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ABSTRACT Hepatitis C is a liver disease caused by the hepatitis C virus (HCV) af-
fecting 71 million people worldwide with no licensed vaccines that prevent infec-
tion. Here, we have generated four novel alphavirus-based DNA-launched self-
amplifying RNA replicon (DREP) vaccines expressing either structural core-E1-E2 or
nonstructural p7-NS2-NS3 HCV proteins of genotype 1a placed under the control
of an alphavirus promoter, with or without an alphaviral translational enhancer
(grouped as DREP-HCV or DREP-e-HCV, respectively). DREP vectors are known to in-
duce cross-priming and further stimulation of immune responses through apoptosis,
and here we demonstrate that they efficiently trigger apoptosis-related proteins in
transfected cells. Immunization of mice with the DREP vaccines as the priming im-
munization followed by a heterologous boost with a recombinant modified vaccinia
virus Ankara (MVA) vector expressing the nearly full-length genome of HCV (MVA-
HCV) induced potent and long-lasting HCV-specific CD4* and CD8* T cell immune
responses that were significantly stronger than those of a homologous MVA-HCV
prime/boost immunization, with the DREP-e-HCV/MVA-HCV combination the most
immunogenic regimen. HCV-specific CD4* and CD8* T cell responses were highly
polyfunctional, had an effector memory phenotype, and were mainly directed
against E1-E2 and NS2-NS3, respectively. Additionally, DREP/MVA-HCV immunization
regimens induced higher antibody levels against HCV E2 protein than homologous
MVA-HCV immunization. Collectively, these results provided an immunization proto-
col against HCV by inducing high levels of HCV-specific T cell responses as well as
humoral responses. These findings reinforce the combined use of DREP-based vec-
tors and MVA-HCV as promising prophylactic and therapeutic vaccines against HCV.

IMPORTANCE HCV represents a global health problem as more than 71 million peo-
ple are chronically infected worldwide. Direct-acting antiviral agents can cure HCV
infection in most patients, but due to the high cost of these agents and the emer-
gence of resistant mutants, they do not represent a feasible and affordable strategy
to eradicate the virus. Therefore, a vaccine is an urgent goal that requires efforts to
understand the correlates of protection for HCV clearance. Here, we describe for the
first time the generation of novel vaccines against HCV based on alphavirus DNA
replicons expressing HCV antigens. We demonstrate that potent T cell immune re-
sponses, as well as humoral immune responses, against HCV can be achieved in
mice by using a combined heterologous prime/boost immunization protocol consist-
ing of the administration of alphavirus replicon DNA vectors as the priming immuni-
zation followed by a boost with a recombinant modified vaccinia virus Ankara vector
expressing HCV antigens.
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epatitis C virus (HCV) is an enveloped, positive-sense, single-stranded RNA virus

that belongs to the family Flaviviridae. The open reading frame of HCV encodes a
large polyprotein that is further processed into eight mature proteins, including
structural (core, E1, and E2) and nonstructural (p7, NS2, NS3, NS4 and NS5) proteins (1).
According to the World Health Organization (WHO), at least 71 million people were
estimated to be infected with chronic HCV in 2015, and 400,000 deaths were due
to liver cirrhosis and hepatocellular carcinoma, the two main HCV-derived compli-
cations caused by chronicity (http://www.who.int/hepatitis/publications/global
-hepatitis-report2017/en/). In the past few years, several direct-acting antivirals (DAAs)
have been developed and approved for therapy and are able to eliminate HCV in more
than 95% of treated patients (see the review in reference 2). However, DAAs do not
represent a feasible solution to eradicate HCV for several reasons: (i) there is a large
proportion of silent infections that are untreated while being highly contagious; (ii) the
high cost of DAAs make them inaccessible to low-income countries; (iii) DAAs fail to
protect against reinfection; (iv) DAAs do not prevent the emergence of drug-resistant
variants (3). Therefore, only an effective prophylactic or therapeutic vaccine represents
an achievable solution to control HCV, and efforts need to be undertaken to understand
the immunogenicity of HCV and the correlates of protection in order to develop
optimized vaccine candidates that fulfil the requirements of an effective worldwide
solution against HCV.

Several vaccine candidates against HCV have been developed using different plat-
forms, such as proteins, adenovirus, DNA, or modified vaccinia virus Ankara (MVA)-
based vaccines (see reviews in references 4 to 7). DNA-based vaccines confer a number
of advantages such as the simplicity of DNA manipulation, generation, transportation,
and storage as well as low cost of production, high stability, and a good safety profile
(see reviews in references 6 and 8). However, an important drawback of DNA vaccines
is their low immunogenicity when they are administered alone, needing multiple
booster doses or other agents to enhance the duration of their immune effect.
Furthermore, the strength of the immune response elicited by DNA vaccines may be
limited and may need to be boosted by another vector such as an MVA-based vaccine
(9-11).

MVA is an attenuated orthopoxvirus that was generated after more than 570
passages in primary chicken embryo fibroblast (CEF) cells (12) and has been tested in
several preclinical and clinical trials against numerous infectious diseases, including
HCV (13-17). Additionally, the immune response generated by MVA-based vectors can
be improved using a DNA prime/MVA boost regimen (18-21). In this regard, we have
previously studied the immunogenicity of an MVA-based vaccine candidate against
HCV (termed MVA-HCV), which expresses all HCV proteins of genotype 1a, using both
heterologous and homologous prime/boost immunization regimens. We showed that
the heterologous regimen (DNAs encoding core, E1, E2, and NS3 HCV proteins for
priming followed by MVA-HCV as a boost) induced significantly higher adaptive and
memory HCV-specific CD4" and CD8* T cell immune responses than two doses of
MVA-HCV (homologous prime/boost regimen) (21), confirming the beneficial use of
DNA/MVA immunization regimens. However, no antibodies were described for DNA-
HCV/MVA-HCV (21), suggesting that immunization with a regular mammalian expres-
sion DNA plasmid should be replaced with improved DNA vectors aimed at generating
higher immune responses (9, 22, 23).

Alphavirus-based DNA-launched replicons (DREPs) are naked DNA vectors that,
upon delivery into the cells, express an RNA replicon that is a self-amplifying recom-
binant RNA molecule (24). They encode an alphavirus replicase that amplifies the RNA
replicon, transcribes the mRNA encoding the heterologous antigens, and generates
double-stranded RNA molecules that stimulate several pattern recognition receptors
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(PRR) (25). PRR stimulation leads to the induction of type | interferon (IFN) and triggers
a potent apoptosis that serves as a vaccine adjuvant by cross-priming antigen epitopes
on major histocompatibility complex (MHC) class | molecules (26, 27). Additionally, it
has been reported that DREP vectors can be optimized with the addition of a transla-
tional enhancer upstream and in frame with the heterologous antigen that provides
increased expression of the heterologous antigen and enhancement of antigen-specific
humoral immune responses (28, 29). Thus, due to all of these features, DREP replicons
express high levels of transient heterologous genes and induce higher antigen-specific
immune responses in vivo than conventional DNA vaccines (9, 22-24, 30) and are thus
attractive vectors for vaccine development (31). Moreover, several preclinical studies
have shown that the use of the DREP platform as a priming immunization followed by
an MVA boost induced potent antigen-specific immune responses against several
infectious diseases, such as those caused by Chikungunya virus (10, 32, 33), Ebola virus
(11), and HIV (9, 22). However, no DREP vectors have been developed for HCV, and due
to the lack of an effective HCV vaccine, the study of the DREP/MVA approach can be a
step forward in HCV vaccine development.

