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Background:  Peptide  vaccination  based  on multiple  T-cell  epitopes  can  be used  to  target  well-defined  eth-
nic populations.  Because  the  response  to T-cell  epitopes  is  restricted  by HLA  proteins,  the  HLA  specificity
of T-cell  epitopes  becomes  a  major  consideration  for epitope-based  vaccine  design.  We  have  previously
shown  that  CD4+  T-cell epitopes  restricted  by 95%  of  human  MHC class  II proteins  can  be predicted  with
high-specificity.
Methods:  We  describe  here  the  integration  of  epitope  prediction  with  population  coverage  and  epi-
tope  selection  algorithms.  The  population  coverage  assessment  makes  use  of  the Allele Frequency  Net
Database.  We  present  the  computational  platform  Predivac-2.0  for HLA  class  II-restricted  epitope-based
vaccine  design,  which  accounts  comprehensively  for  human  genetic  diversity.
Results: We  validated  the performance  of the  tool  on the identification  of  promiscuous  and  immun-
odominant  CD4+  T-cell  epitopes  from  the  human  immunodeficiency  virus  (HIV)  protein  Gag.  We  further
describe an  application  for epitope-based  vaccine  design  in the  context  of  emerging  infectious  diseases
associated  with  Lassa,  Nipah  and  Hendra  viruses.  Putative  CD4+  T-cell  epitopes  were  mapped  on  the
surface  glycoproteins  of  these  pathogens  and  are  good  candidates  to be experimentally  tested,  as  they

hold potential  to  provide  cognate  help  in  vaccination  settings  in  their  respective  target  populations.
Conclusion:  Predivac-2.0  is a novel  approach  in  epitope-based  vaccine  design,  particularly  suited  to  be
applied  to virus-related  emerging  infectious  diseases,  because  the  geographic  distributions  of  the  viruses
are well  defined  and  ethnic  populations  in need  of vaccination  can  be determined  (“ethnicity-oriented
approach”).  Predivac-2.0  is  accessible  through  the  website  http://predivac.biosci.uq.edu.au/.
. Introduction
Emerging infectious diseases (EIDs) caused by major families
f viruses are increasing in frequency, causing a high disease bur-
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den and mortality world-wide [1,2]. Epitope-based vaccines (EVs)
make use of short antigen-derived peptide fragments that are
administered to be presented either to T-cells (as T-cell epitopes
in association with HLA molecules), or B-cells (as B-cell epitopes)
[3]. While CD8+ cytotoxic T-cells generally recognize intracellu-
lar peptides displayed by HLA class I molecules, CD4+ T-helper
cells generally recognize peptides from the extracellular space, dis-
played by HLA class II molecules (CD4+ T-cell epitopes). Traditional
vaccines against EIDs are difficult to produce due to the need for cul-

turing pathogenic viruses in vitro. By contrast, EVs have a number of
advantages: (i) biosafety: no in vitro culturing requirement; (ii) bio-
processing: large-scale production can be carried out economically
and rapidly; (iii) selectivity: precise activation of immune response

dx.doi.org/10.1016/j.vaccine.2015.01.040
http://www.sciencedirect.com/science/journal/0264410X
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y selecting conserved or immunodominant epitopes, and epitopes
riggering predominantly cellular or humoral responses, and (iv)

ultivalency: multiple determinants from several pathogens [3].
or EIDs, the geographic distributions of the viruses are often well
efined and the ethnic populations in need of vaccination can be
etermined [4].

The inclusion of CD4+ T-cell epitopes in vaccine formulations is
 necessary condition to provide cognate help and thus to induce
 vigorous immune response, with optimal CD8+ cytotoxic T-
ell responses and neutralizing antibodies [5,6]. The challenge for
D4+ T-cell epitope prediction is that HLA class II proteins (allo-
ypes) are encoded by the most polymorphic genes in the human
enome; 2825 HLA class II alleles associated with three classical loci
1649 DR, 716 DQ and 460 DP alleles; IMGT/HLA Database [7], July
014, Release 3.17.0). This huge diversity presents serious prob-

ems for vaccine design, as HLA alleles are expressed at different
requencies in different ethnicities. Individuals that display a dif-
erent set of alleles, with potentially different binding specificities
HLA restriction), are likely to react to a different set of peptides
rom a given pathogen. For example, a recent study concluded
hat the lack of response to a recombinant vaccine designed to
nduce clade-specific neutralizing antibodies to HIV-1 in Thailand

as associated with the presence of certain HLA class II alleles
8].

