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ORIGINAL ARTICLE

TCD8 response in diverse outcomes of recurrent
exposure to hepatitis C virus

Mandvi Bharadwaj1,7, Duangtawan Thammanichanond1,7, Campbell Kynoch Aitken2, Sarah Moneer1,
Heidi E Drummer3, Samantha Tracy4, Rhonda Holdsworth5, Scott Bowden4, David Jackson1,
Margaret Hellard2, Joseph Torresi6 and James McCluskey1

To analyse the immune correlates in a setting of recurrent exposure to hepatitis C virus (HCV), we studied TCD8 responses in

injecting drug users (IDUs) with different disease outcomes. Ex vivo HCV-specific TCD8 responses assessed by interferon-c (IFNc)

enzyme-linked immunospot (ELISPOT) were comparable in human lymphocyte antigen (HLA)-matched IDUs with spontaneous

HCV clearance or persistent infection. A detailed characterization of these TCD8 cells in age and HLA-matched IDUs

demonstrated that HCV clearance and protection from reinfection correlated with HCV-specific TCD8 cells that could proliferate

in vitro, possessed cytotoxic potential and produced IFNc and tumour-necrosis factor-a, rather than with the circulating

frequency of responding TCD8 cells determined ex vivo. While validating the importance of multifunctional TCD8 in mediating

protection in IDUs with recurrent exposure to HCV our findings highlight that the magnitude and/or breadth of HCV-specific

TCD8 determined in ex vivo ELISPOT may not be the sole determinant of protection especially in a setting of recurrent exposure.

Immunology and Cell Biology (2009) 87, 464–472; doi:10.1038/icb.2009.24; published online 12 May 2009

Keywords: hepatitis C virus; injecting drug users; T-cell response

Infection with hepatitis C virus (HCV) is a major public health
problem worldwide, with injecting drug use being the most common
route of HCV transmission.1 HCV seroprevalence in long-term
injecting drug users (IDUs) ranges from 60 to 90%. Cellular immu-
nity, comprised of TCD8 and TCD4 responses, is known to be essential
for spontaneous resolution of acute HCV infection and long-term
protection from persistent infection.2–9 There are, however, conflicting
reports in regards to the frequency of HCV-specific TCD8 cells in
different disease outcomes.2,7–9 This discrepancy can be due to the
wide spectrum in duration of persistent HCV infection (6 months to
420 years). MHC-I polymorphism can also influence the study of
TCD8 responses due to (1) differences in ethnic backgrounds affecting
the response to different epitopes and (2) the influence of the number
of TCD8 determinants known/tested for each human lymphocyte
antigen (HLA) type. As well, certain HLA phenotypes have been
implicated in the outcome of HCV infection.10,11 It is reported that
specific HLA-B alleles such as HLA-B8 can play a dominant role in the
outcome and evolution of HCV.10

Towards a better understanding of the role of TCD8 across the
clinical spectrum of HCV infection and to identify the correlates of

protection in a setting of recurrent exposure, our aim was to compare
TCD8 responses in IDUs who clear HCV naturally versus those who get
persistent HCV infection. To control for the differences in HLA types
and for the variable number of peptide determinants, we stratified
donors for the common MHC-1 allotypes, HLA-A1 and B8 across the
different clinical outcomes. HCV-specific TCD8 responses were then
examined comprehensively, in age- and HLA-matched HCV-infected
IDUs who had either cleared HCV spontaneously or were persistently
infected and had an ongoing high-risk behaviour as documented
through a social-network approach. These observations were further
compared to a small cohort of HLA-matched hospital patients with a
longer history of HCV infection. Our unbiased approach of age and
HLA-matched cohorts permitted us to define the correlates of effective
immunological containment in the setting of recurrent exposure.

RESULTS

HLA-matched, HCV-infected individuals with two distinct clinical
outcomes were included in this study: (1) spontaneous clearance of
HCV (SR) in 7 donors who were HCV-seropositive but PCR-negative
and (2) persistent infection (PI) in 17 donors who were HCV-
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seropositive and RNA-positive (Table 1). The SR group consisted of 2
individuals recruited from the hospital (SR 1, 2) and 5 IDUs, whereas
the persistently infected individuals included 11 IDUs (PI
1–11) and 6 hospital patients (PI 12–17). The median age of the
IDUs was 28 years and the length of HCV infection in the IDUs (SR
and PI) was o9 years whereas the hospital-recruited patients were
older (median age 46 years) and had a longer history of infection with
an estimated duration of infection of greater than 15 years. Table 1
summarizes all donors, their age, HLA class-I typing, HCV-serology
and HCV-genotype on HCV-RNA-positive donors.