In this study, we have generated and characterized four novel DREP vectors encod-
ing HCV antigens (either structural core-E1-E2 or nonstructural p7-NS2-NS3 proteins)
placed in frame in the absence or presence of a translational enhancer (grouped in
DREP-HCV or DREP-e-HCV, respectively). We have analyzed their immunogenicity in
mice in a heterologous prime/boost immunization protocol using MVA-HCV as a boost
and an MVA-HCV/MVA-HCV regimen as a control group for well-characterized HCV-
specific humoral and cellular immune responses (34). The results showed that the
heterologous DREP/MVA immunization elicited significantly higher HCV-specific CD4™
and CD8* T cell responses than a homologous MVA-HCV prime/boost immunization
regimen. The most immunogenic schedule was a DREP-e-HCV priming immunization
followed by an MVA-HCV boost. Furthermore, DREP/MVA-HCV immunizations induced
higher levels of antibodies against HCV E2 protein than two doses of MVA-HCV. Our
findings reveal that the combination of novel DREP-based HCV vaccines with MVA-HCV
is an effective way to enhance HCV-specific T cell and humoral immunogenicity,
forming a promising vaccine strategy against hepatitis C.

RESULTS

Generation of DREP-based vaccine candidates expressing HCV antigens. To
develop new and more immunogenic vaccines against hepatitis C virus, we have
generated four novel DREP vectors expressing HCV antigens. These new DREP vaccine
candidates are divided in two groups: (i) DREP-HCV, consisting of a DREP vector
encoding HCV core, E1, and E2 structural proteins (termed DREP-C-E1-E2), and another
DREP vector encoding HCV p7, NS2, and NS3 nonstructural proteins (termed DREP-p7-
NS2-NS3); (ii) DREP-e-HCV, consisting of two DREP vectors encoding the same HCV
antigens as before (termed DREP-e-C-E1-E2 and DREP-e-p7-NS2-NS3) but containing a
translational enhancer (e) placed in frame at the N-terminal open reading frame of the
HCV antigens (Fig. 1A). It was previously reported that this translational enhancer
increased translational expression by one order of magnitude and improved antigen-
specific immune responses (28, 29).

The correct generation of the four DREP vectors encoding HCV genes was confirmed
by PCR (Fig. 1B) and by DNA sequencing. Furthermore, to confirm that DREP vectors
successfully process and express the HCV antigens, 293T cells were transfected with
DREP-HCV (DREP-C-E1-E2 and DREP-p7-NS2-NS3) or DREP-e-HCV (DREP-e-C-E1-E2 and
DREP-e-p7-NS2-NS3), and at 48 h posttransfection the correct expression of HCV core,
E1, E2, and NS3 proteins was analyzed by Western blotting (Fig. 1C). Results showed
that both DREP-HCV and DREP-e-HCV vaccine candidates efficiently process and ex-
press the HCV antigens, with polyproteins core-E1-E2 and p7-NS2-NS3 properly pro-
cessed into mature structural and nonstructural HCV proteins. Furthermore, the pres-
ence of the translational enhancer in frame with the HCV antigens in DREP-e-HCV
promoted higher levels of HCV core, E1, E2, and NS3 proteins than DREP-HCV (Fig. 1C).
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FIG 1 Generation and analysis of HCV protein expression of the different DREP-based HCV vaccine candidates. (A) Scheme of the four
novel DREP-based HCV vaccine candidates generated in this study, expressing either core-E1-E2 or p7-NS2-NS3 HCV genes. DREP-C-E1-E2
and DREP-p7-NS2-NS3 were grouped to form the DREP-HCV vaccine candidate, while DREP-e-C-E1-E2 and DREP-e-p7-NS2-NS3 were
grouped to form the DREP-e-HCV vaccine candidate. The DREP replicons contain the alphavirus replicase placed under the control of the
cytomegalovirus (CMV) promoter, and the HCV genes (either core-E1-E2 or p7-NS2-NS3) were placed under the control of the alphavirus
subgenomic promoter (SP). In DREP-e-C-E1-E2 and DREP-e-p7-NS2-NS3, the translational enhancer (e) is placed in frame and upstream of
the HCV genes, as indicated. (B) PCR analysis. Primers hybridizing in the DREP-vector regions flanking the place where the HCV genes were
inserted were used to confirm their correct insertion. (C) Expression of HCV proteins in human HEK293T cells mock transfected or
transfected with DREP-HCV (mixture of DREP-C-E1-E2 and DREP-p7-NS2-NS3), DREP-e-HCV (mixture of DREP-e-C-E1-E2 and DREP-e-p7-

NS2-NS3), or empty DREP-@ at 48 h posttransfection.

In vitro induction of apoptosis-related proteins by DREP vectors. It has been
reported that the enhanced capacity to stimulate the immune system by DREP-based
vaccines in comparison to that of standard DNA vaccines is the inherent adjuvant effect
of DREP vectors due to the stimulation of the apoptotic pathway of transfected cells as
a result of the double-stranded RNA molecules produced and amplified by the encoded
alphavirus replicase (35-37). Thus, to demonstrate that the induction of apoptosis
triggered by the alphavirus replicase contained in the DREP vector is independent of
the presence of the HCV antigens or the translational enhancer, 293T cells were
transfected with empty DREP vector (DREP-@), DREP-p7-NS2-NS3, and DREP-e-p7-NS2-
NS3. A plasmid expressing Neisseria meningitidis Cas (nmCas), similar in size to the DREP
vectors but not containing the alphavirus replicase gene, was used as a negative
control. At 4, 24, and 34 h posttransfection we analyzed cell lysates for the levels of
phosphorylated protein kinase R (PKR) and eukaryotic initiation factor 2 alpha (elF2q),
two apoptosis-related proteins involved in IFN action (38, 39) (Fig. 2). The results
showed that DREP vectors induced higher levels of phosphorylated PKR than cells
transfected with control plasmid nmCas and mock-transfected cells (Fig. 2A). Further-
more, DREP vectors also induced higher levels of phosphorylated elF2a than the
corresponding controls (Fig. 2B and C), with a higher ratio of phosphorylated elF2a/
total elF2q, as shown in the quantification graph of Fig. 2C.
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FIG 2 In vitro induction of apoptosis-related proteins by the DREP replicase. HEK293T cells were mock transfected or transfected with DREP-@, DREP-p7-NS2-
NS3, or DREP-e-p7-NS2-NS3 vector. Plasmid nmCas, lacking the alphavirus replicase gene, was used as a negative control. At 4, 24, and 34 h posttransfection,
cells were harvested, lysed with 1X Laemmli buffer-B-mercaptoethanol, and fractionated in 10% SDS-PAGE gels. The presence of total and phosphorylated (P-)
PKR (A) and elF2« (B) proteins was detected by Western blotting. Rabbit anti-B-actin and rabbit anti-histone H3 antibodies were used as loading controls. (C)
A quantitative ratio of phosphorylated elF2«a/total elF2« is shown and was determined by quantifying the Western blot bands represented in panel B using
the Image Lab software. The dashed line indicates the threshold level for the controls. A.U., arbitrary units.

