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Abstract
Background & Aims—T cells are an important component for development of a vaccine
against hepatitis C virus (HCV), but little is known about the features of successful vaccine-
induced T cells.

Methods—We compared the phenotype, function, and kinetics of vaccine-induced and infection-
induced T cells in chimpanzees with HCV infection using multicolor flow cytometry and real-time
PCR.

Results—In chimpanzees successfully vaccinated with recombinant adenovirus and DNA
against HCV NS3-NS5, HCV-specific T cells appeared earlier, maintained better functionality,
and persisted at higher frequencies, for a longer time after HCV-challenge, than those of mock-
vaccinated chimpanzees. Vaccine-induced T cells displayed higher levels of CD127, a marker of
memory precursors, and lower levels of programmed death (PD)-1 than infection-induced T cells.
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Vaccine-induced, but not infection-induced T cells, were multifunctional; their ability to secrete
interferon-γ and tumor necrosis factor-α correlated with early expression of CD127 but not PD-1.
Based on a comparison of vaccine-induced and infection-induced T cells from the same
chimpanzee, the CD127+ memory precursor phenotype was induced by the vaccine itself, rather
than by low viremia. In contrast, PD-1 induction correlated with viremia, and levels of intrahepatic
PD-1, PD-L1, and 2,5-OAS-1 mRNAs correlated with peak titers of HCV.

Conclusions—Compared with infection, vaccination induced HCV-specific CD127+ T cells
with high functionality that persisted at higher levels for a longer time. Control of viremia
prevented upregulation of PD-1 on T cells, and induction of PD-1, PD-L1, and 2,5-OAS-1 in the
liver. Early development of a memory T-cell phenotype and, via control of viremia, attenuation of
the inhibitory PD1–PD-L1 pathway might be necessary components of successful vaccine-induced
protection against HCV.
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INTRODUCTION
Hepatitis C virus (HCV) establishes persistence t 60–80% of infected patients and is a
leading cause of liver cirrhosis and hepatocellular carcinoma1. Although more than 170
million people worldwide are infected with HCV, a prophylactic vaccine is not yet available.

Spontaneous HCV clearance depends on a vigorous and sustained T cell responses as
demonstrated in HCV-infected patients 2, 3 and in chimpanzees, the sole animal model of
HCV infection4, 5. The appearance of HCV-specific T cells coincides with the decrease in
viral titer in the acute phase of infection [reviewed in 1], and HCV-specific T cells rather
than antibodies remain detectable in the blood for decades 6. HCV clearance may result in
protective immunity as evidenced by lower peak viremia, more rapid viral clearance and less
liver damage when spontaneously recovered chimpanzees are challenged with homologous
and heterologous HCV strains 7–10. This protection is T cell-mediated because depletion of
CD4 T cells prior to challenge results in chronic HCV infection 9, and depletion of CD8 T
cells delays HCV clearance10. Thus, T cells play a critical role in both HCV clearance and
protection.

To date, candidate vaccines that employ recombinant DNA, replication-defective
recombinant adenovirus, replicating recombinant vaccinia virus, recombinant proteins and
virus-like particles 11–15 have been tested in the chimpanzee model with most being only
partly successful in preventing chronic HCV infection 13, 15–17. A candidate vaccine that is
currently in clinical studies is based on adenoviral vectors encoding the HCV NS3-5
sequence of HCV genotype 1b 12. When chimpanzees were vaccinated with this adenovirus-
based prime and DNA boost regimen and challenged with heterologous genotype 1a HCV,
four of five displayed strong T cell responses and cleared HCV 12. While three of the five
mock-vaccinated control chimpanzees also cleared HCV in the presence of T cell responses
these three chimpanzees had a significantly longer period of viremia, higher peak HCV titers
and elevated ALT levels. The accelerated HCV clearance and the stable ALT levels in the
vaccinated chimpanzees therefore suggest that vaccine-induced T cells have unique features
compared to infection-induced T cells.

