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Infection with the hepatitis C virus is a major 
health burden worldwide (Alter and Seeff, 
2000; Lauer and Walker, 2001). The virus per-
sists in the majority of infected persons, although 
a significant minority of individuals is able to 
spontaneously control viral replication, as indi-
cated by lack of detectable viremia over years of 
follow up (Takaki et al., 2000). The exact mech-
anisms that lead to these distinct outcomes have 
not been fully defined, but the presence or ab-
sence of a vigorous and multispecific proliferative 

CD4+ T cell response against hepatitis C virus 
(HCV) proteins is a strong immunological corre-
late of the outcome of acute HCV infection 
(Diepolder et al., 1995, 1996; Chang et al., 
2001; Day et al., 2002; Grakoui et al., 2003; 
Rehermann, 2009). Proliferative HCV-specific 
CD4+ T cell responses are usually not detect-
able in acute persisting and chronic HCV in-
fection (Chang et al., 2001; Day et al., 2002; 
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Vigorous proliferative CD4+ T cell responses are the hallmark of spontaneous clearance of 
acute hepatitis C virus (HCV) infection, whereas comparable responses are absent in chroni-
cally evolving infection. Here, we comprehensively characterized the breadth, specificity, 
and quality of the HCV-specific CD4+ T cell response in 31 patients with acute HCV infec-
tion and varying clinical outcomes. We analyzed in vitro T cell expansion in the presence  
of interleukin-2, and ex vivo staining with HCV peptide-loaded MHC class II tetramers. 
Surprisingly, broadly directed HCV-specific CD4+ T cell responses were universally detect-
able at early stages of infection, regardless of the clinical outcome. However, persistent 
viremia was associated with early proliferative defects of the HCV-specific CD4+ T cells, 
followed by rapid deletion of the HCV-specific response. Only early initiation of antiviral 
therapy was able to preserve CD4+ T cell responses in acute, chronically evolving infection. 
Our results challenge the paradigm that HCV persistence is the result of a failure to prime 
HCV-specific CD4+ T cells. Instead, broadly directed HCV-specific CD4+ T cell responses are 
usually generated, but rapid exhaustion and deletion of these cells occurs in the majority of 
patients. The data further suggest a short window of opportunity to prevent the loss of 
CD4+ T cell responses through antiviral therapy.

© 2012 Schulze zur Wiesch et al. This article is distributed under the terms of an 
Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six  
months after the publication date (see http://www.rupress.org/terms). After 
six months it is available under a Creative Commons License (Attribution–
Noncommercial–Share Alike 3.0 Unported license, as described at http://creative-
commons.org/licenses/by-nc-sa/3.0/).
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methods within months of the acute infection. Of note, early 
initiation of antiviral treatment was able to protect HCV-
specific CD4+ T cells from complete deletion. Our data 
demonstrate that HCV infection generally induces a broadly 
directed HCV-specific CD4+ T cell response that is short-
lived in the majority of subjects. Future research needs to 
elucidate the mechanisms of secondary CD4+ T cell failure 
(Diepolder, 2009) and the fate of HCV-specific CD4+ T cells 
in persisting viremia.

RESULTS
Multispecific HCV CD4+ T cell responses are universally 
detectable during acute HCV infection despite absent LPA 
responses in acute chronically evolving (AC) HCV
The virus-specific CD4+ T cell response during acute HCV 
infection has not been well characterized beyond prolifera-
tive responses against whole HCV proteins. We therefore 
performed a comprehensive assessment of the early HCV-
specific CD4+ T cell response using different technologies in 
a large cohort of 31 acutely infected patients: 18 patients who 
went on to spontaneously resolve infection, and 13 patients 
with acute, chronically evolving infection. Clinical charac-
teristics of the patients are summarized in Table I.

For direct comparison, we initially performed 6-d LPAs, 
the historic “standard” for the analysis of CD4+ T cell re-
sponses (Diepolder et al., 1995; Rosenberg et al., 1997; Lauer 
et al., 2002), using recombinant HCV proteins and fresh 
PBMCs from the earliest time point for which PBMCs were 
available for 29 of the 31 patients, all within the first 6 mo 
after onset of symptoms (Table I). In accordance with many 
immunological studies of acute infection (Gerlach et al., 
1999; Urbani et al., 2006; Kaplan et al., 2007), we detected 
strong proliferative responses against all of the HCV non-
structural antigens in patients with AR HCV. These responses 
were mostly absent in patients with acute, chronically evolv-
ing HCV (mean NS3 stimulation index [SI] in acute resolv-
ers 15 vs. 2.1 in AC infection, P < 0.0017; NS4 SI 13.2 vs. 
3.2, P < 0.016; NS5 SI 7.15 vs. 1.93 P < 0.0026; Fig. 1 A).

We had previously demonstrated that we can define the 
HCV-specific CD4+ T cell response in subjects with resolved 
infection on a single epitope level using short-term in vitro 
culture with HCV proteins and a comprehensive, overlap-
ping HCV peptide set covering the entire HCV genome  
under supplementation of rIL-2 (Day et al., 2002; Schulze 
zur Wiesch et al., 2005, 2007). Using this approach, we next 
tested all subjects with acute HCV infection using PBMCs 
from the first available time point (≤ 6 mo after onset of 
symptoms; median, 57 d; range, 3–179; Table I); all pa-
tients were treatment naive at the time of analysis. We detected 
broad responses in almost all individuals, with between 1 and 
26 HCV CD4+ T cell epitopes targeted.

In contrast to the negative results observed in the standard 
LPA assay, all 13 patients with chronic evolution of acute 
HCV infection demonstrated CD4+ T cell responses, with 
most subjects displaying broad reactivity against numerous 
CD4+ T cell epitopes (range, 1–18 specificities; Fig. 1, A–D). 

Gerlach et al., 1999; Shoukry et al., 2004; Schulze zur 
Wiesch et al., 2005), with the exception of chronically in-
fected patients who previously resolved an HCV infection 
with a heterologous HCV genotype (Schulze Zur Wiesch  
et al., 2007). The analysis of HCV-specific CD4+ T cells has 
historically relied on standard tritium uptake lymphoprolifer-
ative assays using whole HCV proteins, yielding very limited 
information about the breadth and fine specificities of the 
HCV-specific CD4+ T cell response (Diepolder et al., 1995; 
Missale et al., 1996; Gerlach et al., 1999; Kamal et al., 2004; 
Rahman et al., 2004; Lauer et al., 2005). The standard lym-
phoproliferative assay (LPA) is also dependent on in vitro 
proliferation of T cells. Hence, a negative result does not 
preclude the presence of antigen-specific cells nor does the 
test assess frequencies and phenotypic properties of the T cells 
of interest. A few studies using direct ex vivo techniques, 
such as cytokine ELISpot or class II tetramer staining, have 
also suggested a limited presence of HCV-specific CD4+ 
T cells in patients developing chronic infection, but lack  
either detail or comprehensiveness (Day et al., 2003; 
Ulsenheimer et al., 2006; Urbani et al., 2006; Semmo and  
Klenerman, 2007; Smyk-Pearson et al., 2008). Thus, it  
remains unclear whether the absence of CD4+ proliferative 
responses observed during acute persistent HCV infection is 
indicative of a complete lack of priming of HCV-specific 
CD4+ T cells, or whether HCV-specific CD4+ T cells are 
present, but are functionally deficient (Diepolder, 1995, 2009; 
Thimme et al., 2001; Shoukry et al., 2004; Klenerman and 
Hill, 2005; Day et al., 2006; Folgori et al., 2006; Chang, 
2007; Urbani et al., 2008; Golden-Mason et al., 2009;  
Nakamoto et al., 2009).

This study combines novel approaches to comprehen-
sively analyze the virus-specific CD4+ T cell response with 
high resolution in a large and well-defined cohort with acute 
HCV infection to test the hypothesis that HCV persistence is 
associated with an absence of virus-specific CD4+ T cell re-
sponses. HCV-specific CD4+ T cells were analyzed using the 
following techniques: (a) standard tritium uptake LPAs against 
recombinant HCV proteins; (b) single-peptide intracellular 
cytokine secretion assays of in vitro expanded HCV-specific 
CD4+ T cell lines; and (c) ex vivo class II tetramer analyses with 
tetramers restricted by several different DR molecules [eight 
different HCV class II tetramers for epitopes restricted by five 
different molecules (DRB1*0101, DRB1*0401, DRB0*404, 
DRB1*1101, and DRB1*1501)].

When using advanced CD4+ T cell assays, we find that 
broadly directed HCV-specific CD4+ T cells are universally 
detectable during early stages of infection, regardless of out-
come. We also find a similar repertoire of targeted epitopes 
in all subjects. In chronically evolving HCV infection, we 
find that HCV-specific CD4+ T cells show early functional 
defects that are partially reversible in vitro by addition of  
exogenous recombinant IL-2 (rIL-2) at early stages of infec-
tion. In addition, the CD4+ T cell response rapidly collapses 
in vivo in the presence of persistent HCV viremia and be-
comes completely undetectable by the most sensitive detection 



JEM Vol. 209, No. 1 

Article

63

Table 1. Clinical and immunological characteristics of the study cohort

Label Course of 
infection

Peak  
ALT

Age, sex Therapy Therapy 
outcome

Genoytpe Risk  
factor

First 
sample 

No of CD4+ 
responses

First 
sample VL 

Peak VL Nadir VL 

d IU/ml IU/ml IU/ml
AC1 AC 473 35, M None Chronic 1 IDU 94 2 42,000 42,000 42,000
AC2 AC 2915 20, F PEG/RBV 

24W
SVR 1a IDU 125 1 358,000 >700,000 235,000

AC3 AC 206 19, F PEG/RBV 
24W

SVR 1b IDU 49 13 2800 358,000 1080

AC4 AC 201 30, M PEG/RBV 
48W

SVR 1a IDU 107 1 7470 7470 7470

AC5 AC 720 28, M IFN 6 mIU 
tiw 48W

Relapse 1 Hospitalization 137 3 >700,000 >700,000 194,000

AC6 AC 420 26, M PEG 24W SVR 1a IDU 100 1 234,000 234,000 120,647
AC7 AC 1074 37, M PEG/RBV 

24W
SVR 1b IDU 0 13 >700,000 >700,000 +*

AC8 AC 2145 23, F PEG/RBV 
12W

SVR 1 IDU 35 17 902 902 +*

AC9 AC 678 38, M None Chronic 1 IDU 62 6 380,000 380,000 380,000
AC10 AC 308 20, F PEG/RBV 

