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ABSTRACT Despite the introduction of effective drugs to treat patients with chronic
hepatitis C virus (HCV) infection, a vaccine would be the only means to substantially
reduce the worldwide disease burden. An incomplete understanding of how HCV in-
teracts with its human host and evades immune surveillance has hampered vaccine
development. It is generally accepted that in infected individuals, a narrow reper-
toire of exhausted T cells is a hallmark of persistent infection, whereas broad, vigor-
ous CD4� and CD8� T cell responses are associated with control of acute hepatitis
C. We employed a vaccine approach based on a mixture of peptides (pepmix) span-
ning the entire sequence of HCV nonstructural protein 3 (NS3) in cross-priming cat-
ionic liposomes (CAF09) to facilitate a versatile presentation of all possible T cell
epitopes, regardless of the HLA background of the vaccine recipient. Here, we demon-
strate that vaccination of mice with NS3 pepmix broadens the repertoire of epitope-
specific T cells compared to the corresponding recombinant protein (rNS3). More-
over, vaccination with rNS3 induced only CD4� T cells, whereas the NS3 pepmix
induced a far more vigorous CD4� T cell response and was as potent a CD8� T cell
inducer as an adenovirus-vectored vaccine expressing NS3. Importantly, the cellular
responses are dominated by multifunctional T cells, such as gamma interferon-
positive (IFN-��) tumor necrosis factor alpha-positive (TNF-��) coproducers, and dis-
played cytotoxic capacity in mice. In conclusion, we present a novel vaccine ap-
proach against HCV, inducing a broadened T cell response targeting both
immunodominant and potential subdominant epitopes, which may be key elements
to counter T cell exhaustion and prevent chronicity.

IMPORTANCE With at least 700,000 annual deaths, development of a vaccine against
hepatitis C virus (HCV) has high priority, but the tremendous ability of the virus to
dodge the human immune system poses great challenges. Furthermore, many
chronic infections, including HCV infection, have a remarkable ability to drive initially
strong CD4� and CD8� T cell responses against dominant epitopes toward an ex-
hausted, dysfunctional state. Thus, new and innovative vaccine approaches to con-
trol HCV should be evaluated. Here, we report on a novel peptide-based nanopar-
ticle vaccine strategy (NS3 pepmix) aimed at generating T cell immunity against
potential subdominant T cell epitopes that are not efficiently targeted by vaccina-
tion with full-length recombinant protein (rNS3) or infection with HCV. As proof of
concept, we found that NS3 pepmix excels in broadening the repertoire of epitope-

Received 27 January 2017 Accepted 19 April
2017

Accepted manuscript posted online 26
April 2017

Citation Filskov J, Mikkelsen M, Hansen PR,
Christensen JP, Thomsen AR, Andersen P, Bukh J,
Agger EM. 2017. Broadening CD4+ and CD8+ T
cell responses against hepatitis C virus by
vaccination with NS3 overlapping peptide panels
in cross-priming liposomes. J Virol 91:e00130-17.
https://doi.org/10.1128/JVI.00130-17.

Editor Michael S. Diamond, Washington
University School of Medicine

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Jens Bukh,
jbukh@sund.ku.dk.

* Present address: Marianne Mikkelsen, Danish
Pediatric Asthma Centre, Copenhagen
University Hospital, Gentofte, Denmark.

VACCINES AND ANTIVIRAL AGENTS

crossm

July 2017 Volume 91 Issue 14 e00130-17 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.00130-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:jbukh@sund.ku.dk
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00130-17&domain=pdf&date_stamp=2017-4-26
http://jvi.asm.org


specific, multifunctional, and cytotoxic CD4� and CD8� T cells compared to vaccina-
tion with rNS3, which generated only CD4� T cell responses.

KEYWORDS hepaciviruses, HCV, hepatitis, vaccine, cellular immunity, hepatitis C
virus

Hepatitis C virus (HCV) is a major health problem worldwide, with more than 170
million persistently infected people. Persistent HCV infection can lead to chronic

inflammation of the liver, cirrhosis, liver failure, and liver cancer, ultimately causing
700,000 annual HCV-related deaths (1). Despite the recent breakthrough in HCV therapy
with the introduction of direct-acting antivirals (DAAs) resulting in viral clearance rates
above 90%, the impact of these drugs on the global disease burden remains unknown,
as high prices and development of viral resistance represent important challenges to
current treatment strategies (2–4). Furthermore, successful treatment with DAAs does
not prevent HCV reinfection, which is an issue of concern in highly exposed patient
groups, such as intravenous drug users (5, 6). Thus, development of a vaccine to
prevent or potentially help resolve a chronic infection would have a tremendous impact
on the HCV epidemic worldwide.

HCV is spontaneously controlled in a proportion of those infected, and several
studies have demonstrated an important role for T cells in protection against HCV,
fueling the hope that development of an effective vaccine is an achievable goal. A
strong and broad CD8� T cell response targeting multiple epitopes within the non-
structural proteins can be detected in the early phase of infection in patients who
manage to combat the virus and control infection (7–10). Moreover, a vigorous, broad,
and sustained CD4� T cell response accounts for the induction of a strong gamma
interferon (IFN-�) response with a direct antiviral effect, as well as the capacity to help
induce and maintain multifunctional CD8� T cells. This results in rapid control of HCV
and potentially a self-limiting course of infection (11–14). In addition, the importance of
a sustained CD4� T cell response is highlighted by studies of experimentally infected
chimpanzees showing that CD4� T cell depletion immediately before reinfection
results in incomplete HCV resolution, even though HCV-specific CD8� T cells have been
developed during the primary infection (15). Thus, the induction of both CD8� and
CD4� T cell responses is very important for effective control of HCV.