To evaluate the phenotype of vaccine-induced T cells during HCV-challenge we compared
successful vaccine-induced CD8 T cells with infection-induced CD8 T cells. We identified
minimal CD8 T cell epitopes, determined their Pan troglodytes (Patr) restriction and
synthesized Patr tetramers to detect HCV-specific CD8 T cells. Furthermore, using Patr
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tetramers we were able to characterize kinetic changes in the HCV-specific CD8 T cell
population size, phenotype and function during the course of HCV infection. In addition,
intrahepatic mRNA levels of T cell markers and their ligands were studied.

MATERIALS AND METHODS
Chimpanzees, vaccination and HCV-challenge

Chimpanzees were studied at New Iberia Research Center under protocols approved by its
Animal Care and Use Committee. Five chimpanzees were vaccinated with replication-
defective recombinant adenoviral vectors encoding the HCV NS3-5B (genotype 1b BK
strain) and with NS3-5B–encoding plasmid DNA in a combined modality regimen 12. Five
control chimpanzees received a control adenovirus and DNA plasmids encoding HIV gag.
All were challenged intravenously with 100 chimpanzee infectious dose 50 of the
heterologous HCV H77 (genotype 1a) 12.

Determination of minimal T cell epitopes and Patr class I restriction
PBMCs were stimulated in 96-well round-bottom plates (3 × 105 per well) with 10 μg/ml
15-mer HCV peptides, 10 ng/ml IL-7 (PeproTech) and 300 pg/ml IL-12 (PeproTech) in 10%
FBS-RPMI 1640 (Mediatech). Restimulation with 10 μg/ml peptide, 20 U/ml IL-2 and 105/
well irradiated (3,000 rads) autologous PBMCs was performed in the presence of 20 ng/ml
IL-7 on day 7 and in the absence of IL-7 on day 14. On days 3, 10 and 17, 100 μl of 10%
FBS-RPMI with 20 U/ml of IL-2 was added. To determine minimal epitopes, the generated
T cell lines were subjected to 51Cr-release assays 18 using EBV-transformed autologous B
cells pulsed with 8- to 11-mer peptides as targets. T cells cocultured with nonradioactive
targets were assessed for IFN-γ, TNF-α, GM-CSF and MIP-1β release by Cytometric Bead
Array (BD Biosciences). Patr-restriction was determined with peptide-pulsed Patr-
transfected 721.221 targets 18.

Determination of Patr class I alleles, generation of Patr class I tetramers, and multi-color
flow cytometry

Patr-class I alleles were determined by sequence-based typing 19. Patr monomers were
folded, purified, biotinylated and tetramerized with streptavidin-PE or streptavidin-APC
(Invitrogen).

Ethidium monoazide (EMA)-stained PBMC (4×106) were incubated with PE- or APC-
conjugated tetramers for 20 min at room temperature, and subsequently stained with anti-
CD3-Alexa Fluor 700, anti-CD19-PE-Cy5 (both BD Biosciences), anti-CD14-PE-Cy5
(Serotec) and with either anti-CD8-FITC (BD Biosciences) and anti-PD-1-PE (BioLegend),
or anti-CD8-Pacific Blue (BD Biosciences) and anti-CD127-FITC (eBioscience).
Fluorescence-minus-one control samples were included. A minimum of 2 million events per
tube were acquired on an LSRII flow cytometer (BD Biosciences) and analyzed using
FacsDiva Version 4.1 (BD Biosciences) and FlowJo software (Tree Star).

Cytokine secretion assays
PBMCs were stained with PE-conjugated Patr-tetramers for 10 min at room temperature,
washed twice and stimulated with 1 μg/ml HCV epitope or an irrelevant HBV peptide for
5.5 h. After subsequent incubation with IFN-γ and TNF-α catch reagents (Miltenyi Biotec)
for 55 min at 37°C on a rotator, cells were stained with FITC-labeled anti-IFN-γ and APC-
labeled anti-TNF-α detection reagents (Miltenyi Biotec) for 10 min on ice. Additional
staining with 5 μg/ml EMA (Sigma), PE-conjugated Patr tetramers (as above) washed, and
anti-CD3-Alexa Fluor 700, anti-CD8-APC-Cy7, anti-CD19-PE-Cy5 (all BD Biosciences)

Park et al. Page 3

Gastroenterology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and anti-CD14-PE-Cy5 (Serotec) antibodies was performed prior to acquisition on an LSR
II flow cytometer.