Ex vivo, T-cell reactivity to HCV is comparable in recurrently
exposed IDUs with spontaneous clearance and persistent infection
When cohorts of SRs (n¼7) and PIs (n¼17) were assessed for TCD8

responses in an ex vivo enzyme-linked immunospot (ELISPOT) assay
against a panel of four peptides, it was revealed that the T-cell
reactivity (both the breadth and magnitude of TCD8 response) to
HCV was comparable in individuals with spontaneous clearance and
in recurrently exposed IDUs with persistent infection (PI 1–11) but
was significantly depleted in the cohort of chronically infected hospital
patients (PI 12–17; Figure 1a). These observations were also replicated
in bigger HLA-unmatched cohorts screened on a larger panel of HCV
peptides (data not shown here). Notably, 3/6 hospital patients failed to
respond to any of the HLA-A1, B8 TCD8 determinants tested
(Figure 1a) although they responded to the Epstein–Barr virus
(EBV) peptides (Figure 1b), thus implying that there was selective
loss of HCV-specific functional TCD8 cells in chronically infected
patients recruited from the hospital. There was also no significant
difference in the mean of HCV-specific interferon-g (IFNg) producing
T cells per peptide between the SRs and PI 1–11, however, the mean
frequency in both of these cohorts was significantly higher (ranging
between 0 and 307 spot forming cells (SFC)/peptide) compared to that

of hospital-recruited patients (0–64 SFC/peptide) with chronic HCV
infection. Not only were the TCD8 responses in the SRs much higher
but the difference between PI 1–11 and PI 12–17 was also statistically
significant, with a P value of 0.016 in a two-tailed Mann–Whitney test.

EBV-specific responses were comparable across the different HCV-
infected cohorts and were similar to that observed in four normal
healthy control donors (Figure 1b).

Across both the cohorts (SR and PI), all donors responded to the
immunodominant HLA-B8-restricted peptide NS1395 except for four
PIs (PI 8, 14, 15 and 16) who had no detectable response to any of the
HCV peptides tested (Figure 1a). However, ex vivo staining of TCD8 cells
in PI 15 with HLA-B8/NS1395 tetramer revealed the presence of a small
number of NS1395-specific TCD8 in the peripheral blood mononuclear
cells (PBMCs) thus suggesting that although present in circulation, these
TCD8 were functionally inactive (as shown by lack of T-cell response in
the ex vivo ELISPOT assay). Overall, the HLA-B8-restricted determinant
NS1395 and the HLA-A1-restricted determinant NS1436 were the most
widely recognized determinants across the different cohorts with 7/7
SRs responding to the former and 6/6 SRs to the latter. Similarly
amongst the persistently infected IDUs (PI 1–11), 10/11 responded to
NS1395 and 8/10 responded to NS1436. Another HLA-B8 restricted
peptide NS1617(G3) was recognized in more then 50% donors with a
higher frequency of responding T cells as compared to the published
cytotoxic T lymphocyte (CTL) determinant NS1617(G1a), irrespective
of the infecting viral genotype (data not shown here).

Protection is associated with functional potency rather than
circulating TCD8 cells
Further functional analysis of TCD8 cell response was restricted to
age- and HLA-class I-matched spontaneous resolvers (SR) versus
current IDUs with persistent infection (PI 1–11), because both of
these cohorts had demonstrated comparable TCD8 response ex vivo
in spite of different disease outcomes.

Bulk cultures were established by stimulating PBMCs with the
NS1395 and NS1436 peptides (based on PBMC availability) and
cultures were screened for peptide-specific TCD8 proliferation and
for IFNg and tumour-necrosis factor-a (TNFa) secretion in an
intracellular cytokine staining (ICS) assay. Significant expansion of
NS1395-specific TCD8 was achieved for all SRs but minimal expansion
was detected in T cells from PIs (Figure 2a). Further, HCV peptide-
specific IFNg and TNFa producing TCD8 were detected in all the SRs
but 7/11 PIs possessed only low/undetectable amounts (o0.43%) of
cytokine-producing T cells (Figure 2b). In contrast, 8/8 PIs demon-
strated significant number (2.37–51.11%) of IFNg and TNFa produ-
cing TCD8 (Figure 2c) against EBV peptides (RAK/FLR).

It was also apparent that in SRs there was a higher proportion of
TCD8 producing TNFa than IFNg in response to the HCV (Figure 2d
left panel). The number of TCD8 producing NS1395-specific TNFa
were significantly higher (P¼0.0317, in a one-tailed analysis by t-test)
than those producing IFNg. This trend was also reflected in the EBV-
specific response in the PIs, in contrast, a reverse trend with more
IFNg than TNFa was observed against the HCV peptide NS1436 in
persistently infected IDUs (Figure 2d, right panel).