Most peptide-based vaccines aimed at inducing T cell responses target one or a few
epitopes strongly recognized during natural infection or in silico-predicted HLA-
restricted epitopes. However, this strategy has proven inadequate in chronic viral
infections, where, in particular, broader T cell responses targeting multiple epitopes
confer better protection against viral replication (16–19). The superior efficacy of a
broad T cell response could be partially ascribed to blocking of viral immune evasion,
as mutational escape from T cells targeting a particular epitope can still involve
susceptibility to other epitope-specific T cells (20–22). By mechanisms still poorly
understood, a hierarchy of T cell responses targeting various epitopes is established
after natural processing and presentation of antigens on antigen-presenting cells
(APCs). Immunodominant epitopes are epitopes targeted following the processing of
whole protein derived from vaccination or natural infection (23). Responses against
subdominant epitopes, on the other hand, are not promoted after vaccination with
whole protein or during infection but can be induced by vaccination with, e.g.,
peptides, truncated proteins, or types of antigens from which dominant epitopes have
been removed (23–25). Nevertheless, responses against these pathogen-derived sub-
dominant epitopes can be pursued to exert functional responses that target infectious
agents or cancer cells expressing the protein in question.

Narrow T cell repertoires targeting relatively few immunodominant viral epitopes
are observed in persistently infected individuals (26, 27), and even strong initial
responses against such epitopes tend to wane over time, as continued antigen stim-
ulation may drive polyfunctional T cells toward an exhausted, dysfunctional state
(28–31). Lately, it has been speculated that a vaccine-induced response against sub-
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dominant epitopes can offset T cell exhaustion by refocusing the T cell response
against epitopes that are not heavily targeted during a chronic infection. Recent studies
have shown that it is indeed possible to induce functional responses against subdomi-
nant epitopes in several systems (25, 32–34).

In an attempt to broaden the CD4� and CD8� T cell repertoire to include responses
against multiple HCV epitopes, including both dominant and subdominant epitopes,
we utilized a mixture of 62 overlapping 20-mer peptides (pepmix) covering the amino
acid sequence of the relatively conserved nonstructural protein 3 (NS3). To promote
uptake by APCs and presentation on both major histocompatibility complex class I
(MHC-I) and MHC-II, a peptide-based vaccine should be formulated in a suitable
adjuvant. Extracellular antigens taken up by APCs require cross presentation on MHC-I
to induce CD8� T cell responses. This process, which directs antigens from the
endosomal to the cytosolic compartment, can be enhanced in a type I IFN-dependent
manner by stimulation with the Toll-like receptor 3 (TLR-3) ligand polyinosinic-poly(C)
[poly(I·C)] (35–37). The CAF01 adjuvant, with a good safety record and proven to induce
potent T helper type 1 (TH1)/interleukin 17 (IL-17)-inducing responses in humans (38,
39), has recently been refined to enhance both CD4� and CD8� T cell responses in the
cationic liposomal formulation CAF09, consisting of dimethyldioctadecylammonium
bromide (DDA), monomycolyl glycerol (MMG), and poly(I·C) (40).

Here, we find that HCV NS3 pepmix formulated in CAF09 is able to broaden the T
cell repertoire by inducing responses against several epitopes not induced by immu-
nization with recombinant NS3 protein (rNS3). Furthermore, NS3 pepmix excels in its
ability to generate both robust CD4� and CD8� T cell responses, whereas rNS3 and an
adenovirus expressing NS3 (AdNS3) are capable of generating solely CD4� or CD8� T
cell responses, respectively. Importantly, we find that NS3 pepmix induces robust,
polyfunctional T cell responses where not only CD8� but also CD4� T cells are capable
of killing antigen-expressing target cells in vivo.

RESULTS
Vaccination with HCV NS3 pepmix induces multifunctional CD4� and CD8� T

cells. To compare vaccination with recombinant HCV protein to a strategy based on
vaccination with a mixture of overlapping peptides spanning the corresponding iden-
tical amino acid sequence, CB6F1 mice were vaccinated three times at 2-week intervals
with HCV rNS3 or NS3 pepmix, both formulated in the cationic adjuvant CAF09. We
performed a series of experiments to assess the vaccine-induced T cell responses at
various time points, as indicated in Fig. 1A. At week 6, splenocytes were isolated and
restimulated with a pool of NS3 peptides (the 62 peptides spanning the sequence of
the HCV NS3 protein), and the magnitude of the T cell response was assessed by
intracellular (IC) flow cytometry. Figure 1B shows representative CD4� (top row) and
CD8� (bottom row) T cell responses in control mice and mice vaccinated with rNS3 or
NS3 pepmix. We found that vaccination with both rNS3 and NS3 pepmix induced
robust antigen-specific CD4� T cell responses (Fig. 1B, top row, and 2A, bottom).
However, the frequencies of IFN-�-, tumor necrosis factor alpha (TNF-�)-, and IL-2-
producing CD4� T cells were significantly higher in mice vaccinated with NS3 pepmix
(3.7% � 0.6%, 4.3% � 0.5%, and 0.8% � 0.1%, respectively) than in mice vaccinated
with rNS3 (0.8% � 0.1%, 1.6% � 0.1%, and 0.3% � 0.02%, respectively) (Fig. 2A,
bottom). Vaccination with rNS3 did not generate CD8� T cell responses, whereas NS3
pepmix induced a significant number of antigen-specific CD8� T cells capable of
producing IFN-� (0.9% � 0.3%), TNF-� (0.7% � 0.2%), and IL-2 (0.2% � 0.02%) (Fig. 1B,
bottom row, and 2B, bottom). It is noteworthy that even a 10-fold reduction of the
antigen amount in the NS3 pepmix did not alter the immunological outcome (data not
shown). Thus, vaccination with NS3 pepmix not only yields a more vigorous cellular
response than vaccination with rNS3, but also facilitates priming of both CD4� and
CD8� T cells, which is critical for effective control of HCV.

Protective responses against HCV depend not only on the magnitude of the
response, but also on the quality of the T cell response. In particular, effector memory
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T cells (TEM) with the ability to coproduce IFN-� and TNF-� show enhanced killing of
intracellular pathogens (7, 28, 41). We therefore analyzed the composition of multi-
functional T cells contributing to the overall immune response based on their ability to
produce IFN-�, TNF-�, and IL-2. Vaccination with NS3 pepmix clearly induced an
effector-like response dominated by CD4� and CD8� T cells capable of producing IFN-�
and TNF-� simultaneously (Fig. 2A and B, indicated with overlapping black/gray arcs on
the pie charts). In contrast, vaccination with rNS3 skewed CD4� T cells toward a
cytokine profile associated with a less differentiated response dominated by TNF-��

single positives and with a smaller proportion of IFN-�� TNF-�� double positives (41).
A vaccine targeting HCV and other agents causing chronic infections should not

only be capable of inducing a vigorous effector T cell response, but also avoid loss of
functionality over time. We therefore evaluated the immune responses at week 12 and
found highly significant CD4� T cell responses at comparable levels in rNS3- and NS3
pepmix-vaccinated mice at this later stage (Fig. 2C, bottom). With the lack of continued
antigen exposure, the surviving CD4� T cells after the contraction phase were mainly
found to be IL-2� producers, either as triple-positive or as TNF-�� IL-2� double-positive
T cells (Fig. 2C, top). At this time point, the rather minute CD8� T cell response mainly
consisted of triple-positive or IFN-�� TNF-�� double-positive T cells (Fig. 2D).

