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SUMMARY. In order to understand the parameters associated

with resolved hepatitis C virus (HCV)-infection, we analysed

the HCV-specific T-cell responses longitudinally in 13

injecting drug-users (IDUs) with a prospectively identified

acute HCV infection. Seven IDUs cleared HCV and six IDUs

remained chronically infected. T-cell responses were fol-

lowed in the period needed to resolve and a comparable time

span in chronic carriers. Ex vivo T-cell responses were

measured using interferon-c Elispot assays after stimulation

with overlapping peptide pools spanning the complete HCV

genome. CD4+ memory-T-cell responses were determined

after 12-day stimulation with HCV proteins. The maximum

response was compared between individuals. The T-cell re-

sponses measured directly ex vivo were weak but signifi-

cantly higher in resolvers compared to chronic carriers,

whereas the CD4+ memory-T-cell response was not different

between resolvers and chronic carriers. However, HCV Core

protein was targeted more often in chronic carriers com-

pared to individuals resolving HCV infection. CD4+ T-cell

responses predominantly targeting nonstructural proteins

were associated with resolved HCV infection. Interestingly,

observation of memory-T-cell responses present before the

documented HCV-seroconversion suggests that reinfec-

tions in IDUs occur often. The presence of these responses

however, were not predictive for the outcome of infection.

However, a transition of the HCV-specific CD4+ memory-T-

cell response from targeting Core to targeting nonstructural

proteins during onset of infection was associated with a

favourable outcome. Therefore, the specificity of the CD4+

memory-T-cell responses measured after 12-day expansion

seems most predictive of resolved infection.

Keywords: hepatitis C virus, human, injecting drug-user,

T cells.

INTRODUCTION

Hepatitis C virus (HCV) is a positive-stranded RNA virus,

which is mainly transmitted through blood-contact [1]. HCV

infection persists in a majority of individuals resulting in

liver fibrosis, cirrhosis and/or hepatocellular carcinoma [2].

Acute HCV infection, however, is difficult to identify because

it is usually asymptomatic and most infections occur among

injection drug-users (IDUs).

Studies in humans have shown that spontaneous clear-

ance of acute HCV infection is associated with strong and

sustained CD4+ and CD8+ T-cell responses against several

HCV-derived antigens [3–10]. The mechanism on account of

which the immune response fails to control the virus re-

mains, however, unclear. Because, the identification of acute

HCV infection is rare, only in a limited number of persons a

longitudinal follow-up of HCV-specific T-cell responses from

the early phase of HCV infection has been reported [6,9,11–

13]. Most of these responses have been studied using a

limited number of epitopes, mostly restricted to the HLA A2

haplotype [7,9,14,15]. It is likely that this approach

underestimates the complete T-cell immune response [16].

Abbreviations: ACS, Amsterdam Cohort Studies; EDI, estimate the

date of infection; HCV, hepatitis C virus; ICCS, intracellular cytokine

staining; IDU, injection drug-users; IFN, interferon; PBMC, periph-

eral blood mononuclear cell.
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To study why some HCV-infected IDUs fail to clear the

virus, we analysed the HCV-specific immune response be-

tween IDUs with a prospectively identified acute HCV infec-

tion, who either eventually resolved the HCV infection or

remained chronic. We followed ex vivo T-cell responses using

HCV overlapping peptide pools covering the complete HCV

genome. In addition, we measured memory CD4+ T-cell re-

sponses after stimulation with HCV proteins, using a sensi-

tive and reproducible expansion assay [17], within the

period needed either to resolve or a comparable time span in

eventual chronic carriers.

METHODS

Study subjects

Study subjects were recruited from the Amsterdam Cohort

Studies (ACS) among drug-users, an open, ongoing cohort

study that started in December 1985 to study the epidemi-

ology of HIV/AIDS and other blood-borne or sexually

transmitted diseases [18], which was carried out in accor-

dance with the Helsinki declaration and approved by the

institutional Review Board. Participants visit the Amsterdam

Health Service every 4–6 months to fill in a detailed ques-

tionnaire on IDU and other risky behaviours. In addition,

blood is drawn for prospective HIV-testing and storage of

peripheral blood mononuclear cells (PBMC). By screening for

HCV antibodies in stored serum, Beld et al. retrospectively

established the HCV status of 358 drug-users included be-

tween December 1985 and March 1996 and identified 19

HCV-seroconverters among those at risk. Four were HIV-

positive before HCV-seroconversion and two experienced an

acute HIV-infection at the time of HCV-infection. Seven of 19

(39%) HCV-seroconverters resolved HCV-infection [19]. All

HCV-seroconverters were studied longitudinally for the

presence of HCV RNA [20]. Conversion from a negative- to

positive HCV–RNA test could be documented in 18 of them

making it possible to estimate the date of infection (EDI).