It is advantageous for EVs to prime immune responses against
pitopes that bind to many HLA molecules and are recognized by
ore than one T-cell clone (here termed promiscuous epitopes) [9].
n established approach to select promiscuous epitopes is based
n the concept of supertypes, i.e., clusters of HLA molecules that
hare overlapping peptide repertories [10,11]. Drawbacks of this
pproach include the potential skewing of epitope selection to
ajor alleles [12], poor specificity characterization for many alle-

es within a supertype [13] and lack of agreement on supertype
lassification [14–16].

Bioinformatics tools are an essential component of a high-
hroughput pipeline for in silico mapping of thousands of potential
pitopes, helping reduce the time and cost involved in the exper-
mental testing of such peptides [17]. A computational method
or EV design must implement algorithms for epitope discovery
prediction) and selection, and determine the population coverage
otentially afforded by a vaccine based on these peptides. Bioin-
ormatics tools for epitope prediction focus on peptide binding
o HLA proteins, assuming that T cells with the required speci-
city will be present in the T cell repertoire. Methods range from
pproaches entirely based on binding data (data-driven methods)
o those based on structural principles and molecular modeling
18]. A group of so-called “pan-specific approaches” has emerged
ecently, which extend the scope of the prediction toward HLA class
I allotypes for which no experimental data are available, including
redivac [19], TEPITOPEpan [20], NetMHCIIpan-3.0 [21] and Mul-
iRTA [22]. Current computational tools to estimate the fraction of
ndividuals that would be protected by putative T-cell epitopes are
isted in Table S1.

We  have previously developed Predivac [19], a pan-specific
ioinformatics tool for CD4+ T-cell epitope prediction that affords
lmost full coverage of HLA class II proteins associated with
he DRB loci. Here, we describe an extension of Predivac for
orld-wide and ethnicity-specific HLA class II-restricted EV design

Predivac-2.0), which implements the three algorithms required
or EV design (peptide binding prediction and selection, pop-
lation coverage prediction and an optimization of population
overage) into a web-interfaced computational platform. The abil-

ty of Predivac-2.0 to pick promiscuous and immunogenic CD4+
-cell epitopes in virus antigens was confirmed using the Gag
rotein of HIV. To demonstrate the utility of the tool, we inves-
igated putative CD4+ T-cell epitopes for vaccine design against
3 (2015) 1267–1273

EIDs caused by Lassa (LASV), Nipah (NiV) and Hendra (HeV)
viruses.

2. Methods

2.1. T-cell epitope mapping algorithm

Predivac-2.0 predicts CD4+ T-cell epitopes based on the
specificity-determining residue (SDR) approach [19,23,24]. Details
are provided in Supplementary materials.

2.2. Promiscuous epitope prediction

The ability of Predivac-2.0 to identify promiscuous and immun-
odominant regions in antigens was tested using CD4+ T-cell epitope
maps of the HIV Gag polyprotein, available in the Los Alamos
HIV Molecular Immunology Database (http://www.hiv.lanl.
gov/content/immunology/) [25]. Details are provided in Supple-
mentary materials.

2.3. Population coverage algorithm

Predivac-2.0 determines the fraction of individuals that would
be potentially covered by the selected epitopes by processing HLA
class II allele frequency data retrieved from the “The Allele Fre-
quency Net Database” (AFND; http://www.allelefrequencies.net/)
[26], which is the most comprehensive repository of immune gene
frequencies of world-wide populations. It defines a target pop-
ulation at four levels: world, geographic regions, countries and
ethnicities, consistent with the AFND. Details are provided in Sup-
plementary materials.

2.4. Epitope selection

Predivac-2.0 implements two methods to select CD4+ T-cell
epitopes based on population coverage: “simple search” and “opti-
mized search”. Details are provided in Supplementary materials.
Optimized search is potentially more accurate than simple search.
In addition, splitting the global search into the ethnicities making
up the target population allows the algorithm to explore a greater
number of peptide combinations in order to maximize population
coverage. However, this calculation can be substantially slower for
populations with a significant mix  of ethnicities. The user is given
the option of having the results returned via email.

