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Abstract
Prophylactic and therapeutic vaccines against viral infections have advanced in recent years from
attenuated live vaccines to subunit-based vaccines. An ideal prophylactic vaccine should mimic
the natural immunity induced by an infection, in that it should generate long-lasting adaptive
immunity. To complement subunit vaccines, which primarily target an antibody response,
different methodologies are being investigated to develop vaccines capable of driving cellular
immunity. T-cell epitope discovery is central to this concept. In this review, the significance of T-
cell epitope-based vaccines for prophylactic and therapeutic applications is discussed.
Additionally, methodologies for the discovery of T-cell epitopes, as well as recent developments
in the clinical testing of these vaccines for various viral infections, are explained.
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Vaccines play a major role in the control of viral diseases. Prophylactic vaccines are
extremely successful and act by preventing diseases caused by several types of viruses.
Traditionally, vaccines are developed from live attenuated or inactivated viruses that elicit a
strong humoral and cellular immune response leading to long-lasting memory that protects
from reinfection. However, recent vaccine development has been focused on driving the
neutralizing antibody response by generating subunit vaccines that can be easily synthesized
and safely administered. However, these subunit vaccines are poor at developing cellular
immunity, as they activate components that do not generate broad T-cell responses. An ideal
vaccine should attempt to mimic the natural immunity generated by infection in a manner
whereby adaptive humoral and cellular immune memory is generated (Figure 1).

Viruses like influenza and dengue, which differ substantially in their envelope glycoprotein
structures between strains, can escape the conventional neutralizing antibody response. To
overcome this limitation, one would require a cellular immunity-inducing vaccine that is
primarily generated from the internal viral proteins conserved across the genotypes and
serotypes of many viruses. T-cell epitope-based vaccines may prove useful in this regard
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and, indeed, epitopes associated with the MHC class I molecule represent the minimal
immunogenic region of a protein antigen and allow for precise direction of the cellular
immune response [1]. Considering prophylactic vaccine application further, T-cell epitope-
based vaccines may also have a high impact in the therapeutic vaccine field to combat
chronic viral infections such as HPV, HCV, HBV and HIV.

This review discusses the importance of the cellular immune response in the control and
clearance of viral infections, as well as the advantages and limitations of a T-cell epitope-
based vaccine. In addition, methods available for T-cell epitope discovery and an update on
the developmental status of several epitope-based vaccines against viral pathogens are
discussed.

Importance of T-cell responses in infectious diseases
Current envelope glycoprotein-based subunit vaccines are potent in establishing a strong
humoral immune response that neutralizes viral particles [2]. However, many are poor at
driving long-lasting cellular immunity due to the lack of internal viral proteins that generate
T-cell epitopes, which are essential in eliminating virus-infected cells. For instance, cell-
mediated immunity, as elicited by MHC class I-restricted CD8+ cytotoxic T lymphocytes
(CTLs), plays a central role in controlling influenza virus infection [3–7]. Indeed, the cell-
mediated response generated by primary influenza infection provides substantial protection
against serologically distinct viruses due to the recognition of cross-reactive epitopes, often
from internal viral proteins conserved between viral subtypes [8–10].

The same theory can also be applied to dengue virus (DENV). While antibodies to DENV
infection can be neutralizing and protective against a particular serotype, exposure to
another strain increases the risk of dengue hemorrhagic fever (DHF) and dengue shock
syndrome [11–14]. It is suggested that this is due to antibody-dependent enhancement
(ADE), which is mediated by the Fc receptor of activated macrophages [15]. Gwinn et al.
found that patients vaccinated with DENV vaccines generated Th1-based cell-mediated
immunity as measured by IFN-γ release in vaccine-stimulated peripheral blood
mononuclear cells [16]. Indirect evidence suggests that Th1 cells will contribute to
protection by upregulating CD8+ CTLs to destroy virus-infected cells early in infection,
therefore limiting disease-associated symptoms [17,18]. It has been suggested that a CTL
epitope vaccine that complements the multivalent antibody-producing vaccine is the best
option for DENV immunity, as it will elicit a multiple serotype-specific antibody response
in addition to cross-reactive protective T-cell responses.

