�01) and PCR–

(P< 0�05) patients, in comparison to those from healthy

subjects (Fig. 5a). The up-regulation of IDO1 in matDCs

seemed to be similar in all three groups, because HCV

PCR– and HCV PCR1 patients already began with a

higher IDO1 level in monocytes. Therefore, this indicates

that chronic HCV patients show the highest IDO1 expres-

sion in an absolute manner when compared to healthy

controls. The IDO2 expression revealed a similar pattern

in monocytes, with a significant difference in expression

between Ctrl and HCV PCR1 patients (P< 0�0001; Fig.

5b), but no difference between the IDO2 level in matDCs;

no IDO2 mRNA was detected in iDCs (data not shown).

IDO1 expression is inhibited by addition of L-1-mT

As the expression of IDO1 was increased most signifi-

cantly in monocytes from HCV PCR1 patients, we

Fig. 2. Comparison of the indolamine2,3-dioxygenase 1 (IDO1) and

-2 expression between healthy volunteers (Ctrl), recovered hepatitis

C virus (HCV) [HCV polymerase chain reaction (PCR)–] and

chronic (HCV PCR1) HCV patients in monocytes (a), myeloid

dendritic cells (mDCs) (b) and plasmacytoid DCs (pDCs) (c). The

change in gene expression is calculated in comparison to the values

of the Ctrl monocytes. Results are shown as median value and

interquartile range. Significant difference is shown as ***P< 0�001,

****P< 0�0001.

Fig. 3. The kynurenine/tryptophan (Kyn/Tryp) ratio in the serum of

healthy subjects (Ctrl), recovered hepatitis C virus (HCV) [HCV

polymerase chain reaction (PCR)–] and chronic (HCV PCR1) HCV

patients. Results are shown as median values and interquartile range.

Significant difference is shown as *P< 0�05; **P< 0�01.

S. Schulz et al.

490 VC 2015 British Society for Immunology, Clinical and Experimental Immunology, 180: 484–498



studied its expression in monocytes infected ex vivo with

HCV. Peripheral blood CD141 monocytes were infected

with an adapted mutant of HCV JFH-1, JFH-1T at an

MOI of 0�1. Infection was confirmed using RT–PCR and

Western blot analysis. Two or 5 days after infection and

extensive washing, RT–PCR revealed the presence of both

NS5A and positive-strand RNA, but no negative-strand

RNA (Fig. 6b,c) in all samples. This indicates that HCV

RNA is actually on or in the cells, but there is no detecta-

ble HCV replication. Negative-strand RNA was detected

in Huh7�5 cells infected with JFH-1T (MOI 0�1), which

confirms the validity of the assay (Fig. 6a), although this

does not exclude the possibility that very low copy num-

bers might have been present. A Western blot probed

with NS5A-specific antibodies showed that the HCV RNA

entered the monocytes and expresses NS proteins (Fig.

6d), and this was confirmed further by detection of NS5A

Fig. 4. Maturation of dendritic cells (DCs) from healthy volunteers

(Ctrl), recovered hepatitis C virus (HCV) [HCV polymerase chain

reaction (PCR)–] and chronic (HCV PCR1) HCV patients.

Monocytes were differentiated into immature DCs (iDCs) with

granulocyte–macrophage colony-stimulating growth factor

(GM-CSF) and interleukin (IL)-4, and matured with a cocktail of

tumour necrosis factor (TNF)-a, IL-6, IL-1b and prostaglandin E2

(PGE2). The change in gene expression of CD80 (a), CD83 (b) and

CD40 (c) is calculated in comparison to the values of the Ctrl

monocytes. Results are shown as median values and interquartile

range. Significant difference is shown as *P< 0�05; **P< 0�01;

***P< 0�001.

Fig. 5. CD141 monocytes, isolated from healthy individuals (Ctrl),

recovered hepatitis C virus (HCV) [HCV polymerase chain reaction

(PCR)–] and chronic (HCV PCR1) HCV patients were differentiated

with granulocyte–macrophage colony-stimulating growth factor

(GM-CSF) and interleukin (IL)-4 for 3 days and matured with a

cocktail of tumour necrosis factor (TNF)-a, IL-6, IL-1b and

prostaglandin E2 (PGE2). The gene expression of indolamine2,3-

dioxygenase 1 (IDO1) (a) and -2 (b) was measured by quantitative

reverse transcription–polymerase chain reaction (qRT–PCR), and

analysed against b-actin. Results are shown as median values and

interquartile range. Significant difference is shown as *P< 0�05;

**P< 0�01; ***P< 0�001; ****P< 0�0001.
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in monocytes and Huh7�5 cells by immunofluorescence

(Fig. 6e).