24W
SVR 1b IDU 53 12 >700,000 >700,000 342

AC11 AC 427 40, F IFN 3 mIU 
tiw/RBV

SVR 1a Needle Stick 14 12 900 >700,000 900

AC12 AC 1074 37, M None Chronic 1a IDU 54 6 >700,000 >700,000 456,999
AC13 AC 1204 55, F PEG/RBV 

24W
SVR 2** Needle stick 7 13 >700,000 >700,000 +*

AR1 AR 2237 27, M NA NA 3** IDU 16 7 +* +* NA
AR2 AR 331 33, M NA NA NA Cocaine 41 2 +* +* NA
AR3 AR 1630 28, F NA NA 1** IDU 30 22 7215 7215 NA
AR4 AR 1673 21, F NA NA 1a IDU 7 20 >700,000 >700,000 NA
AR5 AR 443 41, F NA NA 1** Blood 

Transfusion
56 26 260,830 260,830 NA

AR6 AR 1845 38, F NA NA 1** Surgery 156 12 +* +* NA
AR7 AR 1235 31, M NA NA 1** Surgery 27 17 +* +* NA
AR8 AR 1073 42, M NA NA 1** IDU 20 5 55,700 55,700 NA
AR9 AR 918 35, F NA NA 1** Hospitalization 26 14 4000 4000 NA
AR10 AR 463 29, M NA NA 3a IDU 15 8 211,195 211,195 NA
AR11 AR 1327 47, F NA NA 1** Sexual  

Transmission
112 16 +* +* NA

AR12 AR 2235 31, F NA NA 1** Hospitalization 44 5 9700 9700 NA
AR13 AR 1694 59, F NA NA 1** Hospitalization 18 11 342000 342000 NA
AR14 AR 2659 39, F NA NA 1a IDU 12 9 734,400 734,400 NA
AR15 AR 201 23, F NA NA 1a IDU/Cocaine 14 5 3200 3200 NA
AR16 AR 1624 22, F NA NA 1** IDU 108 17 +* +* NA
AR17 AR 2435 63, F NA NA 1** Unknown 177 9 +* +* NA
AR18 AR 1060 52, F NA NA NA Sexual  

Transmission
57 5 +* +* NA

AC patient was recruited and studied within 6 mo after onset of symptoms and remained viremic after 6 mo; AR patient was recruited and studied within 6 mo after 
onset of symptoms, and tested HCV RNA negative on at least two occasions after 6 mo and later; ALT, alanine transaminase; M, male; F, female; PEG, pegylated 
interferon ; RBV, Ribavirin; tiw, three times weekly; IU, international units; IDU, intravenous drug use; VL, viral load, NA, not applicable. *, + HCV PCR, too low to 
quantify. **, serotype.
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nadir viral load and the number of targeted epitopes (r = 0.34; 
P = 0.25). These results demonstrate that HCV-specific 
CD4+ T cells are not absent in early persisting infection, but 
are usually broadly directed, though with functional deficits 
as they do not proliferate in vitro upon restimulation with 
recombinant proteins in the standard LPA assay.

The breadth of the response detected in patients with 
early AC infection was not significantly different from what 
we observed in the 18 subjects with spontaneously resolv-
ing infection (median, 10 responses; range, 2–26; P > 0.05; 
Fig. 1 B). There was also no difference between subjects with 
resolving and persistent infection in the size of the expanded 
CD4+ T cell populations as measured by intracellular cyto-
kine staining (ICS) for interferon- after stimulation with 
single HCV peptides (Fig. 1 C).

Broad responses were detectable in the majority of patients 
over a wide range of viral loads at the time point of the assay, 
with some subjects with the highest viral loads targeting 
>10 HCV CD4+ T cell epitopes (Table I). None of the sub-
jects with a chronic course of infection achieved complete 
temporary control of HCV (defined as a negative qualitative 
HCV PCR) during the observation period, an uncommon 
occurrence that has been demonstrated to be associated with 
temporary detection of CD4 responses in standard LPA 
(Gerlach et al., 1999). At the same time, partial control of 
HCV was displayed by many of the subjects at select time 
points of viremia, leading to a “yo-yo pattern,” which we and 
others have described as the most common pattern of viremia 
during acute HCV infection (Cox et al., 2009; McGovern  
et al., 2009). Overall, there was no correlation between the 

Figure 1. Responsiveness to HCV antigens by CD4+ T cells from patients with acute HCV infection and spontaneously resolving versus per-
sistent viremia. (A) PBMCs obtained from patients within 6 mo of symptomatic HCV infection were stimulated for 6 d in vitro using 3 different recombi-
nant HCV proteins (NS3, NS4, and NS5) in the absence of rIL-2. Proliferation was measured using thymidine uptake and expressed as SI over negative 
control. Each dot represents a single patient. The dotted line delineates an SI value of 5 that is considered the cut-off for a positive proliferative response. 
(B and C) PBMCs obtained as in A were depleted of CD8+ T cells, and short-term CD4+ T cell lines were generated using recombinant HCV antigens and 
overlapping HCV peptides together with rIL-2. After 10–14 d, cell lines were tested for IFN- production, initially with pools of 20 overlapping peptides, 
and then, if positive, by single 20-mer peptides. (B) For each subject, the number of single peptides that tested positive is shown, plotted separately for 
the AR versus AC cohort. (C) The percentage of IFN-–secreting cells for each reactive cell line as determined by ICS and ro compare the relative size of 
the expanded HCV-specific populations between AR and AC subjects. (D) Detailed results for subject AC9 with acute infection followed by chronic viremia. 
The bar graph on the left shows results (in SI) from the standard proliferation assay without rIL-2 as in (A), showing no response against any of the HCV 
proteins, but robust proliferative responses against cytomegalovirus lysate, tetanus toxoid (TT) and phytohemagglutinin (PHA) controls. On the right, six 
dot blots showing positive ICS assays from the experiments outlined in B and C, confirming expansion of HCV-specific CD4+ T cells targeting six different 
epitopes in the same individual using short-term in vitro culture under the addition of rIL-2.
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To confirm and extend these results, we performed CFSE 
proliferative assays after 7-d in vitro stimulation with a stan-
dardized HCV CD4+ T cell epitope peptide pool in the pres-
ence and absence of exogenous rIL-2. Although patients with 
AR infection had proliferative responses (in the standard LPA, 
but also in CFSE experiments without addition of rIL-2; Fig. 3, 
B and C), HCV-specific CD4+ T cells from subjects with early 
chronically evolving infection (<6 mo after onset of symptoms) 
only proliferated when stimulated with HCV peptides after 
addition of rIL-2 (Fig. 3 C). The importance of IL-2 for prolif-
eration of HCV-specific CD4+ T cells was further confirmed 
through an experiment in which in vitro blockade with an 
IL-2–blocking antibody (Lichterfeld et al., 2004) abrogated 
the HCV-specific proliferation in a patient with self-limited 
infection (Fig. 4). Finally, we also examined the effect of exog-
enous rIL-7 and/or rIL-21 on CD4+ T cell proliferation in-
duced by HCV antigens. In five AC and two acute spontaneously 
resolving (AR) subjects, we performed proliferative assays with 
rIL-2 or with rIL-2 in combination with rIL-7 and rIL-21. The 
additional cytokines did not increase the proliferative response 
in subjects that had detectable responses with rIL-2 alone. Nor 
did we detect responses in cases when the assay with rIL-2 was 
negative (unpublished data). Together, these data suggest that 
IL-2 is critical for the proliferative capacity of HCV-specific 
CD4+ T cells during early acute HCV infection.

Detection of HCV-specific CD4+ T cell responses  
is dependent on the duration of viremia in acute  
HCV infection with a chronic outcome
Because we had been mostly unable to detect any HCV-

specific CD4+ T cell responses in our 
previous studies analyzing subjects with 
established chronic infection (Chang 
et al., 2001; Day et al., 2002, 2003; 
Schulze zur Wiesch et al., 2005), we 
aimed to establish how early the loss  
of CD4+ T cell responses occurs with 
persistence of viremia. Analyzing the 
cross-sectional data of in vitro expanded 
cell lines in acute infection, we found a 
significant inverse correlation between 

When we compared the repertoire of targeted epitopes in 
subjects with AR versus persisting infection, we observed 
similar patterns of recognition in both groups, with a major-
ity of responses located in the NS3 region (Fig. 2, A and B; 
and Table S2). Responses against previously reported immuno-
dominant epitopes frequently detected in resolved infection 
and thought to be crucial for resolution of infection (e.g., 
HCV aa 1241-1260, HCV aa 1771-1790; Fig. 2, A and B; 
Table S2; Diepolder et al., 1997; Wertheimer et al., 2003; 
Schulze zur Wiesch et al., 2005) were also detected in sub-
jects who ultimately failed to control viremia.

These data suggest that neither breadth nor specificity 
of the HCV-specific CD4+ T cell response during the early 
stages of infection determine the outcome of infection.

Supplementation of rIL-2 reverses the proliferative  
defects of HCV-specific CD4+ T cell responses in persisting 
acute HCV infection
To dissect which difference in the experimental setup de-
termined the improved proliferation of HCV-specific CD4+ 
T cell responses in our in vitro assays as compared with 
standard LPA, we performed a CFSE proliferation assay 
combined with class II tetramer staining. This experiment 
demonstrated HCV-specific T cell proliferation only after 
peptide stimulation together with IL-2 support. HCV-specific 
cells of acute patient AC7 (week 16 after symptoms of infection) 
were unable to proliferate after restimulation with peptides 
p124 (HCV aa1241-1260) and p177 (HCV aa1771-1790) 
alone, but proliferated vigorously after addition of recombi-
nant rIL-2 to the cell culture (Fig. 3 A).