Regarding chronic viral infections, such as HBV, it has been demonstrated that patients who
recover fully display strong CD8+ T-cell responses against HBV nucleocapsid, polymerase
and envelope proteins. Chronic HBV-infected patients, however, display poor T-cell
responses in spite of high viral antigen load [19]. Specifically, chronic hepatitis B patients
typically lack effective HBV-specific cellular immunity as defined by functional alteration
(tolerance/anergy) or the absence of HBV-specific T cells [20,21]. Unlike acute infection,
Th1 cytokine production is usually lower in chronic infection [22]. In addition, CTL
responses of equal intensity were observed in chronic patients who resolve infection
spontaneously compared with those found in acute patients who have recovered fully or are
responding to IFN-γ treatment [23,24].

Immunopathogenesis of antiviral T-cell responses
Antiviral T-cell responses, although beneficial and necessary for eradicating infected cells in
the body, have been shown to be detrimental to the host in several instances.
Immunopathogenesis due to CD8+ and/or CD4+ T-cell activation occurs in many viral
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infections such as HBV [25] and dengue [26]. Indeed, cytokines secreted by activated T
cells drive the disease phenotype for the acute phase of viral hepatitis [25]. With regard to
DENV, T cells have been implicated in the immunopathological disease associated with
secondary infection with a different serotype. It is therefore possible that DHF and dengue
shock syndrome are not solely mediated by ADE as described above. Upon reinfection with
a new serotype, pre-existing heterotypic immunity that is serotype cross-reactive can drive a
partial memory response known as ‘original antigenic sin’ [26]. That is, the alteration in the
immune response, skewed by the low avidity ‘memory’ of the previous infection, can lead to
delayed viral clearance and inadequate killing of virus-infected cells [27]. It has been noted
that severe secondary infection is associated with increased inflammatory cytokines and
increased viral burden [28]. In what seems to be a downward spiral, DHF could be mediated
by increased antigen that drives an upregulation of inflammatory cytokines, such as TNF-α
or IL-2, which have been demonstrated to increase vascular permeability [29]. In a similar
fashion to DENV, influenza virus clearance is also dependent on the CD4+ and CD8+ T-cell
response. However, these very mechanisms can lead to lung immunopathology and severe
disease [30]. As mentioned above, inflammatory cytokines in excess can be damaging to the
surrounding tissue [31]. In addition, other studies have suggested a role for CD4+

costimulation in influenza-associated lung injury [32]. Therefore, it must understood that T
cells, while necessary for efficient viral clearance, can be destructive if improperly activated.

Vaccines should mimic natural immunity to infection
The rationale for prophylactic vaccination against any viral infection begins with the
knowledge that natural infection protects against exogenous reinfection. Natural infection
induces both the innate and adaptive immune responses (Figure 1). The innate immune
response is nonspecific and essential to immediately control the spread of the virus;
however, the adaptive immune response, which develops within 5–7 days, is characterized
by an antibody response to the viral envelope protein and a T-cell response to viral epitopes
presented by the MHC molecules on infected cells. If both of these immune response
pathways (innate and adaptive) work perfectly, the virus is cleared and the immune system
develops a memory response that can be reactivated if the host encounters the virus again.
This immune memory, if efficiently developed, could protect the host for a lifetime. An
ideal vaccine to any virus must induce this long-lasting immune memory in the form of
antibody production to neutralize free virus, as well as the CTL response needed to kill the
virus-infected cells.

Vaccines should mimic the antiviral adaptive immune response
Acute viral infection activates adaptive immunity and triggers viral antigen-specific
antibody and CTL responses to eliminate circulating virus and virus-infected cells. This
process generates a memory population of T and B cells that can be reactivated upon
exposure to new infection. Similarly, an ideal vaccine should include all the components of
the viral antigens to stimulate both humoral and cell-mediated immune memory capable of
protecting the host upon primary and secondary infection.

Current successful vaccines possess the qualities of driving a strong and memory-inducing
humoral response. It is important to note, however, that a CD4+ helper response is generally
required to develop long-lasting B-cell immunity [25]. Therefore, current antiviral
prophylactic vaccines are successful because they can generate a CD4+ response. For viruses
that can subvert the immune response, a standard antibody-inducing attenuated vaccine is
not sufficient. For example, DENV typically elicits a weak neutralizing antibody response,
which upon secondary infection can lead to ADE [33]. For viruses such as influenza, the
antibody response is quite protective; however, the virus mutates very quickly by utilizing
antigenic drift and antigenic shift, thus allowing secondary infections to evade any existing
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immunity [34,35]. For chronic viral infections, the option of restoring the functionality of
virus-specific T cells is plausible for a therapeutic vaccine. This may, however, be irrelevant
for the restoration of B-cell function and the production of neutralizing antibody.
Specifically, most chronic viruses are latent within infected cells, leaving cytotoxic killing
as the only option for the eradication of virus-infected cells.

