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Abstract

Background—The critical events in clearance or persistence of hepatitis C virus (HCV) 

infection are unknown, but likely to be determined early in acute infection.

Methods—Type 1 and type 2 cytokine production was assessed by HCV peptide ELISpot and 

multiplex in vitro cytokine production assays in longitudinally collected samples from 20 

untreated participants enrolled in the Australian Trial in Acute Hepatitis C (ATAHC); a 

prospective cohort of acute HCV infection (77% injecting drug users, IDU).
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Results—Significantly higher interleukin-10 (IL-10) production (p=0.048), in the relative 

absence of interferon-gamma (IFN-γ) and IL-2 production, was present early in HCV infection in 

those who progressed to chronic infection. In contrast, viral clearance was associated with a 

greater magnitude and broader specificity of IFN-γ (magnitude p<0.001, breadth p=0.004) and 

IL-2 responses, in the relative absence of IL-10. Early IL-10 production was correlated with 

higher HCV RNA level at baseline (p=0.046) and week 12 (p=0.018), while IFN-γ and IL-2 

production was inversely correlated with HCV RNA level at baseline (IFN-γ p=0.020, IL-2 

p=0.050) and week 48 (IFN-γ p=0.045, IL-2 p=0.026). Intracellular staining (ICS) indicated the 

HCV-specific IFN-γ response was primarily from CD8+ T cells and NK cells, whereas IL-10 

production was predominantly from monocytes, with a subset of IL-10 producing CD8+ T cells 

present only in those who progressed to chronic infection.

Conclusion—IL-10, an immunoregulatory cytokine, appears to play a key role in progression to 

chronic HCV infection.
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INTRODUCTION

Primary HCV infection is asymptomatic in the majority of cases, with 50-80% of 

individuals developing chronic infection [1]. The largely asymptomatic course of acute 

HCV infection combined with the marginalized nature of those individuals at greatest risk of 

HCV (IDU) [1] has limited the number of studies examining the early natural history and 

cellular immune responses of HCV infection [2].

Clearance of HCV has been associated with early, multi-specific and sustained CD4+ [3-6] 

and CD8+ [7-9] responses directed against HCV epitopes [10-12], and depletion of either 

CD4+ or CD8+ cells in the chimpanzee model promoted viral persistence [7, 13, 14]. Studies 

of chronic HCV infection have demonstrated a low frequency of HCV-specific CD4+ and 

CD8+ cells both in the peripheral blood and liver [4]. By contrast, no clear correlation has 

been found as yet between anti-HCV humoral responses and viral clearance [15-17].

The innate immune response is a key component in the activation and maintenance of anti-

viral immunity, through induction of cytokines and initiation of the adaptive immune 

response. IFNs in particular, have been shown to play a critical role in response to viral 

infections. Recently clearance of HCV has been linked to genetic variation in IL-28B for 

both spontaneous [18] and treatment induced clearance [19, 20]. Polymorphisms 

approximately 3 kilobases upstream of the IL28B gene, which encodes IFN-λ-3, have been 

associated with a 2 fold difference in response to HCV treatment [20] and spontaneous viral 

clearance [18]. In addition, IL-28A (IFN-λ-2) has been shown to promote antiviral activity 

by suppressing HCV IRES-mediated translation [21]. Type III IFNs (IL-29, IL-28A, 

IL-28B) share structural similarity with the IL-10 family of cytokines and share functional 

characteristics with type I IFNs as they signal through the JAK-STAT pathway and are 

induced by viral infections. Several HCV proteins, however, have been shown to impair the 
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induction of type 1 IFNs, which then suppresses or delays subsequent adaptive T cell 

responses critical for viral clearance [22].

Helper CD4+ T cells are important for the control of viremia by promoting the effector 

function of virus-specific CD8+ T cells, particularly via IL-2 production [23, 24]. For 

instance, Missale et al (1996) detected higher magnitude HCV-specific T cell responses in 

those with viral clearance compared to viral persistence [25], suggesting the strength and 

timing of the T cell response is critical in determining the outcome of infection. Thus, 

functional impairment, suppression or deletion of antigen-specific T cells appears to be a 

key determinant of progression to chronicity [11, 26, 27].

