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Abstract
Epitope-based vaccines provide a new strategy for prophylactic and therapeutic application of
pathogen-specific immunity. A critical requirement of this strategy is the identification and selection
of T-cell epitopes that act as vaccine targets. This study describes current methodologies for the
selection process, with dengue virus as a model system. A combination of publicly available
bioinformatics algorithms and computational tools are used to screen and select antigen sequences
as potential T-cell epitopes of supertype HLA alleles. The selected sequences are tested for biological
function by their activation of T-cells of HLA transgenic mice and of pathogen infected subjects.
This approach provides an experimental basis for the design of pathogen specific, T-cell epitope-
based vaccines that are targeted to majority of the genetic variants of the pathogen, and are effective
for a broad range of differences in human leukocyte antigens among the global human population.
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1. Introduction
New developments in immunoinformatics and other computational methodologies, combined
with the broad versatility in the design and synthesis of genetic (DNA) vaccines, underlay new
strategies for the novel design of antigen-specific, epitope-based vaccines against the many
pathogens that currently have proven refractive to conventional vaccine therapy [1,2]. Early
clinical trials of epitope-based vaccines for human immunodeficiency virus (HIV), malaria and
tuberculosis have produced promising results [3,4], supporting the protective and therapeutic
uses of these vaccines. T-cell epitopes, important for cytolytic and regulatory responses to
pathogens [5–7], are necessary elements of these vaccines. The rational selection of protein
antigen sequences that function as T-cell epitopes in vaccine formulations is therefore crucial
for successful application of this vaccination strategy [2,8].

This selection of pathogen antigen sequences to be included in epitope-based vaccines must
address several determinative issues. The goal is to identify relevant T-cell epitopes, both HLA
class I and II, that are both effective and sufficient in vaccine protection against pathogen
challenge. A major question is the degree of protection that can be achieved without the
concomitant administration of neutralizing antibody epitopes. Vaccines must also protect a
broad spectrum of human population against as wide a variety of pathogenic strains as possible;
this presents further challenges. Many pathogens exhibit high mutation rates, with selection of
new genetic variants that are resistant to an existing immune response to earlier pathogen
subtypes, or may subvert the immune response by the altered peptide ligand phenomena [9–
11]. It is therefore important to choose epitopes derived from conserved peptide sequences.
Also, the extreme polymorphism that characterizes human leukocyte antigens (HLAs) restricts
the proportion of the human population that will respond to a particular antigen [8,12]. Thus,
it is advantageous to select promiscuous T-cell epitopes that bind to several alleles of HLA
supertypes for maximal population coverage [13]. The focus is on a bioinformatics-based
approach as a means to enhance the optimal selection of potential targets of immune response
that can then be validated by experiments that test the biological function of these antigen
sequences in immune-system based assays.

In this report, we describe a combined immunoinformatics and molecular strategy for vaccine
development. Based upon the growing number of bioinformatics tools and antigen sequences
available in public databases [14] for identifying pathogen peptides, the in silico prediction of
T-cell epitopes can greatly reduce the list of candidate epitopes. Such a shortlist is then the
starting point for molecular experiments that can validate the vaccine targets based on the
biological function of the selected antigen sequences.