Ultimately, the most promising vaccine candidates may come from combining the antigenic
subunits for both T- and B-cell immunity. Based on animal models and human studies,
combining all possible T- and B-cell ligands to formulate an active synthetic vaccine makes
sense. This concept would also be especially promising for a therapeutic vaccine. These
types of vaccines would be necessary for driving T-cell immunity to eliminate infected cells
left in the body after acute infection. Chronic viral infections, such as HIV, HCV and HBV,
are in desperate need of a vaccine that would clear lingering virus-infected cells. The
success of the current antibody-inducing HBV prophylactic vaccine has meant that only the
need for a therapeutic vaccine for chronic disease remains. A number of anti-HBV
therapeutic vaccine approaches are being evaluated in the clinic, including recombinant anti-
HBV vaccines, lipopeptide-based vaccines [36] or DNA vaccines, with or without
immunomodulatory drugs (reviewed in [37]). Although immunotherapy based on these
different vaccine formulations has demonstrated efficient T-cell responses in healthy
subjects (prophylaxis), these approaches stimulated only transient clinical responses in
patients chronically infected with HBV. Although the diversity of infected patient
populations may contribute to the variability of efficacy observed in these vaccine studies,
the major unresolved issue involves the composition of the vaccine, including relevant
antigens presented by infected cells in vivo and adjuvants that will bias immune responses
towards a Th1 profile capable of breaking tolerance in chronic patients. In addition, vaccine
delivery systems that can protect the vaccine from degradation, as well as target and
facilitate the uptake of both antigens and adjuvant by APCs [38], have to be considered.

Components of an epitope-based T-cell vaccine
T-cell vaccines have much potential for the development of therapeutic vaccines for chronic
viral infection or for universal prophylactic vaccines. Ideally, epitope-based vaccines,
formulated with an adjuvant to drive a strong immune response with high immunogenicity,
will offer a flexible and simple way to synthesize a vaccine. MHC class II epitopes, which
elicit a CD4+ helper response, will be necessary in order to get protective CD8+ T-cell
memory. To this end, universal MHC class II epitopes that span the entire allelic range of
the global population can be used. Indeed, there are many studies that have demonstrated
broad CD4+ activity in response to several pan-MHC class II epitopes [39–41].

MHC class I epitopes, however, will have to be antigen-specific to the virus being targeted.
Analysis of the memory CTL repertoire at the clonal level in human peripheral blood
mononuclear cells revealed a very broad CTL response to epitopes from a wide variety of
proteins [42]. This study is significant for the development of synthetic vaccines because it
suggests that more clinically relevant epitopes remain to be identified and characterized, and
that a variety of novel candidate targets may be found among them. The technical challenge
is to identify the few epitopes among a mixture of >10,000 MHC class I-associated epitopes
extracted from virus-infected cells that originated from pathogen-associated proteins.
Successful identification of the epitopes generated during infection will enable the
identification of conserved T-cell epitopes by cross-searching the genomic databases of
related viruses, which can be used to develop vaccines for families of viruses.

Genomic and proteomic databases have been generated for many different organisms, and
while they contain a vast amount of sequence data, relatively little information is available
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about the immunological functions of the majority of these genes and proteins. The MHC
class I-associated epitopes displayed on the cell surface can be thought of as a ‘finger-print’
because those peptides reflect a ‘readout’ on the physiological status of the cell [43,44].
Identification of the peptides displayed by cells infected with viral pathogens can generate a
library of epitopes and, by genomic database searching, the viral proteins of origin that are
recognized and processed by the immune system can be identified. These viral epitopes and
proteins are associated with adaptive immunity and are therefore putative targets for cross-
protective vaccine development.

T-cell epitope identification methods
T-cell epitope-based vaccines are promising for many vaccine applications, including cross-
serotype prophylactic vaccines as well as therapeutic vaccines. Therefore, several methods
exist for the sole purpose of identifying T-cell epitopes. Indeed, many academic
investigators and for-profit companies have implemented the methods discussed below for
the production of epitope-based vaccines, despite the risk associated with the development
of a cellular vaccine. Currently, there is no example of a T-cell peptide-based vaccine that is
US FDA-approved. However, several are in late-stage clinical trials, and display very
promising results [45]. The remainder of this review focuses on the methods used for
epitope discovery as well as the epitope-based vaccines currently in clinical trials.