During persistent viral infections specific T cells can become functionally inert, incapable of 

cytotoxicity, and producing IL-2 or IFN-γ [28, 29]; described as the ‘stunned’ phenotype in 

HCV infection [4]. Interference in the priming environment in HCV infection can reduce the 

effectiveness of the adaptive immune response, as low IL-2 concentrations caused expansion 

of memory cells, devoid of effector functions, whilst higher IL-2 concentrations during 

priming led to fully differentiated effector CD8+ T cells [30].

The importance of the cytokine milieu in determining viral clearance has been emphasized 

by studies using the murine LCMV model: early and high level IL-10 production was 

associated with viral persistence [31, 32]. In this context, excess IL-10 has the ability to 

suppress cytokine production and proliferation by CD4+ and CD8+ T cells, and to alter the 

function of antigen presenting cells [33-35].

The objective of this study was to analyze the affect of recent HCV infection upon the 

induction of effective cellular immune responses, in a cohort where the majority of subjects 

were IDU. The hypothesis was that the type and level of key cytokines produced early in 

HCV infection is a critical determinant of viral persistence. This study demonstrates that 

early IL-10 predominant responses are found in those that progress to chronic HCV 

infection.

MATERIALS AND METHODS

Study subjects

Untreated subjects with HCV infection were recruited from the Australian Trial in Acute 

Hepatitis C (ATAHC) study - a multi-centre, prospective longitudinal cohort. The study 

design has been previously described in detail [36]. In brief, eligible subjects had recently 

acquired HCV infection, defined by an initial positive anti-HCV antibody test within 6 

months of enrolment, and either a negative anti-HCV antibody test in the two years prior, or 

acute clinical HCV within 12 months of the initial positive. All subjects were aged 16 years 

or above and provided written informed consent. The study protocol was approved by the 

institutional review board.

The time of HCV infection was estimated as the mid-point between the last negative and 

first positive anti-HCV antibody tests (for asymptomatic cases) or as 6 weeks prior to onset 

of acute clinical symptoms or alanine aminotransferase (ALT) level greater than 400 U/L 
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(for clinical cases). The majority of subjects were IDU (77%) and median estimated duration 

of HCV infection at screening was 25 weeks. Thus, around 50% had acute HCV infection, 

while the remainder had early chronic HCV infection (6 to 18 months infection duration).

Immunological assays were performed on longitudinally collected samples (baseline, week 

12 [wk12], wk24, wk48) from untreated subjects, who were subsequently categorised into 

clearers (two consecutive negative qualitative HCV RNA assessments) and persisters (two 

consecutive positive qualitative HCV RNA assessments, Table 1).

Virological testing

Qualitative HCV RNA was tested by transcription-mediated amplification assay (TMA, 

lower limit of detection of 50 copies/mL, Siemens Medical Solutions Diagnostics, New 

York, USA). In all qualitative HCV RNA positive samples, viral load (VL) was measured 

using the VERSANT HCV RNA 3.0 Assay (bDNA, lower limit of detection of 3200 copies/

mL). Genotyping was performed using the VERSANT HCV Genotype Assay (LiPA).

Immunological assays

Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Hypaque density 

gradient centrifugation (Amersham–Pharmacia, Uppsala, Sweden), washed three times with 

phosphate-buffered saline (GIBCO BRL) and cyropreserved in media consisting of 90% 

heat inactivated fetal calf serum (FCS; JRH Biosciences, Kansas, USA) and 10% DMSO 

(Sigma-Aldrich).

HCV peptides

ELISpot and multiplex in vitro cytokine production assays were performed using peptides 

(18 amino acids in length, overlapping by 11 amino acids) based on the HCV genotype 1a 

sequence (NIH AIDS Reference and Reagent Program, Division of AIDS, NIAID, NIH: 

HCV 1a H77 Peptides). When used in IFN-γ and IL-2 ELISpot assays, peptides were 

grouped into 10 pools (Core, E1, E2, p7, NS2, NS3, NS4a, NS4b, NS5a and NS5b) covering 

the entire HCV coding region. Due to restrictions in available cell numbers, three peptide 

pools (Core-p7, NS2-3 and NS4-5), were used in the multi-array cytokine production assays. 

Peptides were titrated prior to use, with optimal concentration being 1 μg/mL (final 

concentration of each peptide). All peptides had an endotoxin level of <0.4 EU/mL 

(QC-1000 LAL assay was performed following manufacturer’s protocol, Lonza, Melbourne, 

Australia).