2.5. Study cases

EV design was  performed on Lassa and henipavirus surface gly-
coproteins. Details are provided in Supplementary materials.

3. Results

3.1. Promiscuous epitope prediction

As shown in Fig. 1, Predivac-2.0 can perform the prediction
of promiscuous CD4+ T-cell epitopes for one or many pathogen
proteins over almost the entire set of HLA class II alleles occur-
ring in any target population. The degree of epitope promiscuity
varies depending on the threshold set for the MHC  class II allele
binding prediction. We  suggest setting the threshold at 3% of top
scoring peptides, as this is the threshold under which Predivac-2.0

identifies ∼75% of immunodominant epitopes [19]. Below the 5%
threshold, the percentage of immunodominant epitopes identified
only increases marginally, while above 5% the number of predicted
epitopes becomes too large to be useful.

http://www.hiv.lanl.gov/content/immunology/
http://www.hiv.lanl.gov/content/immunology/
http://www.allelefrequencies.net/
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Fig. 1. Schematic illustration of the steps followed by Predivac-2.0 to select promiscuous CD4+ T-cell epitopes for EV design. Upon the user setting the target geographic
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egion, the program retrieves from the AFND all the HLA class II allele frequency data
or  promiscuous epitopes restricted to those alleles. In this example, the peptide wi
xpressed in the target population.

Predivac-2.0 predicted three CD4+ T-cell epitopes in the Gag
olyprotein sequence, which together have the potential of cov-
ring ∼75% of the United States population, and correspond to
he most immunodominant regions of the p17 and p24 pro-
eins. One of the epitopes (FAVNPGLLE) was predicted in the
enter of the promiscuous and immunodominant region 37-
SRELERFAVNPGLLETSEGCR-58 of the p17 protein [27,28], and
as not predicted by Multipred2 (Figs. S1 and S3). The four

emaining CD4+ T-cell epitopes were predicted in the p24 protein
VQNIQGQMV, IVRMYSPTS, YKTLRAEQA and ILKALGPAA), two of
hem within the most promiscuous and immunodominant regions
f the Gag protein (125-PVGEIYKRWIILGLNKIVRMYSPTSI-150 and
64-YVDRFYKTLRAEQASQEV-182) [27,29,30,28] (Figs. S2 and S4).
ultipred2 identified three of these epitopes in p24, although

KALGPAAT was shifted by one residue to yield ILKALGPAA.
redivac-2.0 did not retrieve any potential epitope in the p15
egion, while Multipred2 predicted two overlapped nonamers in

 non-promiscuous region (Fig. S5).

.2. Population coverage

A central feature that makes Predivac-2.0 useful for EV design is
ts capability to predict CD4+ T-cell epitopes for 1147 out of 1211
95%) HLA class II DR proteins (IMGT/HLA Database release 3.17.0
7]). Predivac-2.0 takes advantage of this capability by integrating
llele frequency information from the AFND, which provides data
ver 856 population samples (Table S2). Each population sample
rom the AFND is assigned to a particular ethnic group, but a given
thnic group can be potentially associated with many population
amples. Because not all the population samples are reported with
igh-resolution data (four digits; DRB1*xx:xx), low resolution data

two digits; e.g. DRB1*xx) were assigned by default to the most
revalent allele subtype 01 (e.g. DRB1*xx:01) [31]. Together, the
ide coverage of HLA class II DRB alleles and frequencies across
umerous populations with different ethnic backgrounds enables
able for population samples occurring in this region and searches the input proteins
 symbol star is the most promiscuous, as it is presented by the three alleles that are

Predivac-2.0 to account comprehensively for human genetic diver-
sity in EV design. Future development of the method to include DQ
and DP loci would potentially lead to an improvement in population
coverage, as the current tool only accounts for the DR locus.