Heterologous prime/boost immunization in mice with a DREP-HCV or DREP-e-
HCV prime followed by MVA-HCV boost induced potent, broad, and polyfunc-
tional HCV-specific T cell adaptive immune responses. It has been previously
reported that a heterologous DREP/MVA prime/boost immunization protocol in animal
models is highly immunogenic against several infectious diseases and superior to the
homologous combinations of DREP/DREP or MVA/MVA (9-11, 22, 32). Thus, with the
aim to enhance the HCV-specific immune responses elicited by the previously de-
scribed MVA-HCV vaccine candidate (21, 34) and to discover whether the translational
enhancer could increase HCV-specific immune responses, we immunized mice accord-
ing to a heterologous prime/boost immunization regimen using DREP-HCV or DREP-
e-HCV vaccine as a priming immunization followed by an MVA-HCV boost (DREP-HCV/
MVA-HCV or DREP-e-HCV/MVA-HCV, respectively) and compared the results to those
with the homologous MVA-HCV/MVA-HCV prime/boost regimen (Fig. 3). Ten C57BL/6

DREP: 50 pg, i.m.
MVA: 1x107 PFU, i.p. || MVA: 1x107 PFU, i.p. |

| [ | ;I

Days 0 15 25 68

----------------------------- S 1

E Groups (n=10 mice/group)
| 1) DREP-HCV / MVA-HCV - HCV-specific T cells | - HCV-specific T cells |
! 2) DREP-e-HCV / MVA-HCV SAIEISS. SRS
i

3) MVA-HCV / MVA-HCV
4) DREP-®/ MVA-WT
5) MVA-WT / MVA-WT

FIG 3 Immunization schedule. A prime/boost immunization protocol was performed in C57BL/6JOlaHsd
mice to study the immunogenicity of DREP-HCV and DREP-e-HCV vaccine candidates, as described in
Materials and Methods. Immunization groups are indicated, together with the time points at which
animals were immunized (dose and route of administration are shown) and sacrificed to analyze the
adaptive and memory HCV-specific T cell and humoral immune responses.
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mice from each group (DREP-HCV/MVA-HCV, DREP-e-HCV/MVA-HCV, MVA-HCV/MVA-
HCV, DREP-@/MVA-wild type [WT], and MVA-WT/MVA-WT) were immunized, and
10 days postboost half of them (n = 5) were sacrificed to measure the HCV-specific
CD4* and CD8* T cell adaptive immune responses by intracellular cytokine staining
(ICS), as previously described (21, 34).

The magnitude of the total HCV-specific CD4* and CD8* T cell adaptive immune
responses (consisting in the sum of cells expressing CD107a, a degranulation marker on
the cell surface of activated T cells and secreting IFN-vy, tumor necrosis factor alpha
[TNF-al, and/or interleukin-2 [IL-2] cytokines) against all HCV peptide pools of genotype
1a (consisting of core, E1, E2, p7, NS2, NS3, NS4, and NS5 proteins) was more potent and
significantly higher in mice immunized with DREP-HCV/MVA-HCV and DREP-e-HCV/
MVA-HCV than in mice receiving MVA-HCV/MVA-HCV. These results demonstrate the
beneficial use of the DREP prime/MVA boost combination to enhance the HCV-specific
CD4* and CD8" T cell responses (7.8- and 4-fold increase, respectively) compared to
levels with MVA-HCV/MVA-HCV (Fig. 4A). The induced HCV-specific T cell immune
responses were mediated by mainly CD8* T cells in all the groups, reaching potent
levels in mice immunized with DREP-HCV/MVA-HCV and DREP-e-HCV/MVA-HCV, with
around 60% to 70% of the CD8* T cells being HCV specific (Fig. 4A, right panel).
Interestingly, the DREP-e-HCV/MVA-HCV regimen elicited significantly higher HCV-
specific CD8™ T cell responses than DREP-HCV/MVA-HCV, confirming the positive effect
of the translational enhancer in the enhancement of HCV-specific T cell immune
responses (Fig. 4A, right panel).

The profile of HCV-specific CD4* and CD8* T cell adaptive immune responses
elicited by the different immunization groups showed that the responses were broad
but significantly higher in magnitude in the two groups immunized with the heterol-
ogous DREP-HCV/MVA-HCV combinations than in those with homologous MVA-HCV/
MVA-HCV immunizations (Fig. 4B). The majority of the HCV-specific CD4+ T cell
responses were directed preferentially against E1 and E2 and to a lesser extent toward
NS3 and NS5 in both DREP-HCV/MVA-HCV immunization groups while they were lower
and directed mainly against NS5 in the MVA-HCV/MVA-HCV immunization group.
Furthermore, DREP-e-HCV/MVA-HCV elicited higher E1-specific CD4™ T cell responses
than DREP-HCV/MVA-HCV, while DREP-HCV/MVA-HCV induced higher E2-specific CD4™
T cell responses than DREP-e-HCV/MVA-HCV (Fig. 4B, left panel). Regarding the HCV-
specific CD8* T cell responses, in all the groups immunized with HCV vaccines, the
responses were directed mainly against NS2, followed by NS3, with DREP-e-HCV/MVA-
HCV eliciting a significantly higher magnitude of response against both antigens than
DREP-HCV/MVA-HCV and with MVA-HCV/MVA-HCV inducing the lowest levels (Fig. 4B,
right panel).

Last, since a dysfunction in T cell cytokine production and cytotoxic potential has
been repeatedly associated with the failure to control HCV (40), the quality of the
HCV-specific CD4" and CD8* T cell immune responses was measured by analyzing the
profile of cytokine production (IFN-y, TNF-«, and/or IL-2) and/or its cytotoxic potential
(CD107a) against all HCV peptide pools (Fig. 4C). HCV-specific CD4* T cell immune
responses were similar and highly polyfunctional in animals immunized with DREP-
HCV/MVA-HCV and DREP-e-HCV/MVA-HCV, with most of the CD4* T cells having four
functions (CD107a, IFN-y, TNF-«, and IL-2) (Fig. 4C, left panel). MVA-HCV/MVA-HCV
induced a similar polyfunctional profile, but the magnitudes for all the cell populations
were significantly lower. On the other hand, HCV-specific CD8* T cell immune re-
sponses were also polyfunctional and preferentially produced the following groups of
cytokines in all of the groups immunized with HCV vaccines: CD107a, IFN-vy, TNF-«, and
IL-2; CD107a, IFN-y, and TNF-o; CD107a and IFN-y or CD107a. In all cases the DREP-e-
HCV/MVA-HCV immunization induced the highest magnitude of responses (Fig. 4C,
right panel).

