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Early alpha interferon (IFN-�) therapy against hepatitis C virus (HCV) rescues polyfunctional, virus-
specific memory CD8� T cells, but whether immune restoration is possible during late therapy remains
controversial. We compared immune restoration of HCV-specific memory T cells in patients who cleared HCV
infection spontaneously and following early or late IFN therapy. Multifunctional CD4� and CD8� memory T
cells were detected in spontaneous resolvers and in individuals treated early following an acute infection. In
contrast, limited responses were detected in patients treated during chronic infection, and the phenotype of
HCV-specific cells was influenced by autologous viral sequences. Our data suggest that irreversible damage to
the HCV-specific memory T-cell response is associated with chronic HCV infection.

The majority of acute hepatitis C virus (HCV) infections
become chronic, with persistent viremia and serious liver com-
plications (12). Alpha interferon (IFN-�)-based therapy is the
only approved treatment for chronic HCV; its success rate
ranges from 40 to 90% depending on the infecting genotype (9,
18). The success of therapy is characterized by a sustained
virological response (SVR), defined as undetectable HCV
RNA in plasma at 6 months after termination of therapy. SVR
rates are greatly enhanced if therapy is started between 3 and
6 months following acute HCV infection, but the underlying
mechanisms are not well understood (27, 28). We have dem-
onstrated that early interferon therapy for HCV can rescue
and select for long-lived polyfunctional CD8� memory T cells
(1). Treatment-induced memory T cells were similar in phe-
notype and function to natural memory T cells generated fol-
lowing spontaneously resolved infection. They expressed high
levels of CD127 and Bcl-2 (CD127hi, Bcl-2hi) and low levels of
PD1 (PD1lo) and were polyfunctional in nature (1). However,
restoration of HCV-specific memory CD4� T cells has not
been examined. Furthermore, whether immune restoration is
possible following the late initiation of therapy during the
chronic phase remains controversial. Kamal et al. demon-
strated that SVR is associated with a recovery in HCV-specific
CD4� T-cell responses (13). In contrast, Barnes et al. and
Rahman et al. demonstrated that the induction of HCV-spe-
cific immunity during therapy does not correlate with out-
comes (2, 21).

Methods, results, and discussion. The aim of this study was
firstly to compare immune restoration of HCV-specific mem-

ory CD4� and CD8� T-cell responses in patients who received
early or late treatment, irrespective of the virus genotype.
Second, we wanted to compare treatment-induced/restored
memory T cells to natural memory T cells generated following
spontaneously resolved acute HCV infection. To address these
issues, we performed cross-sectional comprehensive character-
ization of HCV-specific T cells using carboxyfluorescein diac-
etate succinimidyl ester (CFSE) proliferation assays, intracel-
lular staining for cytokines, cytotoxicity, and polyfunctionality
analysis in a cohort of 33 patients who had successfully elimi-
nated HCV infection under different conditions. The following
three subgroups were studied: (i) patients who spontaneously
resolved acute HCV infection without therapeutic intervention
(SpR; n � 10), (ii) patients who achieved SVR following IFN
therapy initiated during acute HCV (A-SVR; n � 10), and (iii)
patients who achieved SVR following IFN therapy initiated
during chronic HCV infection �2 years after the first detection
of HCV RNA (C-SVR; n � 13). SpR and A-SVR patients
were recruited from an acute HCV cohort of intravenous drug
users (IDUs) at St-Luc Hospital of the Centre Hospitalier de
l’Université de Montréal (CHUM), as previously described (1,
6). A-SVR patients received 12 to 24 weeks of pegylated
(PEG)-IFN-�-2a (Pegasys [Roche Diagnostics, Welwyn Gar-
den City, Hertfordshire, United Kingdom]) (180 �g/week) and
no ribavirin. C-SVR patients were recruited among patients
with chronic HCV who had undergone successful treatment
with the standard-of-care therapy protocol (11) at the hepa-
tology clinics of Toronto Western Hospital, Toronto, Ontario,
Canada, or St-Luc Hospital of the CHUM. The infecting ge-
notype distribution was genotype 1a (n � 13), genotype 1b (n
� 6), genotype 3a (n � 7), and undetermined genotype (n �
7). Patients’ demographics and characteristics are listed in Ta-
ble S1 in the supplemental material.