Overlapping peptide library
A commonly used method for the identification of T-cell epitopes involves the use of an
overlapping peptide library derived from a protein of interest, and has been used
successfully for a variety of pathogen-associated epitopes [46,47]. Typically, such pools
contain peptides that are between nine and 20 amino acids in length, and overlap to a degree
that ensures that every epitope can be presented. An advantage of this method is that it
allows for the discovery of both MHC class I and II epitopes in the context of several alleles.
Rather than testing each peptide individually, peptide libraries are generally set up in a
matrix so as to reduce the amount of testing necessary [48,49]. Furthermore, software exists
that can optimize the peptide pools used so that libraries of up to 1200 peptides can be used
for epitope determination [50]. Additionally, a methodology called AnTigen Lead
Acquisition System (ATLAS™) uses overlapping peptide libraries in conjunction with CTL
screening from patients with various allelic backgrounds [51–53]. Patients are then divided
and analyzed based on whether or not their immunity is protective. While the overlapping
peptide library method may be able to identify epitopes in an active T-cell response, it is still
be unable to uncover the exact epitopes presented on the cell surface of infected cells. This
could be potentially problematic, as protective epitopes may not necessarily be shaped by
what active CTLs are present, especially in chronic disease.

Motif prediction by algorithm
Additionally, T-cell epitope identification has taken the motif prediction or epitope-mapping
algorithm approach [201]. These algorithms screen protein sequences for nine to ten amino
acid-long peptide segments predicted to bind to one or more HLA alleles. HLA alleles can
also be selected to maximize cross-HLA coverage [54–56]. It has been demonstrated that
epitope-based vaccines containing epitopes restricted by selected HLA ‘supertypes’ can
provide the broadest possible coverage of the human population [57]. Thus, computationally
identified cross-reactive epitopes are a good starting point, even though further extensive
immunological studies must be performed to qualify these epitopes as vaccine candidates.

Although a vast number of predicted and immunologically characterized epitopes are
reported in the literature (immune epitope database analysis resource [IEDB-AR] [202]),
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successful vaccines based on these predicted epitopes have not yet been developed. Clinical
evidence shows that predictive analysis may not reliably generate antigens that are naturally
processed and presented by an infected cell. Although the motif-based predicted epitopes
may activate CTLs in in vitro assays, not all activated CTLs recognize the naturally
processed antigenic peptides on infected cells due to differences between the motif-predicted
epitopes and the cellular endogenously presented epitopes (antigenic mismatch). Indeed,
subtle structural differences can have profound effects on CTL recognition in vivo.
Furthermore, the data generated by in silico approaches may overestimate the number of
conserved epitopes and may not necessarily identify all immunoreactive naturally presented
epitopes.

As demonstrated in influenza, the motif-prediction approach may be limited in identifying
subdominant epitopes that are reported to activate T cells in secondary influenza virus-
specific responses [58]. Furthermore, motif-predicted epitopes are validated by screening
circulating CTLs from virus-infected individuals. Thomas et al. have recently demonstrated
that there is a CD8+ T-cell immunodominance hierarchy, which may be dependent on the
concentration of the presented epitope, the size of the available CD8+ T-cell repertoire,
activation after the initial priming and the competition and cooperation between different
epitope-specific responses [58]. Additionally, Zhong et al. compared the motif-prediction
method with direct mass spectrometry analysis of endogenously presented epitopes isolated
from virus-infected cells using a large number of naturally processed and in vivo-presented
viral CTL epitopes in a mouse model system [59]. The study revealed that a high number of
predicted epitopes were not processed and presented by infected cells and that the
complexity of the CD8+ T-cell-based screening of functional epitopes by this approach may
miss hidden subdominant epitopes. Therefore, an advantage of working ‘in reverse’ and
using an empirical approach to identify naturally presented HLA-associated T-cell epitopes
– the end products of MHC class I processing – is that the peptides that stimulate CTLs are
verified as being presented by infected cells and are available for recognition in vivo by the
CTLs activated by the vaccine.