2. Methodology and Results
2.1 Data collection and preparation

Predictions about future mutations are derived from past evolutionary history. It is therefore
important to collect sequences that are as representative as possible of the genetic variants of
the pathogen, over extended periods of time and broad geographical ranges. Ideally, all
available protein sequences pertaining to the pathogen should be collected from major public
databases, such as the NCBI Entrez protein database (www.ncbi.nlm.nih.gov/entrez). Since
public databases often contain errors, discrepancies and duplicate entries, a data cleaning
process is needed to correct such anomalies [15]. For example, annotation errors and
discrepancies in 17 dengue virus records were identified and corrected prior to analysis [16].
While several methods are available, we found the ABK structural rule-based approach [17]
well suited to this type of task, allowing fully annotated sets of over 40,000 influenza protein
sequences to be cleaned and independently verified in two weeks.
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2.2 Identification of conserved sequences
The identification of conserved sequences is an initial step to overcome pathogen genomic
variation that in some cases is extensive, such as HIV, influenza A viruses and dengue viruses.
Multiple sequence alignments of pathogen proteins are examined by a consensus-sequence
based approach [18] for the selection of sequences conserved in the large majority of variants.
For pathogens with multiple groups (clades, serotypes or subtypes), pan-group consensus
sequences are obtained by aligning consensus sequences derived from each of the different
groups (Fig. 1), rather than by analyzing pan-group alignments that combine sequences from
all groups. This prevents over-represented groups from biasing the derived consensus
sequence. Identification of conserved alignment sites is based on the representation (frequency)
of the consensus residue among all sequences in the alignment. Depending on the variability
exhibited by different pathogen groups, the cut-off intra-group representation for conserved
sequences may be set between 50% and 100%. For example, in our dengue virus analysis we
only selected conserved sites common across the four serotypes, exhibiting at least 80%
representation in each of the four serotypes (Fig. 2). For immunological applications, a
minimum conserved sequence length of nine amino acids is required because this represents
the typical length of peptides that bind to HLA molecules [19].

2.3 Entropy-based analysis of conserved sequence variability
Consensus-based methods consider each alignment site independently. However, vaccine
targets are short peptides, typically 9-mers, whose combinatorial composition can produce
great diversity even when adjacent sites have highly conserved residues. A more robust method
based on information entropy [20] can measure the degree of variability of peptides of any
length, and infer their evolutionary stability. Entropy, H, representing the variability of
nonamer peptides (9-mers) centered at any given alignment site, is computed from the
probability, pa of each nonamer peptide a occurring at that site:

H = −∑
a

palog2 (pa)

Peptides centered at any given position partially overlap peptides centered at neighbouring
positions. Low entropy characterizes stable peptides, and an entropy value of 0 indicates a
100% conserved nonamer. Entropy rises with increasing variability of a site, and is affected
both by the number of variants at that site, and also by their respective frequency. The ABK-
AVANA antigenic variability analyzer tool (O.M. et al., manuscript in preparation) can
perform peptide entropy analysis. Fig. 3 shows intra- and pan-serotype peptide entropy plots
for dengue virus NS3 protein. The data shows that each of the four serotypes has distinct
patterns of highly conserved and variable regions. Thus, the pan-serotype low entropy regions
were restricted to discrete short regions, which corresponded to the conserved sequences
selected by consensus-sequences method.

2.4 Functional and structural correlates of the conserved sequences
It is generally recognized that conserved protein sequences represent important functional
domains [21], for which mutations would be detrimental to the survival of the pathogen. The
functions of conserved sequences can be elucidated by databases that comprise data on protein
families, domains and functional sites, such as the Pfam database [22] (www.sanger.ac.uk/
Software/Pfam). Mapping the location of a conserved sequence on the 3-D structure of the
protein may also provide relevant information (Fig. 4). Many such 3-D structures are available
in the PDB database [23] (www.pdb.org).
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2.5. Distribution of conserved sequences in nature
Potential vaccine targets should be analyzed for specificity to the target pathogen. In vaccine
design, epitopes common to other pathogens could either be useful by inducing cross-
protection, or detrimental by inducing altered-ligand effect [9–11]. Identified conserved
sequences should therefore be submitted to a BLAST search against all protein sequences at
NCBI, excluding the target pathogen. If the sequences are found in other pathogens, the extent
of their representation should be analyzed. For example, many dengue virus conserved
sequences are found widely present in other Flaviviruses.

2.6 Characterization of candidate promiscuous T-cell epitopes
2.6.1 Algorithms for prediction of HLA binding peptides—Dedicated algorithms
based on distinct prediction models are used to locate putative promiscuous T-cell epitopes for
HLA class I or II supertypes within conserved sequences. Computational epitope prediction
systems, such as NetCTL [24] (www.cbs.dtu.dk/services/NetCTL), MULTIPRED [25]
(research.i2r.a-star.edu.sg/multipred) and TEPITOPE [26] have been proven to be effective in
accurately mapping T-cell epitopes. When selecting peptides for experimental validation,
putative epitopes predicted by multiple models are chosen, since consensus predictions from
a combination of models have been shown to be more accurate than individual model
predictions [24,27].