As shown in Fig. 2, Predivac-2.0 enables either the prediction
of CD4+ T-cell epitopes restricted to one particular allele, or EV
design for a given geographic region, including countries or eth-
nic groups. The program retrieves from the AFND the HLA class II
allele frequencies belonging to the population samples occurring
in the geographic region set by the user, and predicts promiscu-
ous epitopes. The user is prompted to define whether the search
for epitopes will be optimized (genetic algorithm) or not (simple
search; the default option). Epitope validation is an optional step
that can be used when the allele restriction of the epitopes has been
experimentally tested.

3.3. Applications

EV design was  performed using the surface glycoproteins of
LASV and henipaviruses, chosen based on their ability to induce
resistance to viral infections and elicit potent neutralizing antibod-
ies against these pathogens. The analysis focused on the geographic
regions associated with the respective viruses (target population;
Table 1).

The envelope glycoproteins in LASV include GP1, a peripheral
membrane protein, and GP2, a transmembrane protein with an
ectodomain, both of which assemble into homotrimers [32]. It has
been demonstrated in primates, using vaccinia [33] and vesicular
stomatitis virus vectors [34], that LASV glycoproteins (GP1 and GP2)
protect against lethal challenge. Data from human and animal stud-
ies indicate a dominant role of T-cells over antibodies in controlling

acute LASV infection and providing immunity to re-infection [35].
A key protective effect of CD4+ T cells has been described in
other arenaviruses (e.g. lymphocytic choriomeningitis virus) in sus-
taining optimal CD8+ T-cell activity, containing viremia [36] and
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Fig. 2. Flow-chart representing algorithms that Predivac 2.0 implements to perform epitope-based vaccine design. The process involves the following three algorithms: (i)
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eptide  binding prediction; (ii) population coverage prediction and (iii) optimizatio
pitope  validation. By default epitopes are selected without optimization (simple 

rder  to calculate a more accurate population coverage assessment associated with

roviding direct cytotoxic function [37]. It has been also shown that
ross-reactive GP2-derived epitopes are involved in human CD4+

 lymphocyte responses against LASV [38].
The GP2 glycoprotein of LASV was screened in search of promis-

uous CD4+ T-cell epitopes that potentially afford protection for the
est African population at risk of contracting Lassa fever (Table 1).

he HLA class II allele frequency distribution of the region formed
y these populations was  calculated by Predivac-2.0 (Table S3).
ig. 3 shows that using the simple and optimized search, respec-
ively, ∼97% and ∼99% of population coverage can be achieved,
espectively, with four epitopes in each case (Table S4, Fig. S6).

Henipaviruses have spikes of F (fusion) glycoprotein trimers and
 (attachment) glycoproteins within their lipid membranes. The
ative configuration of the G protein is predominantly tetrameric
dimer of dimers) with some dimeric species. In animal model
accination studies using HeV recombinant soluble G glycopro-
ein ectodomain, both felines [39,40] and ferrets [41] survived
eV lethal challenges with no clinical signs of disease. The use of

eV-G as a potential subunit vaccine for preventing both HeV and
iV infection is underscored by the fact that immunization with

his protein elicits a potent cross-reactive neutralizing antibody
esponse against both henipaviruses [42]. The protective effects are

able 1
eographic distribution of henipaviruses [50] and LASV [51] and the associated disease, m

Genus Virus Countriesa

Henipavirus Hendra (HeV) Australia 

Nipah (NiV) Bangladesh, Malaysia, India, Singapore,
Thailanda, Indonesiaa, Cambodiaa,
Papua New Guineaa, Solomon, Islandsa,
Timor-Lestea

Arenavirus Lassa virus
(LASV)

Sierra Leonaa, Nigeriaa, Liberiaa,
Guinea-Bissaua, Benina, Burkina Fasoa,
Congoa, Malia, Cote d’Ivoirea, Ghana,
Togo, Benin, Cameroon, Central African
Republic

a Countries where either serological evidence or outbreaks have been detected.
opulation coverage. The two conditional steps are: (i) epitope optimization and (ii)
). Optionally, information about HLA restriction of the epitopes can be entered in
accine.

in part humoral, as passive protection against HeV and NiV infection
has been demonstrated [43]. HeV-G and NiV-G exhibit receptor-
induced monoclonal antibody epitopes that cross-react with other
henipavirus G proteins, suggesting they target a conserved func-
tional epitope [44,45].