Heterologous prime/boost immunization in mice with a DREP-HCV or DREP-e-
HCV prime followed by MVA-HCV boost induced potent, broad, and polyfunc-
tional HCV-specific T cell memory immune responses. Memory HCV-specific CD8* T
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and the splenic HCV-specific CD4* and CD8* T cell immune responses were analyzed by ICS, as described in Materials and Methods. P values indicate
significantly differences between results for DREP-HCV/MVA-HCV, DREP-e-HCV/MVA-HCV, and MVA-HCV/MVA-HCV, as indicated (*, P < 0.05; ***, P < 0.001). (A)
Magnitude of total HCV-specific CD4+ and CD8* T cell adaptive immune responses directed against all HCV antigens. Percentages of CD4* or CD8* T cells
expressing CD107a and/or producing IFN-y and/or TNF-«a and/or IL-2 against a mixture of core, E1, E2, p7, NS2, NS3, NS4, and NS5 genotype 1a HCV peptide
pools are represented. (B) Breadth of HCV-specific CD4+ and CD8* T cell adaptive immune responses. Percentages of core-, E1-, E2-, p7-, NS2-, NS3-, NS4-, or
NS5-specific CD4* and CD8* T cells expressing CD107a and/or producing IFN-y and/or TNF-a and/or IL-2 against each specific HCV peptide pool are
represented. (C) Polyfunctionality of total HCV-specific CD4+ and CD8* T cell adaptive immune responses directed against all HCV antigens. Responses are
divided according to function in combined production of CD107a, IFN-y, TNF-, and/or IL-2 and grouped according to the color-coded pie charts, taking into
consideration the number of functions (one, two, three, or four).
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cells are important for protection against HCV infection (41). Thus, next we analyzed at
53 days postboost the HCV-specific CD4+ and CD8* T cell memory immune responses
induced in mice immunized with DREP-HCV/MVA-HCV, DREP-e-HCV/MVA-HCV, and
MVA-HCV/MVA-HCV (n =5 per group) (Fig. 3).

The magnitude of the total genotype 1a HCV-specific CD4* and CD8* T cell
memory immune responses was again significantly higher in mice immunized with
DREP-HCV/MVA-HCV and DREP-e-HCV/MVA-HCV than in mice immunized with MVA-
HCV/MVA-HCV (8- and 5-fold increases, respectively); again, the DREP-e-HCV/MVA-HCV
immunized group was the most immunogenic (Fig. 5A).

The profile of HCV-specific CD4* and CD8* T cell memory immune responses
elicited by the different immunization groups showed that most of the HCV-specific
CD4™* T cell responses, similar to those in the adaptive phase, were directed against E2
and E1 and to a lesser extent toward NS3 and NS5 in both DREP-HCV/MVA-HCV
immunization groups, while they were lower and directed preferentially against NS5 in
the MVA-HCV/MVA-HCV immunization group (Fig. 5B, left panel). Furthermore, DREP-
e-HCV/MVA-HCV elicited significantly higher E1-, E2-, and NS3-specific CD4+ T cell
responses than DREP-HCV/MVA-HCV (Fig. 5B, left panel). Regarding the HCV-specific
CD8* T cell responses, similar to responses in the adaptive phase, all the groups
immunized with HCV vaccines induced responses preferentially directed against NS2
and NS3, with DREP-e-HCV/MVA-HCV inducing a significantly higher magnitude against
both antigens than DREP-HCV/MVA-HCV and with MVA-HCV/MVA-HCV eliciting the
lowest levels (Fig. 5B, right panel).

Analysis of the quality of total HCV-specific CD4+ and CD8™* T cell memory immune
responses (Fig. 5C), showed that, similar to results in the adaptive phase, HCV-specific
CD4+ T cell immune responses were highly polyfunctional in animals immunized with
DREP-HCV/MVA-HCV and DREP-e-HCV/MVA-HCV, with CD4* T cells producing three
cytokines and expressing the degranulation marker (IFN-y, TNF-¢, IL-2, and CD107a)
and with DREP-e-HCV/MVA-HCV being the most immunogenic (Fig. 5C, left panel).
MVA-HCV/MVA-HCV also induced a highly polyfunctional profile, but the magnitudes
for all the cell populations were significantly lower. HCV-specific CD8* T cell immune
responses were also highly polyfunctional in all the immunization groups, and the
majority of CD8* T cells had three (CD107a, IFN-vy, and TNF-a) or four (CD107a, IFN-v,
TNF-q, and IL-2) functions, with the DREP-e-HCV/MVA-HCV immunization group induc-
ing the highest magnitudes for all the cell populations (Fig. 5C, right panel).

Heterologous prime/boost immunization in mice with a DREP-HCV or DREP-e-
HCV prime followed by MVA-HCV boost induced high levels of HCV-specific CD4+
and CD8+ TEM cells. An important characteristic of a vaccine is the ability to generate
functional and long-lasting memory cells, and it has been reported that higher expres-
sion of the memory surface marker CD127 on HCV-specific T cells is involved in HCV
clearance after acute infection (42-44). Thus, next we analyzed the memory phenotype
of the total HCV-specific CD4* and CD8* T cell populations induced by the different
vaccination regimens by analyzing the expression levels of the memory surface markers
CD127 and CD62L on CD4+ and CD8™ T cells and the secretion of IFN-y, TNF-«, and IL-2
and expression of CD107a upon stimulation with all genotype 1a HCV peptide pools
(Fig. 6). The results showed that, in all the immunization groups, the majority of the
responses in the adaptive (Fig. 6A) and memory (Fig. 6B) phases were due to CD4* and
CD8* T effector memory (TEM) cells (CD127+ CD62L ™), followed by CD4* and CD8" T
effector (TE) cells (CD127— CD62L~), with DREP/MVA-HCV immunization inducing
higher responses than that with MVA-HCV/MVA-HCV. DREP-e-HCV/MVA-HCV elicited
the highest magnitude in all of the populations in the adaptive and memory phases,
except in adaptive CD4™* T cells, where DREP-HCV/MVA-HCV induced higher levels
of CD4* TE cells and levels of TEM cells similar to those induced by DREP-e-HCV/
MVA-HCV.

