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ABSTRACT
Novel vaccination approaches based on rational design of B- and T-cell epitopes - epitope-based vaccines -
are making progress in the clinical trial pipeline. The epitope-focused recombinant protein-based malaria
vaccine (termed RTS,S) is a next-generation approach that successfully reached phase-III trials, and will
potentially become the first commercial vaccine against a human parasitic disease. Progress made on
methods such as recombinant DNA technology, advanced cell-culture techniques, immunoinformatics
and rational design of immunogens are driving the development of these novel concepts. Synthetic
recombinant proteins comprising both B- and T-cell epitopes can be efficiently produced through modern
biotechnology and bioprocessing methods, and can enable the induction of large repertoires of immune
specificities. In particular, the inclusion of appropriate CD4+ T-cell epitopes is increasingly considered a
key vaccine component to elicit robust immune responses, as suggested by results coming from HIV-1
clinical trials. In silico strategies for vaccine design are under active development to address genetic
variation in pathogens and several broadly protective “universal” influenza and HIV-1 vaccines are
currently at different stages of clinical trials. Other methods focus on improving population coverage in
target populations by rationally considering specificity and prevalence of the HLA proteins, though a
proof-of-concept in humans has not been demonstrated yet. Overall, we expect immunoinformatics and
bioprocessing methods to become a central part of the next-generation epitope-based vaccine
development and production process.
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Introduction

Vaccines have decreased the morbidity and mortality of a large
number of infectious diseases, including major global killers
such as smallpox and poliomyelitis. However, for several diseases
causing significant public health impact vaccines are not yet
available.1 Conventional vaccination strategies, based on inacti-
vated or live attenuated viruses, are strain-specific and their effi-
cacy usually depends on neutralizing antibodies. By contrast,
novel vaccination approaches based on rational design of B- and
T-cell epitopes (epitope-based vaccines) promise to induce large
repertoires of immune specificities, as well as to deal more effec-
tively with genetic variation both in pathogens and humans. Epi-
tope-based vaccines can be either minimal-length epitopes,
which generally suffer from poor immunogenicity, or longer
peptides composed of multiple epitopes (multi-epitope peptide
vaccines), either based on linear arrangements or branched/den-
drimeric structures such as multiple-antigenic peptides.2

The malaria RTS,S vaccine

Currently, epitope-based vaccines have not yet reached the
market, which contrasts with the steadily growing peptide drug
market, with more than 60 therapeutic peptides commercially
available.3 However, the research and development of epitope-
based vaccines has gained significant momentum in

pharmaceutical industry during the past decade, owing to the
progress made on methods such as recombinant DNA technol-
ogy, advanced cell-culture techniques, immunoinformatics and
rational design of immunogens. Accordingly, a milestone could
be reached by the end of 2015 when the WHO makes the final
recommendation on the next-generation Malaria RTS,S vaccine
(MosquirixTM), which has been recently approved by the Euro-
pean Medicines Agency for the use in African children at risk
of the disease.4 The RTS,S was developed over 2 decades and
tested in multiple experimental and field trials,5 being the first
candidate malaria vaccine to reach phase-III clinical trials
(more than 15,000 infants and children participated in 7 sub-
Saharan African countries),6 and will be potentially the first
licensed vaccine against a parasitic disease in humans. The
RTS,S vaccine is an epitope-focused recombinant protein-based
vaccine based on the hepatitis B surface antigen (HBsAg) virus-
like particle (VLP) platform, which was genetically-engineered
to include the C-terminal region of the Plasmodium falciparum
circumsporozoite protein (CSP), the predominant surface anti-
gen involved in the attachment of the parasite to liver cells
(pre-erythrocytic stage).7 The region of the CSP included in the
RTS,S vaccine comprises a number contiguous immunogenic
epitopes: (i) a 4-amino-acid (NANP) amino acid repeat
sequence that defines an immunodominant B-cell epitope;
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(ii) a highly variable CD4+ T-cell epitope; (iii) a highly variable
CD8+ T-cell epitope and (iv) a conserved “universal” CD4+
T-cell epitope at the C-terminus.8 Its success is a significant
achievement and demonstrates that a recombinant protein vac-
cine containing only “isolated” B- and T-cell epitopes from a
single protein (CSP) delivered on a heterologous carrier can
elicit significant protection in humans. Anti-NANP antibodies
play a central role in inducing protection by preventing the par-
asite from infecting the liver and thus blocking progression to
red blood cells and clinical malaria.9 Although the vaccine is
only partially effective, it could still benefit millions of children
by reducing the disease burden.10 VLPs are produced in yeast
cells (Saccharomyces cerevisiae) by co-expressing the CSP frag-
ment (epitopes)–HBsAg fusion protein plus the free HBsAg
(S-antigen).