RNA extraction, cDNA synthesis and TaqMan real-time PCR
Total RNA was isolated from mechanically homogenized liver biopsies using the RNeasy
Mini Kit (Qiagen) with on-column DNase digestion, and reverse transcribed using the First
Strand cDNA Synthesis Kit (Marligen Biosciences). TaqMan Gene Expression Assays
(Applied Biosystems) were performed in duplicate to determine CD4, CD8, PD-1, PD-L1
and 2,5-OAS-1 mRNA levels. The amount of specific mRNA was calculated using
comparative cycle threshold values and standard curves, and normalized to mean levels of
β-actin, GAPDH and β7 mRNA. Relative mRNA levels represent the fold-increase over
median expression in 5 chimpanzees’ pre-infection liver biopsies of 5 chimpanzees of each
group.

Statistical analysis
Mann Whitney U tests, linear regression analyses and serial measures ANOVA were
performed with GraphPad Prism Version 5.0 (GraphPad Software Inc, San Diego, CA) and
JMP (SAS Inc. Cary, NC) software. A p-value < 0.05 was considered significant.

RESULTS
Epitope mapping, Patr-restriction analysis and Patr-tetramer selection

The present study includes five vaccinated and five control chimpanzees challenged with
HCV genotype 1a. The vaccinees were primed three times with recombinant adenoviral
vectors and boosted by three immunizations with a DNA plasmids encoding the NS3-5
sequence of HCV genotype 1b (BK strain). Controls were mock-vaccinated with the same
vectors encoding an unrelated HIV antigen 12.

To characterize HCV-specific immune responses we first determined the chimpanzees’ Patr
class I haplotypes and identified CD8 T cell epitopes by stimulating PBMC with
overlapping 15-mer peptides in IFN-γ Elispot assays. Minimal optimal epitopes and their
Patr-restriction were subsequently identified by analyzing CD8 T cell responses against
single Patr-transfected target cells pulsed with amino- and carboxy-terminally truncated
peptides. Overall, eight Patr-tetramers were generated, which were suitable for examination
of four control and four vaccinated chimpanzees. As shown in table 1, all but one vaccine-
induced T cell population recognized the sequence of the HCV-challenge inoculum.

Late appearance of HCV-specific CD8 T cells during HCV-challenge of mock-vaccinated
control chimpanzees

To characterize the kinetics and vigor of the HCV-specific CD8 T cell response of mock-
vaccinated control chimpanzees, serial PBMC samples were stained ex vivo with the
generated Patr-tetramers. The previously reported virological and clinical course of self-
limited and chronic HCV infection 12 are shown in figure 1 for reference purposes. Within a
week of HCV infection, the mock vaccinated control chimps developed high levels of
viremia; however, HCV-specific CD8 T cells were undetectable for at least 11 weeks after
HCV-challenge. Their frequency peaked at week 11–14 in the 3 chimpanzees with self-
limited infection (Fig. 1A–C, see Suppl. Fig. 1A for FACS dot plots), as compared to week
19 in chimpanzee 97A015 with a chronic course of HCV infection (Fig. 1D, Suppl. Fig.
1A). The appearance of tetramer+ T cells coincided with peak ALT levels and decrease in
viremia for all chimpanzees, and declined to undetectable levels after the acute phase of
hepatitis.
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Early expansion HCV-specific CD8 T cells during HCV-challenge of vaccinees
In contrast to the control chimpanzees all vaccinated chimpanzees experienced low HCV
titers and stable ALT levels (Fig. 2). HCV-specific tetramer+ T cells were detectable after
vaccination with recombinant adenovirus (Fig. 2, Suppl. Fig. 1B) and reached peak levels as
early as week 4 after HCV-challenge, which was 7–15 weeks earlier than in the mock-
vaccinated control chimpanzees. This is confirmatory of an earlier study which employed
stimulation with pools of overlapping peptides and intracellular cytokine staining to study
the immune responses of these animals 12.