As was found for chronic HCV patients, monocytes

infected with HCV significantly up-regulated the expres-

sion of IDO1 (P< 0�0001) and IDO2 (P< 0�001); however,

IDO1 and -2 expression was reduced by treatment of the

HCV-infected monocytes with 1-mT (Fig. 7). IDO1 pro-

tein production and reduction by 1-mT in in-vitro HCV-

infected monocytes were analysed by flow cytometry. The

gating strategy is shown in Fig. 8a,b. The number of HCV-

infected monocytes – as indicated by NS5A protein expres-

sion (Fig. 8c) – that express IDO1 was increased signifi-

cantly (P< 0�01), whereas the addition of 1-mT reversed

this effect (P< 0�01) (Fig. 8d).Treatment with 1-mT did

not affect NS5A expression significantly.

Impaired maturation of HCV-infected
monocyte-derived iDCs is reversed by 1-L-mT
treatment

In addition to the elevated IDO1 expression in mono-

cytes, the maturation of monocyte-derived iDCs in

HCV1 patients was inhibited significantly, which leads to

the question of whether or not maturation is possible

when using the IDO inhibitor 1-mT. To investigate this,

monocytes were infected with HCV in the absence or

presence of 1-mT, and the maturation was examined by

analysing the markers CD40, CD80 and CD83. Fig. 9

shows that the maturation of monocyte-derived iDCs

after HCV infection was clearly inhibited, as the expres-

sion of all three markers was decreased strongly in com-

parison to uninfected cells. Addition of 1-mT reversed

this effect. Taken together, these data suggest that L-1-mT

not only has a strong modulatory effect on the expression

of IDO1 and IDO2, but also leads to a restored matura-

tion of HCV-infected monocyte-derived iDCs.

Discussion

In this study we demonstrated that (i) the IDO1 mRNA

level was enhanced in mDCs and monocytes of chroni-

cally infected HCV patients in comparison to recovered

HCV patients and healthy individuals, and IDO2 mRNA

expression was higher in monocytes from PCR1 HCV

patients; (ii) a significantly increased serum Kyn/Trp ratio

in the serum of the HCV PCR1 patients was in accord-

ance with the elevated IDO1 expression; (iii) infection

with JFH-1T, which was modified with coding mutations

in E2, p7 and NS2 [18] ex vivo, also resulted in up-

regulation of IDO1 and IDO2 mRNA expression, and this

effect could be reversed by blocking IDO1 with L-1-mT;

and (iv) maturation of monocyte-derived DCs from

chronically infected HCV patients, as well as monocyte-

derived DCs infected ex vivo with HCV, was impaired,

and this was also reversed by 1-mT treatment. This infor-

mation extends our understanding of the effects of HCV

on monocytes and DC subsets and may provide a target

for HCV therapy.

PBMCs constitute a critical part of the immune system

and contain lymphocytes including natural killer (NK), T

and B cells, monocytes, DCs and macrophages. We found

that the number of PBMCs is reduced significantly in

chronic and spontaneously recovered HCV patients; thus,

a decline in PBMC numbers upon HCV infection appear

Fig. 6. Verification of hepatitis C virus (HCV)

infection of monocytes. (a) HCV infection of

Huh7�5 cells with JFH-1T [multiplicity of

infection (MOI) 0�1]. Cells were analysed by

reverse transcription–polymerase chain reaction

(RT–PCR). Negative-strand HCV RNA 2 days

after infection (lane 1), 3 days after infection

(lane 2) and 5 days after infection (lane 3). (b)

HCV infection of monocytes 2 and 5 days after

inoculation with JFH-1T (MOI 0�1). Positive-

strand HCV RNA was analysed by RT–PCR 2

days after infection (lane 1) and 5 days after

infection (lane 2) and negative-strand HCV RNA

2 days after infection (lane 3) and 5 days after

infection (lane 4) in mature dendritic cells (DCs).