ELISpot IFN-γ and IL-2 assays

ELISpot assays were performed following manufacturer’s protocols (Mabtech, Nacka 

Sweden) with the exception of the use of coating antibody concentration of 5 μg/mL. 

Antigens included HCV peptides (10 peptide pools, 1 μg/mL), positive controls 

(phytohemagglutinin, 5 μg/mL, Sigma-Aldrich, Sydney), Cytomegalovirus, Epstein-Barr 

virus, Influenza [CEF] peptides, (9 amino acids, 2 μg/mL manufacturer’s recommendation, 

Mabtech), and anti-CD3 antibody (2 μg/mL, Mabtech) and a negative control (RPMI with 

10% FCS and 0.8% DMSO [> maximum DMSO concentration in the peptide pools]). 

PBMCs were added to triplicate wells at 1 × 105 cells/well (similar to methods used by Ruys 
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et al [37]). Plates were incubated at 37°C, 5% CO2 for 24 hours. Spot forming cells (SFC) 

were evaluated using an automated ELISpot reader (AID version 3.2.3, Strasberg, 

Germany). The thresholds for a positive response, ≥ 50 SFC/106 PBMC (after subtraction of 

negative control values) in both IFN-γ and IL-2 ELISpot assays, were determined using 15 

low risk, seronegative blood donors (designated by doubling the mean plus three standard 

deviations (SD, mean plus 3SD was <25 SFC) of the responses in this control group 

(Supplementary Figure 1). Positive responses were always at least twice background 

responses.

Multiplex in vitro cytokine production

PBMC were cultured in 384-well microplates (7.5 × 105/well), stimulated with HCV peptide 

pools at 1 μg/ml. Positive controls included PHA (5 μg/mL) and CEF peptides (2 μg/mL), 

and a negative control (RPMI with 10% FCS and 0.8% DMSO). Cells were incubated at 

37°C for 48 hours, before 65 μl of supernatant was collected and stored at -80°C until 

assayed for cytokine levels. A bead-based enzyme linked immunosorbent assay, containing 

dyed microspheres conjugated with a monoclonal antibody specific for each target cytokine, 

was performed according to the manufacturer’s protocol (Bio-plex Human Cytokine Assay; 

BioRad, CA, USA). The following Type 1 and 2 cytokines were measured: IL-2, IL-4, IL-5, 

IL-10, IL-12p70, IL-13, IFN-γ, TNF-α and granulocyte-monocyte colony stimulating factor 

(GM-CSF).

IFN-γ and IL-10 intracellular staining

PBMC from samples previously identified as positive for IFN-γ or IL-10 production were 

cultured for three days with HCV peptide pools (1 μg/mL), PHA (5 μg/mL), or media 

(RPMI with 10% FCS and 0.8% DMSO). Without the three day culture the frequency of the 

HCV-specific positive responses was below the limit of detection of the assay. After re-

stimulation, PBMCs were incubated with HCV peptides or controls for six hours for IFN-γ 

and 24 hours for IL-10 staining. Golgi-Stop (BD Biosciences) was added for the last four 

hours of stimulation. Cells were blocked with 10% human serum (Sigma-Aldrich) and 

stained for CD markers (CD3, CD4, CD8, CD14, CD19, CD56, or appropriate isotype 

control, BD Biosciences), permeabilized (Cytofix/cytoperm kit, BD Biosciences), and 

stained with anti-IFN-γ APC or anti-IL-10 APC (BD Biosciences). Cells were fixed 

overnight with FACS lysing solution (BD Biosciences), acquired on a FACSCalibur (~200 

000 events) and analyzed using BD FACSDiva software (version 4.1.2). The threshold for a 

positive response was defined as the mean plus 2SD of no antigen stimulation (media alone). 

For IFN-γ staining, this background threshold ranged between 1.1 to 2.0%, dependent upon 

the cell type examined (CD4 1.1%, CD8 1.6%, CD19 1.2%, CD56 1.8%, CD14 2.0%), and 

between 0.7 to 3.1% for IL-10 staining (CD4 0.7%, CD8 0.7%, CD19 1.0%, CD56 0.8%, 

CD14 3.1%).