Vaccine-induced T cells persisted in the circulation for at least 69 weeks after HCV-
challenge and at higher levels than infection-induced T cells (Fig. 2A–C). Thus, this
tetramer study revealed that the differential cytokine responses observed by Folgori et al. 12

were not solely due to differential functionalities but also due to the superior persistence of
vaccine-induced T cells after HCV clearance.

The use of individual epitopes rather than overlapping peptides as in the original study by
Folgori et al. 12 allowed us to study the kinetics of vaccine-induced and infection-induced
HCV-specific T cell responses side-by-side in a single animal (Fig. 2D, Suppl. Fig. 1B).
Chimpanzee 95A014 had three populations of tetramer-positive T cells. The vaccine-
induced NS31444-specific T cells, which cross-reacted with an epitope in the HCV-challenge
inoculum, were maintained for at least one year after HCV-challenge. Another population of
vaccine-induced T cells (NS5A2027-specific T cells) did not react with the HCV-challenge
inoculum (Table 1) but was maintained a similar length of time. This suggests that
persistence of the vaccine-induced T cells after HCV-challenge did not require restimulation
with cognate antigen. The third population of HCV-specific T cells (NS3-1359-specific) was
not induced by the vaccine and became detectable late after HCV-challenge suggesting that
they were infection-induced. In fact, their kinetics resembled those of infection-induced
HCV-specific T cells in the control chimpanzees with high viremia (Fig. 1). This result
demonstrates that the late and transient appearance of infection-induced T cells was not
improved by early control of viremia.

Vaccine-induced HCV-specific CD8 T cells exhibit higher CD127 levels than infection-
induced HCV-specific T cells

Multi-color flow cytometry were used to compare the phenotype of infection-induced and
vaccine-induced HCV-specific T cells. CD127, the IL-7Rα-chain, is known as a marker of
memory cell precursors 20. Vaccinated chimpanzees displayed a higher percentage of
CD127+ tetramer+ T cells than control chimpanzees from the onset of HCV-challenge
throughout the follow up (p<0.0001, Fig. 3A). The persistence of these cells for more than
one year did not depend on stimulation with cognate antigen because NS5A2027-specific
CD127+ T cells from chimpanzee 95A014, which did not cross-recognize the sequence of
the HCV-challenge inoculum, were maintained for the same length of time as HCV-specific
CD127+ memory T cells that recognized the challenge virus not shown. In addition,
generation of CD127+ T cells was not the result of effective control of HCV viremia at the
time of T cell priming because the infection-induced NS31359-specific cells in the
vaccinated chimpanzee 95A014 did not increase their CD127 levels even though viremia
was controlled. Instead, NS31359-specific T cells displayed the CD127-negative phenotype
of of infection-induced tetramer+ T cells in the control chimpanzees (Fig. 3A).

Differential CD127 expression by vaccine-induced and infection-induced tetramer+ CD8 T
cells was most evident when peak CD127 levels were compared during the first 20 weeks of
acute HCV infection (p<0.0001), but was not observed for the total CD8 T cell population
(p<0.01, Fig. 3B; see Suppl. Fig. 2A for FACS dot plots).
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Vaccine-induced HCV-specific CD8 T cells express lower levels of PD-1 during acute HCV
infection than infection-induced HCV-specific T cells

