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Abstract

Background: Ebolavirus (EBOV) is responsible for one of the most fatal diseases encountered by mankind. Cellular
T-cell responses have been implicated to be important in providing protection against the virus. Antigenic variation
can result in viral escape from immune recognition. Mapping targets of immune responses among the sequence of
viral proteins is, thus, an important first step towards understanding the immune responses to viral variants and can
aid in the identification of vaccine targets. Herein, we performed a large-scale, proteome-wide mapping and diversity
analyses of putative HLA supertype-restricted T-cell epitopes of Zaire ebolavirus (ZEBOV), the most pathogenic species
among the EBOV family.

Methods: All publicly available ZEBOV sequences (14,098) for each of the nine viral proteins were retrieved, removed of
irrelevant and duplicate sequences, and aligned. The overall proteome diversity of the non-redundant sequences was
studied by use of Shannon’s entropy. The sequences were predicted, by use of the NetCTLpan server, for HLA-A2, -A3,
and -B7 supertype-restricted epitopes, which are relevant to African and other ethnicities and provide for large (~86%)
population coverage. The predicted epitopes were mapped to the alignment of each protein for analyses of antigenic
sequence diversity and relevance to structure and function. The putative epitopes were validated by comparison with
experimentally confirmed epitopes.

Results & discussion: ZEBOV proteome was generally conserved, with an average entropy of 0.16. The 185 HLA
supertype-restricted T-cell epitopes predicted (82 (A2), 37 (A3) and 66 (B7)) mapped to 125 alignment positions and
covered ~24% of the proteome length. Many of the epitopes showed a propensity to co-localize at select positions of
the alignment. Thirty (30) of the mapped positions were completely conserved and may be attractive for vaccine design.
The remaining (95) positions had one or more epitopes, with or without non-epitope variants. A significant number (24)
of the putative epitopes matched reported experimentally validated HLA ligands/T-cell epitopes of A2, A3 and/or B7
supertype representative allele restrictions. The epitopes generally corresponded to functional motifs/domains and there
was no correlation to localization on the protein 3D structure. These data and the epitope map provide important
insights into the interaction between EBOV and the host immune system.
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Background
Ebola virus disease (EVD) or Ebola haemorrhaging fever,
although not as commonly spread as influenza, is more
often deadly once contracted, and thus, making it one of
the most fatal diseases encountered by mankind [1]. The
recent 2014 Ebola epidemic was the largest in recorded
history. According to the United States Centers for Dis-
ease Control and Prevention, there were a total of
11,965 confirmed Ebola cases, including 6446 fatalities
as of July 8, 2015 [2]. Although the epidemic primarily
affected West Africa, it has the potential to spread to
other parts and outside of Africa. The causative agent of
the disease is the Ebolavirus (EBOV), a member of the
Filoviridae family. Ever since the EBOV was first disco-
vered in 1976 [1], EVD has claimed the lives of many,
especially during the several outbreaks throughout the
years. Among the five species of the EBOV, Zaire ebola-
virus (ZEBOV) is observed to account for the highest
mortality rate among EVD patients [3, 4]. Although
vaccine studies had over the years achieved milestones
in identifying trial candidates at various phases [5], an
effective vaccine against EBOV for human usage is
currently not publicly available.
The adaptive immune response (both humoral and

cellular) plays a key role in protection against viral
pathogens [6]. The cellular T-cell responses, involving
both the CD4+ and CD8+ T cells, have been impli-
cated to be important in providing protection against
the EBOV [7]. Notably, the EBOV proteins GP and
NP have been known to stimulate T-cell responses.
Immunization with adenoviral vectors (AdV) encoding
the GP and NP stimulated the induction of effective
protection in nonhuman primates [8]. T-cell epitopes,
immunogenic peptides presented by the human
leukocyte antigen (HLA) molecules as targets of
cellular immune responses, are critical elements for
protection against pathogens. CD4+ T-cell epitope
presentation is necessary for humoral antibody pro-
duction by B cells during the breach of the immune
system. Sequence changes in the epitopes (antigenic
variation), even of a single amino acid, can result in
viral escape from immune recognition [9–11]. There-
fore, mapping targets of immune responses among
the sequence of viral proteins is an important first
step towards understanding the immune responses to
viral variants and can aid in the identification of
vaccine targets.
A challenge in identifying T-cell epitopes is the high

polymorphism of HLA, recognised as the most poly-
morphic human loci [12]. As of January 2016, there were
more than 14,000 HLA alleles reported for the human
population [13]. Notably, it was discovered that certain
HLA molecules share similar peptide binding specificity
and can be classified into groups termed as HLA