Thirteen HIV-negative, acute HCV-infected out of 18 HCV–

RNA converters were selected for our study (Table 1). Seven

of these 13 subjects resolved acute HCV infection and six

remained chronically infected. During follow-up, two of

Table 1 Clinical and laboratory characteristics

Subject

(pubID)

Subject

study ID

Age at

EDI (years) SEX

Total

Follow-up

(months)

Follow-up

since EDI

(months)

Interval of

HCV–RNA

conversion

(months)

HCV

genotype

Resolving

phase

(months)

HLA-class I

A/B alleles

19854 R1 38 M 171 146 3.5 3a 14.6 A3,25

B 27, 51

18915 R2 37 F 110 15 4 1a 4.2 A2

B 44, 62

16991 R3 26 F 137 41 4 3a 4.0 A2,3

B7,60

16994 R4 29 F 56 46 4 1a 6.0 A24,34

B49,53

18885 R5 24 M 182 171 4 1a 4.8 A26,66

B27,41

18787 R6 26 M 119 108 5 3a 24.2 A30,68

B18,62

12905 R7 28 M 183 142 3.5 1a 3.6 A3,29

B 44,55

18898 C1 34 F 177 154 3 1a Chronic A1,28

B7,27

18886 C2 20 F 146 139 5 1a Chronic A2,32

B14,44

18877 C3 34 M 165 142 3.5 3a Chronic A2,28

B7,8

16941 C4 25 F 137 99 3.5 3a Chronic A24

B7,60

12970 C5 28 F 153 134 39 3a Chronic A2,23

B49,53

19927 C6 27 F 143 100 23 1a Chronic A2,3

B7

EDI, estimated date of infection; R, resolver; C, chronic.
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seven resolvers became reinfected with HCV and HIV-1, after

which they remained chronically HCV–HIV coinfected. As

all 13 individuals with an acute HCV infection were identi-

fied retrospectively from the ACS, (designed for prospective

follow-up of HIV-1 infection), no active examination of the

occurrence of an acute hepatitis was performed. Examina-

tion of the medical files did not show any indication of

symptomatic acute HCV-infection.

Definitions

Hepatitis C virus infection was defined as the conversion from

a negative to a positive HCV–RNA test (bDNA HCV 3.0

Bayer, lower limit of detection 615 IU/mL or HCV–RNA

assay by transcription-mediated amplification, Versant

HCV–RNA Qualitative assay, Bayer, lower limit of detection

5 IU/mL), documented over two consecutive visits in com-

bination with HCV seroconversion (presence of antibodies to

HCV by third-generation Enzyme Immunoassay; EIA 3.0

Abbot Laboratories, Abbott Park, IL, USA).

Estimated date of infection was defined as the midpoint be-

tween the last negative and first positive HCV–RNA test-

date. EDI was determined with a variation of ±2 months in

11 of 13 subjects. In two subjects, EDI had a variation of

±19 and ±12 months respectively.

Date of HIV seroconversion was defined as the midpoint

between the last negative and first positive HIV-antibody test

(commercial EIA; Abbot) and confirmed by Western blot

(Diagnostic Biotechnology, Belgium). HIV–RNA plasma

concentration was determined by NASBA technology (lower

quantification limit of 103 HIV–RNA copies/mL).

Resolved infection was defined as two consecutive visits

with negative qualitative HCV–RNA assays after onset of

HCV-infection.

The resolving phase was defined as the phase after EDI in

which spontaneous clearance was possible [21] and calcu-

lated as the time elapsed between EDI and the midpoint be-

tween the last positive and first negative HCV–RNA time point.

HCV genotyping

The RNA was isolated using the TriPure method (Roche

Diagnostics, Almere, the Netherlands) and subsequently

amplified and genotyped using a nested RT-PCR based on

the conserved Core region of the HCV genome as described

by Ohno et al. [22]. Genotypes were confirmed by sequenc-

ing part of the NS5B region of the HCV genome [23].

Peptides, peptide pools and proteins

As peptide pools for stimulation of both CD4+ and CD8+ T-

cell responses, panels of overlapping peptides (provided by

NIH Aids Research Reagent Program) spanning the com-

plete HCV genome corresponding to the HCV 1a genotype

(H77 sequence, Genbank access AF009606) with a length of

18 amino acids (aa) (overlapping adjacent peptides by 11 aa)

derived from the following HCV proteins were used: Core/

envelope polyprotein (Core, E1, E2, p7 protein, aa 1–805,

consisting of 116 peptides), NS2 protein (aa 806–1022,

consisting of 31 peptides), NS3 protease/helicase (aa 1023–

1645, consisting of 50 peptides), NS4 protein (aa

1646–1967, consisting of 49 peptides), NS5A protein

(aa 1968–2415, consisting of 67 peptides) and NS5B protein

(aa 2416–3011, consisting of 87 peptides). Peptides were

dissolved in DMSO and 1 lg of total peptide pool mix (each

peptide present in a representative amount, i.e. in a con-

centration of 1 lg divided by the number of peptides in the

pool) was used in stimulations. The DMSO concentration

never exceeded 1% in the final stimulation. Expansion of

CD4+ T cells was performed using the HCV proteins Core,

NS3, NS4 and NS5 (provided by Chiron, Emeryville, CA,

USA).