Next, we studied PD-1 expression on infection-induced and vaccine-induced HCV-specific
CD8 T cells. PD-1 is known to be expressed on exhausted T cells in chronic viral infection
and is induced by both TCR and cytokine stimulation 21, 22. For the infection-induced T
cells of mock-vaccinated control chimpanzees PD-1 expression was highest when they first
appeared in the blood and decreased thereafter (Fig. 3C). In contrast, for vaccine-induced
tetramer+ CD8 T cells PD-1 levels were much lower and stable after HCV-challenge
(p<0.005, Fig. 3C). The differences in PD-1 expression by infection-induced and vaccine-
induced tetramer+ CD8 T cells were most evident comparing the peak levels during the first
20 weeks of acute HCV infection (Fig. 3D, p<0.05) but were not observed for the total CD8
T cell population (Fig. 3D). Notably, vaccine-induced NS5A2027-specific T cells of
vaccinated chimpanzee 95A014, which did not cross-recognize the HCV-challenge
inoculum, displayed the lowest PD-1 levels (Suppl. Fig. 2B) suggesting that PD-1
expression required cognate T cell receptor stimulation rather than cytokines. This is
consistent with the observation that infection-induced NS31359-specific T cells of the
vaccinated chimpanzee 95A014 exhibited much lower peak PD-1 levels than the infection-
induced HCV-specific T cells of the control chimpanzees (Fig. 3). This result suggests that
PD-1 expression depended on the level of HCV viremia, which was effectively controlled in
this vaccinated chimpanzee. This interpretation is supported by a significant correlation
between peak HCV RNA titer and peak PD-1 MFI (R=0.856, p<0.001, Fig. 3E).

Vaccine-induced HCV-specific CD8 T cells maintain greater functionality during acute HCV
infection than infection-induced HCV-specific T cells

We also studied the function of tetramer+ T cells in response to in vitro stimulation with
cognate antigen at the time of HCV challenge (week 0), the time of peak viral load, (week
9–11), just after HCV clearance (week 15–19) and long-term after HCV challenge (week
27). As shown in figure 4A, the vaccinated chimpanzees had a higher percentage of IFN-γ
and TNF-α-secreting T cells within the tetramer+ T cell population than the control
chimpanzees at all time points. Moreover, vaccinated chimpanzees possessed a high
percentage of IFN-γ/TNF-α-double positive T cells that are rarely seen during natural HCV
infection (Fig. 4B, see Suppl. Fig. 3 for FACS dot plots). Cytokine secretion correlated
closely with CD127 expression on tetramer+ T cells (Fig. 5A), which was higher on the
vaccine-induced HCV-specific T cells of the vaccinated chimpanzees than on those of the
control chimpanzees. Interestingly, cytokines were poorly produced by the population of
infection-induced tetramer+ T cells of the vaccinated chimpanzee 95A014, which displayed
the same CD127-low phenotype as the tetramer+ T cells of the control chimpanzees (Fig.
5A). These results suggest that the vaccine-induced T cells had superior functionality due to
early CD127 expression, and not due to the vaccine-induced control of viral load.

In contrast to the strong correlation between cytokine secretion and CD127 expression, there
was no correlation between cytokine secretion and PD-1 expression at the early and
intermediate time points (Fig. 5B). Rather, PD-1 expression followed viremia, (Fig. 3E)
because both the vaccine-induced and the infection-induced T cells of all chimpanzees with
low viremia were PD-1 low whereas tetramer+ T cells of the nonvaccinated control
chimpanzees were PD-1 high (Fig. 5B).

Vaccinated chimpanzees expressed lower PD-1, PD-L1, and 2,5-OAS-1 mRNA levels in the
liver than control chimpanzees during HCV-challenge

To study the kinetics of immune responses in the liver, the site of infection, we
prospectively analyzed intrahepatic mRNA levels of selected markers. Because this analysis
did not depend on specific Patr-haplotypes and tetramers, all five control chimpanzees and
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all five vaccinees were examined throughout the course of acute HCV-challenge. Whereas
intrahepatic PD-1 mRNA levels increased during acute HCV infection in the control
chimpanzees, they remained stable or slightly increased in the vaccinees (Fig. 6A). Because
the majority of liver-infiltrating T cells were CD8 T cells 23 we normalized PD-1 mRNA
levels to CD8β mRNA levels. As shown in figure 6B there was a trend of higher peak PD-1
mRNA levels in mock-vaccinated control chimpanzees than in vaccinees (p=0.056, Fig. 6B).