supertypes [14]. T-cell epitopes promiscuous to multiple
alleles of a supertype are the best targets to map and
study because they are applicable to a large proportion
of the human population [15] by providing an extensive
coverage across different ethnicities [14]. In fact, a cock-
tail vaccine with peptides relevant to just three of the
HLA supertypes (A2, A3 and B7) can cover ~86% of the
human population [14]. Although many experimentally
confirmed HLA ligands of ZEBOV have been reported,
only a limited number of human T-cell epitopes are
known [16]. Bioinformatics tools for predictions of
HLA-binding peptides have been proven to minimize
the cost and time for experimental T-cell epitope
mapping [17]. These tools utilize a plethora of advanced
algorithms for the prediction of HLA binding peptides
[17–20], and allow the prediction for a wide range of
HLA alleles. Prediction in the context of HLA super-
types is offered by a number of the tools, such as Hot-
spot Hunter [21], MAPPP [22], MULTIPRED2 [23],
PEPVAC [24], and NetMHC [25], among others. Earlier
studies had elucidated putative T-cell epitopes of individ-
ual EBOV proteins [26–30] by use of bioinformatics
tools, such as SYFPEITHI [26, 29], BIMAS [28, 29],
IEDB [26, 29], NetMHCcons [30], NetChop [30],
NetCTL [27], NetCTLpan [29], NetMHCpan [26] and
NetMHCIIpan [30]. However, the identification and ana-
lyses of T-cell epitopes from the complete ZEBOV
proteome, especially in the context of HLA-supertype
restriction and application of prediction on multiple
aligned sequences has thus far remained limited; existing
studies [26, 27, 31–33] either do not cover all the
proteins or all available sequences of the proteins, with
limited or no antigenic diversity analysis across the
sequences.
Herein, we applied a computational approach to map

and analyse putative HLA supertype-restricted T-cell
epitopes of ZEBOV, the most pathogenic species among
the EBOV family. The epitopes were predicted for all
representative HLA alleles of supertypes A2, A3 and B7,
which provide a high coverage of the human population
and are applicable to the major ethnic groups including
those from Africa (Caucasian, 83%; North American
Blacks, 86.1%; Japanese, 87.5%; Chinese, 88.4%; Hispanic,
86.3%; African, 75.1%) [14, 34]. The diversity of the en-
tire ZEBOV proteome, including the mapped epitopes
(antigenic diversity) were determined and analysed.
Additionally, the putative epitopes were compared with
reported experimentally confirmed epitopes.

Materials and methods
Data collection
Ebola protein sequences (as of April 2016) were col-
lected through the National Center for Biotechnology
Information (NCBI) Taxonomy database [35] by use of
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the taxonomy identifier (ID) “186538” for Zaire ebola-
virus species. This species has been observed to have the
highest mortality among human population compared to
the other species of the virus, namely Sudan ebolavirus,
Tai Forest ebolavirus (originally Côte d’Ivoire ebolavirus),
Reston ebolavirus, and Bundibugyo ebolavirus [36].

Data processing: Cleaning and grouping
The ZEBOV genome consists of a single-stranded negative
sense RNA, which is approximately 19 kb long, and
encodes for nine proteins, namely glycoprotein (GP), non-
structural soluble glycoprotein (sGP), second secreted
glycoprotein (ssGP), nucleoprotein (NP), virion structural
proteins (VP40, VP35, VP30, VP24), and RNA-dependent
RNA polymerase (L). Reference sequences for each pro-
tein were obtained from the NCBI RefSeq Database [37]
(NP: NP_066243.1; VP35: NP_066244.1; VP40: NP_066
245.1; GP: NP_066246.1; sGP: NP_066247.1; ssGP:
NP_066248.1; VP30: NP_066249.1; VP24: NP_066250.1;
L: NP_066251.1). The protein sequences downloaded
through the NCBI Taxonomy Database were used to build
a local searchable BLAST [38] database. Each RefSeq ref-
erence protein sequence was used as a query for a BLAST
search against the database to extract and group se-
quences of the protein. The BLAST results were manually
inspected to remove irrelevant hits, which included non-
EBOV fragments and non-ZEBOV protein sequences.
Moreover, the inspection revealed that some sequences
were polyprotein, which included sequences of the imme-
diate neighbouring protein. For example, a number of the
NP sequences contained fragments of VP35 and vice
versa. Thus, VP35 fragments in NP sequences were re-
moved and added to the collection of VP35 dataset, and
vice versa. Full-length and partial duplicate sequences
(100% identity) of each protein were removed from the
dataset. The related GP protein sequences (GP, sGP and
ssGP) were split into two parts with respect to the length:
the first 295 amino acids were a common region, and
thus, were referred to as the “Pre-295 All GP”; the
remaining part differed in length between the three GP
proteins due to different reading frame translation [39],
and thus were accordingly referred to as “Post-295 GP”,
“Post-295 sGP”, and “Post-295 ssGP” (was not studied as
it consisted of only less than 5 amino acids). All the GP
parts were collectively referred to as “All GP”. Protein se-
quences were aligned by use of ClustalOmega [40] (default
settings) and manually inspected for misalignments.

Diversity of ZEBOV proteome
The diversity of ZEBOV proteome was measured by use
of Shannon’s entropy [41–43]. This was done for
overlapping nonamers (1–9, 2–10, etc.) of the aligned
sequences of each protein. Window size of nine was
chosen for immunological applications [41, 42]: it is the

typical length of HLA class I T-cell epitopes and the
core length of the HLA class II epitopes. The entropy of
a given nonamer position (x) in a sequence alignment is
defined as:

H xð Þ ¼ −
Xn xð Þ

i¼1

p i; xð Þ log2p i; xð Þ

where p(i, x) represents the probability of a particular
nonamer peptide i at position x. The entropy value in-
creases as the total number of peptides, n(x), present at
the position x increases. The entropy value drops in
cases where a certain peptide is dominant at the position
x. Highly conserved regions yield low entropy values,
approaching zero when there is a complete (100%) con-
servation. Only nonamer peptides of valid amino acids
at position x were analyzed. Nonamers containing gaps
were ignored in the calculation of the entropy. The en-
tropy bias is inversely proportional to the sample size N
[44], where as N increases to ∞, bias reduces, ap-
proaching zero. Given the finite number of sequences
studied, a correction to the estimation of the entropy
value at a nonamer position x was performed by ran-
domly sampling N into smaller datasets of sequences.
Entropy values were computed for all the datasets and
then plotted against 1/N. Extrapolating the linear regres-
sion of the entropy values by using line of best fit to 1/N
of zero will yield the estimated entropy at position x
when N is large (approaching ∞).