Figure 2. Frequency of detection of 
single HCV CD4+ epitopes using short-
term in vitro culture with the addition of 
rIL-2. (A and B) The relative location of each 
epitope detected in the assays from Fig. 1 
(B and C) within the HCV polyprotein and 
the frequency with which the respective 
peptide was recognized in the cohort of  
patients with self-limited (AR) and chronic 
(AC) infection. The six most frequently rec-
ognized peptides are marked with their exact 
location in the HCV protein sequence. More 
detailed information on all epitopes detected 
in each individual patient of the cohort can 
be found in Table S2.

http://www.jem.org/cgi/content/full/jem.20100388/DC1
http://www.jem.org/cgi/content/full/jem.20100388/DC1
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and HCV aa 1771-1790; Diepolder et al., 1997; Day et al., 
2002; Wertheimer et al., 2003; Schulze zur Wiesch et al., 
2005, 2007).

In contrast, for patients with spontaneous resolution of 
HCV we observed no such correlation, and the number of 
HCV-specific CD4+ T cell responses detected in the in vitro 
cell culture system remained stable over time (Fig. 5 B).  
Indeed, we and others were able to recover in vitro HCV-
specific CD4+ T cell responses in patients with spontaneously 
controlled infection many months and even years after reso-
lution of HCV viremia (Chang et al., 2001; Schulze zur 

Wiesch et al., 2005; Smyk-Pearson et al., 2006).

Direct ex vivo tetramer analysis confirms 
circulating HCV-specific CD4+ T cells during 
early acute infection irrespective of outcome
To confirm the results obtained with in vitro cul-
ture of HCV-specific CD4+ T cells, we analyzed 

the number of detected responses and time elapsed between 
the onset of symptoms and performance of the experiment in 
subjects with chronically evolving infection; only very few re-
sponses could be expanded after a 10–12-wk duration of vi-
remia (Fig. 5 A; P < 0.02) and none after 6 mo of viremia (not 
depicted). The observation of HCV-specific CD4+ T cell re-
sponses early in AC infection, followed by a loss of the re-
sponse with persisting viremia held true for all HCV CD4+  
T cell specificities, including responses against two HCV epi-
topes that we and others had previously described as immuno-
dominant in resolving HCV infection (HCV aa 1241-1260 

Figure 3. HCV-specific proliferation of virus-specific CD4+ T cells in the presence or absence of IL-2. (A) PBMCs of an early time point from  
patient AC7 with AC HCV infection were labeled with CFSE dye and stimulated with no peptide () or peptides p124 (aa 1241-1260) and p177 (aa 1771–
1790) in the presence (left) or absence (right) of rIL-2. After 7 d, cells were stained with HCV-specific tetramers Tet124 and Tet177. (B) CFSE proliferation assay 
in a patient with acute HCV infection and self-limited disease. PBMCs were stained with CFSE dye and stimulated with HIV peptides (control peptides) or a 
pool of the six most frequently detected immunodominant HCV peptides (Fig. 2) for 7 d with or without addition of rIL-2. (C) Summary of the CFSE prolifera-
tion experiments performed as in A on six patients (filled circles) with AC infection and six patients (filled squares) with AR infection either in the absence or 
presence of IL-2. (SI, stimulation index with the frequency of proliferating cells without addition of peptide and rIL-2 as the denominator).

Figure 4. Abortion of HCV-specific T cell prolifera-
tion by an anti–IL-2 blocking antibody. CFSE assay in 
a patient with resolution of the acute infection. PBMCs 
from a patient with resolved HCV infection were depleted 
of CD8+ T cells, stained with CFSE dye, and stimulated 
with recombinant c200 (NS3+NS4) protein in the pres-
ence of IL-2–blocking antibody or isotype control. At day 7, 
the number of CFSElow cells was assessed by flow cytom-
etry. Superoxide dismutase served as negative control 
and phytohemagglutinin and c200 plus IL-2 served as 
positive controls.
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Testing the first available PBMC sample after infection 
for each subject, at least one ex vivo tetramer response was 
detectable in 37 of 40 subjects with acute infection (93%).  
Of those, 14/17 patients with AC infection and 23/23 of  
patients with AR infection showed at least one tetramer 
response. Overall, we detected 55 of 61 (90%) individual 
positive tetramer tests, with 20/26 positive tetramer re-
sponses in patients with AC infection. In patients with AR 
infection, we detected 35/35 individual tetramer responses, 
and these were typically of higher frequency than those in 
subjects with persisting viremia. In addition, the three sub-
jects without any detectable tetramer response all devel-
oped persistent viremia. However, these patients could 
only be tested at later time points (>75 d after the onset of 
symptoms), a timeframe in which the in vitro expansion 

assays usually do not recover HCV 
CD4+ T cell responses in AC infec-
tion either.

Tetramer assays also allowed us to 
examine the expression of memory  
T cell markers on HCV-specific CD4+ 
T cell populations. Overall, we saw 
low expression of CD127 in all sub-
jects during early infection, in contrast 
to responses after spontaneous resolu-
tion of infection that uniformly ex-
press the IL-7 receptor (unpublished 
data). The activation marker CD38 

these cells directly ex vivo, using class II tetrameric complexes. 
Based on previous studies (Gerlach et al., 2005; Schulze zur 
Wiesch et al., 2005; Kasprowicz et al., 2008) we were able to 
synthesize a total of 8 class II tetramers for some of the most 
frequently targeted HCV epitopes restricted by 5 different 
human leukocyte antigen (HLA) molecules (Table S3). In Fig. 6 A, 
representative flow cytometry dot plots of tetramer stainings for 
patients AC1 with chronically evolving course and AR3 with 
AR course are depicted. Because only a limited number of sub-
jects in the original cohort of 31 patients expressed HLA mole-
cules for which we have class II tetramers available, we performed 
tetramer analysis on PBMCs from an additional 18 patients with 
documented acute infection (Table S1). This allowed us to test 
for a total of 61 HCV CD4+ T cell specificities directly ex vivo 
in 40 patients using HLA-matched class II tetramers.

Figure 5. Time dependency of detection 
of HCV-specific CD4+ T cell responses in 
patients with acute HCV infection. The 
number of HCV-specific CD4+ responses de-
tected in HCV-antigen stimulated short-term 
T cell lines with rIL-2 (as shown in Fig. 1 B) 
was plotted against the time elapsed between 
symptom onset and sampling of blood for the 
experiment in AC infection (A) and patients 
with AR course (B). Each square represents 
the number of HCV peptide-specific CD4+  
T cell responses of a single patient.

Figure 6. Analysis of the frequency of 
HCV-specific CD4+ T cells by direct ex vivo 
class II tetramer staining in patients with 
acute HCV infection. (A) Sample dot blots 
for ex vivo tetramer staining with tetramer 
p177 in a patient with self-limited acute HCV 
infection (AR3) and a patient with chronically 
evolving HCV infection (AC1). (B) The ex vivo 
frequencies of all HCV MHC class II tetra-
mers stainings performed on all samples of a 
total of 38 patients are plotted against the 
time elapsed between onset of symptoms  
and sampling of blood for each assay,  
depicted separately for AR infection and  
AC infection.

http://www.jem.org/cgi/content/full/jem.20100388/DC1
http://www.jem.org/cgi/content/full/jem.20100388/DC1
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Figure 7. Longitudinal assessment of HCV-specific CD4+ T cell responses by MHC class II tetramer staining. Detailed longitudinal results for 
three subjects with different clinical courses using standard proliferation assay and short-term cell lines with rIL-2, as in Fig. 1 D, as well as tetramer 
assays as shown in Fig. 6 (A and B). Frequencies of two class II tetramers (Tet124 and Tet177; triangles) over time for patient AR8 with AR infection 
blotted together with HCV viral load (gray; A) and as individual dot blots for each time point (B). (bottom) Results for the in vitro standard prolifera-
tion assay for comparison with the direct ex vivo tetramer results above. (C–F) Patients AC7 and AC10 were both diagnosed with acute HCV infection 
and persisting viremia. AC7 was treated at an early time point after developing symptomatic disease, whereas AC10 was treated only almost a year 
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method in AC subjects. In contrast, although the magnitude 
of individual responses decreases over time in AR infection, 
HCV-specific MHC class II tetramer+ T cells remain detect-
able directly ex vivo up to 1 yr and longer. Overall, the fre-
quencies of tetramer+ populations are significantly higher  
in subjects with AR infection compared with those in indi-
viduals with persisting viremia. However, during the first 
30–60 d of observation, these differences are much less pro-
nounced than at later time points, and one observes a wide 
overlap between the two groups. Together, these data show 
that HCV-specific CD4+ T cell responses have two distinct 
fates. Spontaneous resolution of infection is associated with 
lasting CD4+ T cell populations that retain or even increase 
their proliferative capacity. In contrast the expansion of 
HCV-specific CD4+ T cells in persistent infection is short-
lived, and the cell populations are already limited in their 
proliferative capacity at early time points, and then are com-
pletely undetectable in the blood by ex vivo tetramer tech-
nology or by in vitro expansion.

We were also able to follow subjects with persisting acute 
infection through antiviral therapy, with some subjects  
being treated relatively early (<24 wk after onset of symptoms; 
Fig. 7, C and D) and others receiving delayed treatment for  
a variety of clinical reasons (>24 wk after onset of symptoms; 
Fig. 7, E and F). Not only did tetramer responses reemerge 
after successful early treatment within the first 3 mo after  
onset of symptoms (Fig. 7 C and Fig. 8 B), but, in parallel, we 
were also able to detect broad responses through the assays 
using in vitro stimulation followed by confirmation of HCV-
specific CD4+ T cell responses with ICS (Fig. 7 D and Fig. 8 A). 
In contrast, successful therapy during the subacute phase 
(later than 6 mo after onset of symptoms) or untreated AC 
infection were not associated with a reconstitution of HCV-
specific CD4+ T cell responses (Fig. 7, E and F; and Fig. 8, A 
and B), similar to what we observe in patients after successful 
treatment in the chronic phase (not depicted). Overall, our 
data suggest that the deletion of HCV-specific CD4+ T cell 
responses is directly dependent on HCV viremia and that re-
moval of the virus by antiviral therapy is able to prevent the 
complete loss of HCV-specific CD4+ T cell responses during 
a short window of opportunity.