Statistical Analysis

Non-parametric analyses were performed using Mann-Whitney tests, Fisher’s exact test was 

used for categorical analyses, and correlations were performed with Spearman’s statistic 

(Stata/IC 10.0 for Windows, USA).
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Analysis of longitudinal data was performed using a mixed effects model. Prior to the 

application of the mixed effects regression, each dataset was assessed for skewness and 

kurtosis. Significantly skewed data was square root transformed. Mann-Whitney tests were 

also performed on longitudinal data assessing individual timepoints (baseline, wk12, wk24 

and wk48). Logistic regression was used to investigate independent predictors of virological 

outcome between clearers and persisters. A significance level of 0.05 was used for all 

analyses.

RESULTS

Study subjects

The first 20 untreated subjects with longitudinal samples recruited into ATAHC included 12 

with spontaneous viral clearance (clearers) and 8 with progression to chronic HCV infection 

(persisters, Table 1). The sub-groups were similar in gender, (clearers 58% males, persisters 

50% males), age (clearers mean 32 years, range 21-47, persisters mean 29 years, range 

18-48) and duration of infection (clearers mean 25 weeks, range 7-65, persisters mean 27 

weeks, range 8-61). The subjects were all Caucasian and the most frequent mode of HCV 

infection was via IDU (clearers 75%, persisters 87%).

HCV-specific IFN–γ and IL-2 ELISpot responses

Early in infection (baseline), significantly more clearers had HCV-specific IFN-γ responses 

compared to persisters (clearers 10/12, persisters 1/8 p=0.005) and a greater number of 

clearers had IL-2 responses (clearers 5/12, persisters 1/8), with frequent recognition of NS3 

and E2 peptide pools (Supplementary Figure 2).

Clearers had a significantly higher magnitude of IFN-γ responses (summed HCV-specific 

responses) at both baseline (clearers mean 370 +/- 270 SFC, persisters mean 66 +/- 62 SFC, 

p<0.001) and wk12 (clearers mean 291 +/- 222 SFC, persisters mean 62 +/- 62 SFC, 

p=0.019) compared to persisters, which then decreased after viral clearance (post wk24, 

Figure 1). The breadth of HCV-specific IFN-γ responses (number of the peptide pools 

positive) was also significantly broader in clearers early in infection at baseline (clearers 

mean 2 +/- 1 pools, persisters mean 0 +/- 0 pools, p=0.004) and wk12 (clearers mean 1 +/- 1 

pool, persisters mean 0 +/- 0 pools, p=0.007) compared to persisters whose responses were 

narrow in specificity. In addition the magnitude and breadth of IL-2 responses were also 

higher among clearers (Figure 1).

Longitudinal analysis of cytokine production using the mixed effects model, demonstrated 

the magnitude of both IFN-γ and IL-2 production was significantly higher in clearers (by 68 

SFC p<0.001 and 27 SFC p<0.001 respectively) compared to persisters. Longitudinally, the 

breadth of the IFN-γ and IL-2 responses was also significantly greater in clearers compared 

to persisters (by one peptide pool for both cytokines IFN-γ p<0.001, IL-2 p=0.014).

Analysis of subjects with a duration of infection of 24 weeks or less (6 clearers C2, C6, C7, 

C9, C11, C12 and 5 persisters P1, P2, P4 P6, P7) revealed clearers had a significantly higher 

magnitude of IFN-γ production at baseline (mean 378 +/- 253 SFC p=0.017) and wk24 

(mean 223 +/- 152 SFC p=0.033) compared to persisters (baseline mean 68 +/- 80 SFC, 
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wk24 mean 60 +/- 20 SFC). The breadth of IFN-γ responses were also significantly broader 

in clearers and were maintained after viral clearance (baseline mean 2 +/- 1 pools p=0.042, 

wk12 mean 2 +/- 1 pools p=0.046, wk24 mean 1 +/- 1 pool p=0.034) compared to persisters 

(baseline, wk12, wk24 all 0 +/- 0 pools positive). In addition, clearers had significantly 

higher magnitude and breadth of IL-2 responses (magnitude wk24 mean 143 +/- 109 SFC 

p=0.046, breadth baseline mean 2 +/- 2 pools p=0.034 and wk 24 mean 1 +/- 0 pools 

p=0.034) compared to persisters (magnitude wk24 mean 36 +/- 25 SFC, breadth baseline 

and wk24 both mean 0 +/- 0 pools).