Identification of known EBOV HLA ligands or T-cell
epitopes
Experimentally validated MHC ligands or T-cell epitopes
for EBOV were obtained from the Immune Epitope
Database and Analysis Resource (IEDB) (as of January
2017). All linear human T-cell epitopes relevant to
EBOV from positive assays, such as T cell assays or HLA
(human MHC) ligand assays, were downloaded, ana-
lysed, and compared with the predicted epitopes.

Prediction of T-cell epitopes within the ZEBOV proteome
T-cell epitopes were predicted by use of a local copy of
NetCTLpan 1.1 [45], with default parameters. The
method integrates prediction of various stages of the
antigen processing pathway: MHC class I peptide bind-
ing (by use of artificial neural networks; ANN), protea-
somal C terminal cleavage (ANN) and TAP transport
efficiency (weight matrix). The predictive performance
of the NetCTLpan has been reported to outperform
other state-of-the-art class I epitope prediction methods
[46]. Prediction was done for peptide length of nine and
for the representative alleles of the supertypes A2
(A*0201, A*0202, A*0203, A*0204, A*0205, A*0206,
A*0207, A*0214, A*0217, A*6802, A*6901), A3 (A*0301,

Lim and Khan BMC Genomics 2018, 19(Suppl 1):42 Page 19 of 160



A*1101, A*3101, A*3301, A*3303, A*6601, A*6801,
A*7401), and B7 (B*0702, B*0703, B*0705, B*1508,
B*3501, B*3503, B*4201, B*5101, B*5102, B*5103,
B*5301, B*5401, B*5501, B*5502, B*5601, B*6701,
B*7801). Since a peptide may not be predicted as an epi-
tope for every representative allele of a supertype, a 50%
cut-off was set to determine a putative supertype-
specific epitope (i.e. peptides predicted as epitopes for at
least half of the representative alleles were selected). The
A2, A3 and B7 supertypes were chosen because they are
reported to provide a wide population coverage (86%)
[14] and are relevant to African and other ethnicities.
An epitope frequency table for each protein was created
from the non-redundant list of predicted supertype-
specific epitopes. These were then mapped to the
respective protein alignments for an overview of the epi-
tope distributions and identification of possible hotspots
(a cluster of at least three or more overlapping epitopes)
[47]. Putative epitopes that were interleaved by one or
more gaps in the alignment or those that contained un-
known amino acid “X” were excluded from any analysis.

Antigenic diversity of putative supertype-specific T-cell
epitopes
All sequences at each of the mapped, putative epitope
alignment positions were extracted and analysed for
antigenic diversity. The different epitope and non-
epitope sequences at the position and their individual
frequency were noted. The entropy of the position, indi-
vidual frequency of the putative epitope sequences ver-
sus the non-epitope sequences and the amino acid

substitutions between the putative epitope sequences at
the same position were assessed.

Functional and structural analyses of the predicted
epitopes
The known and putative structural and functional prop-
erties of the predicted epitopes were searched in the lit-
erature and by use of Pfam [48], InterPro [49], and CDD
databases [50]. Where possible, the sequences were
mapped onto the three-dimensional (3-D) structures of
available ZEBOV antigen in the PDB database [51] by
use of Molsoft ICM Browser.

Results
ZEBOV protein sequence dataset
A total of 14,113 Zaire ebolavirus protein sequences
were retrieved from the NCBI Taxonomy Database. This

Table 1 Number and distribution of redundant and non-
redundant ZEBOV sequences

Protein Redundant
sequences

Non-redundant
sequences

Sequence
reduction (%)a

NP 1714 208 87.86

VP35 1753 125 92.86

VP40 1714 109 93.64

All GP 3827 353 90.78

VP30 1665 66 96.03

VP24 1715 69 95.97

L 1710 342 80.00

Total 14,098 1272 90.97
aRounded to two decimal places

Fig. 1 Protein sequence diversity of ZEBOV proteome. Shannon’s entropy was used as a general measure of protein sequence diversity for each
aligned nonamer (nine amino acids) position (1–9, 2–10, etc.) of ZEBOV proteins. The x-axis represents the position along the length of the protein and
the y-axis represents the entropy value, which is indicative of the level of variability at the corresponding nonamer positions, with a zero representing
completely conserved sites and high entropy values of more than 1 marking diverse sites. “Post-295 ssGP” is not shown because it was not analysed
(see Methods)
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included 19 non-ZEBOV sequences, which were re-
moved, and four polyprotein sequences (see Methods),
which provided additional four sequences, and thus,
resulting in a total of 14,098 relevant sequences. The re-
moval of duplicate sequences reduced the number of se-
quences by ~91% to 1272: 208 (NP), 125 (VP35), 109
(VP40), 353 (GP, sGP, ssGP), 66 (VP30), 69 (VP24) and
342 (L) (Table 1). VP30 had the most redundant se-
quences (~96%), while L had the least (~80%).