To further study the PD-1/PD-L1 inhibitory pathway intrahepatic PD-L1 mRNA levels were
quantified throughout the course of the HCV-challenge. The kinetics of PD-L1 mRNA
expression in the liver correlated with the kinetics of the intrahepatic type I IFN response, as
evidenced by mRNA levels of the type I IFN-inducible gene 2,5-OAS-1 (Fig. 6A) and the
correlation between peak PD-L1 and peak 2,5-OAS-1 levels (Fig. 6C). Both, PD-L1 and
2,5-OAS-1 mRNA levels were higher in control chimpanzees than in vaccinees throughout
the course of acute HCV infection (Fig. 6A). Furthermore, peak PD-1, PD-L1 and 2,5-
OAS-1 mRNA levels correlated with peak HCV RNA titers and were higher in control
chimpanzees than in vaccinees (Fig. 6C, DE, closed circles). Thus, efficient control of
viremia by vaccination resulted in the attenuation of the PD-1/PD-L1 inhibitory pathway by
reducing both PD-1 expression on HCV-specific CD8 T cells in the blood and PD-L1
mRNA expression in the liver. These coordinated effects, along with a vaccine-induced
CD127+ early memory phenotype, may allow virus-specific CD8 T cells to exert and
maintain optimal antiviral function during the acute phase of HCV-challenge and the long-
term follow-up.

DISCUSSION
The key feature of many vaccines is the induction of neutralizing antibodies. Although
antibody-based neutralization of HCV has been described both in vitro 24, 25 and in vivo 26,
the humoral immune response typically selects HCV escape mutants and therefore fails to
eradicate HCV 26, 27. Moreover, HCV antibody titers decline and often become undetectable
years after spontaneous HCV clearance 6 raising questions about the longevity of protective
antibody responses.

Recent studies have therefore emphasized the role of the T cell response in protection
against HCV 8–10 and explored the feasibility of inducing efficient HCV-specific T cells via
vaccination. However, the quality and kinetics of a successful, vaccine-induced T cell
response is still not known. Here we prospectively studied the quality and kinetics of
vaccine-induced CD8 T cells in comparison to infection-induced T cells. The use of genetic
vaccination with exclusion of HCV structural antigen sequences allowed for the unique
opportunity to study protective T cell responses in the absence of neutralizing antibodies,
and to compare vaccine- and infection-induced T cells in the same host.

The timing of HCV-specific T cell responses is considered to be an important determinant of
the outcome of acute HCV infection 5, 28. Consistent with an earlier study that used
stimulation of PBMC with overlapping peptides and intracellular cytokine staining rather
than epitope-specific tetramers as a readout 12 vaccine-induced HCV-specific T cells were
detectable prior to HCV-challenge and rapidly expanded after HCV infection reaching peak
levels as early as week 4, i.e. 7–15 weeks earlier than infection-induced T cells (Fig. 1, 2).
This accelerated memory T cell response, likely the most important component of vaccine-
induced protective immunity against HCV, may be attribured to the early expression of
CD127, which binds IL-7. Recent studies of acutely infected HCV patients also demonstrate
a correlation between CD127 expression on HCV-specific T cells and a self-limited course
of infection 29–31. In addition, early antiviral treatment with IFN-α has been shown to rescue
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a small population of HCV-specific CD8 T cells that maintains high CD127 levels and
polyfunctionality 29.

It is difficult to prove in a translational study whether the early CD127+ memory precursor
phenotype of the tetramer+ T cells was the result of vaccination and an essential factor in the
control of viremia, or whether it was simply the result of controlled viremia. Because
viremia was lower in vaccinated chimps than in control chimps throughout this study it was
not possible to compare both chimpanzee groups at time points with similar levels of
viremia. However, one vaccinated chimpanzee had populations of both vaccine-induced and
infection-induced tetramer+ T cells. Despite the early control of viremia in this chimpanzee,
the infection-induced tetramer+ T cells appeared late in a similar manner to those of
infection-induced T cells in the control chimpanzees. Furthermore, despite early control of
viremia these infection-induced T cells never developed the CD127+ phenotype
characteristic of polyfunctional IFN-γ/TNF-α-secreting vaccine-induced T cells. Thus, it
appears that increased CD127 expression and improved T cell functionality were the result
of the vaccination itself and due to low viremia. In contrast to CD127 expression, PD-1
expression followed viremia, because both the vaccine-induced and the infection-induced T
cells of all chimpanzees with low viremia were PD-1low whereas tetramer+ T cells of the
nonvaccinated control chimpanzees were PD-1high.