Of further note is that the genotype 1a peptide set was cross-reactive between several 

genotypes with positive cytokine responses detectable from genotype 1, 2, 3 and untypeable 

subjects. For example, at baseline persister P1 who is genotype 2a/c had an IFN-γ response 

of 210 SFC with 2 peptide pools positive and clearer C2 who is genotype 3a had an IFN-γ 

response of 380 SFC with 3 pools positive. Responses from the untypeable subjects ranged 

from 120 SFC with one pool positive (C8) to 940 SFC with 3 pools positive (C5). Those 

who were genotype 1 had responses ranging from 100 to 800 SFC with positive pools 

ranging from zero to four. Even though the majority of the clearers were not genotype 1, 

there was significantly higher magnitude and breadth of Th1 cytokine responses compared 

to those with viral persistence.

Multiplex in vitro cytokine production

At baseline, clearers had greater IFN-γ (mean 512 pg/mL +/- 673, p=0.04) and IL-2 (mean 

334 pg/mL +/- 918) production in response to HCV antigens, and lower levels of IL-10 

(mean 126 pg/mL +/- 172, p=0.048) compared to persisters. In contrast, persisters had an 

early, high level IL-10 production (mean 357 pg/mL +/- 377), in particular to structural 

HCV proteins, and lower production IFN-γ (mean 27 pg/mL +/- 46) and IL-2 (mean 131 

pg/mL +/- 246). This trend was also seen in the cohort of subjects with a duration of 

infection of 24 weeks or less (baseline clearers IFN-γ mean 206 pg/mL +/- 264, IL-10 mean 

134 pg/mL +/- 212 compared to persisters IFN-γ mean 11 pg/mL +/- 15, IL-10 mean 404 

pg/mL +/- 425). Representative multiplex cytokine profiles for clearers and persisters are 

shown in Figure 2.

In addition to persisters having a significantly higher magnitude of IL-10 early in infection 

(as above, baseline p=0.048), they also had a significantly higher ratio of IL-10 to IFN-γ 

production (ratio IL-10:IFN-γ clearers mean 126:512 pg/mL, persisters mean 357:27 pg/mL, 

p=0.002, Figure 3) at baseline.

Clearers had a higher level of both IFN-γ (clearers mean 1340 pg/mL +/- 1591, persisters 

mean 1008 pg/mL +/- 2080) and IL-10 (clearers mean 656 pg/mL +/- 694) persisters mean 

558 pg/mL +/- 819) at wk48 compared to persisters. The elevated IL-10 in the clearers could 

possibly be a mechanism to downregulate the immune response after viral clearance and 

reduce inflammation in the liver.

The level of IL 10 and IFN-γ in the clearers was also compared with an unselected cohort of 

chronic hepatitis C subjects (n=10, chronic infection for >2 years). The magnitude of IL-10 

production was significantly higher in the chronics (mean 686 pg/mL +/- 425) compared to 
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the clearers (baseline mean 126 pg/mL +/- 172, p<0.001), while the production of IFN-γ was 

significantly lower in chronics (mean 183 pg/mL +/- 558) compared to clearers (baseline 

mean 512 pg/mL +/- 673, p=0.04, Supplementary Figure 3). Thus supporting the pattern of 

increased IL-10 production, in the relative absence of IFN-γ, being associated with viral 

persistence.

IFN-γ and IL-10 intracellular cytokine staining (ICS)

ICS was performed on baseline samples from four persisters (P1, P5, P7 and P8) and four 

clearers (C4, C6, C7, and C8). IFN-γ and IL-10 production was assessed using two HCV 

peptide pools, Core to p7 and NS4/5 pool. The majority of HCV-specific IFN-γ production 

was from clearers by both CD8+ T cells and CD56+ cells, with little to no production from 

persisters. IFN-γ production was also detected more frequently when PBMC were 

stimulated with the HCV antigen NS4/5 (Figure 4). IL-10 production, however was more 

frequently detected from the Core to p7 HCV antigen where it was produced mainly by 

persisters. In persisters, CD8+ T cells were a source of IL-10, with both persisters and 

clearers having CD14+ IL-10 producing cells (Figure 4).

Immunological correlations with clinical parameters

Clearers and persisters did not differ in their demographic and clinical characteristics 

including age, gender, ethnicity, symptoms, mode of transmission, duration of infection nor 

ALT at baseline (p>0.05). Persisters had a significantly higher HCV RNA level at baseline 

compared to clearers (p=0.004).