PBMC separation and storage

Peripheral blood mononuclear cells were isolated from hep-

arinized blood by density gradient centrifugation on Ficoll–

Hypaque and cryopreserved using a computerized freezing

system in liquid nitrogen within 24 h of collection.

Elispot assay for single cell IFN-c release

Interferon-c producing, antigen-specific T-cells were enu-

merated using overnight IFN-c-specific Elispot assays as pre-

viously described using the anti-IFN-c antibodies from

Mabtech (Stockholm, Sweden) and streptavidin poly-HRP

from Sanquin (Amsterdam, The Netherlands) [24]. PBMC

were stimulated directly ex vivo in triplicate wells at

1 · 105 cells/well in the absence or presence of 1 lg/mL

peptide pools. To provide us with the highest sensitivity, we

have optimized our assay in such a way that the ratio back-

ground to specific response level is optimal at 100.000 cells

input. Individual cytokine-producing cells were detected as

dark purple spots after a reaction with TMB substrate (San-

quin, Amsterdam, The Netherlands) and counted using the

A.EL.VIS automated spot analyser (Sanquin Reagents, Am-

sterdam, the Netherlands). The number of specific T-cell

responders per 106 PBMC was calculated after subtracting two

times negative control values, which leads to the highest

specificity as validated in our lab. A response of 50 spots/106

PBMC was regarded as positive (after subtraction of negative

control values), based on values in healthy blood bank donors.

Expansion of HCV-specific CD4+ T cells

As direct responses towards HCV proteins did not result in

detectable responses, we used an expansion assay prior to

the measurement of effector function. To expand HCV-spe-

cific CD4+ T cells, 3 · 106 PBMC were cultured for 12 days

as previously described [17,25] in the presence of the HCV
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proteins CORE, NS3, NS4 and NS5. Culture medium con-

sisted of RPMI 1640 (Gibco Life technologies, Breda, The

Netherlands) supplemented with penicillin/streptomycin and

10% human pool serum. Cells were cultured at 2 · 105

PBMC/well in 100 ll medium in 96-well round bottom

plates, at 37 �C and 5% CO2. Protein (2 lg/mL) was added

on days 0 and 6. Interleukin-2 was added at 10 U/mL on

days 3, 6 and 9. On day 12, cells were pooled, washed,

counted and rested overnight in complete medium. On day

13, the cells were restimulated for 6 h with overlapping

peptide pools, corresponding to the HCV proteins used to

expand T cells, to assess effector function (IFN-c production).

Detection of IFN-c-producing HCV-specific T cells after
restimulation

Interferon-c-producing cells after restimulation with over-

lapping peptide pools were enumerated by intracellular

cytokine staining (ICCS) [26,27]. As higher number of IFN-

c-producing cells are to be expected after expansion than

directly ex vivo, ICCS was chosen for better visualization.

Briefly, 106 PBMCs were stimulated for 6 h with HCV Core /

envelope (also including E1,E2 and p7 peptides), NS3, NS4

and NS5 peptide pools (at 2 lg/mL) and both aCD28 (2 lg/

mL) and aCD49d (1 lg/mL) as costimuli, in the presence of

1:1000 Brefeldin A (Golgiplug, BD Biosciences, San José, CA,

USA). As a negative control, PBMCs were stimulated with

medium and co stimulation alone. As a positive control

PBMCs were stimulated with 10 ng/mL phorbol myristate

acetate and 2 lg/mL ionomycin. After stimulation, cells

were washed, permeabilized (FACS Permeabilizing Solution,

BD), washed again and stained with antibodies specific for

CD3, CD4, CD8 and IFN-c (BD). After fixation (Cellfix; BD)

200.000 events were acquired on a FACSCalibur flow cy-

tometer (BD). Lymphocytes were gated by forward and

sideward scatter and data analysed using the software pro-

gram CELL QUEST (BD). Reponses were scored as positive

when 2· above the medium control value and expressed as

the % of IFN-c-producing CD4+ T cells.

Calculation of the number of IFN-c-producing CD4+ T
cells/106 PBMC input

To enable comparison of donors and patients with different

CD4+ T-cell numbers, a more absolute number of HCV-spe-

cific CD4+ T cells was determined by calculating the number

of HCV–protein-specific IFN-c-producing CD4+ T cells

recovered out of 106 PBMC put into culture on day 0. This is

the combination of the initial number of specific cells present

and their ability to survive, proliferate and differentiate

in vitro. To this end, we counted the number of cells after

culture (the ones that survived and proliferated) and calcu-

lated the number of IFN-c-producing T cells grown out as a

function of the input (initial frequency of specific cells)

using the following equation: Number of cells grown out
Number of input cells

� �

�%IFN�c� 10:000¼number of cells per 106 input PBMC.