(c) HCV NS5a RNA identified by RT–PCR in

monocytes. (d) Western blot of NS5a expression

in JFH-1T-infected monocytes after 2 (lane 1) and

5 (lane 2) days. (e) HCV-NS5a detected in JFH-

1T-infected monocytes using fluorescent

microscopy (320). (f) HCV-NS5a in JFH-1T-

infected Huh7�5 cells as positive control (320).
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to be irreversible. Among these, the monocyte and mDC

numbers appeared to be reduced, but were not affected

significantly by chronic HCV infection, whereas pDC

numbers were lower in HCV PCR1 patients. It is gener-

ally known that both DC subsets may be reduced in HCV

infection [20–23] and are thought to correlate with the

severity of the disease, while mDCs and pDC numbers

are increased significantly in the liver of chronic infected

patients [24]. Furthermore, Shiina and Rehermann [25]

reported that cell culture-produced HCV inhibited IFN-

expression through Toll-like receptor (TLR)-9, indicating

a functional impairment. However, in other studies,

pDCs from chronic HCV patients seemed phenotypically

and functionally not different from those of healthy sub-

jects in vivo [25–27], although they occurred in lower

numbers [28]. Both mDCs and pDCs also showed a

decrease in their cell-surface molecules and

co-stimulatory cytokine production as well as their allos-

timulatory activity [23], which leads to an incapacity to

prime T cells and to a much lower anti-viral immune

response to HCV.

The IDO1 mRNA levels were enhanced in mDCs and

monocytes of chronically infected HCV patients in com-

parison to recovered HCV patients and healthy individu-

als. The expression of IDO1 is also changed in HIV

patients [9,10], and even ex vivo HIV-infected macro-

phages produce high IDO levels [8]. Furthermore, a

recent study revealed that the degree of liver inflamma-

tion and fibrosis in HCV patients is correlated with an

enhanced IDO1 activity in DCs [12]. Conversely, the

IDO1 level was found to be down-regulated in cultured

macrophages from chronic HCV patients [13]. An associ-

ation between inflammation and IDO activity in plasma

has been reported repeatedly, but the responsible cell

types have not yet been identified. It appears that HCV

efficiently enables IDO over-expression in an inflamma-

tory milieu, as recovered HCV patients have the same

IDO expression pattern as healthy individuals.

The decline of IDO1 and absence of IDO2 expression

in iDCs in all three groups is related to the fact that IDO

expression depends upon the maturation state of the cells.

The expression of IDO is associated with different cell

surface markers, i.e. CD80, CD86 or PDL-1/2, which are

expressed in iDCs only to a low extent. Conversely, it is

also possible that tolerogenic DCs were triggered to

increase CD80/CD86 expression, which leads to reverse

signalling and mediation of an IDO-dependent environ-

ment [29]. The increased serum Kyn/Trp ratio in the

plasma of the HCV PCR1 patients was in accordance

with the elevated IDO1 expression. This might or might

not be significant biologically. However, cancer patients

show enhanced IDO activity and therefore an increased

Tryp degradation which seems to be involved in the dis-

ease progression [30,31]. Furthermore, the level of

increase in Kyn/Trp ratio may depend upon the cell type.

One possibility is that the elevated IDO1 expression is a

strategy of HCV to prevent or weaken the innate defence

mechanism of DCs and, as a result, to suppress the

immune response to HCV antigens; thus, the use of 1-

mT as selective IDO1 inhibitor might be promising as a

treatment of the infection. Our data provide evidence

that L-1-mT inhibits the IDO1 activity effectively in

HCV-infected monocytes ex vivo, and simultaneously

supports former studies [32,33]. This may suggest a

potential strategy to optimize the functional properties of

DCs by treatment with immunomodulatory compounds

or L-1-mT. It would also be feasible to use the IDO

inhibitor in vivo. Different studies have already shown

that mice receiving 1-mT during tumour growth devel-

oped tumours more slowly than the control group

[34,35]. This may add some time to the life of cancer

patients. However, the question remains of whether or

not the toxicity of the IDO inhibitor is acceptable in

HCV patients and the benefits outweigh the safety issues,

or if other treatments are more acceptable at this stage.

Because monocytes were infected with HCV, as proved

by the expression of NS5A, we could show that these cells

express more IDO1 than uninfected monocytes. After the

addition of 1-mT the expression of IDO1 was down-

regulated. The mechanism as to how 1-mT affects the

IDO1 mRNA expression is still unclear, and needs to be

investigated further. However, others have reported effects

of 1-mT that are independent of IDO1, suggesting

that it has another function apart from targeting IDO

activity [34].