Spearman correlation analysis of the entire cohort (n=20) revealed an inverse correlation 

between HCV RNA level and both IFN-γ (ELISpot magnitude baseline rho= -0.51 p=0.02 

and wk48 rho= -0.59 p=0.045) and IL-2 (ELISpot magnitude baseline rho= -0.44 p=0.05 and 

wk48 rho= -0.64 p=0.026) production at baseline and wk48. In addition, at baseline and 

wk12 there was a correlation between high HCV RNA level and high IL-10 production 

(multiplex assay baseline rho= 0.45 p=0.046, Figure 5, wk12 rho= 0.60 p=0.018). At wk48 

an inverse correlation between ALT and IL-2 production (ELISpot magnitude rho=-0.65 

p=0.029, multiarray rho=-0.61 p=0.047) was present. Other clinical characteristics were not 

associated with the cytokine profile (p>0.05).

DISCUSSION

This is the first longitudinal study of recent HCV infection in a cohort who were 

predominantly IDU to demonstrate high IL-10 production is associated with progression to 

chronic infection. This finding together with the differential patterns of IFN-γ and IL-2 

production between clearers and persisters demonstrates that the magnitude and type of 

cytokines produced early in HCV infection are likely to be critical in determining the 

outcome of infection.

Previous studies that have measured cytokine levels in the sera of chronically infected 

subjects have been inconsistent, with some finding increased levels of IFN-γ and IL-2 [38] 

while others found higher levels of IL-4 and IL-10 in chronics [39, 40] compared to healthy 
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control subjects. However, the significance of serum levels of cytokines in relation to intra-

hepatic production and activity is unknown.

In the present study an early, broad and higher magnitude IFN-γ response and sustained IL-2 

production were detected in clearers. In contrast, significantly higher magnitude of IL-10 

production was present in persisters. The IL-10 production was largely produced in response 

to HCV structural antigens, in particular core peptides. Core and other HCV proteins have 

been shown to interfere with IFN production in vitro, disrupting the cytokine balance in 

favour of chronicity [22]. IL-10, therefore, appears to have a particularly important role in 

viral persistence, with a low level required for immune regulation, but higher levels 

detrimental for viral clearance [31, 34].

Previous human studies have investigated this balance using neutralizing antibodies against 

IL-10 in vitro. HCV-specific T cell responses in chronically infected patients were restored 

by blocking IL-10, resulting in increased IFN-γ production [41, 42]. By contrast, 

administration of recombinant IL-10 down-regulated the existing HCV-specific T cell 

responses and enhanced viral replication [43]. In combination with the data presented here, 

these studies provide evidence for the central role of IL-10 in the suppression of antiviral 

immunity in recent and chronic HCV infection, in particular via the ability of IL-10 to 

inhibit IFN production from effector cells.

The mechanisms of IL-10 inhibition of IFN-γ production include the rapid induction of 

suppressors of cytokine signaling (SOCS)-3 and SOCS-1 [44]. IL-10 also inhibits IFN-γ-

induced gene transcription, particularly via inhibition of STAT-1 activation [44]. 

Interestingly this inhibition can be overcome by higher concentrations of IFN-γ relative to 

IL-10, suggesting IL-10 and IFN-γ-induced intracellular mechanisms are competing or 

interacting [44]. This finding may be pertinent in early HCV infection, where higher 

magnitude IFN-γ in the relative absence of IL-10 was predominant in clearers, and suggests 

the ratio of IFN-γ to IL-10 production early in acute infection is particularly important.

Excess IL-10 can be detrimental to viral clearance by suppressing the expression of MHC 

class II antigens on monocytes [44] and reducing DC ability to prime CD4+ T cells [31]. The 

early high magnitude IL-10 in this study is likely to promote viral persistence by 

suppressing cytokine production and proliferation by CD4+ and CD8+ T cells [34, 35], 

downregulating the CD4+ T cell response and inhibiting or altering the effector function of 

CD8+ T cells, promoting viral persistence.