Finally, to examine the ability of the NS3 pepmix-induced response to expand and
to reestablish its initial effector-like profile upon antigen stimulation, we boosted NS3
pepmix-vaccinated mice in a parallel experiment at week 12 and evaluated the immune
response at week 14. We found that the composition of multifunctional CD4� and
CD8� T cells indeed resembled that observed at week 6 (Fig. 2E and F, top) and that
the magnitudes of cytokine responses were at least as high as or higher than those
observed at earlier time points (Fig. 2E and F, bottom).

HCV NS3 pepmix immunization induces broad cellular responses. Protein and
peptides may be processed very differently once the vaccine is taken up by APCs (42,
43), and we therefore speculated that NS3 pepmix could induce T cell responses with
distinct epitope specificity or with the capacity to broaden the response relative to that
with rNS3 vaccination. To investigate the epitope patterns induced by rNS3 and NS3

FIG 1 (A) Overview of vaccinations and gating strategy for flow cytometry data. The diagram indicates the time points for vaccination
and/or bleeding of mice. (B) Vaccines were administered three times at 2-week intervals (weeks 0, 2, and 4), and immune responses were
assessed at week 6, 12, or 14. In the last case, mice received a third booster vaccination at week 12. Representative FACS plots indicate
gating on the IFN-�-producing population of CD44� CD4� T cells (top) or CD44� CD8� T cells (bottom) from mice at week 6 after the
priming vaccination with rNS3 or NS3 pepmix.
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pepmix, splenocytes isolated from vaccinated CB6F1 mice at week 6 were pooled in
their respective groups and subsequently restimulated ex vivo in separate wells with 62
individual peptides spanning the complete HCV NS3 sequence. The vaccine-induced
cellular response was measured by IC flow cytometry. We found that both rNS3 (Fig. 3A,

FIG 2 Frequency and functional characterization of antigen-specific cytokine-producing T cells after vaccination with HCV rNS3 and NS3 pepmix. CB6F1 mice
were vaccinated three times at 2-week intervals with rNS3 or NS3 pepmix formulated in CAF09, as indicated. Splenocytes isolated from individual mice were
restimulated with a pool of 62 NS3 peptides and analyzed by multiparameter flow cytometry at various time points. The bar charts show frequencies of
NS3-specific IFN-�-, TNF-�-, and IL-2-producing CD44� CD4� T cells (A, C, and E) or CD44� CD8� T cells (B, D, and F) out of the total CD4� or CD8� T cell
population at week 6 (A and B) (n � 4) and week 12 (C and D) (n � 4) after the priming vaccination. (E and F) In a parallel experiment, a third boost was
administered to NS3 pepmix-vaccinated mice at week 12, and T cell responses were assessed 14 weeks after the priming vaccination (rNS3 was not done [N.D.];
n � 8). The data are shown as means and standard errors of the mean (SEM). The pie charts show cytokine-producing CD44� CD4� T cells or CD44� CD8�

T cells divided into seven distinct subpopulations based on their ability to coproduce IFN-�, TNF-�, and IL-2 in any combination. The black arcs indicate
IFN-�-producing T cell subsets, and the gray arcs indicate TNF-�-producing T cell subsets. The data shown are representative of two independent experiments.
*, P � 0.05; **, P, � 0.01; ***, P � 0.001; and ****, P � 0.0001.
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top) and NS3 pepmix (Fig. 3A, bottom) induced CD4� T cell responses against epitopes
within peptides p23, p35, p36, p39, p40, p46, p47, p51, and p62. However, NS3 pepmix
induced responses against additional epitopes not targeted following rNS3 vaccination.
These epitopes were located in peptides p37, p45, p50, and p60. In parallel with IC flow
cytometry, IFN-� enzyme-linked immunosorbent assay (ELISA) confirmed these findings
and, in addition, revealed minute IFN-� responses against peptides p29 and p32 in both
vaccine groups and a p58-specific response in NS3 pepmix-vaccinated mice (data not
shown; summarized in Table 1). Furthermore, we found CD8� T cells induced by NS3
pepmix to be specific for epitopes present in peptides p51 and p52 (Fig. 3B, bottom).

In silico prediction indicated the presence of distinct CD8� T cell epitopes not shared
by the peptide p51 and p52 amino acid sequences (Table 2). To assess any possible
cross-reactivity between shared amino acid sequences within these peptides experi-
mentally, mice were vaccinated with individual p51 or p52 peptides formulated in
CAF09. Vaccination with p51 alone induced a p51-specific CD8� T cell response that
could not be obtained by p52 restimulation (and vice versa), suggesting that there is
no cross-reactivity between p51 and p52 (data not shown).

The expanded repertoire of epitope-specific T cells obtained by vaccination with
NS3 pepmix demonstrates the existence of additional CD4� and CD8� T cell responses
(summarized in Table 1). As the patterns of epitope-specific T cells induced by vacci-
nation differ depending on the genetic background of the recipient, we assessed
whether NS3 pepmix would also induce a broadened response in a mouse strain

FIG 3 Epitope mapping of the antigen-specific T cell repertoire after vaccination with rNS3 or NS3 pepmix. CB6F1 and C3H mice were
vaccinated three times at 2-week intervals with rNS3 or NS3 pepmix formulated in CAF09, as indicated. Splenocytes from four mice from each
vaccine group were isolated and pooled 6 weeks after the priming vaccination. The cells were restimulated with each of the 62 individual
peptides spanning the entire NS3 sequence. The peptide identifiers (ID) are indicated on the x axis. The bars indicate the total frequency of
epitope-specific CD44� CD4� T cells (A) or CD44� CD8� T cells (B) in CB6F1 mice with the ability to produce IFN-�, TNF-�, or IL-2 in any
combination. (C) Similarly, the frequencies of cytokine-producing CD44� CD4� T cells are shown in a C3H background (no epitope-
specific cytokine-producing CD44� CD8� T cells were detected). Open bars, cytokine responses observed only in mice vaccinated with
NS3 pepmix; dotted lines, medium background. The data show responses from mice pooled in groups (n � 4) and are representative
of two independent experiments.