The time point studied in this cross-sectional analysis was
�6 months after spontaneous resolution or the end of antiviral
therapy. Immune responses were monitored using four peptide
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pools representing the NS3 and NS5B regions, the most im-
munodominant regions of HCV (8, 15–17). Each pool con-
sisted of 42 to 49 overlapping peptides, 18 amino acids (aa)
long, overlapping by 11 aa as follows: pool 1 (P1) NS3 (aa 1,027
to 1,339), pool 2 (P2) NS3 (aa 1,340 to 1,658), pool 3 (P3)
NS5B (aa 2,421 to 2,716), and pool 4 (P4) NS5B (aa 2,717 to
3,012). Peptides were obtained from the Biodefense and
Emerging Infections Research Resources Repository (BEI
Resources), Manassas, VA, and matched with the infecting
viral genotype in each patient (1a, 1b, or 3a). For patients
with unknown genotypes, all within the SpR group, geno-
type 1a peptides were used. All statistical analyses were
performed by Mann-Whitney U tests using GraphPad Prism
software version 5.02.

Cross-sectional proliferative responses were first monitored
using a CFSE dilution assay as previously described (1). Rep-
resentative data and the gating strategy are presented in Fig.
S1 in the supplemental material. CD4� T-cell proliferation
showed a trend of higher means of responses in SpR and
A-SVR patients compared to C-SVR patients. This difference
was statistically significant in many instances (P � 0.05 [Mann-
Whitney U test]) (Fig. 1A). Furthermore, the means of CD8�

T-cell proliferative responses were consistently higher in A-
SVR patients than in C-SVR patients in response to all peptide
pools, although they were not statistically significant except for
peptide pool 1 (Fig. 1B). There was no statistically significant
difference in CD4� or CD8� T-cell proliferative responses
between A-SVR and SpR patients, suggesting similar trends. It
is possible that in patients of the SpR group, where the infect-
ing virus genotype was unknown, our capacity to detect mem-
ory T cells was compromised because of a mismatch between
the infecting genotype and the genotype 1a peptides used.

Next, we tested the functionality of HCV-specific CD4� and
CD8� T cells by simultaneously examining the production of
IFN-� and interleukin 2 (IL-2) as well as the degranulation
capacity of CD8� T cells using the CD107a degranulation
assay (4) in response to the four HCV peptide pools, as pre-
viously described (1). Representative data and the gating strat-
egy are presented in Fig. S2 in the supplemental material.
IFN-� responses in both CD4� and CD8� T cells were higher
in response to several peptide pools in the A-SVR patients
than in the C-SVR patients (Fig. 2A and C). Furthermore, in
CD8� T cells, CD107a responses demonstrated a trend of
being higher in the SpR and A-SVR patients than in the
C-SVR patients in response to most peptide pools (Fig. 2E). In
contrast, very limited cytokine responses and/or CD107a re-
sponses were detected in the C-SVR patients. The CD8� T
cells from the SpR group expressed the highest levels of
CD107a, suggesting that the degranulation capacity often used
as a surrogate marker for cytotoxicity (4) might be more crucial
in spontaneous viral clearance compared to treatment-induced
clearance.

We analyzed the polyfunctionality of HCV-specific T cells.
Functionality data were exported as Boolean gates using
FlowJo software (version 9.0.1; TreeStar, Portland, OR), and
polyfunctionality was analyzed using a mathematical algorithm
for the calculation of the contribution of all possible combina-
tions of mono-, dual, and trifunctional cells. Polyfunctionality
analysis was not performed for C-SVR patients, as frequencies
of cytokine-producing cells were too low. The analysis showed

overall similar memory T-cell profiles in A-SVR and SpR
patients. The CD4� T-cell responses in A-SVR and SpR pa-
tients were mostly single IL-2 producers (Fig. 3A), consistent
with earlier reports documenting that IL-2 production is one of
the earliest functions lost upon dysfunction of virus-specific
CD4� T cells (7, 24, 29). Nevertheless, 4.3 to 24.2% of HCV-
specific cells we detected exhibited dual function. CD8� T cells
in both A-SVR and SpR patients were primarily single posi-
tive, with a similar profile. However, the dual-function cells in
A-SVR patients were more biased toward IFN-�� and IL-2�,
while in SpR patients they were more biased toward IFN-��

and CD107a� (Fig. 3B). These results suggest that despite an
overall similar memory T-cell profile, minor functional differ-
ence may exist between natural T-cell memory and treatment-
induced memory. It is also possible that IFN therapy, by virtue
of its immune modulatory role, can influence the functional
profile of virus-specific memory T cells.