To further confirm if the in vitro expanded HCV-specific TCD8 were
functional CTLs, 51Cr release assays (Figure 3a) were performed
utilizing targets coated with HCV-peptides. Potent anti-HCV cytolytic
activity was observed in T cell lines expanded from 6/6 SRs. Moreover,
even the low frequency of T cells, as determined in the ex vivo
ELISPOT assay against NS1617 and NS1436 (Figure 1a) in SR 2,
could be significantly expanded in vitro with a single stimulation,
yielding potent CTLs (Figure 3a). In contrast, HCV-specific CTLs

Table 1 Clinical details of donors

Donors Age HLA typing Anti-HCV HCV PCR

SR 1 39 A*0101, A*0201, B*0801, B*1301 POS NEG

SR 2 37 A*0101, A*0301, B*0701, B*0801 POS NEG

SR 3 29 A*0101, A*0301, B*0801, B*3501 POS NEG

SR 4 21 A*0201, B*0801, B*4101 POS NEG

SR 5 25 A*0101, A*3401, B*0801, B*4002 POS NEG

SR 6 26 A*0101, A*0301, B*0702, B*0801 POS NEG

SR 7 32 A*0101, A*2901, B*0801, B*4403 POS NEG

PI 1 26 A*0101, A*0202, B*0801, B*4402 POS G3a

PI 2 26 A*0101, A*0301, B*0801, B*1501 POS G1a

PI 3 40 A*0101, A*1101, B*0801, B*5501 POS G1a

PI 4 26 A*0101, A*0301, B*0702, B*0801 POS G3a

PI 5 17 A*0101, A*6801, B*0702, B*0801 POS G3a

PI 6 26 A*0101, A*0301, B*0702, B*0801 POS G3a

PI 7 27 A*0201, A*0301, B*0801, B*4023 POS G1a

PI 8 40 A*0101, B*0801, B*5001 POS G1a1b

PI 9 26 A*0101, A*1101, B*0801, B*5602 POS G3a

PI 10 31 A*0101, A*0201, B*0801, B*5101 POS G1a

PI 11 26 A*0101, A*0201, B*0801, B*4402 POS G3a

PI 12 55 A*0101, B*0801, B*3501 POS G3a

PI 13 38 A*0101, A*3301, B*0801, B*1402 POS G1

PI 14 40 A*0101, A*2902, B*0801, B*5701 POS G3a

PI 15 50 A*0301, A*3201, B*0801, B*3701 POS G3a

PI 16 44 A*0101, A*0201, B*0801, B*5101 POS G1

PI 17 50 A*0101, A*0201, B*0801, B*4001 POS G3a

Abbreviations: HCV, hepatitis C virus; HLA, human lymphocyte antigen.
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were detectable after in vitro expansion in only 2/5 PIs. The potency of
CTL function was further confirmed in dose–response studies of CTLs
expanded from SR 3 and SR 4 that revealed higher cytolytic activity
when compared to PI 4 (Figure 3b).

Lack of detectable anti-HCV function may not be exclusively
attributed to escape mutants
There is growing evidence that the emergence of TCD8 cell escape
mutations contributes significantly to HCV persistence.10 To deter-
mine the overall contribution of viral escape to TCD8 cell failure,
autologous HCV-RNA sequences corresponding to the NS3 region
encoding for NS1395 were sequenced for six PIs. As shown in Table 3,
the peptide sequences encoded by the circulating HCV genotype from

PI 2, 8, 9 and 11 were conserved and corresponded to the wild-type
published sequences (Table 2). Notably, TCD8 response to NS1395 was
not detected in PI 8 in the ELISPOT, as well PI 2, 8 and 11 had
no/minimal cytokine secretion to this peptide in the in vitro ICS assay.
These observations were further supported by the detection of
HLA-B8/NS1395 (G1a) tetramer-positive cells in PI 15 (as mentioned
above) in spite of a lack of IFNg secretion by these TCD8 cells in the ex
vivo ELISPOT assay (Figure 1a).

DISCUSSION

Understanding the correlates of protective immunity in HCV infection
is critical to unravel the host–HCV interaction and to the design of an
effective vaccine/immunotherapeutic strategy. For a comprehensive

Figure 1 Ex vivo TCD8 response is comparable in spontaneous resolvers and current injecting drug users with o9 years of persistent infection but

significantly reduced in patients with long-term chronic infection. (a) Depicts the circulating frequency of interferon-g (IFNg) secreting hepatitis C virus

(HCV)-specific T cells as determined in an ex vivo enzyme-linked immunospot (ELISPOT) assay. HCV peptide-specific IFNg producing TCD8 were assessed for

each individual against a set of four human lymphocyte antigen (HLA)-A1, B8 restricted peptides. As shown, the number of HCV-specific IFNg producing

TCD8 cells were markedly reduced in patients with 415 years of persistent infection (PI 12–17) even though they possessed detectable frequencies of

peptide-specific TCD8 in circulation (inset) as enumerated by ex vivo tetramer staining of peripheral blood mononuclear cells with NS1395G3-HLA-B8

tetramer and anti-CD8 antibody. The mean frequency of IFNg producing cells/peptide was significantly greater in SRs as compared to PI 12–17

(P(1)¼0.0026; P(2)¼0.0053). This difference was also reflected between PI 1–11 and PI 12–17 (P(1)¼0.008; P(2)¼0.016), however, the ex vivo TCD8

response to HCV was comparable between the SRs and PI 1–11. (b) Shows TCD8 responses towards the Epstein–Barr virus (EBV) in the different cohorts