As this calculation takes into account all variables potentially

influencing the end result, it results in a more reliable num-

ber than just the % of responding cells after 12 days as pre-

viously shown [17].

Nonaddition of either stimulus or control proteins (Chir-

on) during the 12-day culture did not lead to recovery of

specific T cells after 12 days. In addition, stimulation with a

mismatch antigen (e.g. HIV-peptides), did not lead to

detectable HCV-specific T-cell responses (either CD4 or CD8)

after restimulation with HCV peptides [17].

Statistical analysis

Data are presented as medians with minimum and maxi-

mum values. Comparisons between the peak T-cell responses

of resolvers and chronic HCV infected patients were per-

formed by Mann–Whitney test using Statistical Product and

Service Solutions (spss) for Windows, version 9.0 (SPSS Inc.,

Chicago, IL, USA).

RESULTS

Clinical and laboratory findings

We studied 13 HIV-negative IDUs with documented onset of

HCV-infection (Table 1). Seven of these resolved HCV infec-

tion after a median of 4.8 months (the resolving phase of HCV-

infection, interquartile range 3.6–24.2 months).(Table 1) Six

of 13 subjects remained chronically infected as evidenced by

the presence of high levels of HCV–RNA plasma concentra-

tions >2 years (Fig. 1b). After the EDI, resolvers had lower

HCV–RNA concentrations (median 3.53 log10, range 2.78–

6.9) than chronic carriers (median 5.57 log10, range 4.34–

6.12) (P = 0.051, Fig. 1). Onset of HCV infection was always

associated with self-reported injecting drugs-use (Figs 1a,b).

In most cases IDU continued during follow-up, which might be

leading to re-exposure or reinfection with HCV.

T-cell analyses

T-cell responses were analysed in the time span needed to

clear the acute infection, which we refer to as the resolving

phase of HCV-infection. To make the two groups, the

resolvers and the chronic carriers, comparable, we have

measured T-cell responses in chronic carriers within a

comparable time span (within the first 2 years after EDI).

The first time point analysed during follow-up had a median

of 3.5 months after EDI for resolvers (interquartile range 1–

10 months) as well as chronic carriers (interquartile range

1–16 months). Comparison between groups was performed

using the highest observed T-cell response. The median time

to development of the highest observed T-cell response was

11 months (range 4–23) in resolvers and 19 months (range

15–24) in chronic carriers (Fig. 1).
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Resolvers have higher ex vivo HCV specific T-cell responses
than chronic carriers

Using an IFN-c Elispot assay after stimulation with pools of

overlapping peptides, the total HCV-specific T-cell response

directly ex vivo was estimated by the sum of the separate

responses towards the different HCV-peptide pools

(Figs 1a,b). At the time point at which the highest T-cell

response was observed, resolvers had significantly higher

HCV-specific T-cell responses (median 640 spots/million

PBMC, range 83–5445) than chronic carriers (median 74

spots/million PBMC, range 0–230) (P = 0.035) (Fig. 2a).

At that time point, a corresponding HCV–RNA measurement

could be performed in six of seven resolvers and all of them

had plasma concentrations below 615 IU/mL (Fig. 1a).

Next, we identified the specific antigens/peptide pools that

were targeted. Resolvers targeted a median of five antigens,

(range 3–6) while chronic carriers targeted a median of 2

antigens, (range 0–5), suggesting that a larger breadth of

the T-cell response was associated with resolved infection

(Fig. 2a). No differences for the specificity of the HCV-specific

T-cell response to a particular peptide pool (cluster) was

observed between resolvers and chronic carriers directly ex

vivo.

We were able to analyse long-term HCV-specific T-cell

responses in three resolvers and five chronic carriers, some

at multiple time points (see Fig. 1). These long-term HCV-

specific T-cell responses (median follow-up 124 months,

range 59–135) were repeatedly low in both groups (0 spots

and median of 9 spots/million PBMC (range 0–47) respec-

tively) (Fig. 2b).