IL-10 can also drive naïve CD4+ T cells to become regulatory T cells, enhancing IL-10 

production and the likelihood of viral persistence [45]. The importance of IL-10 producing 

Tregs in HCV infection is not clear. Classical Treg (FoxP3+CD4+CD25+) immune 

suppression was been demonstrated to be higher in acute infection compared to healthy 

controls, although there was no difference early in infection between those with viral 

clearance or persistence [46]. A higher proportion of CD4+CD25+IL-10+ Treg was found in 

chronic HCV infection compared to recovered and normal control donors [47], although a 

cross-sectional study in chronic HCV infection found no difference in IL-10 production 

between CD4+CD25+ and CD4+CD25- T cells, with IL-10 production from peripheral CD4+ 
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and CD8+ cells [42]. While there was no evidence for increased IL-10 producing CD4+ T 

cells in persisters, they demonstrated a novel CD3+CD8+ IL-10 producing population that 

may represent dysfunctional effector T cells.

Preliminary ICS experiments presented here in early HCV infection have indicated both 

CD4+ and CD8+ T cells and monocytes, as sources of IL-10 production, in response to HCV 

antigens. Interestingly, only in persisters was there a subset of IL-10 producing CD8+ T 

cells. Whether these CD4+ and CD8+ T cells are Tregs or whether the IL-10 production 

from monocytes is induced by antigen-specific T cells remains to be investigated.

IL-10 producing CD3+CD8+ cells have also been detected in the liver in chronic HCV 

infection [48, 49]. The presence of IL-10 in the liver may have a role in reducing 

immunopathology, but excess IL-10 may be at the cost of viral persistence. Interestingly, 

IL-10 production has also been demonstrated by monocytes from chronic HCV patients 

stimulated with Core and NS3 proteins [50-52], and HCV cell culture models have 

demonstrated that exposure of DCs to HCVcc (H77 and/or JFH1) inhibited maturation, 

impaired stimulation of CD4+ and CD8+ T cells and induced IL-10 production [53]. 

Similarly, in HIV infection, monocytes have been shown to be high producers of IL-10 [54]. 

IL-10 has several cellular sources including mast cells, eosinophils, B cells, monocytes, 

macrophages, DCs, CD4+ and CD8+ T cells [45], however the factors driving the production 

of IL-10 in acute HCV infection are not yet clear [55].

Of further significance is the finding that the magnitude of the HCV VL correlated with 

IL-10 production, while low HCV RNA level was associated with high IL-2 and IFN-γ 

production. The direct mechanism linking high HCV replication to increased IL-10 

production remains to be elucidated, but is likely to be via inhibition of the induction of 

HCV-specific effector T cell responses.

It is also important to note some potential limitations of this study. Firstly PBMC were used 

to investigate and compare the magnitude of Th1 and Th2 cytokine responses in clearers and 

persisters, with ICS experiments indicating the cell sources of cytokine production. This 

assessment of HCV-specific responses is not directly from the site of infection, the liver, and 

speculates the trend of cytokine production and effector cell function to be relative to that 

observed in the periphery. Secondly genotype 1a peptides were used as this was all that was 

available at the time this study was conducted. The recent availability of peptide sets from 

other genotypes will allow more precise definition of cytokine production and cross 

genotype responses in future.

Recent studies revealing a link between IL-28B polymorphisms and viral clearance are of 

interest for subjects enrolled in the ATAHC study. In relation to this study type III IFNs are 

of particular interest as they are structurally related to the IL-10 family of cytokines (using 

the heterodimeric receptor IL-10Rβ and IL-28Rα), with functional characteristics of type I 

IFNs signaling through the JAK-STAT pathway [19].

In conclusion, subjects who resolved HCV infection had a strong, broad Th1 immune 

response in the relative absence of IL-10. In contrast, those who developed chronic infection 

had an early and high magnitude production of IL-10 in the relative absence of IFN-γ. Thus 
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the ability of IL-10 to inhibit Th1 cytokine production and antigen presentation, affecting 

the activation and maintenance of cellular immune responses and the balance of cytokine 

production, appears to be a key feature promoting viral persistence. An increased 

understanding of the cytokine environment early in HCV infection is important for the 

development of novel therapeutics to facilitate viral clearance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Longitudinal analysis of the magnitude (A-B) and breadth (C-D) of HCV-specific IFN-γ and 

IL-2 responses in clearers (n=12, white bars) and persisters (n=8, hatched bars) from 

baseline to week 48. A) A significantly higher magnitude of IFN-γ production was detected 

in clearers compared to persisters at baseline (p<0.001) and week 12 (p=0.019) by Mann-