Diversity of ZEBOV proteome
The entropy of the proteins ranged from 0 to ~1.2
(Fig. 1), with numerous regions of low entropy, indicat-
ing that the viral proteome is generally highly conserved
(average proteome-wide entropy of 0.16; Additional file 1).
Among the proteins, the most diverse was “Post-295
sGP” (average entropy of 0.51), while the most con-
served was L (average entropy of 0.08). The “Post-295
GP” had the second highest average entropy (0.36), but
included some of the most diverse positions of the
proteome. Approximately 40% of the nonamer positions
of L were completely conserved (zero entropy). The vir-
ion structural proteins (VP40, VP35, VP30, and VP24)
generally had low entropy regions interspersed by rela-
tively high entropy positions. The nucleoprotein (NP)
and “Pre-295 All GP” showed a similar pattern, with
relatively diverse positions at the N- and C-termini and
low entropy regions in the centre.

Experimentally validated HLA ligands and T-cell epitopes
of ZEBOV
A total of 840 HLA ligands of ZEBOV, of which three
are T-cell epitopes, have been experimentally mapped
and reported in the IEDB (Additional file 2). All the nine
ZEBOV proteins have been mapped of T-cell epitopes/
HLA ligands (Table 2), and are chiefly reported for NP
and “All GP”, and they thus appear to be most immuno-
genic; these two proteins are also most packed with re-
ported epitopes over the length. As many as 43 HLA
alleles have been investigated and of these 11 are repre-
sentative alleles of the A2 (HLA-A*02:01, HLA-A*02:03,
HLA-A*02:06, HLA-A*68:02, HLA-A*69:01), A3 (HLA-
A*03:01, HLA-A*11:01, HLA-A*31:01), and B7 (HLA-
B*07:02, HLA-B*35:01, HLA-B*51:01) supertypes studied
herein. Notable alleles that have been validated by a
large number of reported studies are the HLA-A*02:01
(A2 supertype), HLA-A*03:01 (A3), HLA-A*11:01 (A3)
and HLA-B*07:02 (B7). None of the HLA ligands were
tested for at least half of the representative alleles of the
A2, A3, and B7 supertypes, however, 111 appeared to be
promiscuous to two or more of the representative alleles
of at least one of the three supertypes.

Table 2 Number of reported experimentally mapped human
T-cell epitopes/HLA ligands of ZEBOV by protein and alleles
Protein/HLA allelea NP VP35 VP40 “All GP” VP30 VP24 L Total