TABLE 1 Overview of the epitope-specific T cell repertoire in CB6F1 mice assessed by
IFN-� ELISA and IC flow cytometrya

Peptide
no. Amino acid sequence

rNS3 NS3 pepmix

IFN-�
ELISA CD4� CD8�

IFN-�
ELISA CD4� CD8�

p23 QGYKVLVLNPSVAATLGFGA � � � � � �
p29 GGAYDIIICDECHSTDSTTI � � � � � �
p32 ETAGARLVVLATATPPGSVT � � � � � �
p35 LSNNGEIPFYGKAIPIEAIK � � � � � �
p36 GKAIPIEAIKGGRHLIFCHS � � � � � �
p37b GGRHLIFCHSKKKCDELAAK � � � � � �
p39 LTGLGLNAVAYYRGLDVSVI � � � � � �
p40 YYRGLDVSVIPPIGDVVVVA � � � � � �
p45b DPTFTIETTTVPQDAVSRSQ � � � � � �
p46 VPQDAVSRSQRRGRTGRGRS � � � � � �
p47 RRGRTGRGRSGIYRFVTPGE � � � � � �
p50b LCECYDAGCAWYELTPAETS � � � � � �
p51c WYELTPAETSVRLRAYLNTP � � � � � �
p52c VRLRAYLNTPGLPVCQDHLE � � � � � �
p58b AQAPPPSWDQMWKCLIRLKP � � � � � �
p60b TLHGPTPLLYRLGAVQNEVI � � � � � �
p62 LTHPITKYIMACMSADLEVVT � � � � � �

Total no.
positive

9 9 0 16 13 2

aPeptide-specific recall responses were determined by IFN-� ELISA or intracellular expression of IFN-�, TNF-�,
or IL-2 by CD4� and CD8� T cells assessed by flow cytometry. �, positive; �, negative.

bPeptide sequence with epitopes recognized only in NS3 pepmix-vaccinated mice.
cPeptide sequence with CD8� T cell epitopes recognized only after NS3 pepmix vaccination.

Nanoparticle-Based Vaccine Strategy against HCV Journal of Virology

July 2017 Volume 91 Issue 14 e00130-17 jvi.asm.org 7

http://jvi.asm.org


different from CB6F1. In an experiment similar to that described above, immunization
of C3H mice confirmed that NS3 pepmix induced a broadened CD4� T cell response
compared to rNS3 vaccination (Fig. 3C). Neither rNS3 nor NS3 pepmix induced any
CD8� T cell response in this mouse strain (data not shown). However, it should be
noted that T cell epitopes are restricted to the unique haplotype of inbred homozygous
CB6F1 and C3H mice. Thus, the genetic diversity of MHC molecules in humans allowing
additional dominant, as well as subdominant, T cell responses is not reflected in the
inbred mouse strains used here, which could explain the absence of CD8� T cell
responses. Importantly, the specific epitopes recognized differed in the two mouse
strains, which underlines the strength of employing a panel of overlapping peptides to
ensure a broader presentation of all possible T cell epitopes in any given genetic
background rather than vaccination with preselected peptides or full-length protein.

NS3 pepmix induces CD8� T cell responses comparable to those induced by an
adenoviral vectored NS3 vaccine. Generation of cytotoxic T lymphocyte (CTL) re-
sponses is regarded as particularly crucial for controlling cancer and viral and other
intracellular infections. Adenoviral vectors are generally less proficient CD4� T cell
inducers but generate superior CD8� T cell responses and have been widely used as
platforms for vaccine development targeting cancer and viral infections (44). To assess
the potential of NS3 pepmix to generate CD8� T cell responses by cross-presentation
compared to adenoviral vectors, we employed an adenoviral-vector-based vaccine,
AdNS3, expressing NS3 with a sequence identical to that of NS3 pepmix and admin-
istered it in its optimal dose and regimen to CB6F1 mice (45). Vaccination with AdNS3
did not induce any significant CD4� T cell response, while NS3 pepmix induced robust
CD4� T cell responses producing IFN-�, TNF-�, or IL-2 at week 6 (Fig. 4A, top). The two
vaccines induced significant CD8� T cell responses at comparable levels, mainly
consisting of T cells with the capacity to coproduce IFN-� and TNF-� (Fig. 4A, bottom
left). Based on the expression of CD27 and CD43, we divided the cytokine-producing
CD8� T cell population into three subpopulations to assess their activation and
differentiation status (46, 47) (Fig. 4B). The proportions of CD27hi CD43lo long-lived
central memory phenotypes were similar in AdNS3- and NS3 pepmix-vaccinated mice
(8.3% � 1.7% versus 9.1% � 0.5%). Conversely, AdNS3 induced a higher proportion of
CD27hi CD43hi CD8� T cells (6.5% � 1.7% versus 1.0% � 0.1%), which are reported to
display higher proliferative capacity (47) but in turn do not induce as strong recall
responses as the long-lived effector-like CD27lo CD43lo phenotypes, which are favored
by NS3 pepmix vaccination (78.9% � 1.6%) compared to AdNS3-vaccinated mice
(60.3% � 2.6%).