“Universal” influenza virus vaccines

Although not an epitope-based vaccine, FluBlok� represents an
outstanding next-generation vaccine, the world’s first (triva-
lent) protein-based influenza vaccine developed with modern
recombinant DNA technology, which was approved in 2013 by
the US. Food and Drug Administration (FDA) for the preven-
tion of seasonal influenza disease in people 18-49 years of age.
Unlike the whole-virus based vaccine, which is produced in
eggs using technology that is more than 60 years old,11

FluBlok� is produced using the baculovirus-insect cell expres-
sion system.12 In the event of an influenza pandemic or vaccine
supply shortage, this manufacturing bioprocess has the poten-
tial to start up vaccine production much faster, because the pro-
duction is not dependent on an egg supply or on availability of
the influenza virus. The antigens included in FluBlok� corre-
spond to full-length recombinant haemmaglutinin protein
(rHA), including the transmembrane domain, the HA1 (stem
domain) and HA2 regions (globular head domain). The pri-
mary target of neutralizing antibodies that confer protective
immunity against influenza viruses are variable immunodomi-
nant regions in close proximity to the receptor-binding site at
the HA globular head. To cope with antigenic variation of the
virus, the vaccine contains rHA proteins accounting for 2 influ-
enza virus A strains (H1N1 and H3N2) and one influenza virus
B strain. However, the immune protection conferred by neu-
tralizing antibodies is still highly specific to circulating influ-
enza virus strains or subtypes.

An active area of research on epitope-based influenza vac-
cines aims to develop broadly protective “universal” vaccines
based on conserved protein regions or peptides (B- and T-cell
epitopes) that are shared by all strains. Some of these vaccines
are expected to enter phase-II and III clinical trials in the com-
ing years, shedding light on whether these next-generation con-
cepts are able to offer increased cross-reactivity against multiple
influenza strains.13

A major advantage of polypeptide vaccines is the inclusion
of both the B- and T-cell epitopes in the same formulation.
Accordingly, cellular immune responses seem to play an
important role in the cross-protective immune response against
influenza virus and might be a crucial addition to current anti-
body-inducing influenza vaccines.14 An advanced-stage influ-
enza vaccine embodying this concept is Multimeric-001�,

which is a “universal” vaccine containing 9 conserved linear
epitopes (both B- and T-cell epitopes) from HA, nucleoprotein
and matrix protein-1. The epitopes are linearly arranged in
triplicates and combined into a single recombinant 50-kDa
synthetic protein that is produced in E. coli using standard fer-
mentation and purification methods. The vaccine company
developer (BiondVax) is currently planning phase-III studies,15

after completing phase-II clinical trials where Multimeric-001�

proved to be safe and immunogenic in humans and successfully
stimulated both humoral and cellular immune responses
against a wide variety of influenza A and B strains.16 Readers
should note that Multimeric-001� has not yet been proven
clinically to be a universal vaccine; the immunological data are
supportive but its universality is yet to be proven.