HeV-G and NiV-G were analyzed using Predivac-2.0 to find
promiscuous CD4+ T-cell epitopes that are potentially protective
against henipaviruses in the entire risk region, which comprises a
number of countries in the South East Asia and the Pacific regions
(Table 1). Predivac-2.0 built the target population based on 81 pop-
ulation samples occurring in this region, for which AFND contains
HLA class II DRB allele frequency information (Table S5). The HeV
and NiV proteins share 79% sequence identity (Fig. S7), therefore; a
prediction was carried out to determine to what extent an EV with
peptides from conserved regions of the G glycoproteins could pro-
vide protection. Fig. 4 shows that ∼93% (simple search) and ∼99%
(optimized search; Table S6) population coverage can be reached
with five epitopes whose sequence is conserved in HeV-G and NiV-

G (Fig. S8).

A separate analysis was carried out for HeV and NiV by con-
sidering regions that are 100% conserved across all the strains
(Fig. 5, Fig. S8). For NiV-G, considering the entire population at risk

ortality and biosafety level information.

Geographic
region

Disease Mortality (%) Biosafety
level

Australia Respiratory and
neurological disease

50–75 4

South East
Asia and
the Pacific
(excluding
Australia)

Respiratory and
neurological disease

50–75 4

West Africa Hemorrhagic fever
(Lassa fever)

15–20 4
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Fig. 3. Population coverage prediction for an epitope-based vaccine against Lassa
virus. The target population is the West Africa’s population at risk of contracting
Lassa fever. Predictions were performed over six population samples from individ-
uals with different ethnic backgrounds living in the risk area, for which the AFND
contains HLA class II DR allele frequency information (from the Central African
Republic, Cameroon, n = 126; Guinea Bissau, n = 65; Aka Pygmy, n = 93; and the eth-
nicities from Burkina Faso, Rimaibe, n = 47; Mossi, n = 53; and Fulni, n = 49). The
x-axis corresponds to the number of epitopes to be potentially included in the
multi-epitope peptide vaccine, using the simple (circles) and optimized (triangles)
searches. For the optimized search, the predictions were run five times, indicating
the average and standard deviation (bars). Epitopes were predicted based exclu-
sively on 100% conserved regions of the GP2 glycoprotein for all the virus strains.

Fig. 4. Population coverage prediction for en epitope-based vaccine against heni-
paviruses. The target population is the whole region at risk of henipaviruses (HeV
and NiV), comprised by the South East and Pacific countries, including Australia.
The x-axis corresponds to the number of epitopes to be potentially considered in
the multi-epitope peptide vaccine, using the simple (circle) and optimized (tri-
angle) searches. For the optimized search, the predictions were run five times,
indicating the average and standard deviation (bars). Epitopes were predicted
exclusively on 100% conserved regions of the G glycoproteins for all the virus
strains. CD4+ T-cell epitopes predicted with the simple search correspond to 50-
FNTVIALLG-58, 67-IMIIQNYTR-75, 101-IGTEIGPKV-109, 120-IPANIGLLG-128 and
252-VGEVLDRGD-260. Four out of five of these peptides potentially protective
against both henipaviruses are found in a densely antigenic region of the stalk
domain of the G glycoprotein. This is the same region of the influenza virus HA
glycoprotein that is being studied for the development of a universal influenza vac-
cine, owing to its high degree of sequence conservation [51]. Unlike the globular
head of the HA, which undergoes significant antigenic variation, vaccination with
headless HA has proven to be able to induce anti-stalk domain broadly neutralizing
antibodies and confer protection against different virus sub-types [52].