Specific killing by cytotoxic CD8� and CD4� T cells. Prompt destruction of
infected cells is a key trait associated with antiviral CD8� T cells. As no robust
small-animal HCV challenge model currently exists (48, 49), we employed an in vivo
cytotoxicity assay to assess the killing capacity of the vaccine-induced T cells. It is
conceivable that CD8� T cell responses in AdNS3-immunized mice may be underesti-
mated, as AdNS3-induced CD8� T cells might target epitopes not facilitated by
restimulation and processing of 20-mer peptides. This concern was addressed in our
prior study, where peptides of various lengths based on in silico prediction of CD8� T

TABLE 2 In silico prediction of CD8� T cell epitopes in peptides p51 and p52 in CB6F1
micea

Peptideb Epitope sequence Allele MHC IC50 (nM)

p51 SVRLRAYL H-2b 344.7
p51 WYELTPAETSV H-2d 537.7
p52 RAYLNTPGL H-2b 68.8
p52 AYLNTPGL H-2d 122.0
aIn silico prediction of strong CD8� T cell epitopes defined by their 50% inhibitory concentration (IC50)
values were computed for H-2b and H-2d backgrounds by use of the IEDB Analysis Resource NetMHCpan
algorithm.

bPeptide sequences were as follows (identical residues are in italics): p51, WYELTPAETSVRLRAYLNTP; p52,
VRLRAYLNTPGLPVCQDHLE.
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cell epitopes were used in restimulation assays (45). In line with the findings here,
where we restimulated with peptides p51 and p52 (data not shown), only restimulation
with peptide NS3514 –531 (RAYLNTPGLPVCQDHLEF, contained in the sequence of p52),
and not NS3500 –510 (WYELTPAETSV, contained in the sequence of p51), resulted in a
recall response in AdNS3-vaccinated C57BL/6 mice. Reactivity against NS3500 –510 was,
however, found in an in vivo cytotoxicity assay. Based on these data, we chose to pulse
carboxyfluorescein succinimidyl ester (CFSE)-labeled target cells with the peptides
containing these predicted CD8� T cell epitopes (p51 or p52). The CFSE-labeled cells
were injected into vaccinated CB6F1 mice at week 6 after initial priming. Splenocytes
were retrieved 18 h postinjection, and p51- or p52-specific lysis was determined by
measuring the frequency of the remaining target cells (Fig. 5A). Vaccination with AdNS3
and NS3 pepmix displayed comparable killing of target cells loaded with p52 (20.3% �

3.3% and 23.0% � 4.5%, respectively) (Fig. 5B and C, bottom). In contrast, killing of cells
loaded with p51 was observed only in mice vaccinated with NS3 pepmix (42.9% �

8.0%) (Fig. 5B and C, top). The lack of AdNS3-induced cytotoxicity against p51 could be
explained by the different mouse strains used (CB6F1 versus C57BL/6).

In addition to aiding the CD8� T cell response and secreting antiviral cytokines, such
as IFN-� and TNF-�, recent studies suggest that granzyme B- and perforin-expressing

FIG 4 Vaccine-induced antigen-specific cytokine profile after vaccination with AdNS3 or NS3 pepmix. (A) CB6F1 mice were
vaccinated three times at 2-week intervals with NS3 pepmix formulated in CAF09 (black bars) or once with AdNS3 at week
4 (white bars). Splenocytes were isolated 12 days after the final vaccination and restimulated with a pool of all 62 NS3
peptides. Surface markers and intracellular-cytokine production by antigen-specific T cells were determined by flow
cytometry. The bars indicate the frequencies of seven distinct subpopulations of CD44� CD4� T cells (top) and CD44�

CD8� T cells (bottom) based on their ability to produce IFN-�, TNF-�, or IL-2 in any combination. (B) Cytokine-producing
CD8� T cells were further divided into three populations based on their expression of CD27 and CD43. The data are shown
as means and SEM (n � 8 to 10). The plots are based on data from two independent experiments. **, P � 0.01.
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CD4� T cells with direct cytolytic activity play an important role in control of viral
infections, such as human immunodeficiency virus (HIV), influenza virus, and HCV
infections (50–53). We therefore investigated the cytotoxic potential of CD4� T cells
induced by NS3 pepmix by performing an in vivo cytotoxicity assay with target cells
pulsed with selected peptides known to comprise CD4�, but not CD8�, T cell epitopes
(Fig. 6). We found significant cytolytic activity against target cells displaying p46
(50.0% � 13.2%) (Fig. 6B and C, top) or p60 (12.0% � 1.3%) (Fig. 6B and C, bottom).

In summary, we have shown that vaccination with NS3 pepmix generates not only
CD8�, but also CD4� T cell responses with the capacity to eliminate cells by targeting
multiple HCV epitopes.

DISCUSSION

The numerous ways in which HCV dodges the immune system have made vaccine
development extremely challenging (54–57). Thus, the design of an effective vaccine
should reflect the need for both CD4� and CD8� T cell responses for effective control

FIG 5 Cytotoxic potential of vaccine-induced CD8� T cells. CB6F1 mice were vaccinated three times at 2-week intervals with NS3 pepmix formulated in CAF09
or once with AdNS3 at week 4. Ten days after the final vaccination, CFSE-labeled target cells from naive mice were pulsed with the single peptide p51 or p52
or left untouched and injected i.v. into vaccinated mice. Eighteen hours postinjection, splenocytes were isolated and analyzed by flow cytometry to determine
killing of target cells. (A) Lymphocytes were gated based on their FSC versus SSC profiles (left), and the three target cell populations were identified based on
their CFSE fluorescence (right). (B) Representative histograms showing specific lysis of CFSElow cells pulsed with p51 (top) and CFSEhigh cells pulsed with p52
(bottom) in vaccinated mice. (C) Specific percent killing of target cells pulsed with p51 (top) and p52 (bottom) within the two vaccination groups. The data show
means and SEM (n � 5). The plots are representative of two independent experiments. **, P � 0.01; ***, P � 0.001.
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of HCV replication observed in patients (11, 58). Here, we report on a novel HCV vaccine
platform, NS3 pepmix, based on a library of overlapping 20-mer peptides spanning the
entire sequence of the NS3 protein and delivered in a novel liposomal adjuvant (CAF09)
with the capacity to induce both robust CD4� and CD8� T cell responses in mice. In
contrast, vaccination with the corresponding full-length protein induced a CD4� T cell
response but no CD8� T cells, whereas an adenoviral construct expressing NS3 induced
only CD8� T cell responses. Although adenovirus-based vaccines can be significantly
improved, e.g., by fusing NS3 to the MHC class II chaperone protein invariant chain to
obtain a broadened and enhanced cellular response, the CD4� T cell response is still
relatively limited (45, 59). Recently, the induction of broad and multifunctional cellular
responses targeting NS3-NS5B after immunization with the adenoviral vectors
AdCh3NSmut and Ad6NSmut in healthy volunteers has been reported (60, 61). The
protective efficacy of this promising vaccine candidate is currently being assessed in
phase I/II trials.