Infection of monocytes with JFH-1T ex vivo resulted in

up-regulation of IDO1, similar to the observations in

Fig. 7. Monocytes, isolated from healthy individuals, were

transduced with hepatitis C virus (HCV) JFH-1T for 48 h, and then

treated with levo-1-methyl tryptophan (L-1-mT) or left untreated

for 5 days. (A). Gene expression of indolamine2,3-dioxygenase 1

(IDO1) and -2 was measured by quantitative reverse transcription–

polymerase chain reaction (qRT–PCR). mRNA expression is

compared to uninfected monocytes. Significant difference is shown

as ***P< 0�001; ****P< 0�0001.

IDO expression by monocytes and DCs in HCV patients
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chronic HCV patients. PBMCs have been studied in

terms of whether HCV uses them simply as a reservoir or

if the virus can actually infect and replicate in PBMCs.

Many studies provide evidence of HCV in macrophages,

B and T cells [36–39]. HCV infection and replication in

PBMCs might contribute to the development of resistance

and impaired clearance of the virus. However, there is still

no consensus on whether HCV can infect, replicate or

express its proteins in human DCs. In a recent study on

the effects of HCV on mDCs and pDCs, the observed

positive strand RNA was interpreted as cell-associated

virus or virus adherent to the surface that was resistant to

washing [40]. Furthermore, JFH-1 and JFH-1T clones

were shown to be unable to establish a productive infec-

tion in human primary T cells, PBMCs and T cell lines

[41]. Because, in our study, the monocytes were infected

in vitro with an initial MOI of 0�1 progressing to �30%

of the monocytes expressing NS5A by flow cytometry, it

is possible that the virus entered and replicated, but at

levels too low to detect. This is most probably the case,

as in studies published by Pham et al. [41], nested PCR

was used to detect negative-strand PCR products. The

other possibility is that there could be many non-

infectious virions in the pool that did not contribute to

the titre but entered cells and translated viral proteins.

Non-infectious virions can possibly enter cells and express

proteins, but cannot produce a plaque (foci) on Huh7�5
cells. Claudin-1, also known as CD81, is an entry factor

for HCV and expressed by many blood cell types, espe-

cially B cells, which may capture HCV from the circula-

tion [42]. While HCV may not replicate in DCs, viral

RNA might enter the DCs and be transcribed, but per-

haps not complete the infectious cycle. We found no evi-

dence of virus replication in HCV-infected monocytes, as

no minus-strand HCV RNA was detected; however, we

detected NS5a and positive-strand RNA, indicating that

HCV entered the cells, and protein was expressed de novo.

Opinions diverge and depend upon the definition of

Fig. 8. Monocytes, isolated from healthy

individuals, were transduced with JFH-1T for

48 h, and then treated with levo-1-methyl

tryptophan (L-1-mT) or left untreated for 5

days. Sequential gating strategy for analysis of

NS5A1 and then indolamine2,3-dioxygenase 1

(IDO-1)1 cells in (a) HCV JFH-1T-infected and

(b) JFH-1T-infected L-1-mT-treated monocytes.

The percentage of NS5A (c) and IDO-1 (d)-

positive cells in control monocytes, JFH-1T-

infected monocytes and JFH-1T-infected L-1-

mT-treated monocytes was enumerated by flow

cytometry. Results are shown as median values

and interquartile range. Significant difference is

shown as **P <0�01.
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infection: if infection requires replication there would be

no evidence for infection. However, virus replication may

not be necessary for the effects of HCV on monocytes,

which might be associated with factors other than replica-

tion. For instance, for herpes simplex virus-1 binding of

the entry glycoproteins gB, gC and gH/gL to DCs was

sufficient for the induction of DC maturation and the

associated release of cytokines to effect maturation of

DCs, but an interaction between the entry glycoproteins

was necessary [43]. Similarly, entry of the HCV genome,

and de novo protein production appeared to be sufficient

to up-regulate IDO1 and -2 expression in monocytes.

Monocyte-derived iDCs from chronic HCV patients

did not respond to maturation stimuli and remained in

their immature state ex vivo. Our results are in accord-

ance with several reports indicating a deficient matura-

tion during HCV infection [44,45]; interestingly,

monocyte-derived iDCs from recovered patients showed a

similar level of maturation as in healthy subjects. It has

been suggested that the defective DC function of chronic

HCV patients could be alleviated by increasing the num-

ber of DCs or the quantity of maturation stimuli [46].

Thus, it is important to elucidate the reason for the lack

of DC maturation, as this could lead to impaired T cell

function and therefore viral persistence. Inducing and

studying functional maturation ex vivo would be a start-

ing point. We proved that the addition of 1-mT leads to

a restored maturation of HCV-infected monocytes.