Whitney. B) Clearers maintained their HCV-specific IL-2 response with higher magnitude 

of IL-2 production compared to persisters screening to week 48. C) Clearers of HCV 

infection had significantly broader HCV-specific IFN-γ responses compared to persisters at 

baseline (p=0.004, Mann-Whitney) and week 12 (p=0.007, Mann-Whitney), and maintained 

a boarder response to week 48. D) Clearers demonstrated a trend of a broader IL-2 response 
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baseline to week 48 compared to persisters. The horizontal solid lines in the box and 

whisker plots represent the median response. Four asterisks represent p<0.001, two asterisks 

represent p<0.01 and one asterisk represents p<0.05.
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Figure 2. 
Multiplex cytokine production at baseline in a representative example of A) a clearer 

(duration of infection 25 weeks) and B) a persister (duration of infection 28 weeks) after 

stimulation with the three HCV peptide pools (Core-p7, NS2-3, NS4-5), control CEF 

peptides or PHA. Strong Type 1 cytokine responses (IFN-γ/IL-2) to HCV antigens are 

present in the clearer and absent in the persister. The dotted black line at 10 pg/mL 

represents the background cytokine production (media alone) in the assay.
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Figure 3. 
Longitudinal analysis of HCV-specific A) IL-10 and B) IFN-γ production in clearers 

(baseline n=12, white bars) and persisters (baseline n=8, hatched bars) by multiplex cytokine 

assay. A) A significantly higher magnitude of IL-10 production was detected in persisters at 

baseline (p=0.048) compared to clearers. IL-10 production was maintained in persisters 

longitudinally from baseline to week 48. B) In contrast, a significantly higher magnitude of 

IFN-γ production was detected in clearers at baseline (p=0.04), which was maintained in 

clearers longitudinally from baseline to week 48. C) The ratio of IL-10 production to IFN-γ 

production at baseline was significantly higher in persisters (p=0.002). In graphs A to C the 
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horizontal line indicates the median and in graph C, each dot represents a subject in the 

study. Three asterisks represent p<0.005 and one asterisk represents p<0.05.
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Figure 4. 
Characterization of HCV-specific IFN-γ and IL-10 producing cells by ICS. PBMCs from 4 

persisters and 4 clearers were stimulated with media alone or HCV antigens (Core-p7 or 

NS4/5) for 3 days prior to ICS. A) IL-10 producing cells from subject P7 are presented 

where cells were stimulated with media alone (top row) or HCV antigen C-P7 (bottom row). 

Dot plot analysis of IL-10 producing cells revealed a low background in the media control, 

whereas C-P7 stimulated CD3+CD4+, CD3+CD8+ and CD14+ IL-10 producing cells were 

3.1, 2.7 and 2.3 fold higher in number respectively. B) IL-10 production was more 

frequently detected following stimulation with Core-P7 antigens and from persisters. HCV-

specific IL-10 production was from CD14+ cells in both persisters and clearers, while only 

Flynn et al. Page 22

J Viral Hepat. Author manuscript; available in PMC 2014 December 27.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



persisters had a subset of IL-10 producing CD8+ and CD4+ T cells. C) IFN-γ producing cells 

were detected following stimulation with NS4/5 antigens. HCV-specific IFN-γ production 

was mainly from CD8+ T cells and CD56+ cells. The white bars represent CD4+ T cells, the 

speckled bars represent CD8+ T cells, CD56+ cells are represented by horizontally striped 

bars and the CD14+ cells by speckled bars. To determine the percentage of cytokine 

producing cells, viable cells were first gated on either CD14+ cells, CD56+ cells or CD3+ 

cells. The CD3+ cells were then gated on CD3+CD4+ and CD3+CD8+ T cells.
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Figure 5. 
Correlation of HCV-specific cytokine production with HCV RNA levels from A) IFN-γ 

ELISpot assay B) IL-2 ELISpot assay and C) IL-10 production from the multiplex in vitro 

cytokine assay at baseline. A) High IFN-γ production was inversely correlated with HCV 

RNA (Spearman correlation rho=-0.51 p=0.02) B) The magnitude of IL-2 was also inversely 

correlated with HCV RNA (Spearman correlation rho=-0.44 p=0.05) C) In the multiarray 

assay, high IL-10 production was positively correlated with high HCV RNA levels 

(Spearman correlation rho=0.45, p=0.046).
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