Indeed, broad antigen-specific CD4� and CD8� T cell responses targeting multiple
NS3-NS5 epitopes correlate with control of HCV infection in patients, whereas a narrow
response is distinctive of chronic disease (13, 16, 62, 63). This is also seen during chronic
HIV infection, where the repertoire of responding T cells has been found to condense
into a few dominant epitopes (64). Adding to this, a strong initial response against
dominant epitopes tends to wane over time, as continued antigen stimulation may
drive polyfunctional T cells toward an exhausted, dysfunctional state (65, 66). Recently,
it has been speculated that an ideal vaccine against viruses resulting in chronic
infections should not only generate robust cellular responses against strongly recog-
nized epitopes, but should also aim to induce responses against subdominant epitopes,

FIG 6 CD4� T cells contribute to vaccine-induced cytotoxicity. CB6F1 mice were vaccinated three times at 2-week intervals with NS3 pepmix formulated in
CAF09, as indicated. Ten days after the final vaccination, CFSE-labeled target cells from naive mice were pulsed with the single peptide p46 or p60 or left
untouched and injected i.v. into vaccinated mice. Eighteen hours postinjection, splenocytes were isolated and analyzed by flow cytometry to determine killing
of target cells. (A) Lymphocytes were gated based on their FSC versus SSC profiles (top), and the target cell populations were identified based on their CFSE
fluorescence and MHC-II expression (bottom). (B) Histograms showing specific lysis of CFSEhigh cells pulsed with p46 (top) and CFSElow cells pulsed with p60
(bottom) in vaccinated mice. (C) Specific percent killing of target cells pulsed with p46 (top) and p60 (bottom) within the two vaccination groups. The data show
means and SEM (n � 6). *, P � 0.05; **, P � 0.01.
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which may offset potential T cell exhaustion by inducing new multifunctional responses
against viral epitopes that are not heavily targeted during infection (67).

Concordant with this idea, neither therapeutic approaches, including dendritic cells
loaded with peptides, nor peptide vaccination based on immunodominant epitopes
successfully reestablished a functional T cell response resulting in a decreased viral load
in chronically infected HCV patients (68, 69). Likewise, AdCh3NSmut and Ad6NSmut,
which were found to induce broad and multifunctional responses in healthy individ-
uals, failed to enhance or broaden the exhausted and narrower T cell responses when
employed in a therapeutic setting, indicating the benefit of inducing de novo T cell
responses against epitopes that are not under high antigenic pressure and therefore
not driven to a dysfunctional state during natural infection (70). Thus, the concept of
inducing new T cell immunity by targeting subdominant epitopes could be a promising
approach, not limited to a therapeutic context but also to prevent (re)infection or
development of chronicity in patients, e.g., intravenous drug users, who have cleared
the virus after successful treatment but nevertheless display dysfunctional HCV-specific
T cells. Induction of new CD4� and CD8� T cell responses against subdominant
epitopes to subvert T cell exhaustion is currently being pursued in HIV/simian
immunodeficiency virus (SIV) and tuberculosis vaccinology (17–19, 71–74). Here, we
demonstrate that HCV NS3 pepmix broadens the repertoire of epitope-specific T
cells compared to vaccination with the corresponding full-length protein. Currently,
no small-animal model that faithfully resembles HCV pathogenesis allows the study of
adaptive immunity, i.e., responses against dominant and subdominant epitopes and
their protective efficacy (48, 49). However, the results from this study support the idea
that the NS3 pepmix approach may facilitate induction of T cell responses against not
only dominant, but also subdominant, HCV epitopes, which could expose an Achilles
heel of persisting HCV. Furthermore, a broadened antigen-specific response recogniz-
ing multiple epitopes within the conserved NS3 region is not only key to minimizing
the risk of mutational escape by formation of quasispecies in infected individuals, but
may also overcome the genetic heterogeneity of HCV within and across distinct
genotypes (20, 21, 75–77). Moreover, selection of vaccine antigens does not have to rely
on prediction algorithms or restimulation assays to identify responses against subdomi-
nant epitopes, which tend to be below or close to the detection level.

The primary structure of the antigen plays a pivotal role in processing of T cell
epitopes. It is indeed well established that single amino acid residues or sequences
flanking CD8� T cell epitopes in proteins can impact proteasomal cleavage dramatically
and thus be detrimental to induction of CD8� T cell responses (78–80). It has been
shown that very strong CD8� T cell responses could be obtained by vaccination with
5 �g of TB10.3 protein (80). In our study, we found that a 4-fold dose difference in rNS3
(5 �g versus 20 �g) did not alter the frequency of CD4� T cells or facilitate priming of
CD8� T cells (data not shown). Similarly, a 10-fold reduction of antigens in the NS3
pepmix did not result in significantly lower CD4� and CD8� T cell responses. It seems
plausible that the primary structure, rather than the dose, of rNS3 is suboptimal
for processing of the CD8� T cell epitopes and that a strategy utilizing overlapping
peptides may bypass a potential detrimental influence on antigen processing and
presentation imposed by flanking regions in order to prime CD8� T cells and broaden
the CD4� T cell repertoire.