Another promising influenza virus antigen is the matrix
protein 2 (M2), a transmembrane protein that acts as a proton-
selective ion channel and plays a crucial role in helping release
the genetic material of the virus into the host cell. The ectodo-
main of the matrix protein 2 (termed M2e) is a potential target
to design a universal influenza vaccine, as it consists of a
23 amino-acid peptide containing the B-cell linear epitope that
is highly conserved across influenza virus subtypes.17 Phase-I/II
clinical trials with the M2e-peptide vaccine candidates have
been successfully completed using a recombinant fusion pro-
tein (produced in E. coli) that links 4 tandem copies of the M2e
peptide antigen to Salmonella Typhimurium flagellin and a
TLR5 ligand (adjuvant).18 The influenza virus HA stalk domain
is also an attractive target for the induction of a cross-reactive
humoral response, as it is more conserved than the head
domain. However, vaccines based on the HA stalk-reactive
antibodies have yet to enter the clinical phase.19

Dealing with HIV-1 genetic diversity

From a peptide-vaccine design point of view, there is much
room for novel developments and improvements coming from
the bioinformatics field of immunoinformatics, thanks to the
development of numerous computational algorithms aiming to
improve the vaccine coverage both in terms of viral strains and
subtypes,20 as well as in terms of the target population.21 For
example, while the previously described influenza virus vac-
cines are based on conserved epitopes, the development of a
universally effective HIV-1 vaccine becomes a formidable chal-
lenge, given that this virus displays the most genetic diversity of
any virus studied to date.22 Thus, the generation of HIV-1
envelope glycoprotein (Env) immunogens that elicit neutraliz-
ing antibodies against circulating HIV-1 strains is a major goal
of HIV-1 vaccine development.23 Env proteins on the virion
surface are trimeric spikes comprising the gp120 receptor-bind-
ing subunit and the gp41 fusion subunit. During the past 3 dec-
ades of HIV vaccine research, only 3 candidate vaccines have
completed phase-III clinical trials with moderate success,
reflecting the need for additional research and development
of innovative approaches.24 In 2009, a Phase-III trial known
as RV144 was completed in Thailand, which assessed a
“prime-boost” combination of 2 vaccines: ALVAC� HIV vac-
cine (the prime; a viral vector expressing genetically engineered
versions of Gag, Env, and Pol proteins) and AIDSVAX� B/E
vaccine (the boost; a bivalent gp120 envelope protein vaccine).
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This study provided the first evidence that an HIV vaccine can
provide protective efficacy against HIV acquisition. However,
its modest achievement emphasized the importance of generat-
ing robust humoral and cellular responses against the virus,25

and raised the question whether CD4+ T-cell responses may
represent a beneficial component of an efficacious HIV vac-
cine.26 Accordingly, the discovery and inclusion of appropriate
CD4+ T-cell epitopes is considered paramount in epitope-base
vaccine design, because cognate help provided by CD4+ T-cells
is essential for the generation of vigorous humoral and cellular
responses by promoting optimal expansion of CD8+ cytotoxic
T-cells, generating and maintaining T-cell memory and pro-
moting B-cell differentiation.27 This necessity is underscored
by the disappointing results of a large phase-II clinical trial of
an HIV vaccine that elicited only CD8+ cytotoxic T-cell
responses unable to prevent HIV-1 infection,28 and a phase-III
clinical trial of an HIV vaccine that stimulated an antibody
response also did not correlate with the incidence of HIV-1
infection.29 In addition, the critical role of CD4+ T-helper cells
in effective HIV-specific immunity has been documented using
HIV-infected individuals where loss of these cells was noted as
the hallmark symptom of disease.30

Another issue potentially accounting for the limited success
in these major trials is the small number of epitopes contained
in the vaccines, which could be insufficient to induce an effec-
tive protection against a wide range of global HIV isolates.31

Interestingly, a phase-I human vaccine trial of a novel polypep-
tide vaccine of HIV CD4+ T-cell epitopes (EP-1043) and a
DNA vaccine encoding CD8+ T-cell epitopes demonstrated
that the vaccine is safe, well-tolerated, and immunogenic.32

EP-1043 is a synthetic recombinant protein designed with
18 CD4+ T-cell epitopes derived from conserved sequences
among HIV isolates of multiple clades, which are separated by
glycine-proline-based (GPGPG) spacers to enhance proteolytic
cleavage between individual epitopes. The gene segment encod-
ing the vaccine was produced synthetically using overlapping
oligonucleotides, while the protein was expressed in insect cells
using a baculovirus expression system. In addition, the DNA
vaccine encoded 21 HIV-derived CD8+ T-cell epitopes plus the
promiscuous PADRE CD4+ T-cell epitope.33,34