In addition to being promiscuous with respect to multiple alleles of an HLA supertype, some
putative T-cell epitopes exhibit multiple-supertype promiscuity. This additional form of
promiscuity has been observed in several viruses, such as dengue [28] and HIV [3]. T-cell
epitopes specific to multiple HLA supertypes are advantageous for vaccine design because
they effectively increase the numbers of epitopes to which an individual can respond, and
provide much more extensive coverage of the population [3].

2.6.2 Immunological hotspots—Putative promiscuous T-cell epitopes may be localized
in clusters, as reported in studies of HIV-1 [29–32] and the outer membrane of Chlamydia
trachomatis [33], among others [34,35]. The clusters are also ideal for developing epitope-
based vaccines because they contain multiple promiscuous epitopes. MULTIPRED [25] can
be used to predict immunological hotspots.

2.6.3 HLA distribution analysis—The percentage of individuals in the population
predicted to respond to the putative conserved promiscuous T-cell epitopes is predicted by the
population coverage analysis tool of the Immune Epitope Database [36]
(www.immuneepitope.org/tools/population). The tool provides allele frequencies for 78
populations grouped into 11 different geographical areas.

2.7 Probability of altered-ligand effect
The genotypic differences between primary and secondary pathogens, or between the vaccine
and challenge infection, constitute a critical consideration for protective and, in some cases,
pathologic immunity [11]. Because of intra- and inter-group sequence variability, most T-cell
epitope sequences may contain single or multiple amino acid differences within and between
the groups. Variants of the putative promiscuous T-cell epitopes are identified among the
reported sequences in the pathogen groups, and their representation within the group and across
groups is observed. Variants of a putative epitope at a given alignment position comprise all
nonamers at that site that possess at least one amino acid difference. Putative epitopes with no
or low variant representation (~100% conserved) are potentially advantageous in avoiding
altered peptide ligands.
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2.8 Experimental Validation
2.8.1 Survey of reported human T-cell epitopes in the conserved sequences—
Predictions of T-cell epitopes of the conserved sequences can in many cases be conformed
(commonly without identification of the specific allele, however) by reports of experimentally
confirmed T-cell epitopes. Therefore, search against both extant literature and the Immune
Epitope Database (www.immuneepitope.org) is performed for reported human T-cell epitopes
(both class I and II) that fully or partially overlap with identified conserved sequences. For
example, eight reported human NS3 T-cell epitopes of dengue virus corresponded to the
predicted promiscuous T-cell epitopes in the NS3 conserved sequences (Table 1).

2.8.2 Experimental measurements to validate predictions—Experimental
measurements for validation of computational predictions are necessary for accurate
interpretation of results. Such measurements currently include HLA binding assays [37],
immunization of HLA transgenic mice and ELISpot assay for peptide-specific T-cell activation
[38] and of pathogen infected human subjects. We performed functional assessment of the
dengue virus NS1 conserved sequences: four were predicted to contain HLA-DR epitopes and
three of these four were confirmed by ELISpot assay with T-cell activation peptides that closely
mimic the conserved sequences (Table 2). An additional two that were also ELISpot positive
were not predicted to bind to DR molecules. In summary, of seven conserved NS1 sequences,
five contained HLA-DR T-cell epitopes and at least three are promiscuous for multiple HLA-
DR alleles. The predictive models are helpful in selecting antigen sequences for additional
study of immune responses, especially for sequences predicted by multiple algorithms.