Unfortunately, until now there have been no detailed

studies on how 1-mT influences cell maturation.

Fig. 9. Monocytes, isolated from healthy

individuals, were transduced with JFH-1T

for 48 h, and then treated with

granulocyte–macrophage colony-

stimulating growth factor (GM-CSF) and

interleukin (IL)-4, in the absence or

presence of levo-1-methyl tryptophan (L-1-

mT). Three days later a maturation

cocktail of tumour necrosis factor (TNF)-

a, interleukin (IL)-6, IL-1b and

prostaglandin E2 (PGE2) was added. Gene

expression of CD80 (a), CD83 (b) and

CD40 (c) was measured by quantitative

reverse transcription–polymerase chain

reaction (qRT–PCR). mRNA expression is

compared to uninfected monocytes. Results

are shown as median value and

interquartile range. Significant difference is

shown as *P< 0�05; ***P< 0�001.
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However, Agaugu�e [34] stated that the effect of 1-mT on

the functional orientation of DCs depends upon the type

of maturation signal, but that its effects on maturation

are not correlated with the inhibition of the IDO activity.

Overall, as 1-mT can interfere with other pathways and

molecules, it seems to be a promising reagent to change

the immune response in vivo. The next step would be to

analyse how 1-mT intervenes in DC maturation, and

especially if maturation of monocyte-derived DCs from

chronic HCV patients can also be restored by this

inhibitor.

Over-expression of IDO1 has indeed far-reaching con-

sequences: if the essential amino acid Trp, necessary to

synthesize proteins and induce proliferation and cell sur-

vival, is not present or in a lower amount, T cell activa-

tion is inhibited [47]. Conversely, the enzyme activation

of IDO1 is strictly controlled, as sustained IDO expres-

sion would probably have a toxic effect on the immune

system. Normally, IDO is induced mainly in response to

proinflammatory cytokines or activated T cells [11]; fur-

thermore, IFN-c production or CD80/CD86 ligation are

also potent inducers of up-regulation of IDO, although

the pathways are still not fully defined [8]. It is notewor-

thy that IDO expression is probably dependent upon the

maturation status of the cells. PGE2 is often used in mat-

uration cocktails, mainly together with CD40L, LPS, poly

(I:C) or a combination of IL-6, IL-1b and TNF-a. Mature

DCs can then be loaded with antigens and activate

antigen-specific T cells. PGE2 is important for the matu-

ration of monocytes, in particular migration after stimu-

lation, but is also responsible for the induction of IDO.

This would support our findings where, after using a

maturation cocktail containing PGE2, the IDO1 mRNA

activity was increased in healthy subjects as well as in

HCV patients. The same effect was also found for IDO2,

but to a much lower extent. Unfortunately, the effects of

PGE2 on mature DCs ex vivo are highly controversial.

Braun and colleagues [48] stated that no active IDO

enzyme activity could be measured after maturation with

PGE2. TNF or TLR receptors seemed to be necessary to

reactivate IDO. Also, PGE2-matured DCs were not differ-

entiated fully, and no proinflammatory cytokines were

produced [49]. A recent study by Kraus et al. [50], how-

ever, proved that PGE2 is not necessary for the matura-

tion of DCs, but enhances the ability of the cells to

stimulate CD41 and CD81 T cells. In addition, while the

IDO mRNA was up-regulated by PGE2, it was not enough

to initiate IDO protein expression; further maturation

signals were necessary. The expression of IDO probably

requires both PGE2 and maturation signals [51]. How-

ever, all these experiments were performed ex vivo, so it is

still unclear how matDCs behave in vivo. PGE2 is natu-

rally occurring and increased in HCV-expressing cells

[52], which indicates that in HCV-infected patients PGE2

could be responsible for an increase of IDO1 in matDCs.

Regardless, it is important to specify the inclusion of

PGE2 to mature DCs, at least until the complex actions

of PGE2 are analysed further and its effect on the IDO

activity is clear.

In summary, while IDO1 and -2 expression was

increased in the mDCs and monocytes of chronically

infected HCV patients, recovered patients showed similar

levels as healthy volunteers. In addition, increased IDO1

and -2 expression was found in monocytes from healthy

donors infected with JFH-1-HCV ex vivo, and this could be

reversed by treatment with 1-MT. These data suggest that

IDO inhibitors may be used to treat chronic HCV patients

in vivo, in conjunction with current therapies, or to activate

DCs from patients ex vivo, such that they can be readminis-

tered as an effective DC-based therapeutic vaccine.
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