(n44 donors per cohort) as determined in the ex vivo ELISPOT assay utilizing a panel of EBV peptides. EBV-specific T-cell response in all HCV-exposed

cohorts is comparable to that seen in normal healthy controls. SR, spontaneous resolvers; PI, donors with persistent HCV infection; controls, normal healthy

donors. Asterisk denotes individuals who were only HLA-B8 and were not HLA-A1. Details of the HCV and EBV peptides used in the ELISPOT assay and

responding donors are given in Table 2. Comparisons of TCD8 responses between the different cohorts were made using the Student’s t-test (one and two-

tailed) and the Mann–Whitney test.
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Figure 2 Functional impairment of hepatitis C virus (HCV)-specific TCD8 in injecting drug users with persistent HCV infection. Peripheral blood mononuclear cells from

subjects in the two cohorts (PI and SR) were stimulated in vitro with human lymphocyte antigen (HLA)-A1 restricted peptide NS1436 and HLA-B8 restricted peptide

NS1395 and assessed after 10 days for peptide-specific TCD8 expansion by tetramer staining and for interferon-g (IFNg) and tumour-necrosis factor-a (TNFa)

production by intracellular cytokine staining (ICS) assay. Considerable expansion of NS1395-specific TCD8 was observed in cultures of spontaneously resolved (SR 1, 3)

donors although peptide tetramer-specific TCD8 cells had not been detected ex vivo (left panel). In contrast, there was no/minimal expansion of NS1395-specific TCD8

in peptide-stimulated cultures from persistently infected donors (PI 4, 7) when stained with the NS1395-tetramer and anti-CD8 antibody (a: right panel). Spontaneous

resolvers (SR 1–7) maintained HCV-specific TCD8 cells that were potent producers of antiviral cytokines (IFNg and TNFa) when tested against HCV peptide pulsed

targets in an ICS assay. The number of IFNg secreting TCD8 in response to NS1395 was significantly higher in SRs versus the PI (P(1)¼0.0005; P(2)¼0.0011) and

this difference was also reflected in the response to NS1436. Only 4/11 PIs (PI 1, 4, 6, 8) had detectable cytokine secretion against HCV (b) even though

considerable amounts of IFNg (*) secreting TCD8 cells were detected in 8/8 PIs and TNFa (’) in 7/7 PIs against the Epstein–Barr virus (EBV) peptides

(c). Comparison of the mean of the total HCV-specific IFNg versus TNFa production in donors with spontaneous resolution and persistent infection depicted

considerably higher (P(1)¼0.0317045, P(2)¼0.063409) amounts of TNFa than IFNg in response to the HCV peptides in the spontaneous resolvers. (d) Summarizes

the mean of the IFNg and TNFa secreting TCD8 in SR 1–7 (d: left panel) and PI 1, 4, 6, 8 (d: right panel) against HCV and EBV peptides in an ICS assay.
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analysis of the HCV-specific TCD8 cells in individuals with different
disease outcomes of HCV-exposure, this study was conducted at two
levels. A broad investigation of ex vivo HCV-specific TCD8 response

was first carried out in well-defined cohorts of IDUs who clear the
virus spontaneously and do not get reinfected in spite of continuing
risk behaviour versus those with persistent HCV infection. This part of

Table 2 Peptide sequences and their origin

Epitope

sequence

HCV

protein

HLA

type

HCV

genotype

Position in

HCV genome

Reference

ATDALMTGY NS3 A1 G1 1436 5

LHGPTPLLY NS3 A1 G3 1624 New

HSKKKCDEL

HSKKKCDEI

NS3 B8 G1

G3a

1395 6

LIRLKPTL

LVRLKPTL

NS3 B8 G1

G3

1617 6

New

FLRGRAYGL EBNA3 B8 EBV 20

RAKFKQLL BZLF1 B8 EBV 20

Abbreviations: EBV, Epstein–Barr virus; HCV, hepatitis C virus; HLA, human lymphocyte antigen.

Figure 3 Hepatitis C virus (HCV)-specific cytolytic activity is severely compromised in injecting drug users with persistent infection. HCV-specific T cells

expanded in HCV peptide-stimulated (NS1395, NS1617 and NS1436) cultures were assessed for their ability to lyse HCV-peptide coated targets in a 51Cr

assay at an E:T ratio of 20:1 (a) or at different peptide concentrations (b). HCV-specific TCD8 from spontaneous resolvers maintained greater cytotoxic

capacity compared to persistently infected donors.

Table 3 Peptide sequence of NS1395 based on the HCV genome

sequenced from the circulating virus in persistently infected

individuals

1 2 3 4 5 6 7 8 9

H S K K K C D E L/I

PI 1 — — — — — — — — M

PI 2 H S K K K C D E L-CONSERVED

PI 4 — — — — — — — — V

PI 8 H S K K K C D E L-CONSERVED

PI 9 H S K K K C D E I-CONSERVED

PI 11 H S K K K C D E I-CONSERVED

TCD8 response in recurrent HCV exposure
M Bharadwaj et al

468

Immunology and Cell Biology



the study was extended to include a small cohort of hospital patients
who had either cleared HCV spontaneously or had chronic infection.
This was followed by a more exhaustive functional analysis of HCV-
specific TCD8 in age and HLA-matched individuals with two distinct
disease outcomes. All the peptides utilized for this study were derived
from HCV-NS3, a protein reported to be highly immunogenic in
HCV-infected individuals.