3. Conclusion
The bioinformatics approach presented in this paper proved generic as it was successfully
applied to several viruses, such as dengue virus (A.M.K. et al., manuscript in preparation),
influenza (A.T.H. et al., manuscript in preparation) and HIV (K.N.S et al., manuscript in
preparation). Thus, the approach can be used as a template for the analysis of other pathogens,
providing a novel and generalized approach to the formulation of epitope-based vaccines that
are effective against broad diversity of pathogens and applicable to the human population at
large. This new methodology enables the systematic screening of pathogen data which would
otherwise be impossible to carry out experimentally, due to too many pathogen sequences (high
viral diversity) and variations in immune system among individuals (extensive polymorphism
of HLA). It therefore significantly reduces the efforts and cost of experimentation, while
providing for systematic screening.
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Fig 1.
Steps involved in determining sequence fragments conserved across the four serotypes for NS3
protein using a consensus-sequence-based approach. A) The consensus sequence for NS3
protein is derived for each serotype (DV1–4) from their respective multiple sequence
alignment. Each residue in the consensus sequence represents the predominant residue at that
position in the corresponding multiple sequence alignment. B) The four consensus sequences
of NS3 protein (one from each serotype) are aligned to reveal sequence fragments that are at
least nine amino acids long and identical across the four consensus sequences.
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Fig 2.
Dengue pan-serotype conserved sequences of the NS3 protein and their intra-serotype
percentage representation (conservation). The amino acid positions are numbered according
to the aligned sequences of dengue proteins from all four serotypes.
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Fig 3.
Peptide entropy plots for intra- and pan-serotype alignments of dengue virus (DV) NS3 protein
(intra-serotype: DV1, DV2, DV3, DV4; pan-serotype: DV). The average peptide entropy value
at each position is based on the frequency of nonamer peptide variants present at that position
in the protein’s alignment. All 12 identified pan-serotype conserved sequences of NS3 protein
were found to be localized in the pan-serotype conserved antigenic regions of the protein (▲),
with values ranging from 0 to 0.4, indicating the high probability that these sequences will
remain conserved in the future.
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Fig 4.
Molecular location of dengue NS3 pan-serotype conserved sequences (148GLYGNGVVT156
and 189LTIMDLHPG197) on the protein’s 3-D structure. A) A major portion
of 148GLYGNGVVT156 conserved sequence (in red) is localized in the buried regions of the
3-D structure. B) Most of the 189LTIMDLHPG197 conserved sequence (in red) is localized in
the exposed region of the 3-D structure. This suggests that the conserved
sequence 148GLYGNGVVT156 is less likely to mutate compared to 189LTIMDLHPG197,
though both share identical level of intra-serotype percentage representation.
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Table 1
Reported human T-cell epitopes in dengue virus NS3 pan-serotype conserved sequences.

Protein Pan-serotype sequence Reported T-cell epitopes

Reference(s)

NS3 46FHTMWHVTRG55 [39]
148GLYGNGVVT156 [39,40]
189LTIMDLHPG197 [41]
256EIVDLMCHATFT267 [39,42,43]
313IFMTATPPG321 [39]
357GKTVWFVPSIK367 [44,45]
383VIQLSRKTFD392 [39]
406VVTTDISEMGANF418 [39]
537LMRRGDLPVWL547 [39]

The amino acid positions are numbered according to the aligned sequences of dengue proteins from all four serotypes.
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Table 2
IFN-gamma ELISpot responses of CD4-depleted splenocytes from HLA transgenic mice immunized with
peptides overlapping dengue virus NS1 pan-serotype conserved sequences.

Pan-serotype sequence Predicted DR-2, -3, -4 ELISpot positive HLA
transgenic mouse

ELISpot activation peptide

12ELKCGSGIF20 DR-2 DR-2 13LKCGSGIFVTNEVHT27

25VHTWTEQYKFQ35 DR-4 DR-3 and -4 25VHTWTEQYKFQADSP39

193AVHADMGYWIES204 DR-2 and -3 None 193AVHADMGYWIESQKN207

229HTLWSNGVLES239 DR-3 and -4 DR-3 and -4 229HTLWSNGVLESDMII243

266GPWHLGKLE274 None DR-3 and -4 265AGPWHLGKLELDFNY279

294RGPSLRTTT302 None DR-4 293TRGPSLRTTTVSGKL307

325GEDGCWYGMEIRP337 None None 325GEDGCWYGMEIRPIS339

The amino acid positions are numbered according to the aligned sequences of dengue proteins from all four serotypes. Prediction for DR alleles was
performed by use of MULTIPRED [25], TEPITOPE [26] and ARB [46]. The ELISpot assays were performed for DR-2, DR-3 and DR-4 transgenic mice.
ELISpot activation peptides are the actual peptides used to test the ELISpot.
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