Attenuation of the PD-1/PD-L1 inhibitory pathway is another feature of this successful
vaccines. The PD-1 MFI of vaccine-induced tetramer+ cells in the periphery (Fig. 3E) and
the PD-1 mRNA level in the liver (Fig. 6) correlated with the peak HCV RNA titer during
acute HCV infection, which was controlled by prior vaccination. These data are reminiscent
of a previous study that showed a correlation between intrahepatic PD-1 levels and outcome
of acute HCV infection 32. Our data are also consistent with a study on simian
immunodeficiency virus (SIV) infection 33. In that study, vaccinated macaques expressed
lower levels of PD-1 on SIV-specific CD8 T cells than non-vaccinated control macaques
during SIV challenge 33. Thus, immediate control of virus replication in vaccinees precludes
virus-specific T cells from upregulating PD-1, whereas viral persistence stimulates PD-1
expression and exhausts virus-specific T cells. This was illustrated by the unique case of
NS31359-specific T cells in chimpanzee 95A014. Even though NS31359-specific T cells were
induced by HCV-challenge and not by vaccination they maintained a very low PD-1 MFI
(Fig. 3D, Suppl. Fig. 2). Presumably, early viral control by vaccination-induced T cells
limited the expression of PD-1 on these infection-induced T cells.

Not only the expression of PD-1 on HCV-specific T cells, but also the expression of its
ligand, PD-L1 in the liver was attenuated in vaccinees. HCV-induced type I IFN 34

stimulates the expression of PD-L1 on hepatocytes and liver sinusoidal endothelial cells in
HCV infection 35. Vaccination limits the intrahepatic type I IFN response and PD-L1
expression due to the early and efficient control of viremia (Fig. 6A). Attenuation of PD-L1
expression in the liver may thereby allow HCV-specific CD8 T cells to avoid PD-1-
mediated inhibition and to preserve their effector function.

In summary, the phenotypic characteristics of successful vaccine-induced CD8 T cells
during acute HCV infection are preserved effector functions, high CD127 expression and
low PD-1 expression. This is complemented by reduced expression of PD-L1 in the liver.
Thus, a major inhibitory pathways is attenuated during vaccine-mediated HCV clearance,
which in combination with the early induction of a CD127+ memory precursor phenotype
may ensure optimal antiviral effector functions of vaccine-induced T cells during HCV-
challenge and their persistence at relatively high levels after HCV clearance.

Park et al. Page 8

Gastroenterology. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
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Figure 1. Late and transient appearance of HCV-specific CD8 T cells in mock-vaccinated control
chimpanzees during HCV-challenge
Serum HCV RNA titers (filled diamonds) and ALT levels (open squares) have previously
been reported 12 and are shown for reference purposes. HCV RNA titers became
undetectable by quantitative and qualitative PCR for three chimpanzees (A–C), but
remained just above the detection limit for chimp 97A015 (marked by *, D). Error bars
represent the standard error of the mean from 3 experiments. The HCV protein and first
amino acid position of the epitope presented by the tetramer is indicated in each panel
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Figure 2. Early expansion and long-term persistence of HCV-specific CD8 T cells during HCV-
challenge of vaccinees
Serum HCV RNA titers (filled diamonds) and ALT levels (open squares) of four vaccinated
chimpanzees have previously been reported 12 and are shown for reference purposes. Error
bars represent the standard error of the mean from 3 experiments. The HCV protein and first
amino acid position of the epitope presented by the tetramer is indicated in each panel.
Ad3X, 3 consecutive vaccinations with a replication-defective recombinant adenovirus
encoding HCV NS3-5B; DNA3X, 3 consecutive boosts with recombinant DNA plasmid
encoding HCV NS3-5B.
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Figure 3. Vaccine-induced HCV-specific CD8 T cells express more CD127 and less PD-1 than
infection-induced HCV-specific T cells
(A, C) Frequency and MFI of CD127+ cells and CD127 MFI (A) and frequency of PD-1+