To confirm that indeed there was no short-lived recovery in
HCV-specific memory T cells during therapy in the C-SVR
group, we examined HCV-specific immune responses longitu-

FIG. 1. Limited proliferation of HCV-specific CD4� and CD8� T
cells in HCV patients achieving SVR following late therapy (C-SVR)
compared to patients who resolved following early IFN therapy (A-
SVR) or who resolved spontaneously (SpR). Cumulative data from
CFSE proliferation assays performed on the different patient groups
are represented as stimulation indices (SI) in response to different
HCV peptide pools in CD4� (A) and CD8� (B) T cells. *, P � 0.05;
**, P � 0.01 (Mann-Whitney U test). PBMCs (2.5 � 106) were stim-
ulated with HCV peptide pools at 1 �g/ml of each peptide for 6 days.
IL-2 was added at the end of day 3 at a concentration of 20 IU/ml. The
dashed line represents the cutoff for positive responses (SI � 2).
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dinally in 8 of the C-SVR patients for whom longitudinal
samples were available in an IFN-� enzyme-linked immuno-
spot (ELISPOT) assay using a panel of 12 peptide pools span-
ning the entire HCV polyprotein. Three time points were ex-
amined: at baseline, at 3 to 4 months after the start of therapy,
and at termination of therapy with PEG-IFN plus ribavirin.
Earlier studies suggested an immunomodulatory role for riba-
virin as a mechanism for enhanced HCV clearance with PEG-
IFN–ribavirin combination therapy (22, 25). However, we did
not observe any de novo HCV-specific T-cell responses or
statistically significant enhancement in any of the responses

that existed at baseline except in one patient (C-SVR-7) (see
Fig. S3 in the supplemental material). It is important to note
that memory T-cell responses in the A-SVR group (treated
without ribavirin) were consistently higher than those of the
C-SVR group in the cross-sectional analysis (Fig. 1 and 2).
Together, these results argue against an immune modulatory
role for ribavirin.

Finally, to confirm that HCV-specific responses were limited
or severely defective from the start in chronically infected
patients, we screened C-SVRs prior to starting interferon ther-
apy with a panel of 10 major histocompatibility complex

FIG. 2. Higher IFN-� responses in both CD4� and CD8� T cells in SpR and A-SVR patients than in C-SVR patients. Cumulative data from
the different patient groups for IFN-� and IL-2 production and CD107a expression in a standard intracellular staining for cytokines (ICS) assay
in response to stimulation with different HCV peptide pools. *, P � 0.05 (Mann-Whitney U test). PBMCs (2 � 106) were stimulated with HCV
peptide pools at 1 �g/ml of each peptide for 12 h. Data are presented as the percentages of specific cytokine production. Specific cytokine
production of 0.01% was used as a cutoff for positive responses.
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(MHC) class I tetramers corresponding to the most dominant
HCV class I epitopes (see Table S2 in the supplemental ma-
terial). No responses were detected except in 1/13 patients
(patient C-SVR-5), who reacted to an A1/NS3-1406 tetramer
at a frequency of 0.014% of CD8� T cells (Fig. 4A, top panels).
Despite the fact that this patient was chronically infected for
over 2 years with a viral load of 12 � 106 IU/ml, HCV tet-
ramer-specific cells were CD127hi and PD1lo (Fig. 4A, top
panels), consistent with a memory phenotype previously ob-
served only in spontaneously resolved individuals (1, 3, 10, 19,
20, 26). Furthermore, these HCV-specific cells proliferated
efficiently at 	95% of tetramer-positive cells (Fig. 4B) and
produced cytokines in response to the specific peptide epitope
in an ELISPOT assay (Fig. 4C). In order to understand this
confusing result, we sequenced the autologous virus circulating
in this patient, and 8/8 molecular clone sequences contained a
Y3F change at residue 9. We synthesized a new HLA-A1
tetramer containing the autologous sequence variant (Gen-
Bank accession no. HM044663). This tetramer recognized
HCV-specific T cells at a frequency of 0.011% and exhibited
the same phenotype, CD127hi and PD1lo (Fig. 4A, bottom
panels). However, the patients’ peripheral blood mononuclear