Immunoproteomic approach
In the last decade, direct identification of MHC class I-presented epitopes from infected
cells has emerged as an alternative to the motif-prediction method and is termed
‘immunoproteomics’ [60–63]. One of the challenges of this methodology is the
identification of the few infection-related peptides among a majority of nondisease peptides
derived from cellular proteins that are presented on the infected cell surface [64]. Several
strategies have been developed to analyze MHC class I-associated peptides on APCs. These
approaches are generally based on the isolation of the MHC-associated peptides, followed
by mass spectrometry analysis [62,65–69]. A stable isotope tagging method has also been
developed to distinguish viral epitopes from the epitopes derived from cellular proteins
[67,70]. Although immunogenic MHC class I-associated viral epitopes are a less-abundant
species present in a highly complex mixture of directly extracted peptides, stable isotope
tagging of epitopes is a powerful strategy for the rapid, unambiguous identification of
naturally processed and presented epitopes, which are induced by viral infection and are of
strategic importance for vaccine development. Recently, several cross-serotype conserved
DENV-specific MHC class I-associated T-cell epitopes from DENV-infected cells [71] and
cross-strain conserved influenza epitopes have been reported by our laboratory using an
immunoproteomics approach, underlining the significance and feasibility of T-cell epitopes
for vaccine development [72].
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Adjuvant & delivery systems
A successful T-cell vaccine must be delivered in a system that is capable of inducing a
robust peptide-specific T-cell response against virus-infected cells. These delivery systems
must be in the appropriate size range to mimic viral particles to allow uptake, as well as
include built-in danger signals (adjuvant) to target APCs. Promising delivery systems for T-
cell epitopes include gold nanoparticles [73,74], liposomes [75–77] and virus-like particles
[78,79], all of which have been shown to induce efficient vaccine responses [80]. There are
advantages and disadvantages to each system. For instance, peptides and molecular
adjuvants, such as Toll-like receptor agonists, can be easily incorporated in nanoparticles or
liposomes by chemical means. On the other hand, virus-like particles would require the
cloning of a target antigen and the use of mammalian cell culture systems to synthesize
them, but their virus-like nature would offer excellent adjuvancy [80]. It is also feasible to
incorporate the above delivery systems into current vaccines, which would drive T-cell
immunity in the presence of an active and proven humoral response.

Peptide vaccines: successes in infectious diseases
While the T-cell vaccine field is in its infancy, there are a few ongoing early-stage clinical
studies that are relevant. In general, peptide vaccines have many advantages, as they are
considered to be safe, easy to produce and stable [81]. Regardless of how epitopes are
identified, several peptide vaccines are in development due to their early successes in animal
studies [1]. It is feasible that within the next 5–10 years, several therapeutic peptide vaccines
against chronic viral infections will be on the market. Examples of peptide vaccines in
development include those designed towards HSV-2, CMV, HCV, HPV and HIV.

A therapeutic peptide vaccine against HCV (IC41, Intercell) is currently in clinical trials and
includes four highly conserved HLA-A2 CTL epitopes in addition to three MHC class II
helper epitopes [82]. Upon analysis of the CTL response in chronically infected patients, it
would seem it is multivalent; however, the response is weak compared with an acute
infection [83]. Present treatment for chronic HCV infection consists of a combination of
pegylated interferon and ribavirin, which is marginally successful depending on tolerability
and costs [84]. Fortunately, IC41 is progressing through Phase II clinical trials and has a
promising outlook with regard to immunogenicity and sustaining reduced viral loads in
chronic HCV-infected patients [84,85]. This is the first significant antiviral effect of a
peptide vaccine in HCV-infected patients.

Another therapeutic peptide-based vaccine that is being studied is against HPV, the leading
cause of cervical cancer. It is focused on T-cell determinants derived from the two
oncoproteins E6 and E7, expression of which is required for the transformation of cervical
cells [86,87]. In a recent murine study, Wu and colleagues demonstrated that MHC class I
peptides, in addition to pan-MHC class II helper peptides and TLR-3 agonists, were very
effective [87]. Indeed, intratumoral injection with this formulation demonstrated better
survival and more efficient CTL responses. Several clinical trials are underway that involve
CTL epitopes with helper peptides [88]. Interestingly, a peptide vaccine that went into Phase
II clinical trials was not made up of known epitopes, but of overlapping long peptides that
covered the E6 and E7 proteins [89]. Inoculation with this formulation, comprising 13
peptides and Montanide™-51 (Seppic) adjuvant, demonstrated strong CD4+ and CD8+ T-
cell responses in addition to memory development. Furthermore, the vaccine displayed low
toxicity and high immunogenicity [90], and demonstrated promising efficacy.