HLA-A*01:01 29 – – 15 1 2 3 50

HLA-A*02:01 412 – 2 362 1 2 9 788

HLA-A*02:03 – – – – – – 1 1

HLA-A*02:06 – – – – – – 1 1

HLA-A*03:01 116 – 2 94 1 2 1 216

HLA-A*03:19 – – – – – – 1 1

HLA-A*11:01 145 – 1 132 1 – 1 280

HLA-A*23:01 – – – – – – 2 2

HLA-A*24:02 289 – 1 272 – 1 4 567

HLA-A*24:03 1 – 1 – – 1 5 8

HLA-A*26:01 2 – 1 3 – 1 5 12

HLA-A*26:02 – – – – – – 2 2

HLA-A*26:03 – – – – – – 1 1

HLA-A*30:01 – – – – – – 2 2

HLA-A*31:01 – 1 – 3 1 – 2 7

HLA-A*32:07 – – – 1 – – – 1

HLA-A*32:15 – – – 1 – – – 1

HLA-A*68:02 – – – – – – 3 3

HLA-A*68:23 – – – 1 – – – 1

HLA-A*69:01 – – – – – – 2 2

HLA-B*07:02 75 1 2 76 1 2 4 161

HLA-B*08:01 70 – 1 44 1 1 – 117

HLA-B*15:01 144 3 4 85 1 3 7 247

HLA-B*15:17 – – – – – – 3 3

HLA-B*15:42 – – 1 1 – – 2 4

HLA-B*27:05 1 – 1 2 1 1 2 8

HLA-B*35:01 4 – 3 1 2 1 9 20

HLA-B*39:01 2 – – 1 – 1 4 8

HLA-B*40:01 4 – 2 5 1 2 4 18

HLA-B*45:06 – – 1 1 – – 2 4

HLA-B*46:01 – – – – – – 1 1

HLA-B*51:01 1 – – – – – – 1

HLA-B*57:01 – – – – – – 1 1

HLA-B*58:01 2 1 1 3 1 1 5 14

HLA-B*83:01 – – 1 1 – – 2 4

HLA-C*03:03 1 – – 1 – – 1 3

HLA-C*04:01 – – 1 1 – – 2 4

HLA-C*05:01 – – – – – 1 – 1

HLA-C*06:02 1 – – – – – 2 3

HLA-C*07:02 – – – – – – 1 1

HLA-C*12:03 – 1 – – – – – 1

HLA-C*14:02 – – – – – 1 1 2

HLA-C*15:02 – – – – – – 1 1

TOTAL 1299 7 26 1106 13 23 99 2573

The number is larger than 840 HLA ligands reported because an allele was
often studied for more than allele. a Representative alleles are in bold
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Potential T-cell epitopes and hotspots within ZEBOV
proteome
A total of 185 epitopes were predicted for the three
HLA-supertypes: 82 (A2), 37 (A3) and 66 (B7) (Add-
itional files 3 and 4). Notably, L was highly enriched (the
percentage of the proteome-wide predicted epitopes that
are found in a given protein; the number of epitopes
found in a protein divided by the total number of prote-
ome predicted epitopes, converted as a percentage) of
the epitopes (~53%), while “Post-295 sGP” (~3%) had
the least. Many of the epitopes were localized at the
same position as the others, resulting in a reduction to
125 epitope positions (Fig. 2): NP (12), VP35 (4), VP40
(14), “Pre-295 All GP” (4), “Post-295 GP” (10), “Post-295
sGP” (2), VP30 (6), VP24 (6) and L (67). It was not L,
but VP40 which was most packed (the percentage of the
length of the protein spanned by the predicted epitopes
over the total length of the protein) with epitopes over
the protein length, while “Post-295 sGP” had the least.
Mapped epitope alignment positions generally showed

low entropy, ranging from 0 at multiple locations to 0.93

(position 367 of GP). A majority (119/125) of the positions
were highly conserved, with entropy <0.5 (Additional file 4).
Eighty (80) of the alignment positions from “Post-295
GP”, VP30, and L corresponded to reported functional
motifs/domains (Additional file 4). The structural
localization of 38 of the epitopes from NP, VP35, VP40,
“Pre-295 All GP”, “Post-295 GP”, VP 30 and VP24 was
largely (24) partially exposed, 11 exposed and three buried
at the surface of the corresponding PDB structures.
A number of the putative A2 supertype epitopes clus-

tered to form hotspots: L protein, 1464-LLYSFGAFV
SYYL-1476 and 1487-TLDNFLYYLTTQIHNL-1503. None
of the putative epitopes were predicted for more than one
supertype.
Twenty-four of the putative epitope sequences (12

completely conserved) matched reported experimentally
validated HLA ligands/T-cell epitopes of A2, A3 and/or
B7 supertype representative allele restrictions (Table 3).
Eleven (11) of these putative epitopes were predicted for
A2 supertype, five for A3 and eight for B7. At least one
representative allele had been experimentally tested for

Fig. 2 ZEBOV proteome map of putative HLA A2-, A3-, and B7-supertype-specific epitopes. The width of the boxes corresponds to the length of the
proteins. Vertical lines represent the first amino acid of the putative epitopes and marked with * are such epitopes that overlapped experimentally
validated HLA T-cell epitopes/HLA ligands
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each putative epitope, with as many as two (predicted
for A2), five (A3), and four (B7) putative epitopes
appearing to be promiscuous empirically for A2 (experi-
mentally tested with two alleles), A3 (two alleles) and B7
(two or three alleles for a peptide) supertypes,
respectively.

Antigenic diversity of putative HLA supertype-specific T-
cell epitopes
Thirty (30) of the 125 mapped positions had a single
putative epitope each that was completely conserved
among all the sequences (100% incidence) and may
be attractive for vaccine design (Table 4). The
remaining (95) positions had one or more putative
epitopes, with or without non-epitope variants (Fig. 3).
The majority (57) of these exhibited a dominant puta-
tive epitope sequence (~88-99% incidence), while the
other positions (38) comprised of only low incidence
putative epitopes (< 1 - ~ 9% each), dominated by a
single non-epitope variant (~86-99%), and often ac-
companied by other low incidence non-epitope vari-
ants (< 1 - ~8%).
Thirty-nine (39) of the 125 epitope positions had

more than one putative epitope to allow comparison of
acceptable substitution (i.e. positions with a completely
conserved epitope or only one epitope were not in-
cluded in this analysis). Such positions had two to as
many as five epitope sequences (only two positions had
five: VP35312 and VP40316); the dominant (% incidence)
among the putative epitope sequences at the pos-
ition served as the reference sequence. A total of 46
distinct amino acid substitutions (irrespective of the
amino acid positions in the nonamer) were observed
between the putative epitopes at these positions (Add-
itional file 4; Fig. 4): 18 for A2, 8 for A3 and 20 of B7.
All of the epitopes exhibited only one amino acid sub-
stitution in the sequence, except seven that had two
substitutions each over the epitope length and six with
at least three substitutions each over the epitope length
(Additional file 5). The most common substitution was
between Alanine (A) and Threonine (T) for A2, Alanine
(A) and Threonine (T), Arginine (R) and Lysine (K),
and Isoleucine (I) and Threonine (T) for A3, and Iso-
leucine (I) and Valine (V) for B7 (Fig. 4). Peptide amino
acid positions with the most number of substitution
were position 6 (14 substitutions), followed by position
7 and 9 (both with 10 substitutions) (Additional file 5).
Position 2 showed only two substitutions (Leucine (L)
to Methionine (M) and Alanine (A) to Threonine (T))
for A2 supertype (Fig. 4), and none for the others (al-
though no substitution, the following amino acids were
observed at position 2 (Additional file 5): Threonine
(T)/Alanine (A)/Leucine (L)/Glutamine (Q)/Valine (V)/
Serine (S) for A3 and Proline (P)/Alanine (A) for B7).
Several of the putative epitopes were tolerant to mul-
tiple amino acid substitutions. Notably, position 312 of
VP35 and 316 of VP40 each had a dominant B7 puta-
tive epitope sequence with four other sequences, where
each had at least one amino acid difference to the dom-
inant putative epitope, but all were predicted to be B7
supertype epitopes despite the antigenic variation.