Once an infection has been established, it is desirable to induce effector T cells with
the ability to coproduce IFN-� and TNF-�, as these polyfunctional subsets exhibit
enhanced killing of intracellular pathogens and malignant cells (28, 81, 82). Recently,
we reported that CAF09 enhanced and skewed CD8� and CD4� T cells toward a TEM

response that was able to control tumors in a therapeutic human papillomavirus 16
(HPV-16) E7-expressing model (40). In concordance with these findings, another group
reported that a vigorous vaccine-induced TEM response dominated by double-positive
IFN-�� TNF-�� CD8� T cells controlled tumors more efficiently than a central memory
T cell (TCM) phenotypic response (82). Here, we found that NS3 pepmix induced an
effector-like response, which predominantly consisted of polyfunctional CD4� and
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CD8� T cells capable of producing IFN-� and TNF-� simultaneously. Compared with
AdNS3, we found similar levels of CD27hi CD43lo long-lived memory CD8� T cells within
the cytokine-producing population. Both vaccine groups were dominated by CD27lo

CD43lo long-lived effector CD8� T cells, which have been associated with swift protec-
tive immunity against challenge with vaccinia virus and Listeria monocytogenes (46, 47).
The high frequency of CD27lo CD43lo subpopulations is mirrored in IFN-�� TNF-��

double positives comprising the majority of the cytokine-producing CD8� T cells. Due
to the reduced expression of CD62L compared to IFN-�� TNF-�� IL-2� triple positives
(data not shown), these cells are able to migrate to the periphery, where they can
promptly engage invading pathogens.

Although the importance of broad CD4� T cell responses for control of HCV is
recognized, the overall trend in HCV vaccine development tends to favor CD8� T cell
responses at the expense of CD4� T cells (60, 83, 84). In addition to aiding the CD8�

T cell response, recent evidence suggests that granzyme B- and perforin-expressing
CD4� T cells can exert direct cytolytic activity on cells in influenza virus, HIV, hepatitis
B virus, and HCV infections (50–53). Here, we demonstrate the in vivo cytotoxic capacity
of CD4� T cells induced by HCV NS3 pepmix vaccination. This adds to the multifaceted
performance of NS3 pepmix vaccination, given that the broadened and vigorous CD4�

T cell response not only is vital for induction and maintenance of CD8� T cells, but
could also have a direct role in elimination of potentially HCV-infected cells. The ability
of the vaccine-induced immune response to eliminate potential target cells by release
of cytotoxic compounds was also demonstrated in vivo for CD8� T cells. Although this
assay clearly does not recapitulate the mechanisms by which endogenous antigens
expressed by HCV are processed and how the virus manipulates the processing
pathway and MHC expression, the use of 20-mers rather than minimal epitopes most
likely ensures that antigen is internalized and processed in order to facilitate presen-
tation on and stabilization of MHC-I and -II molecules (85). The fact that we can induce
comparable levels of p52-specific CD8� T cells through two very distinct pathways for
antigen processing (AdNS3 and peptide-based vaccines), however, does indicate an
overlap in the final presentation on MHC. Thus, we consider that in vivo cytotoxicity
mediated by vaccinated mice represents T cells that recognize internalized and pro-
cessed antigens presented on MHC molecules.

Overall, the data presented suggest that the NS3 pepmix vaccine can induce a
highly antiviral T cell response with a phenotypic profile resembling that of HCV
controllers. This vaccine strategy seems to support multiple indispensable components
of T cell immunity, and in particular, the engagement of sustained, broadened, and
cytotoxic CD4� T cell responses could fill a gap in the established paradigm of HCV
vaccinology, where the main emphasis is on induction of CD8� T cell responses. It
would be of interest in future studies to evaluate this novel vaccine approach prophy-
lactically or therapeutically and also to assess its ability to counter HCV-driven T cell
exhaustion by targeting subdominant epitopes and preventing persistent infection. A
better understanding of how “new” T cell immunity can be induced by refocusing
cellular responses toward subdominant epitopes may also contribute to the develop-
ment of immunotherapies against cancer or human pathogens, such as HIV or Myco-
bacterium tuberculosis, which can establish chronic infections and drive the immune
response to exhaustion.

MATERIALS AND METHODS
Animals. Female CB6F1 (C57BL/6 � BALB/c) and C3H mice aged 6 to 8 weeks were purchased from

Harlan Scandinavia, Allerød, Denmark. The animals were kept at the experimental-animal facilities at
Statens Serum Institut and handled by authorized personnel. All experiments were performed according
to the guidance of the Danish Ministry of Justice and Animal Protection Committees and in compliance
with European Community Directive 86/609.

Antigens and adjuvants. NS3 from the cloned HCV strain J4, genotype 1b, was used as the antigen
(86, 87). rNS3 was produced in Escherichia coli by ProMab Biotechnologies (California, USA). A library of
62 20-mer peptides overlapping by 10 amino acids and spanning the entire sequence of NS3 was
synthesized by standard Fmoc chemistry procedures on Tenta Gel S RAM resin in house (88) or purchased
(GeneCust, Luxemburg). Peptides were isolated by preparative high-pressure liquid chromatography
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(Waters, Massachusetts, USA) to purities greater than 95% and characterized by matrix-assisted laser
desorption ionization–time of flight mass spectrometry (Bruker Daltonics, Bremen, Germany). The
peptides were then lyophilized and reconstituted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at 20
mg/ml. The vaccine antigens were tested in combination with the cationic adjuvant formulation CAF09
at a dose of 250 �g DDA-50 �g MMG-50 �g poly(I·C). The adjuvant was prepared as described previously
(40, 89). Mice were injected with 20 �g rNS3 or with a mixture of the 62 overlapping peptides (NS3
pepmix) consisting of 10 �g of each peptide. Altered rNS3 antigen doses ranging from 5 to 20 �g did
not affect the immunological outcome, nor did NS3 pepmix consisting of 1 �g of each peptide (data not
shown). Control mice were injected with CAF09 alone. The vaccines were administered intraperitoneally
at a total volume of 0.25 ml. The mice were vaccinated three times at 2-week intervals. If indicated, the
mice received a 3rd booster 12 weeks after the priming vaccination. AdNS3 vaccination was administered
in its optimal regimen (data not shown): once in a volume of 30 �l in the footpad (2 � 107 infectious
units). The AdNS3 vaccine was produced as described previously and is based on the same HCV NS3
sequence used for rNS3 and NS3 pepmix (45). Compared with NS3 pepmix, AdNS3 vaccination was
administered at week 4.