Heterologous prime/boost immunization in mice with a DREP-HCV or DREP-e-
HCV prime followed by MVA-HCV boost induced antibodies against HCV E2
protein. There is increasing evidence for the importance of HCV-specific antibodies in
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FIG 5 HCV-specific CD4* and CD8* T cell memory immune responses elicited in immunized mice. Five mice per group were sacrificed at 53 days postboost,
and the splenic HCV-specific CD4* and CD8* T cell immune responses were analyzed by ICS, as described in Materials and Methods. P values indicate
significantly differences between results for DREP-HCV/MVA-HCV, DREP-e-HCV/MVA-HCV, and MVA-HCV/MVA-HCV, as indicated (***, P < 0.001). (A) Magnitude
of total HCV-specific CD4+ and CD8* T cell memory immune responses directed against all HCV antigens. Percentages of CD4* or CD8* T cells expressing
CD107a and/or producing IFN-y and/or TNF-a and/or IL-2 against a mixture of core, E1, E2, p7, NS2, NS3, NS4, and NS5 genotype 1a HCV peptide pools are
represented. (B) Breadth of HCV-specific CD4+ and CD8* T cell memory immune responses. Percentages of core-, E1-, E2-, p7-, NS2-, NS3-, NS4-, or NS5-specific
CD4+ and CD8* T cells expressing CD107a and/or producing IFN-y and/or TNF-«a and/or IL-2 against each specific HCV peptide pool are represented. (C)
Polyfunctionality of total HCV-specific CD4* and CD8* T cell memory immune responses directed against all HCV antigens. Responses are divided according
to function in combined production of CD107a, IFN-y, TNF-«, and/or IL-2 and grouped according to the color-coded pie charts, taking into consideration the
number of functions (one, two, three, or four).

HCV clearance, suggesting that if a vaccine can induce different ways of HCV control,
i.e., not only cellular but also strong humoral responses, it will be more difficult for the
virus to escape and cause chronicity (45). Thus, to know whether the different immu-
nization groups induced antibodies against HCV E2 protein, which is considered the
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FIG 6 Phenotypic profile of adaptive and memory HCV-specific CD4+ and CD8* T cells elicited in immunized mice. Five mice per group were sacrificed at 10
(A) and 53 (B) days postboost, and the memory phenotypic profile of splenic HCV-specific CD4* and CD8* T cells was analyzed by ICS, as described in Materials
and Methods. (A) Graphs indicate the percentages of T central memory (TCM; CD127+ CD62L*), T effector memory (TEM; CD127+ CD62L~), and T effector (TE;
CD127- CD62L ") adaptive HCV-specific CD4* or CD8* T cells expressing CD107a and/or producing IFN-y and/or TNF-« and/or IL-2 against all genotype 1a HCV
peptide pools. Below the graphs, representative fluorescence-activated cell sorting plots of the memory phenotypic profile of adaptive NS2- and NS3-specific
CD8* T cells are represented. CD8* T cells expressing CD127 and/or CD62L are depicted in black as density plots, while the NS2- or NS3-specific CD8* T cells
expressing CD107a and/or producing IFN-y and/or TNF-a and/or IL-2 are depicted in blue, with their percentages being indicated. (B) Percentages of memory
HCV-specific CD4* and CD8" T cells with a T central memory (TCM), TEM, or TE phenotype and expressing CD107a and/or producing IFN-y and/or TNF-a and/or
IL-2 against all HCV peptide pools. **, P < 0.005; ***, P < 0.001.

main target of antibodies (6), we analyzed by enzyme-linked immunosorbent assay
(ELISA) the total IgG levels of antibodies against HCV E2 protein in pooled sera obtained
from mice at the peak of the response (10 days postboost) (Fig. 7A). The results showed
that all vaccinated groups elicited antibodies against E2, albeit at low levels, with
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FIG 7 HCV-specific humoral immune responses elicited in immunized mice. (A) Levels of HCV E2-specific total IgG binding antibodies were measured by ELISA
in serial 2-fold dilutions of pooled serum samples (n = 10 per group) obtained from immunized mice at 10 days postboost. Absorbance values were measured
at 450 nm. The mean and standard deviations are indicated. Blue asterisks indicate significant differences between results with DREP-HCV/MVA-HCV and
MVA-HCV/MVA-HCV, while red asterisks indicate significant differences between results with DREP-e-HCV/MVA-HCV and MVA-HCV/MVA-HCV (*, P < 0.05). (B)
Levels of HCV E2-specific IgG1, IgG2c, and IgG3 isotype antibodies in diluted 1/50 individual serum samples (n = 10 per group) obtained from immunized mice
at 10 days postboost. Absorbance (optical density [OD]) values were measured at 450 nm. The mean and standard deviations are indicated.

heterologous DREP/MVA-HCV immunization inducing higher antibody levels than MVA-
HCV/MVA-HCV immunization and with no significant differences between DREP-HCV/
MVA-HCV and DREP-e-HCV/MVA-HCV immunizations (Fig. 7A). Moreover, the analysis of
the isotypes of the anti-HCV E2 antibodies allowed us to determine levels of IgG1,
IgG2c¢, and 1gG3 binding antibodies in the vaccinated groups compared to those in the
control groups; however, due to the low levels of antibodies present in mouse serum,
we could not define a statistically significant Th1/Th2 ratio (Fig. 7B). Additionally, the
antibodies induced by the different DREP/MVA-HCV and MVA-HCV/MVA-HCV immuni-
zation regimens were not able to neutralize HCV H77, using an HCV pseudoparticle
assay, or cross-react against other HCV genotypes (data not shown), mainly due to the
low levels of antibodies elicited.

DISCUSSION

Novel antiviral treatments for HCV are still very expensive and do not allow rapid
global treatment campaigns. Despite the fact that many high-income countries have
announced their decision to provide treatment for hepatitis C to all persons infected
with the virus, some estimations made using prices of the generic sofosbuvir and
daclatasvir calculate that the treatment will still cost at least $200 per patient, making
it a nonfeasible solution to eradicate the virus or to treat patients in low-income
countries (46). The WHO has set 2030 as a deadline to reduce the rates of new
HCV infections by 90% (https://www.who.int/hepatitis/publications/hep-elimination-by
-2030-brief/en/), but all the efforts to eradicate HCV should contemplate better screen-
ing programs to reduce under-diagnosis and an enhanced prevention that could only
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be achieved via vaccination (3, 5). The observation that approximately 25% of individ-
uals acutely infected with HCV are able to clear the virus spontaneously raises hope for
the possibility that a vaccine can induce protective immunity against HCV.

The development of novel vaccines that can efficiently stimulate HCV-specific
immune responses is a public health priority. On one hand, alphavirus-based vectors
are considered an interesting approach to develop specific immune responses against
heterologous antigens due to their high level of protein expression and their ability to
induce apoptosis (47). In this regard Ip et al. described three recombinant Semliki Forest
virus (SFV) vectors expressing HCV nonstructural proteins (NS2-NS3-NS4-NS5) in differ-
ent combinations that induced robust and effective HCV-specific immune responses
(48). However, while Ip et al. described a virus-based vaccine, here we describe for the
first time an alphavirus-based DNA vaccine (DREP) against HCV that includes not only
the nonstructural proteins (p7-NS2-NS3) but also structural proteins (core-E1-E2), in-
creasing the breadth of the immune response.