Considerations for epitope-based vaccine design

To address the issue of HIV genetic variation and immune
escape, the genetic algorithm-based “mosaic method” was
developed to generate artificial composite protein sequences
(polyvalent mosaic proteins) that are optimized to include a
maximal diversity of putative T-cell epitopes.35 Instead of
searching conserved sequences within highly variable HIV-1
viral proteins, the method optimizes natural antigen sequences
to increase the cross-reactivity of vaccine responses for diverse
HIV-1 isolates. This approach has been able to achieve between
74% and 87% coverage of HIV-1 Gag sequences, whereas a sin-
gle natural Gag protein achieved only 37% to 67% coverage.36

HIV-1 mosaic antigens have been shown to be processed and
expressed by human T cells in vitro 37 and several proof-of-con-
cept immunogenicity studies in non-human primates have
demonstrated that vector-encoded HIV mosaic antigens
improve the depth and breadth of cellular immune responses,

as well as antibody responses.38 In particular, mosaic HIV Env
vaccines delivered in adenovirus or by modified vaccinia
Ankara (MVA), a replication-deficient viral vector, demon-
strated a strong protective effect against infection by a subse-
quent simian human immunodeficiency virus challenge.39

Currently, a phase-I clinical trial is recruiting participants to
assess the safety and tolerability of MVA-HIV Env mosaic vac-
cine in healthy adult participants.

A second major issue to deal with in genetically heteroge-
neous human populations is the human leukocyte antigen
(HLA) restriction of the targeted subjects. A number of immu-
noinformatics algorithms have been developed to guide the
selection of T-cell epitopes that maximize the fraction of indi-
viduals potentially covered by multi-epitope peptide vaccines,
including supertype-based and allele-based epitope selection
methods.40 Supertypes are pre-defined clusters of HLA mole-
cules sharing overlapping peptide repertories,41 which allow
the selection of promiscuous epitopes potentially ensuring
broad population coverage. Supertype-based selection methods
include Pepvac42 and Multipred2.43 By contrast, allele-based
selection methods define promiscuous epitopes as those
restricted to as many HLA alleles as possible in the target popu-
lation, as a function of specific allele frequency distributions.
These methods includes OptiTope,44 Episopt,45 and Predivac-
2.0.21 In addition, some algorithms have been proposed to
simultaneously optimize coverage of HLA alleles (target popu-
lation) and pathogen antigenic coverage.46-48 Other methods
for epitope-based vaccine design focus on the vaccine assembly
stage of linear polypeptide constructs, aiming at improving
T-cell epitope processing and to minimize junctional
“neoepitopes.”49

Conclusions and perspectives

Peptide antigens produced through chemical synthesis -
synthetic peptides - are advantageous from a manufacturing
point of view. However, progress made on clinical testing and
production of epitope-based immunogens by recombinant and
advanced biotechnological methods is driving the development
of new and more effective vaccines. This is (i) owing to the ver-
satility of these systems to genetically arrange large combina-
tions of B- and T-cell epitopes capable of eliciting robust
humoral and cellular immune responses; and (ii) to support a
more prominent role of cell-mediated immune responses to
address the lack of immunogenicity that may be related to an
insufficient stimulation of CD4+ T-helper cells. In our opinion,
modern recombinant DNA and bioprocessing technologies,
such as the baculovirus-insect cell expression system, are going
to dominate the development of novel and more effective epi-
tope-based vaccines, owing to the production and purification
procedures that can be carefully designed to obtain high yields
of a well-defined product in a cost-effective manner. Regarding
vaccine design, despite immunoinformatics and in silico strate-
gies remaining still at a development stage, even moderate suc-
cesses might lead to significant progress on epitope-based
vaccine efficacy against highly variable pathogens, especially
in terms of optimizing the T-cell epitope arrangement in the
polypeptide construct (vaccine assembly) to improve cellular
processing and epitope presentation to T-cells, by providing
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multi-strain protection against highly variable viral pathogens
(“universal” vaccines) and improving coverage in the target
populations by rationally considering specificity and prevalence
of the HLA proteins.
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