In contrast to a recent report by Rehermann and colleagues,12 where
IDUs with spontaneous clearance of HCV demonstrated more frequent
and stronger HCV-specific T-cell responses than the IDUs with
persistent HCV infection, and the greatest difference in the strength
of the response between the groups was observed in association with
HCV core and NS3, we observed comparable numbers of HCV-specific
TCD8 cells in SRs and IDUs with persistent infection (Figure 1a). This
disparity was most probably due to the fact that in Rehermann and
colleagues’ study, the IDU cohorts consisted of participants that were
much older (median age was 51 years) with the duration of injecting
drug use being 410 years, whereas IDUs in our study cohort had a
history of o9 years of injecting drug use and the median age was
between 28 and 29 years. Our data thus suggest that the magnitude and
breadth of HCV-specific T cells determined in an ex vivo IFNg
ELISPOT may not be the sole determinant of protection, especially
in cases of short-term HCV infection with recurrent exposure to viral
infections. Kaplan et al.13 have reported similar findings during acute
infection, where the circulating frequency of HCV-specific TCD8 based
on MHC-peptide tetramer-staining and ex vivo IFNg ELISPOT assay,
did not correlate with clinical outcome.

Consistent with Rehermannn and colleagues12 and other reports,6,8

we also observed that T-cell responses in the six hospital-recruited
patients (median age 46 years) with 415 years of persistent HCV
infection were low to undetectable to the four HCV peptides. The
responses were evaluated on samples before therapy. It is noteworthy
that PI 12 demonstrated moderate T-cell responses to 2/4 peptides
tested before therapy, cleared HCV on therapeutic intervention and
remains a long-term responder on subsequent follow-up. The lack of
TCD8 response to any of the HCV peptides tested in 3/6 patients who
maintained normal response to EBV further verified that the impaired
TCD8 immunity in chronically infected patients was associated with
long-term disease and was HCV specific.

An in-depth analysis of TCD8 function was therefore carried out in
age and HLA-matched HCV-infected individuals, all of whom had
reported current injecting drug use except for SR 1 and SR 2 who were
hospital-recruited donors with spontaneous clearance of HCV. It was
clearly demonstrated that even in the presence of extremely low
frequencies of HCV-specific TCD8 ex vivo, the functional ability of
these cells to expand on stimulation into HCV-specific IFNg and
TNFa-producing cells coupled with their cytotoxic ability, was better
correlated with the disease outcome and continued protection from
reinfection. Thus, we were able to establish T cell lines (with cytolytic
activity and cytokine production) from all SRs (7/7) but compara-
tively fewer PIs (4/11), even though high amounts of IFNg-producing
T cells were observed ex vivo in most cases in the latter cohort.

Impairment of the proliferative potential of TCD8 cells in patients
with chronic HCV infection has been reported before.8,14 However, in
contrast to Folgori et al.,14 we found that in vitro stimulation with
antigen and interleukin (IL)2 did not help in recovering the prolif-
erative capacity of TCD8 in the PI donors. HCV persistence has also
been attributed to the emergence of mutations thus rendering the viral
variants invisible to CTL recognition.15 Timm et al.10 reported escape
from a dominantly targeted CTL determinant NS1395 (used in this
study) resulted in the rapid ex vivo loss of tetramer and IFNg

ELISPOT responses in two subjects with acute HCV infection. Never-
theless, in our study 10/11 PIs had IFNg ELISPOT responses to
NS1395. PI 15 did not respond in the ex vivo ELISPOT but maintained
NS1395 tetramer-positive cells (Figure 1a, inset) in circulation. As
well, the HCV genome sequences from PI 2, 8, 9 and 11 confirmed
that the circulating virus encoded the wild-type peptide sequences,
thus suggesting that escape variants were not the main cause of
functional impairment of TCD8 in these donors. Furthermore, we
found that the wild-type peptide from HCV-G1 could efficiently
expand an NS1395-specific CTL response in donors infected with
different HCV genotypes (G1, G2, G3) with different peptide
sequences (data not shown).

Although it is conceivable that the proliferative impairment of TCD8

in chronic HCV infection was partly due to the loss of HCV-specific
TCD4

16 because it is widely accepted that TCD4 are required for the
priming, induction and maintenance of virus-specific TCD8 cells, the
most plausible explanation of TCD8 impairment in persistently
infected donors appears to be T-cell exhaustion from constant viral
activation. This is supported by our observation that functionally
reactive EBV-specific CTLs could be expanded in vitro from 8/8 PIs
(Figure 2b) including 4/4 PIs (PI 2, 3, 9 and 11) who had no/minimal
reactivity towards the HCV peptides in the ICS assay. Other groups
have reported a similar finding.8,17 Penna et al.18 identified an
increased expression of the coinhibitory molecule PD-1 and reported
that a sizable population of T cells fail to produce TNFa even if they
are able to secrete IFNg. This supports our observation of increased
levels of HCV-specific TNFa secretion in spontaneous resolvers in
comparison to persistently infected individuals. Further studies using
a larger sample population and additional analyses are required to
confirm and extend this observation.