Total CD4+ memory-T-cell responses are not significantly
different between resolvers and chronic carriers

Hepatitis C virus-specific CD4+ T-cells were quantified using

a 12-day in vitro expansion assay, which was shown to give

a proper reflection of a memory CD4+ T-cell response

[17,28]. Representative FACS plots of HCV-specific CD4+ T-

cells in one chronic carrier (Fig. 3a) and one resolver

(Fig. 3b) after 12-day expansion with HCV proteins and

restimulation with peptide pools show the percentage of

CD3+ CD4+ T-cells-producing IFN-c (total CD4+ T-cell res-

ponse 16.23% and 25.17% respectively). Subsequently the
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Fig. 1 Follow-up of injecting drug-use (IDU) and HCV-specific T-cell responses in 13 IDUs. Follow-up (months), relative to

estimated date of HCV infection at t = 0 months (vertical dashed line) is shown for seven resolvers (R1–R7, a) and 6 chronic

carriers (C1–C6, b). Resolvers R6 and R7 became chronic HCV-carriers after reinfection in combination with HIV-1. Viral

RNA plasma concentrations are shown on a logarithmic scale on the y-axis (a,b upper panels) with lower limits of

quantification of 615 IU/mL for HCV (d) and 1000 cp/mL for HIV-1 (h). A negative HCV–RNA that was positive or negative

in a qualitative assay is indicated with + or ) respectively. Self reported IDUs is indicated by h on the x-axis (a,b upper panels).

The sum of HCV-specific T-cell responses as measured by IFN-c Elispot assay against different HCV peptide pools are

shown as a solid vertical bar. For resolver R3, the time point with the highest observed HCV-specific T-cell response is

indicated with *. HCV-specific T-cell responses that were measured but found to be <50 spots/106 PBMC or undetectable are

indicated with # on the x-axis (A,B lower panels).
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number of IFN-c-producing CD4+ T-cells that grew out after

12 days was calculated in relation to the number of cells put

into culture at day 0. This number of IFN-c-producing CD4+

T cells/million PBMC is a composite of the frequency of HCV-

specific T cells within the total T-cell pool and the ability of

the cells to survive and proliferate in vitro.

Although higher HCV-specific CD4+ T-cell responses were

observed in resolvers (median 10663 IFN-c producing CD4+

T-cells/million PBMC, range 93–74 197) than in chronic

carriers (median 2604 IFN-c producing CD4+ T-cells/million

PBMC, range 1278–15 730), the differences were not sig-

nificant (P = 0.534) (Fig. 4a). After a median follow-up of

114 months (range 59–154 months), an HCV-specific

CD4+ T-cell response could be assessed in one resolver (160

IFN-c producing cells/million PBMC) and in five chronic

carriers (median 3844 IFN-c producing cells/million PBMCs,

range 484–25652) (data not shown).

Resolvers have low CD4-Core responses and high CD4-NS
protein responses

We analysed CD4+ T-cell responses that were directed

against Core, NS3, NS4 and NS5 separately. The breadth of

the CD4+ T-cell response against the separate proteins was

the same in resolvers (median 3 proteins, range 1–4) and

chronic carriers (median 3 proteins, range 2–4) (Table 2).

However, the strength of the responses against the separate

proteins (Core vs NS proteins) was different between resolv-

ers and chronic carriers (Fig. 4b). Resolvers had a signifi-

cantly lower percentage of CD4+ T cells directed against

Core (median 1%, range 0–14%) compared to chronic car-

riers (median 47%, range 2.3–68). (P = 0.008) (Fig. 4c).

In resolvers, the highest CD4+ T-cell response measurable

was targeted against a cluster of two or three nonstructural

proteins and in one (R7) against a single nonstructural
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Fig. 2 HCV-specific T-cell responses. The number of IFN-c-producing T cells, as measured by IFN-c Elispot assay after

stimulation with overlapping HCV peptide pools, are shown for 7 resolvers (a, left panel) and 6 chronic carriers (a, right panel)

during acute HCV-infection. The T-cell response for resolver R3 is shown at a different y-axis (indicated on the right and

encircled by a dashed line) (left panel) to be able to show the protein specificities of all resolvers clearly. HCV-specific T-cell

responses <50 spots/10E6 PBMC are indicated with * (right panel). The kinetics of HCV-specific T-cell responses during

long-term follow up (months) is shown for resolvers (b, left panel) and chronic carriers (b, right panel).The vertical dashed line

at t = 0 indicates estimated date of HCV infection.
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protein (NS3) (Table 2). In contrast, Core protein was the

most or second most dominantly targeted protein in four of

six chronic carriers (Table 2). Noteworthy, a chronic carrier

(C8) who generated a relative strong CD4+ T cell response

(8285 IFN-c producing cells/million PBMCs) against non-

structural proteins (98% of total response) (Table 2) during

the early phase of chronic infection (Fig. 1b), was capable of

suppressing HCV–RNA plasma concentrations (<615 IU/

mL). However, HCV–RNA levels became detectable again,

despite a sustained magnitude of the total CD4+ T-cell re-

sponse (7101 IFN-c producing cells/million PBMCs). How-

ever, the quality of the CD4+ T-cell response had changed by

increasing the Core protein response from 2% to 22%

(Fig. 4b, right panel), with a concomitant decrease against

the nonstructural proteins (data not shown).