On the other hand, MVA-based vectors are also promising vaccine candidates (49).
We have previously described the generation of MVA-HCV, an MVA-based HCV vaccine
that was designed to express all HCV antigens in order to obtain broader T and B cell
responses. A priming immunization with regular mammalian expression DNA vectors
encoding core, E1, E2, and NS3 HCV proteins followed by a boost with MVA-HCV
induced higher CD4* and CD8* T cell responses than MVA-HCV/MVA-HCV immuniza-
tion. However, the CD4" T cell response was very low (21). Therefore, although the
different vaccines generated are immunogenic, novel vaccine candidates and/or im-
munization approaches that could improve the magnitude, breadth, and durability of
the HCV-specific immune responses are needed.

Here, we have reported the generation and characterization of novel DREP-based
HCV vaccine candidates. When DREP-HCV and DREP-e-HCV were characterized in vitro,
we confirmed that the presence of the translational enhancer in the DREP-e-HCV
vaccine increased HCV protein expression compared to that with DREP-HCV, confirming
its positive effect in the DREP-based HCV system. Moreover, both DREP-based HCV
vaccines were able to promote apoptosis in transfected cells, an important adjuvant
effect that is linked to the induction of cross-priming and further stimulation of the
immune responses. Thus, our DREP-based HCV vaccine candidates contain ideal char-
acteristics to be considered potential vaccines against HCV (26, 27, 37).

It has been widely reported that potent HCV-specific CD4* and CD8* T cell
responses are associated with spontaneous viral clearance and play an important role
in HCV infection (see reviews in references 50 and 51). Strong and sustained cytotoxic
T lymphocytes (CTL) are key factors in a successful vaccine against HCV (52), but the
induction and maintenance of proper CTL responses and the generation of CD8* T cell
memory depend on the presence of functional and efficient CD4* T cells, making a
CD4™" T cell response a key factor that contributes to control of the infection (53, 54).

In this study, we demonstrated in mice that a prime/boost immunization regimen
consisting of a priming immunization with DREP-based HCV vaccines followed by a
boost with MVA-HCV induced potent HCV-specific CD4+ and CD8™* T cell adaptive and
memory immune responses that were significantly higher than those with homologous
MVA-HCV/MVA-HCV immunization. DREP-e-HCV/MVA-HCV was the most immunogenic
combination, eliciting the highest levels of CD4*™ and CD8* HCV-specific immune
responses, with up to 70% of the total CD8* T cells being HCV specific in the adaptive
phase, and demonstrating for the first time the positive effect of the translational
enhancer in the enhancement of antigen-specific T cell immune responses. In this study
we did not use the homologous combination of DREP vectors for immunizations as we
have previously described in the HIV, Chikungunya virus, and Ebola virus systems that
heterologous DREP/MVA was superior to a DREP/DREP combination (9-11, 22, 32, 33).

Additionally, it is important that the early T cell response should be vigorous and
broad, including CD4" and CD8™" T cell responses targeting several HCV antigens, to
avoid the emergence of viral escape mutations in targeted CD8" T cell epitopes (5,
55-57). A study in the chimpanzee model suggested that the breath of CD8" T cells
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was associated with resolution of HCV infection and a limited emergence of escape
mutations (58).

The majority of vaccine candidates that have been tested in phase I/Il clinical studies
included only nonstructural proteins (TG4040, Ad6-NSmut- and ChAd3-NSmut, MVA-
NSmut, and ChronVac-C [ClinicalTrials registration no. NCT00563173]), eliciting strong T
cell responses that were only reactive against NS3-NS5 HCV proteins (13, 14, 59).
Adenoviruses encoding structural proteins E1-E2 and p7 protein with a protein boost
(E1-E2 with MF59 adjuvant) in mice and guinea pigs induced humoral and cellular
responses (60), but this protocol has not been tested in humans. Other clinical studies
have used subunit vaccines of HCV structural proteins (E1-E2/MF59, core-ISCOMATRIX,
and core peptide C35-44) as immunogens that induced antibodies against them but
showed low T cell responses and did not include nonstructural proteins (61-63).
Moreover, the GI-5005 vaccine candidate (based on a recombinant whole-yeast im-
munogen) showed promising results but included only core and NS3 proteins (64).
Here, we describe novel vaccine candidates that elicited potent T cell responses broadly
distributed against several structural and nonstructural HCV antigens, with CD4+ T cells
directed mainly against E1 and E2 and with CD8™ T cells directed against NS2 and NS3,
thus providing a new vaccine strategy to increase the breadth and magnitude of HCV
responses.

A cross-reactive response against different HCV genotypes is an important charac-
teristic for a universal HCV vaccine (65) and also one of the most challenging goals due
to high viral diversity (45, 66). Here, we have demonstrated that the combination of
novel DREP-based vaccines and MVA-HCV (both expressing HCV antigens from geno-
type 1a, strain H77) in prime/boost immunization regimens elicited potent HCV-specific
T cell immune responses against homologous HCV genotype 1a, a member of geno-
type 1, the most prevalent HCV genotype worldwide (49.1%) (67). Furthermore, to
define whether T cells from vaccinated mice also recognize epitopes from genotype 1b,
we performed an experiment similar to that shown in Fig. 4 but with homologous
MVA-HCV immunization; mice elicited HCV-specific CD8* T cell immune responses that
cross-reacted well against pooled peptides from genotype 1b (data not shown). This is
consistent with our previously described findings that a homologous genotype 1a
MVA-HCV/MVA-HCV prime/boost immunization regimen in mice could also induce
HCV-specific T cell immune responses against HCV genotype 1b (21) that were similar
in magnitude, breadth, and polyfunctionality to the responses against genotype 1a
described in the manuscript and other recent reports (21, 34), which suggests that the
stronger DREP/MVA-HCV immunization regimen should behave similarly. Additionally,
to detect antibody cross-reactivity against other HCV genotypes, mouse sera from the
different immunization groups was reacted with ELISA plates coated with cell extracts
of 293T cells transfected with DNA plasmid vectors expressing E1-E2 from genotypes 1
to 6. The results obtained did not have sufficient statistical power to conclude whether
there is cross-reactivity (data not shown). It is likely that to achieve this goal, high levels
of HCV antibodies are needed, which could probably be obtained if in the immuniza-
tion protocol of DREP/MVA booster doses with purified E1-E2 proteins are included
during vaccination.