Table 3 Reported human T-cell epitopes/HLA ligands of ZEBOV
that matched the predicted epitopes

Protein Sequence NetCTLpan
supertype
prediction

Antigen specific
T-cell response

HLA alleles assessed

NP IPVYQVNNL B7 B7: HLA-B*07:02

RLEELLPAV A2 A2: HLA-A*02:01

FLSFASLFL A2 A2: HLA-A*02:01

HPLARTAKV B7 B7: HLA-B*07:02,
HLA-B*35:01,
HLA-B*51:01

GLFPQLSAI A2 A2: HLA-A*02:01

FPQLSAIAL B7 A2: HLA-A*02:01
B7: HLA-B*07:02

QTNAMVTLR A3 A3: HLA-A*03:01,
HLA-A*11:01

KLTEAITAA A2 A2: HLA-A*02:01

VP40 LPQYFTFDL B7 B7: HLA-B*07:02,
HLA-B*35:01

FTFDLTALK A3 A3: HLA-A*03:01,
HLA-A*11:01

“Pre-295 All GP” ILFQRTFSI A2 A2: HLA-A*02:01
A3: HLA-A*03:01,
HLA-A*11:01

FLLQLNETI A2 A2: HLA-A*02:01

“Post-295 GP” MASENSSAM B7 A2: HLA-A*02:01
B7: HLA-B*07:02

LITNTIAGV A2 A2: HLA-A*02:01

LANETTQAL B7 B7: HLA-B*07:02,
HLA-B*35:01

RTFSILNRK A3 A2: HLA-A*02:01
A3: HLA-A*03:01,
HLA-A*11:01

KAIDFLLQR A3 A2: HLA-A*02:01
A3: HLA-A*03:01,
HLA-A*11:01

VP24 VLSDLCNFL A2 A2: HLA-A*02:01

L IISDLSIFI A2 A2: HLA-A*02:01,
HLA-A*69:01

LLADGLAKA A2 A2: HLA-A*02:01,
HLA-A*69:01

HSGFIYFGK A3 A3: HLA-A*11:01,
HLA-A*31:01

KLINTLFHA A2 A2: HLA-A*02:01

TPVMSRFAA B7 B7: HLA-B*07:02,
HLA-B*35:01

KPTFKHASV B7 B7: HLA-B*07:02
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Discussions
In this study, we mapped and analysed putative HLA-
A2, -A3, and -B7 supertype-restricted T-cell epitopes of
ZEBOV, the most pathogenic species among the EBOV
family. The large number of ZEBOV sequences (14,098)
analysed, isolated from different geographical regions of
Africa and from as early as 1992, offered information for
a broad survey of EBOV protein diversity in nature and
their relevance as targets of immune responses.
Although a large number of ZEBOV sequences are re-
ported in the NCBI Protein Database, only ~9% were
non-redundant. The redundant sequences were present

in each of the protein datasets at about relatively similar
levels, with no specific preference for any of the protein.
Analysis of the duplicate sequence records showed dif-
ference in data for the geographical location, isolate and/
or biosample fields. This is likely a result of ebola sur-
veillance programs that end up identifying largely identi-
cal or highly similar circulating isolates. Although to
some extent the redundancy may be accepted as a
reflection of the incidence of the corresponding EBOV
isolates in nature, the analysis was performed on the
non-redundant dataset to minimize sampling bias. How-
ever, this introduces potential bias in the entropy values.
Removal of duplicate protein sequences will reduce the
number of nonamer sequences for all positions of the
proteome, and thus increasing the entropy value of each
position, the degree of which depends on the number of
duplicates removed. The entropy bias was minimized
through the correction to the estimation of entropy for
large data size.
Entropy analysis revealed that ZEBOV proteome is

generally conserved, despite the relatively long evolu-
tionary history of the virus, with reported data of isolates
between 1992 and 2016. The lethal nature of the virus to
the host and the limited geographical spread of the virus
may be contributing factors to the low variability of the
virus. As a comparison, the diversity of ZEBOV prote-
ome (max. Entropy of 1.2) is on the lower side compared
to other RNA viruses, such as West Nile virus (max. En-
tropy of ~2) [42], dengue virus (4 subtypes; max. En-
tropy of ~4) [41], influenza A virus (subtype: H1N1;
max. Entropy ~3) [43] and human immunodeficiency
virus 1 (clade B; max. Entropy of ~9) [52]. Like most
RNA viruses, the functionally critical L protein, which
serves as the replication agent (polymerase) of the
virus [53], was most conserved, while the surface
glycoprotein GP, which mediates viral entry into the
host [53] and is target of immune recognition [53],
was most diverse.
The availability of reliable computational tools with

good reported prediction capability enable systematic
screening of candidate T-cell epitopes from larger sets
of protein antigens, such as those encoded by
complete viral genomes. Putative T-cell epitopes for
HLA-A2, -A3, and -B7 supertypes were mapped onto
the aligned non-redundant sequences of each ZEBOV
protein. Notably, it was observed that the putative
epitopes had a propensity to co-localize at select posi-
tions of the protein multiple sequence alignment. This
preferential localization of the epitopes indicates that
they are structural in nature, though the individual
epitope sequences may vary (i.e. structure conserva-
tion maintained). A similar observation has been
made in other studies, such as localization of T-cell
epitope clusters to exposed strands of HIV envelope