Isolation of cells from mice. Blood was drawn via the facial vein or by periorbital puncture, and
peripheral blood mononuclear cells (PBMCs) were purified using Lympholyte (Cederlane, Burlington, NC)
according to the manufacturer’s protocol. Splenocytes were obtained by homogenization through a
100-�m cell strainer (BD Pharmingen) followed by red blood cell lysis in 0.84% NH4Cl and two washes
with RPMI 1640 (Gibco, Invitrogen, Taastrup, Denmark). All cell cultures were performed in Nucleon
microtiter plates (Nunc, Roskilde, Denmark) with RPMI 1640 supplemented with 1 mM glutamine, 1%
pyruvate, 1% penicillin-streptomycin, 1% HEPES, and 10% fetal bovine serum (FBS) (all from Gibco,
Taastrup, Denmark).

Cytokine secretion assay. PBMCs or splenocytes cultured in 96-well microtiter plates in a volume of
200 �l containing 2 � 105 cells/well were stimulated with NS3 peptides (individually or as a pool of 62
peptides [2 �g/ml of each]). Cell supernatants were harvested after 5 days of incubation at 37°C and 5%
CO2 in a humidified incubator. Levels of antigen-specific secreted IFN-� were measured using ELISA, as
previously described (90).

Intracellular flow cytometry. Splenocytes were stimulated with 2 �g/ml NS3 peptides (individually
or as a pool of 62 peptides [2 �g/ml of each]) in 96-well plates for 1 h in the presence of 1 �g/ml
anti-CD28 (clone 37.51) and anti-CD49d (clone 9C10; MFR4.B) (both from BD Pharmingen) and subse-
quently incubated for 5 to 6 h at 37°C with 10 �g/ml brefeldin A (Sigma-Aldrich). Following overnight
storage at 4°C, the cells were washed in fluorescence-activated cell sorter (FACS) buffer (phosphate-
buffered saline [PBS] containing 1% FBS) and subsequently stained for 30 min at 4°C for surface markers
with monoclonal antibodies (MAbs) as indicated. Anti-CD4�allophycocyanin-Cy7 (clone GK1.5), anti-
CD8-peridinin chlorophyll protein (PerCP)-Cy5.5 (clone 53-6.7), and anti-CD44-fluorescein isothiocyanate
(FITC) (clone IM7) (all from BD Pharmingen) were diluted 1:600. The cells were then washed in FACS
buffer, permeabilized using a Cytofix/Cytoperm kit (BD Pharmingen) according to the manufacturer’s
instructions, and stained intracellularly for 30 min at 4°C in dilutions of 1:200 using anti-IFN-�–
phycoerythrin (PE)–Cy7 (eBioscience), anti-TNF-�–PE (BD Pharmingen), or anti-IL-2–allophycocyanin (BD
Pharmingen). The activation and differentiation status of CD8� T cells was assessed as described above
with anti-CD8-PerCP-Cy5.5 diluted 1:600, anti-CD43-Alexa Fluor 488 (clone 1B11; BioLegend), anti-CD27-
allophycocyanin (clone LG.7F9; eBioscience), anti-IFN-�–PE–Cy7, anti-TNF-�–PE, and anti-IL-2–allophyco-
cyanin–Cy7 (clone Jes6-5H4; BD Pharmingen) diluted 1:200. The cells were subsequently washed,
resuspended in FACS buffer, and then analyzed using a six-color BD FACSCanto flow cytometer (BD
Biosciences). Finally, the flow cytometry data were analyzed using FlowJo software v8.8.6 (Tree star
Ashland). Lymphocytes were gated based on their forward scatter (FSC) versus side scatter (SSC) profile
and were gated into CD4� or CD8� populations. The CD4� CD44� and CD8� CD44� T cells were further
divided into seven distinct subpopulations based on their ability to produce IFN-�, TNF-�, or IL-2 in any
combination.

Specific cell lysis in vivo. Splenocytes from naive CB6F1 mice were divided into three fractions and
labeled for 10 min at room temperature with carboxyfluorescein succinimidyl ester (Invitrogen) diluted
in PBS at concentrations of 0.4 �M (CFSElow), 2 �M (CFSEmid), and 10 �M (CFSEhigh). The reaction was
stopped by adding FBS to a final concentration of 30%, and the reaction mixture was placed on ice for
2 min. The two fractions, CFSElow and CFSEhigh, were pulsed with10 �g/ml of individual NS3 peptides as
indicated in the figures for 30 min to 2 h at 37°C. CFSEmid-labeled cells were left unpulsed. Here, the
concentrations of cells in all the fractions were adjusted to equal numbers. The three fractions were
subsequently mixed at a 1:1:1 ratio, followed by three washes in RPMI plus 10% FBS. Finally, the cell
number was adjusted to 3.3 � 107 cells/ml, and 300 �l of the cell suspension was injected intravenously
(i.v.) into naive or vaccinated recipient mice 10 days after the final vaccination. Eighteen hours postin-
jection, the mice were sacrificed and splenocytes were isolated. Additionally, for the in vivo cytotoxicity
assay based on CD4� T cell epitopes (p46 and p60), splenocytes were labeled with anti-MHC-II–PerCP–
Cy5.5 (BioLegend; cloneM5/114.15.2). CFSE-labeled lymphocytes were identified by flow cytometry
based on their FSC versus SSC profiles, and the cells pulsed with CD4� epitopes were further selected
for expression of MHC-II. Epitope-specific lysis of cells pulsed with the indicated peptides was calculated
using the following equation: 1 � [(percent pulsed vaccinated/percent unpulsed vaccinated) � (percent
pulsed control/percent control)] (91).

In silico prediction of CD8� T cell epitopes. In silico prediction of CD8� T cell epitopes within the
sequences of NS3 peptides p51 and p52 was performed by using the MHC-I processing tool version

Filskov et al. Journal of Virology

July 2017 Volume 91 Issue 14 e00130-17 jvi.asm.org 14

http://jvi.asm.org


2009-09-01 NetMHCpan algorithm provided by the Immune Epitope Database (IEDB) Analysis Resource
(http://tools.immuneepitope.org/analyze/html/mhc_processing.html).

Statistical analysis. The statistical analysis of differences in cytokine expression and cytotoxicity
between multiple vaccination groups was tested using analysis of variance (ANOVA), followed by Tukey’s
posttest. The Mann-Whitney test was used for comparison of cytokine responses and cytotoxicity
between two groups only. P values of �0.05 were considered significant and are marked with asterisks
in the figures. All statistical analyses were performed using Prism 6 software (GraphPad, San Diego, CA).
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