In all human infectious viruses, but especially in those which cause chronicity, the
capacity of T cells to produce more than one cytokine, together with their cytotoxic
potential, is believed to correlate with protection (68, 69). In the case of HCV, poly-
functional HCV-specific CD8™ T memory cells are important to control HCV infection
(50, 68). HCV-specific CD4* and CD8* T cell responses induced by DREP/MVA-HCV
combinations were highly polyfunctional, secreting up to three cytokines at the same
time (IFN-y, TNF-o, and IL-2) together with the degranulation marker (CD107a).

Furthermore, after the contraction of the adaptive immune response, memory T
cells are homeostatically maintained in order to respond rapidly to secondary infection
(70), playing an important role in controlling infection (41, 69). Two relevant studies
have shown that reinfected chimpanzees could not clear the virus after antibody-
mediated depletion of CD4™ or CD8* memory T cells but cleared the virus only when
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both lymphocyte subsets were present, demonstrating the essential role for memory
CD8* and CD4™* T cells in long-term protection (41, 71). In our study, DREP-HCV/MVA-
HCV and DREP-e-HCV/MVA-HCV regimens induced higher levels of HCV-specific mem-
ory T cells of an effector memory phenotype (CD127+ CD62L~) than MVA-HCV/MVA-
HCV, and the DREP-e-HCV/MVA-HCV immunization group again had the highest
memory T cell response. Moreover, one of the parameters involved in HCV clearance
after acute infection is the higher expression on the surface of HCV-specific T cells of the
memory marker CD127 (42-44), a molecule that is part of the IL-7 receptor and that can
be useful to predict the number of memory T cells generated after vaccination (42). In
this study, we observed that DREP-HCV/MVA-HCV regimens induced high levels of
HCV-specific memory T cells expressing CD127. This effect could reinforce the use of
DREP/MVA as a potential immunization regimen able to elicit strong effector memory
T cell responses against HCV after vaccination.

Thus, in this study we were able to enhance the magnitude, breadth, polyfunction-
ality, and durability of HCV-specific CD4* and CD8* T cell immune responses using
novel DREP vaccines combined with MVA-HCV.

More recently there has been evidence of the important protective effect of the
antibody response against E1 and E2 HCV glycoproteins (5, 72, 73). Furthermore, the
presence of the translational enhancer upstream and in frame with the heterologous
antigens inserted in a DREP vector enhanced antigen-specific humoral immune re-
sponses (28, 29). In our study, both DREP/MVA-HCV immunization regimens elicited
higher levels of antibodies against E2 than MVA-HCV/MVA-HCV immunization although
the levels were relatively low in all groups. However, no significant differences were
found between immunization with DREP-HCV and that with DREP-e-HCV in the elicited
antibodies against HCV E2 protein. Furthermore, the analysis of the IgG isotypes
showed that IgG1, IgG2¢, and IgG3 antibodies were produced in some of the mice of
the vaccinated groups and were absent in the control groups, but due to the low levels
induced and the variability between mice we could not conclude whether there is a
trend toward a Th1 or Th2 response. Moreover, we did not detect neutralizing anti-
bodies against homologous HCV H77 or cross-reactive antibodies against other HCV
genotypes (data not shown), which could reflect the low levels of antibodies induced
by the DREP/MVA-HCV and MVA-HCV/MVA-HCV immunization regimens. Thus, our
results showed that although the DREP/MVA-HCV vaccination regimen induced highly
potent HCV-specific T cell responses, it is not a strong regimen to elicit high levels of
humoral responses. Combination of DREP-based vaccines and MVA-HCV with a protein
HCV E2 component should be the approach to further enhance antibody responses.

Overall, here we report a novel study of the combination of the first described
DREP-based HCV vaccines and MVA-HCV in a highly immunogenic regimen against HCV
that is able to activate both arms of the immune system, cellular and humoral, with a
preference for T cell activation. These results highlight the future use of DREP-based
vectors and MVA-HCV as potential HCV vaccines to be further tested in clinical trials.

MATERIALS AND METHODS

Construction of DREP-HCV and DREP-e-HCV vaccine candidates. In this study, we have generated
four novel Semliki Forest virus (SFV)-based DREP vaccines against HCV: (i) DREP-C-E1-E2, expressing core,
E1, and E2 proteins; (ii) DREP-p7-NS2-NS3 expressing p7, NS2, and NS3 proteins; (iii) DREP-e-C-E1-E2,
expressing core, E1, and E2 proteins in frame with a translational enhancer; and (iv) DREP-e-p7-NS2-NS3
expressing p7, NS2, and NS3 proteins in frame with a translational enhancer. DREP-C-E1-E2 and
DREP-p7-NS2-NS3 were combined to produce the DREP-HCV vaccine candidate, and DREP-e-C-E1-E2 and
DREP-e-p7-NS2-NS3 were combined to produce the DREP-e-HCV vaccine candidate. The generation of
the different DREP-based hepatitis C vaccine candidates was performed using a Gibson assembly (New
England Biolabs) system according to the manufacturer’s recommendations. HCV genes (structural core,
E1, and E2 genes or nonstructural p7, NS2 and NS3 genes; genotype 1a, strain H77; GenBank accession
number NC_038882.1) were cloned into the empty DREP-@ or DREP-e (containing a translational
enhancer: NH,-NYIPTQTFYGRRWRPRPAARPWPLQATPVAPVVNFDLLKLAGDVESNPG-COOH) plasmid vec-
tor. Escherichia coli DH5« strain bacterial cultures transformed with the DREP vectors were cultured in
Terrific Broth medium (VWR, Radnor, PA, USA), in the presence of ampicillin (Sigma-Aldrich, St. Louis, MO,
USA) for 24 h, and then DREP plasmid DNA was purified using an EndoFree Plasmid Mega kit (Qiagen,
Hilden, Germany). Their correct generation was checked by PCR and DNA sequencing (Macrogen, Seoul,
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South Korea). PCR was performed using primers annealing in the flanking regions where the heterolo-
gous HCV antigens were inserted, and the amplifications were performed with Phusion High-Fidelity
DNA Polymerase (England Biolabs, Ipswich, MA, USA) according to the manufacturer’s recommendations.

Generation of a recombinant MVA-HCV vaccine candidate. An MVA-HCV vaccine candidate was
previously generated and contains the nearly full-length HCV genome of genotype 1a (strain H77).
MVA-HCV expresses HCV core, E1, E2, p7, NS2, NS3, NS4A, NS4B, and NS5A proteins and a part of NS5B
under the transcriptional control of a synthetic early/late promoter (21). We have also included in this
study the attenuated parental wild-type MVA (MVA-WT) as a control. Viruses were grown in primary
chicken embryo fibroblast (CEF) cells and purified by two sucrose cushions, as previously described (74).