DISCUSSION
There is a general consensus that vigorous CD4+ T cell pro-
liferative responses are correlated with spontaneous resolu-
tion of HCV infection. Since the initial study by Diepolder 
et al. (1995), this observation has been confirmed by a multi-
tude of studies (Chang et al., 2001; Schulze zur Wiesch et al., 

was highly expressed during early infection in all patients, but 
was subsequently lost with the emergence of CD127+ mem-
ory cells. Expression of the inhibitory T cell receptor pro-
grammed death 1 was uniformly high, independent of HCV 
outcome, as we have previously shown (Kasprowicz et al., 
2008). Overall these results are similar to what we have ob-
served for HCV-specific CD8+ T cell responses (Lucas et al., 
2004; Kasprowicz et al., 2008, 2010).

HCV-specific CD4+ T cell responses are deleted  
from the blood during persistence of HCV viremia, but early 
initiation of therapy can preserve CD4+ T cell populations
We were unable to detect CD4+ T cell responses by in vitro 
expansion once HCV viremia had been established for >6 mo, 
despite addition of exogenous rIL-2 (unpublished data; 
Schulze zur Wiesch et al., 2005). To determine whether this 
failure of detection was based on increasing deficits in prolif-
erative capacity of HCV-specific T cells or on physical dele-
tion of this T cell population from the blood, we longitudinally 
analyzed the kinetics of the CD4+ T cell response during 
acute HCV ex vivo using class II tetramers. In AR infection 
(Fig. 7 A), a strong expansion of HCV-specific CD4+ T cells 
was followed by a quick contraction of these populations  
after resolution of HCV, but core populations of tetramer-
positive cells remained detectable long after the acute phase 
of infection. Throughout the observation period, prolifera-
tive responses remained strongly positive and cells were 
readily expandable for years.

In persisting acute infection (Fig. 7, C and E) a different 
picture emerged. Tetramer+ cells were detectable only ini-
tially during acute infection and then disappeared completely 
from the blood with persisting viremia, even if viral loads 
were relatively low (Fig. 7 C). Similarly, at early time points 
we were able to expand HCV-specific CD4+ T cell popula-
tions and confirm by ICS in these subjects, but not at later 
time points, when ex vivo tetramer assays were also negative. 
The standard LPA assays that we performed in parallel re-
mained negative throughout the observation period.

Fig. 6 B summarizes the results for subjects with AC ver-
sus AR infection separately, plotting the results from all tet-
ramer assays we performed in relationship to the day after 
onset of symptoms the sample was obtained. These ex vivo 
results look strikingly similar to the results obtained using in 
vitro HCV CD4+ T cell lines (Fig. 5, A and B), in that early 
during infection we see universally positive responses, fol-
lowed by a rapid decline and disappearance of HCV-specific 
populations with persisting viremia. Barely any responses are 
detectable later than 3 mo after onset of symptoms by either 

after the onset of symptoms. Both achieved a sustained virological response (SVR). Frequencies for detected tetramer responses (triangles) are plotted 
together with HCV viral load (gray) and the treatment period (red) in the top panel of C for AC7 and E for AC10. Asterisks in E mark time points at 
which tetramer assays were negative even with more sensitive tetramer staining protocols based on magnetic bead capture enrichment (Day et al., 
2003). (C and E, bottom) Results from the standard proliferation assay over the same time periods as the tetramer results above. (D and F) ICS results 
detecting IFN- secretion are shown for short-term cultures at different time points of infection using rIL-2 and single HCV peptide that had tested 
positive in the first available blood sample.
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3 and 6 mo after onset of symptoms) fully account for the 
trend toward somewhat fewer responses in persons with  
persisting infection. It seems very likely that analysis of subjects 
that were all recruited within the initial 8–12 wk after infec-
tion would show even less distinguishable results of the CD4+ 
T cell response over different clinical outcomes. Our data 
indicate that the progression of acute HCV infection into 
chronic hepatitis C is not a result of a primary failure to 
mount a broad CD4+ T cell response, but is caused by sec-
ondary mechanisms leading to the collapse of the HCV-
specific CD4+ T cell response. Furthermore, our data highlight 
the importance of studying well-defined cohorts of early 
acute HCV infection (Cox et al., 2009) and of carefully dif-
ferentiating between results obtained in the true acute phase of 
infection versus those in the subacute (early chronic) phase, 
e.g., between 6 and 12 mo after infection, as the CD4+ T cell 
response is clearly already profoundly altered at these later 
time points. Only at the earliest time points will it be possible 
to identify key mechanisms contributing to the outcome of 
infection, rather than just studying the consequences of viral 
persistence or control.

Our experimental approach allowed us to define not just 
the HCV protein targets of the CD4+ T cell response but 
also to identify for each subject the individual peptides that 
were recognized. The results confirm our previous study of 
resolved infection in that NS3, NS4, and NS5 are most fre-
quently targeted, with 6 peptides resembling immunologi-
cal “hotspots” that were recognized by >25% of subjects 
with spontaneous resolution of viremia. Importantly, we 
were able to detect these dominant responses in patients 
with early acute HCV infection that were not successful in 
controlling viremia. The recognition pattern in these sub-
jects was very similar to that found in AR infection, raising 
the possibility that control of viremia is more a consequence 
of the quality, timeliness, kinetics, and maintenance of the 
CD4+ T cell response and not targeting of certain immuno-
dominant epitopes.

2005; Smyk-Pearson et al., 2006). Nevertheless, little is known 
about the quantity and the quality of the early CD4+ T cell 
response beyond the ability of HCV-specific CD4+ T cells to 
proliferate against HCV proteins in vitro in standard LPA  
assays. It also remains unknown whether HCV-specific CD4+ 
T cell responses are generally absent in chronically evolving 
infection (with the exception of subjects with complete tem-
porary control or patients that previously spontaneously cleared 
a heterologous HCV genotype), or whether responses are 
present but functionally disabled in persisting viremia.  
Another important question is whether targeting of certain 
epitopes (Diepolder et al., 1997; Schulze zur Wiesch et al., 
2005; Smyk-Pearson et al., 2006) is necessary or sufficient to 
achieve a favorable outcome. In the present study, we have 
combined distinct methods characterized by high sensitivity, 
specificity, and resolution to characterize the CD4+ T cell re-
sponse in a large cohort with early acute HCV infection and 
diverging clinical outcomes.

Our first surprising finding is that the breadth of the 
CD4+ T cell response during early acute infection is compa-
rable between patients who become chronically infected and 
those with spontaneously resolving viremia. In all 31 subjects 
studied, we detected HCV-specific CD4+ T cells in HCV-
stimulated T cell lines, with up to 26 epitopes targeted in a 
single individual. Although there was a trend toward a 
greater number of epitopes targeted in self-limited infection, 
this is most likely explained by the important observation  
that with persisting infection the breadth of the response is 
tightly correlated to the time elapsed after infection, as  
responses become undetectable within weeks (Fig. 5 A,  
Fig. 6 B, and Fig. 7 E). In contrast, the HCV-specific CD4+ 
T cell response repertoire in AR infection remains stable 
for months, and as we and others have previously shown, 
even years after infection (Takaki et al., 2000; Chang et al., 
2001; Day et al., 2002). Hence, patients with persisting infec-
tion who were recruited into our study during the second 
half of our recruitment window for acute infection (between 

Figure 8. Analysis of HCV-specific CD4+ 
T cell responses in patients with AC infec-
tion and a sustained virological response 
(SVR) after early versus late induction of 
antiviral treatment. (A) PBMCs obtained 
after successful antiviral therapy of acute 
infection and either early (<6 mo after symptom 
onset; n = 5) or late (<6 mo after symptom 
onset; n = 3) initiation of treatment were 
depleted of CD8+ T cells, stimulated with re-
combinant antigens and overlapping peptides, 
and after 10–14 d the number of single pep-
tides eliciting an IFN- response was mea-
sured (as in Fig. 1 B). Each dot represents  
the number of different responses in each 
patient. (B) Ex vivo HCV MHC class II tetramer 
frequencies before and after treatment. Fre-
quencies of HCV-specific CD4+ T cells were 

assessed before and after treatment using HLA class II tetramer staining in subjects with chronically evolving infection who were treated early. Untreated 
patients with AC served as controls. Each dot or square represents one tetramer response in a single individual.
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lack of detectable responses in PBMCs is at least partially 
caused by compartmentalization to the liver. In contrast to 
the CD8+ T cell response, for which there is ample evidence 
for this phenomenon (Nelson et al., 1998; Wong et al., 1998; 
Spangenberg et al., 2005; Neumann-Haefelin et al., 2008), 
little is known about compartmentalization of HCV-specific 
CD4+ T cells in chronic infection (Minutello et al., 1993; 
Penna et al., 2002). However, in our own preliminary stud-
ies, we could barely detect any intrahepatic HCV-specific 
CD4+ T cell responses using in vitro expansion protocols  
(n = 10 patients; unpublished data), despite our observation 
in the present study that the breadth of the peripheral CD4+  
T cell response against HCV is generally greater than that of the 
CD8+ T cell response in acute infection (Lauer et al., 2005).

Another explanation for the collapse of the HCV-specific 
CD4+ T cell response in patients with acute HCV infection 
and persisting viremia could be in the development of viral 
escape mutations leading to a lack of stimulation of the T cell 
receptor. We have started to generate longitudinal viral se-
quences corresponding to the CD4+ epitopes targeted by  
individuals with chronic evolution of infection. Our prelimi-
nary results for 13 epitopes in 8 individuals do not indicate 
any viral evolution that could be attributed to CD4+ T cell 
responses (unpublished data), in contrast to observations for 
CD8+ responses (Timm et al., 2004; Cox et al., 2005b; 
Tester et al., 2005). Together with data from the chimpanzee 
model of HCV infection (Fuller et al., 2010), this suggests a 
limited role for viral escape mutations in the loss of the CD4+  
T cell response in acute HCV infection that persists chronically.