cells (PBMCs) did not proliferate in response to the autolo-
gous peptide (Fig. 4B). Moreover, when the recognition of the
tetramer peptide sequence and the autologous viral sequence
were compared over severalfold dilutions in an ELISPOT as-
say, we observed decreased recognition of the autologous viral
sequence (Fig. 4C). The same result was obtained prior to
therapy and following IFN therapy-mediated viral clearance.
These results suggest that, at an earlier time point, this epitope
probably underwent mutation to the current autologous se-
quence that is recognized less efficiently. This diminished rec-
ognition most likely prevented exhaustion of T cells specific for
the original peptide and facilitated their transformation or
preservation into long-lived memory T cells. This is consistent
with recent results demonstrating that expression of the ex-
haustion marker PD-1 is likely influenced by the degree of
recognition of the autologous viral sequence (23) and might be
lost following viral escape mutations (5) and change into
CD127hi memory T cells (14).

Our results suggest that both HCV-specific CD4� and
CD8� T cells become persistently defective with prolonged
infection. Nevertheless, there is a narrow window of time early
during the acute phase when some functional aspects of the

FIG. 3. Minor differences in polyfunctionality profiles between SpR and A-SVR patients. Polyfunctionality data gated on viable, CD3�, CD4�

T cells (A) or CD8� T cells (B). Data are represented as the means of responses in all patients plus the standard errors (SE). There was no
significant difference in the percentages of polyfunctional cells between SpR and A-SVR patients. For C-SVR patients, the individual production
of cytokines was too low to analyze polyfunctionality.
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FIG. 4. Virus-specific memory CD8� T cells with a long-lived memory phenotype in chronic HCV have limited functionality against the
autologous viral sequence. Thirteen chronic HCV patients were screened using a panel of 10 MHC class I tetramers. Patient C-SVR-5 was the only
patient in which HCV-specific tetramer-positive CD8� T cells were detected using the A1/NS3-1436 tetramer with the reference sequence.
(A) Detection and phenotyping (PD-1, CD127 expression) of T cells reactive to the A1/NS3-1436 tetramer containing either the reference
sequence (top panels) or the autologous sequence (bottom panels). Cells are gated on viable, CD3�, CD8� T cells. Black represents tetramer-
positive cells and gray represents total CD3� CD8� T cells in the same donor. Percentages of tetramer-positive cells in each quadrant are shown.
(B) Proliferation of A1/NS3-1436 tetramer-positive cells in response to the reference peptide (solid line) in a CFSE dilution assay in comparison
to the autologous peptide (dotted line), performed for two time points, before starting therapy and at 3 months after the end of therapy. Gated
on CD3�, CD8�, A1/NS3-1436 tetramer-posituve cells. (C) Dose response for the reference tetramer peptide sequence versus the autologous virus
sequence for the NS3-1436 epitope in patient C-SVR-5 using IFN-� ELISPOT assay performed for the two time points, before starting therapy
and 3 months after the end of therapy. Results are represented as specific spot forming cells (SFC)/106 PBMCs.
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HCV-specific T-cell response might be rescued or preserved.
Early therapeutic intervention during this period and subse-
quent viral clearance seems to prevent T-cell exhaustion, as is
seen with chronic hepatitis C, thereby allowing their develop-
ment into long-lived memory T cells. Similarly, variations in
viral sequences leading to loss or diminished recognition of the
autologous viral sequence by T cells decrease T-cell exhaustion
and permit such T cells to develop into a functional memory
T-cell pool.

Our data suggest that adaptive immunity can be preserved
when IFN therapy is initiated early, and although, in gen-
eral, frequencies of HCV-specific memory T cells continue
to decline, there is a selection for polyfunctional and long-
lived memory T cells. In contrast, irreversible damage and
exhaustion of virus-specific memory T cells precipitates with
chronic HCV infection. The question of whether immune
restoration during antiviral treatment of acute hepatitis C is
a cause or effect of an enhanced response to therapy re-
mains unresolved. It is possible that such enhanced quality
of the immune response may play a role in instigating viral
clearance, but we favor the hypothesis that the reconstitu-
tion of memory T cells is an effect of viral clearance. Our
data also suggest that there could be minor differences be-
tween natural memory and therapy-reconstituted memory T
cells, and whether they would have the same protective
capacity upon reexposure to the virus requires further in-
vestigation.

Nucleotide sequence accession number. A new HCV se-
quence containing the autologous HCV sequence variant iso-
lated from patient C-SVR-5 was deposited into GenBank un-
der accession no. HM044663.
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