In conclusion, our data indicate that HCV-specific response as
assessed by IFNg ELISPOT assay may not be an adequate surrogate
marker for protective T-cell immunity, especially in a setting of
recurrent exposure, because nearly all of the persistently infected
IDUs possessed robust TCD8 responses in the ex vivo ELISPOT,
however, the cytolytic function of HCV-specific, but not EBV-specific,
TCD8 cells was defective in IDUs with chronic hepatitis C. This
functional defect was associated with a reduced ability to proliferate
in response to the HCV antigens and produce antiviral cytokines such
as IFNg and TNFa.

Thus, in a setting of recurrent exposure, HCV clearance and
protection from reinfection is associated with HCV-specific TCD8

cells that can proliferate and exert potent cytolytic activity and secrete
HCV-specific IFNg and TNFa rather than the number of HCV-
specific TCD8 in circulation, thereby emphasizing that T-cell-based
vaccine strategies may be crucial for protection against HCV infection.

METHODS

Donor selection
Peripheral blood was collected from HCV-infected patients recruited from the

Royal Melbourne Hospital, Australia and community-based IDUs, after formal

approval by the Human Research and Ethics Committee of Melbourne Health

and the Victorian Department of Human Services and informed consent from

all subjects (in accordance with the ethical guidelines of the Declaration of

Helsinki). Current IDUs were recruited from three different locations in

metropolitan Melbourne, under a social networks approach (networks study)

whereby the injecting habits of this group were documented. The records

included the social interactions, drug-sharing experiences and time/incident

exposure to HCV for each individual. IDUs aged 30 years or younger were

preferentially recruited, and participants were bled and interviewed about their

risk behaviour at approximately 3-month intervals. Participation was voluntary.

IDUs with persistent HCV-infection had no reported history of HCV therapy
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Table 4 Injecting history of current IDUs

ID Injecting history Interview

dates

Times

injected

last month

Times

injected

alone (%)

HCV

PCR

SR 3 Injecting behaviour documented at two interviews. Injected with three different partners, including

one HCV-positive networka IDU (G1a). Other IDUs with 5–20 years experience. One needle-sharing

episode reported with a non-tested IDU with 20 years experience. Frequent communal injections

with network and other IDUs.

14 December 2005 50 80 NEG

29 March 2006 20 0 NEG

SR 4 Injecting behaviour documented at five interviews. Injected with seven partners including four

network IDUs: one confirmed HCV-positive (G3a/1a). Frequent communal injections with network

and other IDUs (with 8–20 years injecting history). Needle sharing reported with IDUs of around

8 years experience.

18 July 2005 80 50 NEG

11 October 2005 14 80 NEG

5 January 2006 30 80 NEG

9 May 2006 5 80 NEG

11 September 2006 40 20 NEG

SR 5 Injecting behaviour documented at four interviews. Injected with various partners including

one HCV-positive (G1a) network IDU. 16 episodes of needle-sharing reported with two non-tested

IDUs, both with 6 years experience. Frequent communal injections with network and other IDUs.

7 December 2005 20 50 NEG

24 May 2006 30 50 NEG

6 June 2007 30 5 NEG

29 August 2007 60 0 NEG

SR 6 Injecting behaviour documented at two interviews spanning 6 months. Injected with four different

partners including one network IDU. All partners were experienced IDUs (6–20 years). Reported

daily injecting, needle sharing and regular unprotected sex with an HCV-positive (G1a) network

IDU. Frequent communal injections with network and other IDUs.

9 November 2005 30 0 NEG

24 May 2006 28 0 NEG

SR 7 Injecting behaviour documented at six interviews. Injected with two different partners,

both experienced IDUs (18–20 years). Frequent injections with partners reported across the interviews.

29 August 2005 6 98 NEG

16 January–2006 3 50 NEG

10 April 2006 8 95 NEG

10 July 2006 1 90 NEG

16 July 2007 4 100 NEG

31 March–2008 4 100 NEG

PI 1 Injecting behaviour documented at three interviews. Injected with three different partners

including two experienced IDUs (15 and 19 years). Six episodes of needle sharing reported.

All injections in a communal setting.

18 January 2006 30 0 POS

26 July 2006 4 0 POS

7 March 2007 3 0 POS

PI 2 Injecting behaviour documented at two interviews spanning 1.2 years. Injected with nine different

partners, including three network IDUs: two HCV-positive (G3a and G1a). Three other partners known

to be experienced IDUs (injecting history of 8–30 years). Frequent communal injections with network

and other IDUs reported.