Table 4 Candidate vaccine targets for ZEBOV. These are
completely conserved sequences and predicted to be HLA
supertype-restricted

Protein Position Epitope Supertype
specificity

NP 150 FLSFASLFL A2

265 HPLARTAKV B7

311 GLFPQLSAI A2

313 FPQLSAIAL B7

404 KLTEAITAA A2

VP40 73 FILEAMVNV A2

"Post-295 GP" 580 RTFSILNRK A3

588 KAIDFLLQR A3

667 ALFCICKFV A2

VP30 171 LTLCAVMTR A3

L 45 KLPKHIYRL A2

293 KIIKFLEPL A2

409 CVFKYSIAK A3

568 YPTRNVQTL B7

580 LLADGLAKA A2

780 TSACGIFLK A3

786 FLKPDETFV A2

795 HSGFIYFGK A3

999 KLINTLFHA A2

1024 TPVMSRFAA B7

1316 FQNVINYAV A2

1208 KPKCPSAAL B7

1453 TTHFLTYPK A3

1494 YLTTQIHNL A2

1511 KPTFKHASV B7

1816 KLDEVLWEI A2

1979 APFFATGYL B7

2004 LTNFLSTTR A3

2192 KLIERLTGL A2

2202 SLFPDGLYR A3
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glycoprotein (clades B and D) [54] and localization of
myoglobin T-cell epitopes at the N-terminus of differ-
ent myglobin fragments [55]. This was also observed
extensively among the sequences of dengue serotypes,
the preferential localization of which even extended
to other flaviviruses [56]. A likely explanation of such
an extensive conserved localization may be that the
physical location of the peptide within the native
protein leads to differential antigenic processing and
consequent epitope selection [54]. Preferential
localization of epitopes across multiple aligned se-
quences of a protein of a viral species, which extends
to variant sequences of homologous proteins of other

species with similar genomic architecture has import-
ant implications for epitope-based vaccine design and
merits further investigation. This is because the con-
served localization may allow design of vaccines that
target multiple viral species and provide broad cover-
age of variants within each species, but may also be a
cause for concern of altered-peptide ligand effects
[57]. Additionally, the preferential localization can fa-
cilitate mapping of immune targets in novel variants
by focusing on such regions.
Experimental measurements as validation of compu-

tational predictions are necessary for accurate inter-
pretation of results. Computational models that are

Fig. 3 Antigenic diversity of mapped epitope alignment positions. Stacked bars were plotted based on the incidence rate (y-axis) of sequences at
the alignment positions (x-axis). Colored in orange were the epitopes, while white were non-epitope sequences. Completely conserved epitope
positions are not shown
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valid, relevant, and properly assessed for accuracy are
useful for planning of complementary laboratory ex-
periments [17, 58]. The prediction system NetCTL-
pan, which was used herein to predict HLA-A2, -A3,
and -B7 supertype-restricted epitopes has been trained
and rigorously tested using experimentally known
peptides [45]. The tool takes an integrative approach
of modelling various aspects of the antigen processing
and presentation pathway, and the predictive perform-
ance has been shown to surpass other state-of-the-art
class I epitope prediction methods. Experimentally
validated T-cell epitopes/HLA ligands reported in the
public database allow assessment of the reliability of
the predictions. Although a large number (840) of hu-
man T-cell epitopes/HLA ligands of ZEBOV have
been reported, none of them were experimentally

tested for more than half of the supertype representa-
tive alleles. Nonetheless, 11 of the putative epitopes
appeared to be promiscuous empirically for at least
one of the three supertypes.
All the nine ZEBOV proteins have been experimentally

mapped of T-cell epitopes/HLA ligands, with a majority
reported for NP and “All GP” (primarily the structural GP;
not soluble sGP and small soluble ssGP). The putative
HLA-A2, -A3, and -B7 supertype-restricted epitopes were
predicted herein for each of the ZEBOV proteins. In con-
trast to the experimental data, which did not include any
supertype-restricted epitopes, L was highly enriched and
VP40 was most packed with putative epitopes over the
protein length. The structural GP has become the main
focus in many research efforts as it is the only known pro-
tein on the surface of the virus, which is presumed to