Peptide vaccine formulations targeting HIV proteins are also under development. Peptides
derived from the major core protein Gag p24 were combined with GM-CSF as an adjuvant
into a vaccine termed Vacc-4x (Bionor Pharma, Norway) [91]. Phase II clinical trials
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demonstrated significant immunogenicity to the peptide formulation in addition to decreased
viral burden in the high responders [92,93]. Fortunately, viral escape mutants, as measured
by amino acid alterations in postvaccinated patients, remained low [94]. Furthermore,
Vacc-4x has also been shown to elicit an efficient memory response, as vaccine-recipients
displayed a strong delayed-type hypersensitivity reaction 4 years after immunization [95].
However, another CTL multiepitope vaccine underwent a Phase I clinical trial and displayed
weak immunogenicity, with only six of 80 volunteers generating specific responses as
measured by IFN-γ ELISPOT assay [96]. Unfortunately, peptide plus adjuvant alone can be
poorly immunogenic, although peptides delivered through a more natural mechanism may
have a better outcome [97]. For instance, a vaccine is under development that incorporates
peptides derived from the envelope glycoprotein gp41 into a virosome [1]. Taken together, a
peptide vaccine for HIV is plausible, but immunogenicity can only be driven by a few major
determinants, including the peptides themselves, adjuvant and delivery systems.

Recently, a T-cell vaccine based on peptide-mapping technology (ATLAS) designed against
HSV-2 (GEN-003, Genocea Biosciences, MA, USA) has entered into a Phase I clinical
study. The GEN-003 formulation includes viral antigens ICP4 and gD2, as well as a novel
saponin-derived adjuvant that has demonstrated a strong immunostimulatory profile. Thus
far, preclinical proof-of-concept studies are promising, as they illustrate protection against
viral diseases, in addition to reduced duration and severity of clinical symptoms [98].

Limitations of T-cell epitope-based vaccines
A limitation of a vaccine primarily dependent on T-cell epitopes, without any
complementary subunit components, is the immune evasion by the viruses [99]. Many
viruses have immune evasion strategies ranging from alterations in the amino acid
sequences of the epitopes themselves, to those of the flanking residues that may hinder
recognition or epitope processing and presentation. Mutations present in the viral genome
represent another mechanism by which the virus can abolish the epitope-binding properties
to the MHC molecule or cause a failure to generate the epitope altogether. In addition to
mutation, many viruses interfere with the antiviral immune response by expressing specific
molecules that inhibit or hinder antigen processing and presentation of antigenic epitopes.
This specific immune impairment is a controversial one, because antiviral responses are
oligoclonal and several experimental studies indicate that not all the epitope-specific
responses are inhibited by virus-induced immune evasion mechanisms [100]. The key for a
successful T-cell vaccine is to generate an oligoclonal antiviral response that can overcome
virus strategies for immune evasion.

Conclusion
It is clear that the vaccines of the future will require more than simply inactivating a
pathogen strain. Fortunately, technology has progressed enough to allow us to identify
immunodominant and memory-inducing peptides that are presented by the MHC class I
molecules of virus-infected cells. Armed with these peptides, vaccine formulations will now
have to incorporate antigens that activate both humoral and cellular immunity with various
adjuvants to drive a strong immune response with high immunogenicity. Additionally, the
use of peptides offers a flexible and simple way to synthesize a vaccine. It is, therefore,
highly likely that peptide vaccines will play a large part in overall vaccination strategies and
should offer hope for universal prophylactics as well as therapeutic vaccines for protection
against infection and therapy for chronic infections, respectively.
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Future perspective
T-cell vaccines could play a major role in viral infections such as influenza and DENV,
where the antibody-targeted vaccines have limited clinical efficacy due to significant
variations in the envelope protein between various strains. Significant efforts are being
directed to find conserved regions of envelope proteins to generate broad humoral immunity
to influenza virus, since the current conventional influenza vaccines are generally not cross-
protective [101]. While there has been some success with this approach, especially with
regards to conserved antibody epitopes in hemagglutinin [102–108], a two-pronged humoral
and cellular approach is most likely going to be the best option. Additionally, some efforts
are aimed at targeting conserved proteins within the virus, such as influenza virus
nucleoprotein. Since antibodies cannot reach these proteins to prevent infection, peptides
derived from intracellular processed protein presented in the context of MHC class I
molecules must be utilized. The concept behind this approach is to stimulate T cells to
quickly kill virus-infected cells before the cells can produce new virions, thus limiting
disease severity. A vaccine based on nucleoprotein from human H1N1 virus was shown to
protect animals from a lethal dose of the H5N1 bird influenza [109], and generated increased
T-cell responses in healthy adults in a clinical study [110].