Our observations in subjects undergoing antiviral therapy 
support the theory that the loss of proliferative function fol-
lowed by deletion of HCV-specific CD4+ T cells is directly 
associated with HCV viremia. After successful control of  
viremia in early therapy, we were able to continuously detect 
HCV-specific CD4+ T cell responses against HCV both by 
extended in vitro culture and ex vivo by class II tetramers, 
comparable to what we have observed after spontaneous res-
olution of infection (Day et al., 2003; Schulze zur Wiesch  
et al., 2005). In contrast, HCV-specific CD4+ T cell responses 
were detectable neither by tetramer technology nor by in 
vitro cell lines and ICS in patients that had been treated at 
later stages of chronically evolving infection (>24 wk after 
onset of disease), suggesting that damage to the HCV-specific 
CD4+ T cell response occurs very early with persistent vire-
mia, progresses rapidly, and becomes difficult to revert once 
chronicity has been established.

It is also noteworthy that, even with early therapy, the 
recovery of the CD4+ T cell response is not necessarily 
functionally complete; in patient AC10 (Fig. 7, C and D), 
HCV-specific responses remained undetectable by stan-
dard proliferation assay (without IL-2), but were detectable 
after in vitro expansion under addition of IL-2 and also di-
rectly ex vivo using class II tetramers. In subjects who were 
successfully treated at later stages of acute infection (>6 mo after 
symptoms), we could not detect CD4+ T cell responses against 
HCV by any method (Fig. 7, E and F; and Fig. 8, A and B). 

The in vitro cell culture assay used for this study differed 
from the standard proliferation assay (LPA) by three impor-
tant parameters: a higher input number of cells per test, an  
in vitro incubation time that is doubled, and the addition of  
rIL-2 to the culture. We sought to further define the rele-
vance of these changes by performing additional CFSE experi-
ments in which we compared the assay when performed with 
and without the addition of rIL-2. The results suggest that 
rIL-2 is a critical factor for the enhanced sensitivity of this assay 
and promote the hypothesis that a lack of IL-2 support is an 
important step in the failure to maintain CD4+ T cell re-
sponse against persisting viruses (Iyasere et al., 2003; Lichterfeld 
et al., 2004; Klenerman and Hill, 2005; Semmo et al., 2005).

Based on our previous comprehensive screening for 
HCV CD4+ T epitopes (Schulze zur Wiesch et al., 2005), we 
constructed a set of novel class II tetramers that enabled us to  
detect HCV-specific CD4+ T cells directly ex vivo, with no 
need for in vitro culture. In contrast to previous studies, we 
were able to forego enrichment of the tetramer+ cells via 
magnetic beads caused by the higher numbers of specific cells 
during acute infection and improved quality of the tetrameric 
complexes. These experiments confirmed the presence of 
significant numbers of HCV-specific CD4+ T cells during 
the early stages of acute infection, irrespective of infection 
outcome and usually targeting multiple epitopes. Our re-
sults for several epitopes restricted by different class II mole-
cules confirm and extend the findings by Lucas et al. (Lucas 
et al., 2007) and Diepolder (Ulsenheimer et al., 2006) who 
previously described tetramer responses in acute persisting 
HCV infection using a single class II tetramer restricted by 
HLA-DR1.

Even during early acute infection, frequencies of the  
ex vivo HCV-specific CD4+ T cells were somewhat lower in 
subjects with acute persisting infection; however, these dif-
ferences seem to be gradual and there was substantial overlap 
between both groups. This difference could be explained by 
the distinct dynamics of the tetramer+ cells that become so 
rapidly undetectable (usually within weeks) in persisting vire-
mia (Fig. 6 B and Fig. 7 E); thus, it seems possible that at the 
earliest stages of infection, before individuals were recruited 
into our study, the frequency and vigor of HCV-specific 
CD4+ T cells might have been comparable between the 
different patient groups. Alternatively, a marked difference in 
the vigor of the CD4+ T cell response at the earliest days of 
infection might be critical for the outcome of infection. To fully 
define the importance of the magnitude of HCV-specific 
CD4+ T cell responses, it would be helpful to study patients 
from prospective cohorts of acute HCV infection (Cox et al., 
2005a), potentially allowing analysis of even earlier events  
after infection.

In contrast to the scenario in acute infection with persist-
ing viremia, HCV-specific CD4+ T cell populations contract 
after spontaneous resolution of infection, but a core popula-
tion remains detectable, often for years. Although our cur-
rent hypothesis is that HCV-specific CD4+ T cells are mostly 
deleted through persistent viremia, it is also possible that the 
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HCV peptides and recombinant HCV proteins. Peptides were synthesized 
corresponding to the amino acid sequences of the HCV-1a strain HCV-1 (avail-
able from GenBank/EMBL/DDBJ under accession no. M62321). A total of 301 
20-mers overlapping by 10 aa and spanning the entire polyprotein were used for 
screening responses (Day et al., 2002). Additional peptides were synthesized ac-
cording to autologous viral sequences. Recombinant HCV proteins used in this 
study were expressed as C-terminal fusion proteins with human superoxide  
dismutase in Saccharomyces cerevisiae or Escherichia coli and were provided by  
M. Houghton (Novartis Vaccines and Diagnostics). These proteins were derived 
from the HCV-1 sequence and encoded core (C22-3 aa 2 to 120), NS3 (C33C 
aa 1192–1457), NS4 (C100.3 aa 1569–1931), NS3/NS4 (C200 aa 1192–1931), 
and NS5 (NS5 aa 2054–2995).

HLA typing. DNA for typing was extracted using the PUREGENE DNA 
isolation kit for blood (Gentra Systems) according to the manufacturer’s instruc-
tions. HLA class II typing was performed at the MGH Tissue Typing Laboratory 
using sequence-specific primer PCR, as previously described (Bunce et al., 
1995). High-resolution HLA class II typing was performed by Dynal Biotech 
HLA Diagnostics (Invitrogen) using sequence-specific primer PCR.

Sequencing of autologous virus. Sequences were determined as previ-
ously described (Timm et al., 2004; Schulze Zur Wiesch et al., 2007). In 
brief, viral RNA was extracted from plasma using the vRNA extraction kit 
(QIAGEN). Genotype-specific primers were designed based on alignments 
of all available sequences from public HCV databases. Reverse transcription 
was performed with the QIAGEN One-Step RT-PCR kit, followed by 
nested PCR using Titanium Taq DNA polymerase (CLONTECH Labora-
tories). PCR fragments were gel- or PCR-purified (QIAGEN QIA-Quick 
Gel Extraction/PCR Purification kit), and the population was sequenced 
bidirectionally on an ABI 3100 PRISM automated sequencer (Applied Bio-
systems). Sequencher (Gene Codes) and MacVector 4.1 (Oxford Molecular) 
software programs were used to edit and align sequences.

Lymphocyte proliferation assays. Lymphocyte proliferation assays were 
performed as described previously (Day et al., 2002; Lauer et al., 2002) using 
c22.3, c33c, c100.3, C200 and NS5 HCV proteins (Chiron) at concentra-
tions of 10 µg/ml (Day et al., 2002). CFSE proliferation assays were per-
formed as previously described (Lichterfeld et al., 2004; Kasprowicz et al., 
2008; Schulze Zur Wiesch et al., 2009). Where indicated, IL-2–neutralizing 
antibodies (clone MQ1-17H12; BD) or isotype control antibodies (clone 
A4A; Neomarkers) were added at 10 µg/ml.

Bulk stimulation of PBMCs. 15-20 million fresh or thawed PBMCs were 
depleted from CD8+ cells according to manufacturer’s instructions (Invitro-
gen) and the CD8+-depleted cells were stimulated with 1 µg/ml recombi-
nant HCV antigens (either C22-3, C33C, C100, C200, or NS5) in 2 ml of 
R10 medium supplemented with recombinant IL-2 (50 U/ml) as previously 
described (Day et al., 2002; Schulze zur Wiesch et al., 2005, 2007). Alterna-
tively, for the regions of the HCV genome for which recombinant antigens 
were not available (E1, E2, p7, and NS2) PBMCs were stimulated with 
overlapping 20-mer peptides (1 µg/ml each) in pools of 10 peptides.

To test the effect of additional stimulation with different interleukins, further 
HCV CD4+ T cell cultures were generated and rIL-7 and rIL-21 were added at 
day 1 and 3 at a final concentration of 50 ng/ml. After 10–14 d, the cells were  
assayed for IFN- production by ICS in response to stimulation with pools of 
overlapping 20-mer HCV peptides. After 10–14 d, cells were assayed for IFN- 
production by ELISpot or ICS in response to stimulation with HCV peptides.

ELISpot assay. ELISpot assays were performed as previously described (Lauer 
et al., 2002, 2005; Schulze zur Wiesch et al., 2005). Responses were considered 
positive if the number of spots was three times greater than the background; phy-
tohemagglutinin served as a positive control. All positive responses were recon-
firmed by intracellular cytokine assay after stimulation with the specific peptide.

Intracellular IFN- staining and flow cytometry. In brief, 5 × 105 bulk 
expanded PBMCs were stimulated with 4 µM peptide and anti-CD28 and 
anti-CD49d MAbs (1 µg/ml each; BD) at 37°C and 5% CO2 for 1 h before 

Together this suggests that the loss of CD4+ T cell function 
occurs before the physical deletion of the T cells and that 
fully functional CD4+ T cell responses are not required for 
the success of antiviral therapy (Rahman et al., 2004; Lauer  
et al., 2005; Barnes et al., 2009). Whether the rescue of  
CD4+ T cell responses through early treatment would be 
beneficial during a subsequent reexposure to HCV remains 
an open question.