HCV-specific T-cell responses before and after EDI

In four individuals (R2, 3, 7, C11) we were able to assess HCV-

specific CD4+ memory T cells and ex vivo T-cell responses

before onset of infection at months )27, )52, )5, )14

respectively. A relative long interval before EDI was chosen to

prevent analyses of HCV-specific T-cell responses during the

window phase of an acute HCV-infection. Surprisingly, ex vivo

HCV-specific T-cell responses were easily detectable before EDI

(in resolvers median 167 spots/million PBMC, range 55–255

and in the chronic carrier 200 spots/million PBMC). After

onset of infection, HCV-specific T-cell response increased in

resolvers (varying from two to 20-fold) but decreased to

undetectable levels in the chronic carrier during the same time

span (Fig. 1). These easily detectable T-cell responses before

EDI coincided with self-reported IDU in most IDUs, but HCV–

RNA remained undetectable (Figs 1a,b). Noteworthy, in re-

solver R3 the T-cell response became undetectable when IDU

had stopped during the period before EDI (Fig. 1a).

Also, HCV-specific CD4+ T-cell memory responses after

12-day expansion were easily detected well before EDI

(median 2570, range 1025–17249 IFN-c producing cells/

million PBMCs), while no CD4+ T-cell responses were

detectable after stimulating four healthy individuals who

served as a control group (data not shown). Interestingly,

Core protein-specific CD4+ T-cell responses, which domi-

nated before EDI, decreased over onset of infection to very

low levels in all resolvers (Fig. 4b, left panel) with a con-

comitant increase in responses against nonstructural pro-

teins (data not shown). In contrast, after onset of infection

the CD4+ T-cell response to Core protein increased in the

chronic carrier (Fig. 4b, right panel).

DISCUSSION

Based on studies of acute hepatitis C in humans, clearance of

hepatitis C infection is thought to be associated with the

ability to mount strong T-cell responses. Our study shows

that, although T-cell responses in general were low, resolv-

ers had higher ex vivo HCV-specific T-cell responses during

the resolving phase of HCV-infection compared to chronic

carriers in a comparable time frame. In contrast, we show

that the magnitude of the total HCV-specific memory CD4+

T-cell response after expansion did not differ significantly
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Fig. 3 HCV-specific CD4+ T-cell responses after a 12-day expansion period. Representative FACS plots of the percentage of

HCV-specific IFN-c-producing CD4+ T cells after 12-day expansion with NS3, NS4, NS5 or Core in a representative

chronic carrier (C12, panel a) and resolver (R5, panel b). The percentage of CD3+ CD4+ T-cells-producing IFN-c (y-axis) upon

6-h stimulation with NS3, NS4, NS5 and Core/envelope peptide pools is shown after 12-day expansion using proteins. In the

upper right quadrants of each FACS plot the % of IFN-c-producing CD4+ T cells is shown.
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between resolvers and chronic carriers. However, HCV-spe-

cific CD4+ NS protein responses were significantly higher in

resolvers compared to chronic carriers.

Using stimulation with overlapping peptide pools span-

ning the entire HCV genome, our study among IDUs with a

prospectively sampled HCV-infection confirms previous

studies (which were often cross-sectional and in healthcare

workers) that direct ex vivo T-cell responses are weak [29].

But resolved HCV infection is associated with relatively

stronger HCV-specific T-cell responses. Long-term HCV-

specific T-cell responses observed directly ex vivo were

weaker than reported by others. Obviously, our group of

individuals may have been different in many ways com-

pared to other groups. For one the frequency of (injecting)

drug-use, which by itself may have a negative influence on

the cellular immune responses [30]. In those in whom we

assessed HCV-specific T-cell responses from before onset of

infection, we observed that an increase of these responses

Fig. 4 HCV-specific CD4+ T-cell response. (a) The number of IFN-c-producing CD4+ T cells after 12-days of expansion

calculated from the input PBMCs (IFN-c-producing CD4+ T cells/10E6 PBMC) as measured by ICCS after restimulation, are

shown for 7 resolvers (left panel) and 6 chronic carriers (right panel) before and after acute HCV-infection. The CD4+ T-cell

response is shown for resolver R3 at the right y-axis (encircled a dashed line) (left panel), as this individual has a much higher

T-cell response. The low CD4+ T-cell peak response in resolver R7 (93 IFN-producing cells/10E6 PBMC) is indicated with # (a,

left panel). Separate protein-specific responses are shown by grey tones in the bars. (b) The kinetics of HCV-specific CD4+

T-cell responses directed against Core protein (as % of IFN-c-producing CD4+ T cells/10E6 PBMC) is shown for resolvers (left

panel) and chronic carriers (right panel) over onset of HCV-infection and long-term follow-up. Estimated date of HCV infection

is indicated by a vertical dashed line at month = 0. (c) HCV-specific CD4+ T-cell responses against Core and NS-proteins,

presented as a percentage of the total HCV-specific CD4+ T-cell response (y-axis), are compared between resolvers and chronic

carriers (x-axis) at the moment of the highest T-cell response.
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over EDI was associated with a favourable outcome of

infection.