Fig. 5. Population coverage prediction for epitope-based vaccines against Hendra
and  Nipah viruses. The target populations correspond to: (i) the countries at risk of
the Nipah virus in the South East and Pacific region (excluding Australia) (circles),
and (ii) the region at risk of the Hendra virus (Australia) (triangles). The x-axis cor-
responds to the number of epitopes to be potentially considered in a multi-epitope
peptide vaccine targeting these populations, using the simple (black) and optimized
(white) searches. For the optimized search, the predictions were run five times,
indicating the average and standard deviation (bars). Epitopes were predicted exclu-
sively on 100% conserved regions of the G glycoprotein for all the virus strains. The
putative epitopes predicted with the simple search are situated in the HeV-G stalk

domain (7-LVSLNNNLS-15 and 50-FNTVIALLG-58) and in the globular domain (234-
LEKIGSCTR-242 and 310-WTESLSLIR-318). The peptide 234-LEKIGSCTR-242 is next
to  a previously identified discontinuous B-cell epitope [53] (Fig. S8).

in the South-East Asia and Pacific regions (Table 1), five epitopes
were predicted to cover ∼94% (simple search) or ∼99% (optimized
search; Table S7) of the target population. The epitopes retrieved
using the simple search are the same than those retrieved for
both henipaviruses on the entire risk region. For HeV, Predivac-
2.0 predicted a maximum coverage of ∼89% (simple search) in the
Australian population based on six peptides, while the optimized
search retrieved four epitopes that would provide ∼99% protection
(Table S8).

As cross-reactivity with self-antigens may lead to deleterious
immune responses, epitope sequences were evaluated for similar-
ity to the human proteins by doing a BLAST analysis of the human
proteome. It was  found that none of the putative nonameric epi-
topes retrieved by the simple and optimized search (LASV and
henipaviruses) shares more than seven identities with sequences
in human proteins.

4. Discussion

The prediction of CD4+ T-cell epitopes by Predivac-2.0 in the
HIV Gag protein confirmed the ability of the method to accurately
locate promiscuous and immunodominant epitopes. As we have
shown previously [19], the method relies on high-affinity pep-
tide:MHC class II interactions, which contributes to its ability to
identify highly immunogenic sequences. This result supports the
correlation between high-affinity peptide binding, promiscuity
and immunodominance, both for MHC  class I [46] and class II
proteins [47]. The immunodominant regions highlighted within
the Gag protein were reported based on studies involving HIV-
seropositive individuals from several ethnic backgrounds (Figs. S3
and S4). The fact that all of these sequences overlap around the

same regions is a direct consequence of their wide promiscuity,
as individuals expressing a different array of HLA class II allelic
variants will be able to recognize these epitopes. The performance
comparison with the state-of-the-art method Multipred2 showed
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hat despite their different underlying concepts, they delivered
omparable predictions that matched the two most immunodom-
nant regions of the p24 protein. See Supplementary materials
or further discussion of promiscuous epitope prediction and the
ifferent approaches for population coverage prediction.

The default method that Predivac-2.0 uses for population cov-
rage prediction (simple search) is faster computationally, but
ssumes that all the ethnicities making up the target population are
reeding with one another, through taking into account all possible
iploid combinations from the allele frequencies occurring in those
thnicities to obtain the allele distribution. The same assumption is
nherent in the IEDB population coverage tool [48]. However, this
ssumption is not necessarily accurate when it comes to geographi-
ally distant ethnicities. Experimental evidence indicates that allele
requencies tend to vary substantially [49,50]. In this context, the
ptimized search is probably more accurate than the simple search,
ecause it analyses every population in an independent manner,

.e. diploid combinations are calculated specifically for each partic-
lar ethnic group. Furthermore, this search mode enables a more
etailed exploration of epitope combinations to maximize popula-
ion coverage. Optimized search of CD4+ T-cell epitopes in surface
lycoproteins of the three viruses analyzed delivered higher pop-
lation coverage with a potentially smaller number of associated
pitopes (Figs. 3–5). However, while the simple search calculates
overage over a single population, thus retrieving a unique set of
utative epitopes, the optimized search does it simultaneously with
any populations. This greater degree of freedom leads to more

han one solution (epitope combination) for the same optimization
roblem.

To test the utility of our method, we applied Predivac-2.0 to
he identification of potentially protective CD4+ T-cell epitopes
n the GP2 protein of LASV, a highly pathogenic arenavirus that
auses 300,000–500,000 cases of disease annually. This is, there-
ore, a serious public health problem that justifies the development
f a prophylactic vaccination strategy that is particularly effective
n targeting the ethnic populations living in this area. Although
rotective immunity against LASV is clearly associated with T-cell
esponses, only a few human T-cell epitopes have been experimen-
ally characterized (Fig. S6). Thus, the five epitopes predicted by
redivac-2.0 are expected to be helpful to guide EV design target-
ng the West Africa’s population. See Supplementary materials for
urther discussion of the epitopes.