One of the remaining challenges in unraveling the mystery 
of the secondary failure of the CD4+ T cell response in AC HCV 
infection will be to define the reasons for the functional differ-
ences of the HCV-specific CD4+ T cells, and also to define the 
exact mechanisms leading to deletion of these cells. Despite  
our ability to visualize HCV-specific T cells directly ex vivo by 
tetramer technology, the extremely low frequencies of these cell 
populations, even in the acute phase of infection, has prevented a 
more detailed ex vivo functional analysis at this time. However, 
based on the results from this study, we have now successfully  
begun to live-sort HCV-specific CD4+ T cells using tetramers 
for use in large scale gene expression analyses that have now  
become feasible even on very low cell numbers.

In summary, we demonstrate here for the first time that the 
HCV-specific CD4+ T cell response in persisting early acute 
infection is comparable in breadth, vigor, and repertoire to that 
observed in spontaneously resolving infection. Our findings 
challenge the current paradigm that suggests an initial failure to 
prime CD4+ T cell responses as the primary cause of viral per-
sistence in most patients. Rather, persistent viremia is associ-
ated with a secondary failure of the CD4+ T cell response, 
which is characterized by early functional deficits and, later, 
complete deletion of the CD4+ T cell response from the blood 
through mechanisms not yet fully understood. Interestingly, 
the failure of the CD4+ T cell response can at least be partially 
reversed through early antiviral therapy, suggesting a direct 
role of HCV in subverting the immune response (Folgori et al., 
2006; Badr et al., 2008). To understand the requirements of a 
protective CD4+ T cell immune response to be elicited by a 
successful HCV vaccine or immunotherapy, we must define 
the critical mechanisms that lead to the early functional impair-
ment followed by the physical deletion of HCV-specific CD4+ 
T cells in the context of persisting viremia.

MATERIALS AND METHODS
Patients. Acute hepatitis C was diagnosed by documented seroconversion to 
anti-HCV antibodies or all of the following: acute onset of hepatitis in previously 
healthy individual, aminotransferases at least 10× the upper limit of normal, ex-
clusion of other infectious, metabolic, or toxic causes of hepatitis and recent ex-
posure or source of infection identified (Corey et al., 2006; McGovern et al., 
2006). 18 patients with spontaneously controlled HCV infection and 13 patients 
with chronically evolving HCV infection were enrolled in this study (Table I). 
Because only a limited number of subjects in this cohort of 31 patients expressed 
HLA class II molecules, allowing HCV class II tetramer analysis, we recruited a 
second cohort of 18 subjects for tetramer studies (Table S1). These individuals 
fulfilled the same criteria for acute HCV infection, and all expressed class II mol-
ecules for which HCV tetramers were available. The study was approved by the 
Institutional Review Boards of the Massachusetts General Hospital, the Lemuel 
Shattuck Hospital, and the Oswaldo Cruz Institute. All patients gave written in-
formed consent.
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the addition of Brefeldin (1 µl/ml; BD). The cells were incubated for an ad-
ditional 5 h at 37°C and 5% CO2. PBMCs were then washed and stained 
with surface antibodies, allophycocyanin-conjugated anti-CD3, and peridin-
chlorophyll protein-conjugated anti-CD4 (BD) at room temperature for 20 
min. After washing, the PBMCs were fixed and permeabilized (Invitrogen), 
and the FITC-conjugated anti–IFN- mAb (BD) were added as previously 
described (Day et al., 2002; Rosen et al., 2002; Lauer et al., 2004; Schulze 
zur Wiesch et al., 2005). Cells were then washed and analyzed on a FACS-
Calibur flow cytometer using CELLQuest software (BD).

MHC class II tetramer staining of PBMCs. MHC class II tetramer stain-
ing was performed as previously described (Day et al., 2003; Kasprowicz et al., 
2008). Cells (either fresh PBMCs, cryopreserved PBMCs, or cells from a 
short-term stimulated line) were stained in 100 µl medium (RPMI, 10% 
fetal calf serum, 10 mM Hepes, 2 mM l-glutamine, and 50 U/ml penicillin-
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Online supplemental material. Table S1 shows the clinical characteristics 
of a cohort of 18 additional patients with acute HCV infection studied with HCV 
MHC Class II tetramers. Table S2 shows individual HCV CD4+ epitopes 
targeted during acute HCV infection. Table S3 is a list of the HCV-specific 
MHC class II tetramers used in this study. Online supplemental material is 
available at http://www.jem.org/cgi/content/full/jem.20100388/DC1.

We thank foremost all patients who generously participated in this study and the 
dedicated clinical research staff and nurses who helped to recruit them. We thank 
Steven E. Longworth, Andrea Jones, Andrew Berical, Jared E. Duncan, Kei Ouchi and 
Jenna Blum for technical help with the experiments.

This study was supported by the Howard Hughes Medical Institute (J. Schulze 
zur Wiesch), Deutsche Forschungsgemeinschaft Schu 2482/1-1, SFB 841 A6 (J. Schulze 
zur Wiesch), Swiss National Science Foundation (D. Ciuffreda), and National Institutes 
of Health grants U19-AI066345 (L. Lewis-Ximenez, T.M. Allen, A.Y. Kim, and G.M. Lauer), 
U19-AI082630 (R.T. Chung and G.M. Lauer), and R01-AI067926-01 (T.M. Allen).

None of the authors declared any competing financial interests.

Submitted: 25 February 2011
Accepted: 21 November 2011

REFERENCES
Alter, H.J., and L.B. Seeff. 2000. Recovery, persistence, and sequelae in 

hepatitis C virus infection: a perspective on long-term outcome. Semin. 
Liver Dis. 20:17–35. http://dx.doi.org/10.1055/s-2000-9505

Badr, G., N. Bédard, M.S. Abdel-Hakeem, L. Trautmann, B. Willems, J.P. 
Villeneuve, E.K. Haddad, R.P. Sékaly, J. Bruneau, and N.H. Shoukry. 
2008. Early interferon therapy for hepatitis C virus infection rescues 

http://dx.doi.org/10.1128/JVI.01083-08
http://dx.doi.org/10.1086/597072
http://dx.doi.org/10.1086/597072
http://dx.doi.org/10.1111/j.1872-034X.2007.00220.x
http://dx.doi.org/10.1111/j.1872-034X.2007.00220.x
http://dx.doi.org/10.1053/jhep.2001.21162
http://dx.doi.org/10.1053/jhep.2001.21162
http://dx.doi.org/10.1016/j.cgh.2006.06.026
http://dx.doi.org/10.1002/hep.20749
http://dx.doi.org/10.1084/jem.20050121
http://dx.doi.org/10.1053/j.gastro.2008.11.049
http://dx.doi.org/10.1128/JVI.76.24.12584-12595.2002
http://dx.doi.org/10.1128/JVI.76.24.12584-12595.2002
http://dx.doi.org/10.1038/nature05115
http://dx.doi.org/10.1038/nature05115
http://dx.doi.org/10.1016/j.antiviral.2009.02.203
http://dx.doi.org/10.1016/j.antiviral.2009.02.203
http://dx.doi.org/10.1016/S0140-6736(95)91691-1
http://dx.doi.org/10.1007/s001090050062
http://dx.doi.org/10.1055/s-2000-9505


74 Kinetics of T cell dysfunction in HCV infection | Schulze zur Wiesch et al.

Lauer, G.M., E. Barnes, M. Lucas, J. Timm, K. Ouchi, A.Y. Kim, C.L. 
Day, G.K. Robbins, D.R. Casson, M. Reiser, et al. 2004. High reso-
lution analysis of cellular immune responses in resolved and persistent 
hepatitis C virus infection. Gastroenterology. 127:924–936. http://dx.doi 
.org/10.1053/j.gastro.2004.06.015

Lauer, G.M., M. Lucas, J. Timm, K. Ouchi, A.Y. Kim, C.L. Day, J. Schulze 
Zur Wiesch, G. Paranhos-Baccala, I. Sheridan, D.R. Casson, et al. 
2005. Full-breadth analysis of CD8+ T-cell responses in acute hepatitis 
C virus infection and early therapy. J. Virol. 79:12979–12988. http://
dx.doi.org/10.1128/JVI.79.20.12979-12988.2005

Lichterfeld, M., D.E. Kaufmann, X.G. Yu, S.K. Mui, M.M. Addo, M.N. 
Johnston, D. Cohen, G.K. Robbins, E. Pae, G. Alter, et al. 2004. Loss 
of HIV-1-specific CD8+ T cell proliferation after acute HIV-1 infection 
and restoration by vaccine-induced HIV-1-specific CD4+ T cells. J. 
Exp. Med. 200:701–712. http://dx.doi.org/10.1084/jem.20041270

Lucas, M., A.L. Vargas-Cuero, G.M. Lauer, E. Barnes, C.B. Willberg, N. 
Semmo, B.D. Walker, R. Phillips, and P. Klenerman. 2004. Pervasive 
influence of hepatitis C virus on the phenotype of antiviral CD8+ T cells. 
J. Immunol. 172:1744–1753.

Lucas, M., A. Ulsenheimer, K. Pfafferot, M.H. Heeg, S. Gaudieri, N. 
Grüner, A. Rauch, J.T. Gerlach, M.C. Jung, R. Zachoval, et al. 2007. 
Tracking virus-specific CD4+ T cells during and after acute hepatitis  
C virus infection. PLoS One. 2:e649.

McGovern, B.H., A. Wurcel, A.Y. Kim, J. Schulze zur Wiesch, I. Bica, 
M.T. Zaman, J. Timm, B.D. Walker, and G.M. Lauer. 2006. Acute 
hepatitis C virus infection in incarcerated injection drug users. Clin. 
Infect. Dis. 42:1663–1670. http://dx.doi.org/10.1086/504327

McGovern, B.H., C.E. Birch, M.J. Bowen, L.L. Reyor, E.H. Nagami, R.T. 
Chung, and A.Y. Kim. 2009. Improving the diagnosis of acute hepati-
tis C virus infection with expanded viral load criteria. Clinical infectious 
diseases. 49:1051–1060.