11 October 2005 60 0 POS

16 January 2007 20 10 POS

PI 3 Injecting behaviour documented at five interviews. Injected with three different partners including

one HCV-positive (G3a) network IDU. All partners were experienced (5–20 years) IDUs. Frequent

injections reported.

19 September 2005 40 90 POS

13 February 2006 20 80 POS

5 June 2006 20 99 POS

11 September 2006 20 90 POS

7 May 2007 75 95 POS

PI 4 Injecting behaviour documented at three interviews. Five different injecting partners.

Frequent communal injections reported at all interviews.

23 August 2005 30 15 POS

16 January 2006 12 70 POS

10 April 2006 20 80 POS

PI 5 Injecting behaviour documented at three interviews. Injected with seven partners, including

two HCV-positive network IDUs (G1a and G1b) and other IDUs with 6–20 years of injecting history.

Frequent communal injections with network and other IDUs, 26 episodes of needle sharing out of

which 24 were with an experienced IDU (18 years).

POS

1 September 2005 60 50 POS

6 December 2005 30 70 POS

7 March 2006 28 50 POS

PI 6 Injecting behaviour documented at five interviews. Injected with up to five different partners.

All but one were experienced IDUs (8–20 years) and two were HCV-positive (G3a) network IDUs.

Frequent needle sharing (total 600 injections) reported with an experienced IDU (10 years).

Frequent communal injecting reported.

10 August 2005 25 10 POS

13 October 2005 10 10 POS

31 August 2006 3 0 POS

14 November 2006 10 0 POS

5 April 2007 90 0 POS
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as such clinical data or liver biopsies were not available. The details of the

injecting frequency, needle sharing and other risk behaviours are provided in

Table 4. The patients recruited from the hospital (PI 12–17 and SR 1–2) had

ceased injecting drug use up to 10 years before presentation to hospital for

management of their infection and none had resumed IDU during this period.

Liver biopsies of hospital patients with chronic HCV infection (PI 12–17) were

assessed and the patients were confirmed to have mild (S0 or S1) to moderate

(S2) fibrosis and none had cirrhotic liver disease. SR 1 and SR 2 were hospital-

recruited patients who resolved HCV spontaneously and did not have any

HCV-associated liver disease.

HLA class-I typing (Table 1) was performed at the Victorian Transplant and

Immunogenetics Services. Blood samples were screened for anti-HCV by a

third generation enzyme immunoassay (Abbott Laboratories, Chicago, IL,

USA) and anti-HCV positive specimens were tested again by Murex anti-

HCV version 4.0 (Murex Biotech, Kyalami, South Africa) for confirmation.

Irrespective of anti-HCV status, all samples were tested for the presence of

HCV RNA by the COBAS AMPLICOR HCV test version 2.0 (Roche Molecular

Systems, Branchburg, NJ, USA). HCV genotype was determined on HCV

RNA-positive samples by a reverse-phase hybridization line probe assay (LiPA,

Versant HCV Genotype Assay, Bayer, NY, USA) as previously described19 and

where necessary HCV sequencing was performed using ABI PRISM Dye

Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems,

Foster City, CA, USA) after a nested in-house PCR using primers specific to the

NS3 region designed according to HCV Sequence Database (http://hcv.lanl.gov).

All individuals included in this study were HIV antibody negative (Murex

HIV, version 1.2.0; Murex Biotech). Blood samples from four healthy donors

were used as normal healthy controls.

Enzyme-linked immunospot
Cryopreserved PBMC separated from blood by density gradient centrifugation

were utilized. A panel of four HCV-derived HLA class-I-restricted TCD8-specific

peptides (Table 2) and 2 peptides from the EBV were used to screen

PBMCs by an ex vivo IFNg ELISPOT assay, as described before.21 IFNg
ELISPOT assays were performed by an overnight incubation of 2�105 PBMCs

per well with appropriate peptides (Table 2) at a final concentration of

10mg ml�1 in 96-well ELISPOT plates (Multiscreen, Millipore, MA, USA)

precoated with anti-human IFNg monoclonal antibody (MabTech, Nacka

Strand, Sweden). Peptide was not added to 3–5 negative control wells for

calculating background IFNg production and cells were stimulated with

phytohaemagglutinin (PHA) at 10mg ml�1 to confirm the presence of

functional T cells. After 24 h, plates were washed and stained with biotinylated

anti-human IFNg as the secondary antibody (MabTech), followed by strepta-

vidin-alkaline phosphatase (Sigma, Castle Hill, NSW, Australia) and freshly

prepared BCIP/NBT substrate (100ml per well; Sigma) to develop the colori-

metric reaction. The plates were washed, dried and coloured spots were

counted using the AID ELISPOT Reader System (Autoimmun Diagnostika,

Stra�berg, Germany). Results represent IFNg SFC/106 PBMCs with the back-

ground count (wells without peptide) subtracted. The threshold for positive

responses was a response that exceeded the SFC per well in the control wells

with a factor of mean +2 s.d.