For henipaviruses, the lack of vaccines is of particular concern
ue to its case fatality rate and highly contagious nature, prop-
rties that render them bioterrorism threats. The development of
n effective EV against these viruses must ideally induce protec-
ion against both NiV and HeV. One strategy is to use promiscuous
D4+ T-cell epitopes that lie in conserved regions of the G glyco-
rotein, to decrease their likelihood of mutations to escape T-cell
urveillance (so-called antigenic drift). According to our results
Fig. 4), both the simple and optimized searches predicted that
t least 90% of population coverage could be achieved with five
pitopes that target simultaneously the populations at risk of HeV
nd NiV. Another potentially effective approach for vaccine design
gainst henipaviruses would be to combine, into a single formula-
ion, the ten putative epitopes that were independently predicted
sing the optimized search for HeV-G (four epitopes) and NiV-

 (six epitopes), which together would afford coverage of 99% of
he respective risk population. This strategy of assembling an EV
rom epitopes accounting independently for conserved regions of
ifferent virus subgroups seems particularly appealing for hyper-
ariable viruses having multiple serotypes or clades (such as HIV

nd influenza). For example, the fact that CD4+ T-cell epitopes
redicted for NiV (simple search) over the entire risk region (south-
ast Asia and the Pacific, without Australia) are the same peptides
s those predicted for both NiV and HeV over the same region
3 (2015) 1267–1273

plus Australia, is a consequence of the significantly higher vari-
ability of the NiV-G protein sequence in comparison to HeV. Thus,
the few available conserved regions in both henipavirus G protein
sequences are similar to those in the NiV G protein (Fig. S7). It is con-
ceivable that new sequenced viral strains may  present mutations in
these regions of the G protein, making the design an EV that simul-
taneously covers the whole viral diversity no longer feasible. Thus
far, Predivac-2.0 only accounts for the variability imposed by HLA
molecules; the selection of conserved regions for epitope predic-
tion was  done manually. See Supplementary materials for a further
discussion of the application of Predivac-2.0 to the EV design for
Lassa and henipaviruses.

EIDs are becoming a significant burden on global economies. As
seen in the 2014 Ebola outbreak in West Africa, EIDs can quickly
spread worldwide due to increasing global travel. An important
aspect involves focussing on tacking initial outbreaks (epidemics),
rather than fighting diseases on a global scale (pandemics). We
believe that Predivac-2.0 has great potential to contribute to such
efforts by identifying epitopes protective for particular populations
at risk of EIDs.

5. Conclusions

Population coverage and the associated HLA polymorphism are
major issues for EV vaccine design, when the aim is to induce broad
immune responses in genetically diverse human populations.
Predivac-2.0 was developed to address this problem by imple-
menting a computational framework for rational design of vaccines
based on multiple CD4+ T-cell epitopes that target well-defined
ethnic populations. We  term this concept the “ethnicity-oriented
approach”. HLA polymorphism is handled by favoring the inclusion
of broadly recognized immunodominant CD4+ T-cell epitopes hav-
ing the ability to potentially trigger a broad CD4+ T-cell response in
a high proportion of individuals expressing distinct HLA molecules.
We demonstrated that Predivac-2.0 is capable of identifying CD4+
T-cell epitopes within highly promiscuous and immunodominant
regions of HIV Gag protein. As the method accounts comprehen-
sively for human ethnic diversity, we  propose that it is particularly
suited as a tool to aid EV design in the context of EIDs. Consequently,
Predivac-2.0 was applied to map  epitopes in surface glycoproteins
of three emerging viruses, for the specific ethnic populations at risk
of contracting the corresponding diseases. The predicted epitopes
are suitable candidates to be experimentally tested, as they hold the
potential to provide cognate help in vaccination settings in these
particular geographic regions. Overall, the Predivac-2.0 method
sets the basis for a novel approach in EV design that potentially
overcomes some of the drawbacks associated with the supertype-
based approach, particularly for infectious diseases associated with
geographic regions where the ethnic background of the target pop-
ulation can be determined.
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