Minutello, M.A., P. Pileri, D. Unutmaz, S. Censini, G. Kuo, M. Houghton, 
M.R. Brunetto, F. Bonino, and S. Abrignani. 1993. Compart-
mentalization of T lymphocytes to the site of disease: intrahepatic CD4+  
T cells specific for the protein NS4 of hepatitis C virus in patients with  
chronic hepatitis C. J. Exp. Med. 178:17–25. http://dx.doi.org/10.1084/ 
jem.178.1.17

Missale, G., R. Bertoni, V. Lamonaca, A. Valli, M. Massari, C. Mori, M.G. 
Rumi, M. Houghton, F. Fiaccadori, and C. Ferrari. 1996. Different 
clinical behaviors of acute hepatitis C virus infection are associated with 
different vigor of the anti-viral cell-mediated immune response. J. Clin. 
Invest. 98:706–714. http://dx.doi.org/10.1172/JCI118842

Nakamoto, N., H. Cho, A. Shaked, K. Olthoff, M.E. Valiga, M. Kaminski, 
E. Gostick, D.A. Price, G.J. Freeman, E.J. Wherry, and K.M. Chang. 
2009. Synergistic reversal of intrahepatic HCV-specific CD8 T cell 
exhaustion by combined PD-1/CTLA-4 blockade. PLoS Pathog. 
5:e1000313. http://dx.doi.org/10.1371/journal.ppat.1000313

Nelson, D.R., C.G. Marousis, T. Ohno, G.L. Davis, and J.Y. Lau. 1998. 
Intrahepatic hepatitis C virus-specific cytotoxic T lymphocyte activity 
and response to interferon alfa therapy in chronic hepatitis C. Hepatology. 
28:225–230. http://dx.doi.org/10.1002/hep.510280129

Neumann-Haefelin, C., J. Timm, H.C. Spangenberg, N. Wischniowski, 
N. Nazarova, N. Kersting, M. Roggendorf, T.M. Allen, H.E. Blum, 
and R. Thimme. 2008. Virological and immunological determinants 
of intrahepatic virus-specific CD8+ T-cell failure in chronic hepatitis  
C virus infection. Hepatology. 47:1824–1836. http://dx.doi.org/10.1002/ 
hep.22242

Penna, A., G. Missale, V. Lamonaca, M. Pilli, C. Mori, P. Zanelli, A. 
Cavalli, G. Elia, and C. Ferrari. 2002. Intrahepatic and circulating HLA 
class II-restricted, hepatitis C virus-specific T cells: functional character-
ization in patients with chronic hepatitis C. Hepatology. 35:1225–1236. 
http://dx.doi.org/10.1053/jhep.2002.33153

Rahman, F., T. Heller, Y. Sobao, E. Mizukoshi, M. Nascimbeni, H. Alter, 
S. Herrine, J. Hoofnagle, T.J. Liang, and B. Rehermann. 2004. Effects 
of antiviral therapy on the cellular immune response in acute hepatitis 
C. Hepatology. 40:87–97. http://dx.doi.org/10.1002/hep.20253

Rehermann, B. 2009. Hepatitis C virus versus innate and adaptive im-
mune responses: a tale of coevolution and coexistence. J. Clin. Invest. 
119:1745–1754. http://dx.doi.org/10.1172/JCI39133

Hepatitis C Italian Study Group. 2006. Early impairment of hepatitis 
C virus specific T cell proliferation during acute infection leads to fail-
ure of viral clearance. Gut. 55:1012–1019. http://dx.doi.org/10.1136/ 
gut.2005.080077

Fuller, M.J., N.H. Shoukry, T. Gushima, D.G. Bowen, B. Callendret, K.J. 
Campbell, D.L. Hasselschwert, A.L. Hughes, and C.M. Walker. 2010. 
Selection-driven immune escape is not a significant factor in the fail-
ure of CD4 T cell responses in persistent hepatitis C virus infection. 
Hepatology. 51:378–387. http://dx.doi.org/10.1002/hep.23319

Gerlach, J.T., H.M. Diepolder, M.C. Jung, N.H. Gruener, W.W. Schraut, 
R. Zachoval, R. Hoffmann, C.A. Schirren, T. Santantonio, and G.R. 
Pape. 1999. Recurrence of hepatitis C virus after loss of virus-specific 
CD4(+) T-cell response in acute hepatitis C. Gastroenterology. 117:933–
941. http://dx.doi.org/10.1016/S0016-5085(99)70353-7

Gerlach, J.T., A. Ulsenheimer, N.H. Grüner, M.C. Jung, W. Schraut, 
C.A. Schirren, M. Heeg, S. Scholz, K. Witter, R. Zahn, et al. 2005. 
Minimal T-cell-stimulatory sequences and spectrum of HLA restric-
tion of immunodominant CD4+ T-cell epitopes within hepatitis C virus 
NS3 and NS4 proteins. J. Virol. 79:12425–12433. http://dx.doi.org/ 
10.1128/JVI.79.19.12425-12433.2005

Golden-Mason, L., B.E. Palmer, N. Kassam, L. Townshend-Bulson, 
S. Livingston, B.J. McMahon, N. Castelblanco, V. Kuchroo, D.R. 
Gretch, and H.R. Rosen. 2009. Negative immune regulator Tim-3 is 
overexpressed on T cells in hepatitis C virus infection and its blockade 
rescues dysfunctional CD4+ and CD8+ T cells. J. Virol. 83:9122–9130. 
http://dx.doi.org/10.1128/JVI.00639-09

Grakoui, A., N.H. Shoukry, D.J. Woollard, J.H. Han, H.L. Hanson, J. 
Ghrayeb, K.K. Murthy, C.M. Rice, and C.M. Walker. 2003. HCV 
persistence and immune evasion in the absence of memory T cell help. 
Science. 302:659–662. http://dx.doi.org/10.1126/science.1088774

Iyasere, C., J.C. Tilton, A.J. Johnson, S. Younes, B. Yassine-Diab, R.P. 
Sekaly, W.W. Kwok, S.A. Migueles, A.C. Laborico, W.L. Shupert, 
et al. 2003. Diminished proliferation of human immunodeficiency virus-
specific CD4+ T cells is associated with diminished interleukin-2 (IL-2) 
production and is recovered by exogenous IL-2. J. Virol. 77:10900–
10909. http://dx.doi.org/10.1128/JVI.77.20.10900-10909.2003

Kamal, S.M., A. Ismail, C.S. Graham, Q. He, J.W. Rasenack, T. Peters, 
A.A. Tawil, J.J. Fehr, Kel.S. Khalifa, M.M. Madwar, and M.J. Koziel. 
2004. Pegylated interferon alpha therapy in acute hepatitis C: relation to 
hepatitis C virus-specific T cell response kinetics. Hepatology. 39:1721–
1731. http://dx.doi.org/10.1002/hep.20266

Kaplan, D.E., K. Sugimoto, K. Newton, M.E. Valiga, F. Ikeda, A. 
Aytaman, F.A. Nunes, M.R. Lucey, B.A. Vance, R.H. Vonderheide, 
et al. 2007. Discordant role of CD4 T-cell response relative to 
neutralizing antibody and CD8 T-cell responses in acute hepati-
tis C. Gastroenterology. 132:654–666. http://dx.doi.org/10.1053/ 
j.gastro.2006.11.044

Kasprowicz, V., J. Schulze Zur Wiesch, T. Kuntzen, B.E. Nolan, S. 
Longworth, A. Berical, J. Blum, C. McMahon, L.L. Reyor, N. Elias,  
et al. 2008. High level of PD-1 expression on hepatitis C virus (HCV)-
specific CD8+ and CD4+ T cells during acute HCV infection, irrespective 
of clinical outcome. J. Virol. 82:3154–3160. http://dx.doi.org/10.1128/ 
JVI.02474-07

Kasprowicz, V., Y.H. Kang, M. Lucas, J. Schulze zur Wiesch, T. Kuntzen, 
V. Fleming, B.E. Nolan, S. Longworth, A. Berical, B. Bengsch, et al. 
2010. Hepatitis C virus (HCV) sequence variation induces an HCV-
specific T-cell phenotype analogous to spontaneous resolution. J. Virol. 
84:1656–1663. http://dx.doi.org/10.1128/JVI.01499-09

Klenerman, P., and A. Hill. 2005. T cells and viral persistence: lessons from  
diverse infections. Nat. Immunol. 6:873–879. http://dx.doi.org/10.1038/ 
ni1241

Lauer, G.M., and B.D. Walker. 2001. Hepatitis C virus infection. N. Engl. J. 
Med. 345:41–52. http://dx.doi.org/10.1056/NEJM200107053450107

Lauer, G.M., T.N. Nguyen, C.L. Day, G.K. Robbins, T. Flynn, K. 
McGowan, E.S. Rosenberg, M. Lucas, P. Klenerman, R.T. Chung, 
and B.D. Walker. 2002. Human immunodeficiency virus type 1-hepa-
titis C virus coinfection: intraindividual comparison of cellular immune 
responses against two persistent viruses. J. Virol. 76:2817–2826. http://
dx.doi.org/10.1128/JVI.76.6.2817-2826.2002

http://dx.doi.org/10.1053/j.gastro.2004.06.015
http://dx.doi.org/10.1053/j.gastro.2004.06.015
http://dx.doi.org/10.1128/JVI.79.20.12979-12988.2005
http://dx.doi.org/10.1128/JVI.79.20.12979-12988.2005
http://dx.doi.org/10.1084/jem.20041270
http://dx.doi.org/10.1086/504327
http://dx.doi.org/10.1084/jem.178.1.17
http://dx.doi.org/10.1084/jem.178.1.17
http://dx.doi.org/10.1172/JCI118842
http://dx.doi.org/10.1371/journal.ppat.1000313
http://dx.doi.org/10.1002/hep.510280129
http://dx.doi.org/10.1002/hep.22242
http://dx.doi.org/10.1002/hep.22242
http://dx.doi.org/10.1053/jhep.2002.33153
http://dx.doi.org/10.1002/hep.20253
http://dx.doi.org/10.1172/JCI39133
http://dx.doi.org/10.1136/gut.2005.080077
http://dx.doi.org/10.1136/gut.2005.080077
http://dx.doi.org/10.1002/hep.23319
http://dx.doi.org/10.1016/S0016-5085(99)70353-7
http://dx.doi.org/10.1128/JVI.79.19.12425-12433.2005
http://dx.doi.org/10.1128/JVI.79.19.12425-12433.2005
http://dx.doi.org/10.1128/JVI.00639-09
http://dx.doi.org/10.1126/science.1088774
http://dx.doi.org/10.1128/JVI.77.20.10900-10909.2003
http://dx.doi.org/10.1002/hep.20266
http://dx.doi.org/10.1053/j.gastro.2006.11.044
http://dx.doi.org/10.1053/j.gastro.2006.11.044
http://dx.doi.org/10.1128/JVI.02474-07
http://dx.doi.org/10.1128/JVI.02474-07
http://dx.doi.org/10.1128/JVI.01499-09
http://dx.doi.org/10.1038/ni1241
http://dx.doi.org/10.1038/ni1241
http://dx.doi.org/10.1056/NEJM200107053450107
http://dx.doi.org/10.1128/JVI.76.6.2817-2826.2002
http://dx.doi.org/10.1128/JVI.76.6.2817-2826.2002