In vitro expansion of peptide-specific T cells
Peptides, were purchased from Mimotopes (Clayton, Victoria, Australia),

dissolved in dimethyl sulphoxide, and diluted in serum-free RPMI 1640

medium. To generate peptide-specific T cells, PBMCs were cultured after

Table 4 Continued

ID Injecting history Interview

dates

Times

injected

last month

Times

injected

alone (%)

HCV

PCR

PI 7 Injecting behaviour documented at seven interviews. Injected with ten different IDUs

(4–20 years of injecting history). Frequent communal injections, three episodes of needle

sharing with experienced IDUs.

25 August 2005 8 0 POS

5 December 2005 3 0 POS

20 March 2006 8 10 POS

19 June 2006 21 10 POS

18 September 2006 5 20 POS

22 January 2007 12 5 POS

26 June 2008 30 0 POS

PI 8 Injecting behaviour documented at four interviews. Injected with three partners, needle sharing

and regular sex with a known HCV-positive (G3a) network IDU. All communal injections.

6 September 2005 3 0 POS

20 July 2006 4 0 POS

14 November 2006 2 0 POS

15 August 2007 2 0 POS

PI 9 Injecting behaviour documented at seven interviews. Injected with five different partners,

all long-term IDUs (8–20 years); frequent communal injections. Shared needle with

an HCV-positive (G3a) network IDU.

6 October 2005 1 0 POS

5 January 2006 1 100 POS

5 April 2006 8 50 POS

6 July 2006 20 50 POS

2 October 2006 8 5 POS

15 February 2007 3 80 POS

24 May 2007 4 75 POS

PI 10 Injecting behaviour documented at two interviews spanning 9 months. Injected with three

different partners. Frequent communal injections with other IDUs reported at both interviews.

15 December 2005 64 5 POS

12 September 2006 90 5 POS

PI 11 Injecting behaviour documented at five interviews. Injected with four different partners,

all but one experienced IDUs (10–20 years). Frequent communal injections with IDUs.

24 August 2005 2 0 POS

9 November 2005 3 0 POS

12 April 2006 5 50 POS

10 January 2007 20 0 POS

9 May 2007 0 100 POS

Abbreviations: HCV, hepatitis C virus; IDU, injecting drug user.
aNetwork IDU: IDUs identified, interviewed and in some cases bled and tested within the social-network study.
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stimulation with peptide-pulsed autologous PBMCs. The cultures were sup-

plemented with rIL-7 and maintained in growth medium containing rIL-2 and

MLA 144 supernatant.

Tetramer staining
Phycoerythrin (PE)-labelled tetrameric peptide-HLA class-I complex for the

HLA-B8-restricted peptide NS1395 was synthesized at ImmunoID (Australia).

T cells were incubated for 30 min at 37 1C with the PE-labelled tetrameric

complex in RPMI 1640 and 10% human serum, then washed and stained with

an anti-human CD8-Tricolor conjugated antibody (Caltag Laboratories,

Burlingame, CA, USA) for 30 min in the dark. Cells were then washed and

analysed on a FACSCalibur (Becton Dickinson) using the CellQuest software.

Intracellular cytokine staining
In vitro expanded T cells were screened after 1 h stimulation with synthetic

peptides at 5mg ml�1, Concanavalin A (positive control) or an irrelevant

peptide (negative control) for IFNg and TNFa secretion as described before.21

Briefly, autologous PHAblasts were presensitized with 5mg ml�1 of synthetic

peptides for 1 h. After four washes, these target cells were incubated with

in vitro expanded HCV-specific T-cell cultures at effector/target ratio of 2:1.

After incubation, Brefeldin A (Sigma) was added to a final concentration of

10mg ml�1 and incubated for a further 5 h at 37 1C. Cells were washed and

stained with Tricolor-conjugated anti-CD8 (Caltag), PE-conjugated anti-CD3

(eBioscienses, San Diego, CA, USA). The cells were then fixed for 20 min at

room temperature with 1% paraformaldehyde, permeabilized with 0.3%

saponin and stained with FITC-conjugated anti-human IFNg (BD Biosciences,

North Ryde, NSW, Australia) or anti-TNFa-FITC (eBiosciences). The cells were

washed and resuspended in staining buffer before analysis by flow cytometry.

Cytotoxicity assay
Standard chromium (51Cr) release assay was performed to assess the HCV-

specific cytolytic activity of in vitro expanded T cells used as effectors, as

previously described.21 Autologous PHA blasts were used as targets after being

presensitized with synthetic peptides and incubated with 51Cr for 60 min at

37 1C. All assays were done in triplicates and the mean of the three observations

for each parameter was utilized to calculate the percentage of specific

cytotoxicity according to the following formula: %lysis¼ [(experimental

release-spontaneous release)/(maximum release-spontaneous release)]�100.

Statistical analysis
Non-parametric Mann–Whitney tests and unpaired Student’s t-tests (one- and

two-tailed) were used for comparing the magnitude of T-cell responses between

different cohorts. A Po0.05 was considered significant.
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