Expression of HCV proteins by Western blot analysis. To verify the correct expression of HCV
proteins by the different DREP hepatitis C vaccine candidates, human embryonic kidney 293T (HEK293T)
cells were mock transfected or transfected with 5 ug of DREP-HCV (2.5 g of DREP-C-E1-E2 and 2.5 g of
DREP-p7-NS2-NS3), 5 ug of DREP-e-HCV (2.5 ug of DREP-e-C-E1-E2 and 2.5 ug of DREP-e-p7-NS2-NS3), or
5 ng of empty DREP-@ vectors using PEImax (Polysciences, Warrington, PA, USA), according to the
manufacturer’'s recommendations. At 48 h posttransfection, cell lysates were harvested, pelleted, and
resuspended in 1X Laemmli buffer plus B-mercaptoethanol. Next, cell extracts were fractionated in 10%
polyacrylamide gels, and the expression of the different HCV proteins was analyzed by Western blotting
using mouse polyclonal antibody against core protein (C7-50, diluted 1:5,000; ThermoFisher, Waltham,
MA, USA), mouse monoclonal antibody against E1 (1:1,000; Acris Antibodies, Herford, Germany), goat
polyclonal antibody against E2 (1:1,000; Abcam, Cambridge, UK), and mouse monoclonal antibody
against NS3 (1:500; Santa Cruz, Dallas, TX, USA). Rabbit anti-B-actin antibody (diluted 1:1,000; Cell
Signaling, Leiden, The Netherlands) was used as a loading control. Anti-mouse horseradish peroxidase
(HRP)-conjugated (diluted 1:2,000; Sigma-Aldrich) or anti-goat HRP-conjugated (1:10,000; Sigma-Aldrich)
antibodies were used as secondary antibodies. The immunocomplexes were detected by an enhanced
chemiluminescence (ECL Plus) system (GE Healthcare, Chicago, IL, USA).

Analysis of apoptosis-related proteins by Western blotting. To analyze the induction of
apoptosis-related proteins by the alphavirus replicase encoded by the DREP plasmid vectors, HEK293T
cells were mock transfected or transfected with DREP-p7-NS2-NS3, DREP-e-p7-NS2-NdS3, and empty
DREP-@, as described above. A plasmid containing bacterial N. meningitidis Cas9 (nmCas), similar in size
to the DREP vector but not containing the alphavirus replicase gene, was used as a negative control. Cells
were then harvested at 4, 24, and 34 h posttransfection, and cell extracts were prepared for Western blot
analysis, as described above. Detection of total and phospho-PKR and total and phospho-elF2a was
performed using anti-PKR, anti-phospho-PKR, anti-elF2«, and anti-phospho-elF2« antibodies, respec-
tively (diluted 1:1,000; Cell Signaling). Rabbit anti-B-actin (1:2,000; Cell Signaling) and rabbit anti-histone
H3 (1:1,000; Cell Signaling) antibodies were used as loading controls in Western blotting of anti-PKR/
anti-phospho-PKR and anti-elF2a/anti-phospho-elF2«, respectively. Densitometry quantification of the
ratio between phospho-elF2a and total elF2a was determined by Image Lab.

C57BL/6 mice and immunizations. Female 6- to 8-week-old C57BL/6JOlaHsd mice were acquired
from Envigo and maintained at the Centro Nacional de Biotecnologia (CNB) in a pathogen-free animal
facility, according to the Federation of European Laboratory Animal Science Associations recommenda-
tions. Mouse experiments were approved by the Ethical Committee of Animal Experimentation (CEEA) of
Centro Nacional de Biotecnologia (Madrid, Spain) according to international guidelines and Spanish law
under Royal Decree (RD) 53/2013 (permit number PROEX 331/14).

A prime/boost immunization regimen was performed to study the immunogenicity of DREP-HCV and
DREP-e-HCV vaccine candidates (Fig. 3). Mice (n = 10 per group) were first immunized with 50 ug of
DREP-HCV (25 ug of DREP-C-E1-E2 and 25 g of DREP-p7-NS2-NS3), 50 ug of DREP-e-HCV (25 ug
of DREP-e-C-E1-E2 and 25 ug of DREP-e-p7-NS2-NS3), 50 ug of DREP-@, or 1 X 107 PFU of MVA-HCV or
MVA-WT. DREP immunizations were performed intramuscularly (i.m.) in both legs of mice in 50 ul of
phosphate-buffered saline (PBS), while MVA immunizations were performed intraperitoneally (i.p.) in
200 wl of PBS. Two weeks after the prime immunization, mice received a second i.p. dose of 1 X 107
PFU/mouse of MVA-HCV or MVA-WT. At 10 and 53 days postboost, five mice in each group were
sacrificed, and spleens were collected and processed to measure by intracellular cytokine staining (ICS)
the adaptive and memory HCV-specific T cell immune responses, respectively. Additionally, at 10 days
postboost, serum samples were obtained from mice (n=10) to further analyze the presence of
antibodies against HCV.

Peptides. Purified HCV peptide pools of the HCV virus H77 strain (genotype 1a) were obtained
through the Biodefense and Emerging Infectious Research Resources Repository (BEI Resources, National
Institute of Allergy and Infectious Disease, National Institutes of Health, Bethesda, MD, USA) and were
previously described (21, 34). Peptides that cover the entire HCV H77 genome as consecutive 13- to
19-mers overlapping by 11 or 12 amino acids were resuspended to a final concentration of 1 mg/ml and
grouped into seven pools: core pool (28 peptides), E1 pool (29 peptides), E2 pool (56 peptides), p7 pool
(8 peptides), NS2 pool (32 peptides), NS3 pool (98 peptides), NS4 pool comprising NS4A (7 peptides) plus
NS4B (40 peptides), and NS5 pool comprising NS5A (71 peptides) plus NS5B (91 peptides). Peptides were
used for ex vivo stimulation of splenocytes from immunized mice.

ICS assay. Using an ICS assay, we analyzed the magnitude, breadth, polyfunctionality, and memory
phenotype of the adaptive and memory HCV-specific T cell immune responses, as previously described
(21, 34). Briefly, spleens were processed, and the splenocytes were stimulated for 6 h with 1 ug/ml of
different HCV peptide pools of the HCV genotype 1a, H77 strain. Then, cells were stained for the different
surface markers (CD4, CD8, CD62L, CD127, and CD107a), fixed, permeabilized (Cytofix/Cytoperm kit; BD
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Biosciences, Franklin Lakes, NJ, USA), and stained intracellularly with the appropriate fluorochrome-
conjugated antibodies (IFN-y, TNF-a, and IL-2), as previously described (21, 34).

ELISA. Serum samples from immunized mice were used to analyze by ELISA total I1gG binding
antibody levels against HCV E2 protein (genotype 13, isolate H77; Sino Biological Wayne, PA, USA) and
isotypes 1gG1, IgG2¢, and 1gG3, as previously described (34). ELISAs were performed with pooled or
individual serum samples (n = 10) obtained at 10 days postboost from each immunization group.
Absorbance was read at 450 nm.

Statistical analysis. Statistical analysis of the ICS data was done as previously described (75, 76).
Statistical significance in the ELISA was determined using the Holm-Sidak method, with an alpha of 5%.
Statistically significant differences are indicated in the figure legends.
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