cells and PD-1 MFI (C) in the HCV-specific tetramer+ CD8 T cell population. Graphs show
mean + SEM for each group. Serial measures ANOVA is used to compare these parameters
for vaccine-induced HCV-specific CD8 T cells from the vaccinated chimpanzees (filled
circles) and infection-induced HCV-specific CD8 T cells from the control chimpanzees
(open circles) in the acute phase of hepatitis (up to week 19) and the entire time course.
Infection-induced NS31359-specific T cells of the vaccinated chimpanzee 95A014 are shown
by half-filled, half-open circles. (B, D) Increased CD127 (B) and decreased PD-1 expression
(D) is limited to HCV-specific T cells of the vaccinated chimpanzees and not seen on bulk
CD8 T cells. Vaccinated and control chimpanzees are compared at the time with the highest
percentage of CD127+ HCV-specific T cells (B) and the highest MFI of PD-1 + HCV-
specific T cells (D). The horizontal line indicates the geometric mean. NS31359-specific T
cells of vaccinee 95A014 were excluded from the analysis, because these cells were induced
by infection rather than the vaccine. See supplementary figure 2 for FACS dot plots. (E)
Correlation between PD-1 expression and viremia. Filled symbols, vaccines; open symbols,
mock-vaccinated control chimpanzees. R, correlation coefficient.
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Figure 4. Vaccine-induced but not infection induced CD8 T cells secrete multiple cytokines
(A) The percentage of IFN-γ and/or TNF-α-secreting in the population of tetramer+ CD8 T
cells is higher in vaccinated chimpanzees than in control chimpanzees at all studied time
points. (B) The percentage of multifunctional IFN-γ/TNF-α-double positive cells in the
population of cytokine-secreting HCV-specific CD8 T cells is higher in vaccinated
chimpanzees than in control chimpanzees. The selected time points represent the time of
HCV-challenge (week 0), peak viral load (weeks 9–11) the time just after HCV clearance
(weeks 15–19) and long-term follow up (week 27). The sum of all IFN-γ and/or TNF-α-
secreting cells is 100%.
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Figure 5. Strong correlation between cytokine secretion and expression of CD127 (A) but not
PD-1 (B) early after HCV-challenge
Vaccine-induced tetramer+ T cells are indicated by filled symbols and infection-induced T
cells of the control chimpanzees are indicated by open symbols. The infection-induced
NS31359-specific tetramer+ T cells in the vaccinated chimpanzee 95A014 (indicated by half
filled, half open circles) did not display the CD127 phenotype and superior cytokine
production of the vaccine-induced tetramer+ T cells but instead resembled the infection-
induced T cells of the control chimpanzees.
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Figure 6. Intrahepatic PD-1, PD-L1, and 2,5-OAS-1 mRNA expression levels throughout the
course of HCV-challenge
(A) Intrahepatic PD-1, PD-L1, and 2,5-OAS-1 mRNA levels normalized to endogenous
references (β-actin, GAPDH and β7) and expressed as fold-increase over pre-infection
levels. (B) Peak PD-1 mRNA levels, normalized to CD8β mRNA levels, respectively,
differed between control mock-vaccinated chimpanzees and vaccinees. (C, D) Linear
regression analysis between peak intrahepatic PD-L1 and 2,5-OAS-1 mRNA levels (C), and
between peak HCV RNA titers and peak intrahepatic PD-1, PD-L1 and 2,5-OAS-1 mRNA
levels respectively (D). Open circles, mock-vaccinated control chimpanzees; filled circles,
vaccinees. R, correlation coefficient.
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