As CD4+ T-cell responses in our hands were undetect-

able directly ex vivo using protein stimulation, we studied

the role of CD4+ T-cell responses in HCV-infection using a

recently developed 12-day expansion assay [17]. This as-

say was previously shown to detect antigen-experienced T

cells that are able to proliferate and exert their function by

cytokine production upon re-encounter with the antigen.

It was shown in both HCV-infected [28] and Plasmodium

falciparum-infected individuals [31] that protection against

infection and/or clearance of the pathogen was associated

with IFN-c -producing CD4+ T cells measured after ex vivo

expansion.

We found that most resolvers had higher HCV-specific

CD4+ T-cell responses and most chronic carriers had lower

CD4+ T-cell responses, confirming the general picture of

robust CD4+ T-cell responses in self-limiting HCV-infections

[32]. However, the difference in magnitude of the CD4+ T-

cell response between resolvers and chronic carriers was not

significant. This suggests that the outcome of HCV-infection

may not be determined by the magnitude of IFN-c -produc-

ing CD4+ T cells, as previously suggested in a study in

chimpanzees [33]. Other qualitative aspects of the HCV-

specific CD4+ T-cell response could play a role in the

outcome of HCV-infection. Interestingly, we found that

HCV-specific CD4+ T-cell responses against nonstructural

proteins were significantly higher in resolvers compared to

chronic carriers. In addition, over onset of infection, the

CD4+ T-cell responses against separate proteins showed an

increasing CD4+ T-cell response against nonstructural

proteins in resolvers. Moreover, recurrence of HCV–RNA

after temporary control of HCV-infection during the early

phase of infection, was also associated with a shift towards a

more dominant CD4+ Core protein response, suggesting that

a chronic carrier state is associated with the appearance of a

relative strong CD4+ Core protein response.

In an earlier study, a trend for CD4+ T-cell responses to

Core protein was found to be more common in individuals

who evolved to chronic hepatitis [5] and in a more recent

cross-sectional study it was found that T-cell responses in

resolvers were more commonly targeting nonstructural

proteins [34]. However, other studies using similar tech-

niques failed to support this finding and showed that CD4+

T-cells responses were broad, but not specifically targeting

only NS proteins [35]. In that light the Core protein-re-

sponses detected prior to seroconversion in subsequently

resolving individuals is of interest as Core protein-responses

are more abundant before onset of infection and shift to

dominant NS-responses over seroconversion.

We assume that differences in reactivity of CD4+ T cells

against Core during HCV infection is caused by differences in

Core-antigen presentation to CD4+ T cells [36]. We did ob-

serve lower HCV–RNA plasma concentrations in resolvers

compared to chronic carriers, but it remains speculative

whether higher HCV–RNA concentrations lead to more cir-

culating Core protein. It has been suggested that serum of

HCV-infected individuals contains virus particles with HCV

Core epitopes exposed on their surfaces [37] and that serum

may contain free circulating Core proteins [38]. In addition,

HCV Core is thought to play a role in modulating immune

responses by affecting the function of virus-specific T cells

[36,39,40]. Higher HCV-replication could lead to higher

quantities of Core-antigen in plasma and this may negatively

influence the development or maintenance of an effective T-

cell response. This may further facilitate HCV replication

[41], potentially pushing the balance between clearance and

persistence into the direction of a chronic HCV infection.

Traditionally, acute hepatitis C is considered to run a

course of approximately 6 months, which is based on the

Table 2 CD4+ T-cell response against separate proteins as a percentage of total CD4+ T-cell peak response or as an absolute

response (IFN-c producing cells/million PBMC)

Subject

Cor0065%

absolute NS3% absolute NS4% absolute NS5% absolute

R1 1 221 20 5212 16 3999 63 16158

R2 0 0 0 0 77 8537 23 2595

R3 0 0 0 0 57 892 43 682

R4 9 7113 19 13903 40 29287 32 23894

R5 3 272 27 2867 42 4498 28 3026

R6 14 436 70 2186 0 0 16 492

R7 0 0 100 93 0 0 0 0

C8 2 187 44 3612 19 1604 35 2882

C9 68 1949 0 0 27 791 5 2877

C10 37 851 12 296 51 1183 0 0

C11 44 567 0 0 56 711 0 0

C12 33 689 0 0 46 972 21 454

C13 54 8514 28 4368 12 1820 6 1028
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observation that most patients who spontaneously clear

HCV, do so within the first 3–4 months of infection [42].

However, most observations were performed in symptomatic

patients who were subsequently referred to medical centres.