Vaccines that have built-in cross-subtype efficacy could prevent significant spread of an
emerging or re-emerging strain. A cross-subtype vaccine containing immunogenic
consensus sequence epitopes could achieve this goal. Mounting evidence suggests that an
efficient universal influenza vaccine must induce activation of both cell-mediated immunity
and humoral immunity. Along those lines, vaccines based on defined epitopes presented by
infected cells would be far superior to viral protein subunit or motif-predicted epitope-based
vaccines because protein processing by the immune system may alter native viral epitopes
[72].

Another cross-serotype vaccine that is needed is one against DENV. Early vaccine studies
demonstrated T-cell responses to the virus, but they were largely serotype-specific [16]. This
may suggest that the level of presentation of MHC class I and II antigens differs among
serotypes [111]. Beneficial effects of the vaccine-induced Th1 response further underscore
the significance of the T-cell response in vaccine development [16,17]. Another important
step may be the addition of a peptide vaccine to other formulations currently in clinical trials
that can elicit a strong humoral response, but poor T-cell responses [112]. Recent reports on
conserved T-cell epitopes identified from DENV-infected cells by direct immunoproteomic
analysis of DENV-infected cells [72] further highlight the feasibility of the T-cell vaccine
concept.
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Executive summary

Importance of T-cell responses in infectious diseases

• It is well established that cell-mediated immune response plays a critical role in
combating viral infections.

• T-cell responses eliminate virus-infected cells, while humoral responses
neutralize the virus in vivo.

Immunopathogenesis of antiviral T-cell responses

• Improper activation of T cells during infection has been shown to induce
pathological effects in the host.

• Care is to be taken to consider the balance between protection and pathogenesis
when developing T-cell vaccines.

Vaccines should mimic natural immunity to infection

• Prophylactic vaccines should mimic natural immunity to infection in generating
both humoral and cell-mediated adaptive immune memory.

• A universal vaccine for viral infections such as dengue and influenza will be
achievable when antibody-inducing vaccines are combined with T-cell vaccines.

• The cell-mediated immune response plays a major role in therapeutic vaccine
applications by eliminating chronically infected cells from the body.

• Cross-strain conserved T-cell epitopes are essential for therapeutic vaccines
against chronic infections such as HBV, HCV and HIV.

Components of an epitope-based T-cell vaccine

• Cell-mediated immune responses generated against conserved antigenic
epitopes are crucial in viral infections such as dengue and influenza, where
variations in the viral envelope protein are common.

• The identities of the T-cell epitopes presented by the MHC class I molecules on
the infected cells are essential for the development of a T-cell vaccine.

• T-cell epitope-based vaccines require efficient adjuvants and epitope-delivery
systems that target APCs.

T-cell epitope identification methods

• Methods for the identification of T-cell epitopes include overlapping peptide
analysis, motif-prediction algorithms and direct immunoproteomic analysis.

• Direct identification of T-cell epitopes from infected cells using
immunoproteomics has the most advantages compared with various other
methods used in the field.

Peptide vaccines: successes in infectious diseases

• Major advances have been made in the generation of T-cell responses to peptide
immunization for prophylactic and therapeutic vaccine applications.

• Several therapeutic vaccines for infectious diseases, including HBV, HCV, HIV
and HPV infections, are being clinically tested.

• Preclinical and early-stage clinical studies are being conducted for T-cell
epitope-based vaccines for infections including dengue, influenza and HSV.
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Limitations of T-cell epitope-based vaccine

• Viruses have developed strategies to evade T-cell immune response
development.

• Several mechanisms, including impeding antigen processing and epitope
presentation and expression of immune response inhibitory molecules, have
been reported.

• Induction of multiepitope-specific T-cell responses are essential to overcome
virus-induced immune evasion.
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Figure 1. Generation of adaptive immunity in infection and vaccine response
CTL: Cytotoxic T lymphocyte; IFN: Interferon.
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