JEM Vol. 209, No. 1 

Article

75

Rosen, H.R., C. Miner, A.W. Sasaki, D.M. Lewinsohn, A.J. Conrad, 
A. Bakke, H.G. Bouwer, and D.J. Hinrichs. 2002. Frequencies of 
HCV-specific effector CD4+ T cells by flow cytometry: correlation 
with clinical disease stages. Hepatology. 35:190–198. http://dx.doi.org/ 
10.1053/jhep.2002.30293

Rosenberg, E.S., J.M. Billingsley, A.M. Caliendo, S.L. Boswell, P.E. Sax, 
S.A. Kalams, and B.D. Walker. 1997. Vigorous HIV-1-specific CD4+ 
T cell responses associated with control of viremia. Science. 278:1447–
1450. http://dx.doi.org/10.1126/science.278.5342.1447

Schulze zur Wiesch, J., G.M. Lauer, C.L. Day, A.Y. Kim, K. Ouchi, J.E. 
Duncan, A.G. Wurcel, J. Timm, A.M. Jones, B. Mothe, et al. 2005. 
Broad repertoire of the CD4+ Th cell response in spontaneously con-
trolled hepatitis C virus infection includes dominant and highly promis-
cuous epitopes. J. Immunol. 175:3603–3613.

Schulze Zur Wiesch, J., G.M. Lauer, J. Timm, T. Kuntzen, M. Neukamm, A. 
Berical, A.M. Jones, B.E. Nolan, S.A. Longworth, V. Kasprowicz, et al. 
2007. Immunologic evidence for lack of heterologous protection follow-
ing resolution of HCV in patients with non-genotype 1 infection. Blood. 
110:1559–1569. http://dx.doi.org/10.1182/blood-2007-01-069583

Schulze Zur Wiesch, J., D. Pieper, I. Stahmer, T. Eiermann, P. Buggisch,  
A. Lohse, J. Hauber, and J. van Lunzen. 2009. Sustained virological 
response after early antiviral treatment of acute hepatitis C virus and HIV 
coinfection. Clin. Infect. Dis. 49:466–472. http://dx.doi.org/10.1086/ 
600399

Semmo, N., and P. Klenerman. 2007. CD4+ T cell responses in hepatitis C 
virus infection. World J. Gastroenterol. 13:4831–4838.

Semmo, N., C.L. Day, S.M. Ward, M. Lucas, G. Harcourt, A. Loughry, 
and P. Klenerman. 2005. Preferential loss of IL-2-secreting CD4+ 
T helper cells in chronic HCV infection. Hepatology. 41:1019–1028. 
http://dx.doi.org/10.1002/hep.20669

Shoukry, N.H., A.G. Cawthon, and C.M. Walker. 2004. Cell-mediated  
immunity and the outcome of hepatitis C virus infection. Annu. Rev.  
Microbiol. 58:391–424. http://dx.doi.org/10.1146/annurev.micro.58.030603 
.123836

Smyk-Pearson, S., I.A. Tester, D. Lezotte, A.W. Sasaki, D.M. Lewinsohn, 
and H.R. Rosen. 2006. Differential antigenic hierarchy associated 
with spontaneous recovery from hepatitis C virus infection: implica-
tions for vaccine design. J. Infect. Dis. 194:454–463. http://dx.doi.org/ 
10.1086/505714

Smyk-Pearson, S., I.A. Tester, J. Klarquist, B.E. Palmer, J.M. Pawlotsky, 
L. Golden-Mason, and H.R. Rosen. 2008. Spontaneous recovery in 
acute human hepatitis C virus infection: functional T-cell thresholds and 
relative importance of CD4 help. J. Virol. 82:1827–1837. http://dx.doi 
.org/10.1128/JVI.01581-07

Spangenberg, H.C., S. Viazov, N. Kersting, C. Neumann-Haefelin, D. 
McKinney, M. Roggendorf, F. von Weizsäcker, H.E. Blum, and 

R. Thimme. 2005. Intrahepatic CD8+ T-cell failure during chronic 
hepatitis C virus infection. Hepatology. 42:828–837. http://dx.doi.org/ 
10.1002/hep.20856

Takaki, A., M. Wiese, G. Maertens, E. Depla, U. Seifert, A. Liebetrau, J.L. 
Miller, M.P. Manns, and B. Rehermann. 2000. Cellular immune re-
sponses persist and humoral responses decrease two decades after recov-
ery from a single-source outbreak of hepatitis C. Nat. Med. 6:578–582. 
http://dx.doi.org/10.1038/75063

Tester, I., S. Smyk-Pearson, P. Wang, A. Wertheimer, E. Yao, D.M. 
Lewinsohn, J.E. Tavis, and H.R. Rosen. 2005. Immune evasion versus 
recovery after acute hepatitis C virus infection from a shared source. J. 
Exp. Med. 201:1725–1731. http://dx.doi.org/10.1084/jem.20042284

Thimme, R., D. Oldach, K.M. Chang, C. Steiger, S.C. Ray, and F.V. Chisari. 
2001. Determinants of viral clearance and persistence during acute hep-
atitis C virus infection. J. Exp. Med. 194:1395–1406. http://dx.doi.org/ 
10.1084/jem.194.10.1395

Timm, J., G.M. Lauer, D.G. Kavanagh, I. Sheridan, A.Y. Kim, M. Lucas, 
T. Pillay, K. Ouchi, L.L. Reyor, J. Schulze zur Wiesch, et al. 2004. 
CD8 epitope escape and reversion in acute HCV infection. J. Exp. Med. 
200:1593–1604. http://dx.doi.org/10.1084/jem.20041006

Ulsenheimer, A., M. Lucas, N.P. Seth, J. Tilman Gerlach, N.H. Gruener, 
A. Loughry, G.R. Pape, K.W. Wucherpfennig, H.M. Diepolder, 
and P. Klenerman. 2006. Transient immunological control during 
acute hepatitis C virus infection: ex vivo analysis of helper T-cell re-
sponses. J. Viral Hepat. 13:708–714. http://dx.doi.org/10.1111/j.1365-
2893.2006.00747.x

Urbani, S., B. Amadei, P. Fisicaro, D. Tola, A. Orlandini, L. Sacchelli, C. 
Mori, G. Missale, and C. Ferrari. 2006. Outcome of acute hepatitis 
C is related to virus-specific CD4 function and maturation of antiviral  
memory CD8 responses. Hepatology. 44:126–139. http://dx.doi.org/ 
10.1002/hep.21242

Urbani, S., B. Amadei, D. Tola, G. Pedrazzi, L. Sacchelli, M.C. Cavallo, 
A. Orlandini, G. Missale, and C. Ferrari. 2008. Restoration of HCV-
specific T cell functions by PD-1/PD-L1 blockade in HCV infection: 
effect of viremia levels and antiviral treatment. J. Hepatol. 48:548–558. 
http://dx.doi.org/10.1016/j.jhep.2007.12.014

Wertheimer, A.M., C. Miner, D.M. Lewinsohn, A.W. Sasaki, E. Kaufman, 
and H.R. Rosen. 2003. Novel CD4+ and CD8+ T-cell determi-
nants within the NS3 protein in subjects with spontaneously resolved 
HCV infection. Hepatology. 37:577–589. http://dx.doi.org/10.1053/ 
jhep.2003.50115

Wong, D.K., D.D. Dudley, N.H. Afdhal, J. Dienstag, C.M. Rice, L. 
Wang, M. Houghton, B.D. Walker, and M.J. Koziel. 1998. Liver-
derived CTL in hepatitis C virus infection: breadth and specificity of 
responses in a cohort of persons with chronic infection. J. Immunol. 
160:1479–1488.

http://dx.doi.org/10.1053/jhep.2002.30293
http://dx.doi.org/10.1053/jhep.2002.30293
http://dx.doi.org/10.1126/science.278.5342.1447
http://dx.doi.org/10.1182/blood-2007-01-069583
http://dx.doi.org/10.1086/600399
http://dx.doi.org/10.1086/600399
http://dx.doi.org/10.1002/hep.20669
http://dx.doi.org/10.1146/annurev.micro.58.030603.123836
http://dx.doi.org/10.1146/annurev.micro.58.030603.123836
http://dx.doi.org/10.1086/505714
http://dx.doi.org/10.1086/505714
http://dx.doi.org/10.1128/JVI.01581-07
http://dx.doi.org/10.1128/JVI.01581-07
http://dx.doi.org/10.1002/hep.20856
http://dx.doi.org/10.1002/hep.20856
http://dx.doi.org/10.1038/75063
http://dx.doi.org/10.1084/jem.20042284
http://dx.doi.org/10.1084/jem.194.10.1395
http://dx.doi.org/10.1084/jem.194.10.1395
http://dx.doi.org/10.1084/jem.20041006
http://dx.doi.org/10.1111/j.1365-2893.2006.00747.x
http://dx.doi.org/10.1111/j.1365-2893.2006.00747.x
http://dx.doi.org/10.1002/hep.21242
http://dx.doi.org/10.1002/hep.21242
http://dx.doi.org/10.1016/j.jhep.2007.12.014
http://dx.doi.org/10.1053/jhep.2003.50115
http://dx.doi.org/10.1053/jhep.2003.50115