Consequently, most analyses of a successful immune

response were performed in symptomatic HCV-infected

patients [7], who we assume were not repeatedly exposed to

HCV, once they received medical care during the first

6 months of infection. In contrast, we assume that some of

our asymptomatic IDUs were repeatedly reinfected with HCV

during the acute phase of infection [43,44]. As a conse-

quence of this repeated and prolonged HCV-exposure, some

IDUs probably needed more time to resolve HCV infection

(Fig. 1). On the other hand, we may have overestimated the

time required for viral clearance on account of some wide

HCV–RNA testing intervals. Late viral clearance

(>24 months) has been reported before [45].

A possible caveat in our study might be the use of HCV-

peptide pools based on the genotype 1a consensus sequence,

as six out of 13 patients were infected with genotype 3a

strains, which may result in underestimation of T-cell re-

sponses in these patients. On the other hand genotype 3a was

equally divided over the two groups studied. However, three of

the chronic carriers who carried genotype 3a strains lacked

responses against NS5 (Table 2). Whether this is on account of

their genotype difference or because of escape mutations has

to be elucidated. The fact that the resolvers infected with

genotype 3a did show NS5 responses, suggests that the three

genotype 3a chronic carriers may have obtained additional

mutations making them unresponsive to NS5 stimulation.

In addition, we were not able to investigate the T-cell re-

sponse at the same time point in each individual. Although

most individuals were studied within 3 months after EDI,

three of the resolvers and two of the chronic carriers were

studied after more than 10 months. To adjust for this po-

tential bias, we compared the highest T-cell response instead

of the earliest time point measured. However, these different

approaches led to similar results. (Van den Berg, unpub-

lished data) Furthermore, one chronic carrier had a long

interval between last negative and first positive RNA samples

and thus the EDI has a larger improbability. We cannot

exclude that this has not interfered with the results.

An unexpected finding was the detection of HCV-specific

memory-T-cell responses in the resolvers as well as a chronic

carrier before EDI, despite undetectable HCV–RNA and HCV

antibodies. These responses suggest that exposure to HCV

occurs much more often than previously thought, leads to

induction of a cellular immune response without consis-

tently detectable viraemia or seroconversion [9,15,46], and

may influence subsequent outcome of infection [47]. Indeed,

in one of our subjects it was previously shown [20] that

HCV-seroconversion after a �first� HCV-infection was fol-

lowed by loss of detectable antibodies after which resero-

converion occurred after a �second� HCV-infection. Clearance

of the �second� HCV-infection in R3 was associated with very

strong T-cell responses, suggestive of protective immunity

[47] and strikingly paralleling periods of intermittent IDU.

Alternatively, the dominant Core-responses before acute

HCV-infection may be the result of exposure to Core particles

instead of infectious virus. Conversely, we cannot assume

that individuals in whom we could not demonstrate

probable previous infection have not been truly in contact

with HCV before follow-up.

Intriguingly, the detectable T-cell responses before EDI in

chronic carrier C11 were apparently not protective, sug-

gesting that a CD4+ T-cell response before EDI does not

predict an effective immune response after re-exposure to

high levels of HCV–RNA.

It has been reported that IDUs who were previously infected

were less likely to develop persistent HCV-viraemia than

individuals infected for the first time, indeed suggesting that

protective immunity may be acquired [47]. However, a more

recent study did not confirm this and calculated the reinfection

rate to be 41/100 PY [45]. Therefore, the observed T-cell re-

sponses before onset of infection may be merely a reflection of

exposure to the virus, as has been reported in homosexual men

who seroconverted for HIV despite detectable HIV-specific

cytotoxic T-cell responses well before HIV-seroconversion

[48]. Most likely T-cell responses decrease after clearance and

can only be detected after recent (re)infection. Interestingly, in

resolver R3, the T-cell response became undetectable when

IDU had stopped during the period before EDI.

Surprisingly, in the chronic carriers and the resolvers, the

memory responses measured before onset of infection were

in part directed against Core protein. One would expect the

memory response in the individuals who resolve after

(re)infection, to resemble a protective response, which would

be directed predominantly against nonstructural proteins. In

resolvers, the response became mainly NS-focussed only

after reinfection, suggesting that a rapid transition to a

predominantly NS-response would provide the ability to gain

a protective response.

In conclusion, during the resolving phase of HCV-infection

higher ex vivo HCV-specific T-cell responses and memory

HCV-specific CD4+ T-cell responses targeting mainly non-

structural proteins are observed in resolvers compared to in

chronic carriers. Memory-T-cell responses that are present

before documented HCV-seroconversion suggest that rein-

fection in IDUs occurs often, while the presence of these re-

sponses was not predictive for the outcome of infection.

Persistent HCV-viraemia was associated with increasing

HCV-specific CD4+ T-cell responsiveness against Core pro-

tein, implicating a role for Core protein in negative modu-

lation of the CD4+ T-cell response, which may have

implications for the design of HCV-vaccines.
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