Fig. 4 Matrix of amino acid substitutions observed within the putative epitope peptides of A2 (panel a), A3 (panel b) and B7 (panel c)
supertypes. Only positions that had more than one putative epitope were considered; the dominant (% incidence) among the putative epitope
sequences at the position served as the reference to identify the mutations. Numbers: Substitution frequency, with the peptide amino acid
position where the substitution occurred shown in bracket; Dash “-”: No substitution
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mediate the viral entry into host cells [53]. Thus, interfer-
ing with the viral entry into the host cells may be the earli-
est protection step against EBOV. Non-structural, soluble
glycoprotein, sGP, is proposed to be an efficient binder
onto antibodies capable of recognizing membrane-bound
GP. The major ribonucleoprotein, NP, aggregates with
VP30 to form a complex with VP35 and L which then in-
teracts with the viral genomic RNA to create the nucleo-
capsid of the EBOV. The proteins VP35 and L are
responsible for the transcription and replication of the
EBOV genome [53]. The VP35 is an interferon (IFN) an-
tagonist that blocks the induction of the antiviral immune
response [53]. The VP40 plays an important role in the
maturation of the virus through the virion assembly
process and is believed to be a potent inhibitor of type I
interferon response [53, 59]. Thirty (30) of the mapped
epitope positions in NP, Post-295 GP, L and VP40 had a
single epitope that was completely conserved among all
the viral sequences (100% incidence). In fact, a majority of
the positions were highly conserved, with an entropy <0.5;
a number of them corresponded to sites critical to viral
structure-function and thus are likely to be evolutionarily
robust. These sequences are candidates for consider-
ation of rational epitope-based vaccine design [60,
61], applicable for the general population and effect-
ive against a spectrum of ebola variants. The adaptive
immune response (both humoral and cellular) plays a
key role in protection against viral pathogens [6]. The
cellular T-cell responses, involving both the CD4+

and CD8+ T cells, have been implicated to be import-
ant in providing protection against the EBOV [7].
Immunization with adenoviral vectors (AdV) encoding
the GP and NP stimulated the induction of effective
protection in nonhuman primates [8].
Thirty-nine (39) of the 125 epitope positions had

more than one epitope to allow a comparison of
acceptable substitution. A total of 46 distinct amino
acid substitutions were observed between the putative
epitopes at these positions: 18 for A2, 8 for A3 and
20 of B7. Several of the putative epitopes were toler-
ant to multiple amino acid substitutions. The amino
acid substitutions reported herein at the critical pep-
tide positions 2 and those in the C-terminus are in
agreement with the amino acids recognised by the
representative alleles of each of the supertypes [62],
however the band of antigenic change that did not
abrogate peptide recognition was narrower for
ZEBOV. Analysis of ZEBOV proteins with an
available 3D structure showed no correlation between
conservation and localization of the epitopes (buried,
partial and exposed), however, the three epitopes ob-
served to be buried were completely conserved. Given
the overall low variability of the virus and that the
substitutions observed appeared to be conservative in

terms of recognition by the supertype alleles, suggests
that epitopes are likely to remain antigenically
conserved in general, with a low likelihood of
immune escape.
The EBOV is markedly one of the most fatal pathogen

and thus far, there are no effective vaccines or therapeutic
measures against them. The data herein offers insights
into ZEBOV diversity, its evolutionary history, and pro-
vides a catalogue of mapped epitopes (experimental and
putative), matrix of acceptable epitope substitutions, and
candidates for rational vaccine design, which are also at-
tractive for a structure-based design of candidate inhibi-
tory compounds, and improvement of the current
diagnostic methods.

Additional files

Additional file 1: Figure S1. Average proteome entropy of each
ZEBOV protein and the complete proteome. The entropy values for each
protein were 0.16 (NP), 0.21 (VP35), 0.15 (VP40), 0.15 (“Pre-295 All GP”),
0.36 (“Post-295 GP”), 0.51 (“Post-295 sGP”), 0.29 (VP30), 0.30 (VP24) and
0.08 (L). “Post-295 ssGP” is not shown because it was not analysed (see
Methods). The average proteome entropy was 0.16. (TIFF 81 kb)

Additional file 2: Table S1. Reported human T-cell epitopes and HLA
ligands of ZEBOV from the Immune Epitope Database and Analysis
Resource (IEDB; as of January 2017). (TIFF 33 kb)

Additional file 3: Table S2. Number of putative HLA-A2, -A3, and -B7
supertype-restricted epitopes of ZEBOV. (TIFF 163 kb)

Additional file 4: Table S3. Sequence diversity at each epitope
position. (TIFF 142 kb)

Additional file 5: Table S4. Substitutions observed between putative
epitopes. Only shown for positions that had more than one putative
epitope, to allow comparison of acceptable substitution. (PDF 229 kb)

Abbreviations
AdV: Adenoviral vectors; EBOV: Ebolavirus; EVD: Ebola virus disease;
GP: Glycoprotein; HLA: Human leukocyte antigen; IEDB: Immune Epitope
Database and Analysis Resource; L: RNA-dependent RNA polymerase;
NP: Nucleoprotein; sGP: Non-structural soluble glycoprotein; ssGP: Second
secreted glycoprotein; VP24: Membrane associated protein;
VP30: Transcription factor; VP35: Polymerase cofactor; VP40: Matrix protein;
ZEBOV: Zaire ebolavirus

Acknowledgements
We would like to thank Dr. Jerome Salmon for his valuable comments and
feedback on this work.

Funding
The research and publication costs were funded by Perdana University. LWC
is funded by the Ministry of Higher Education, Malaysia through the MyBrain
scholarship.

Availability of data and materials
The data that support the findings of this study are available in the
supplementary materials.

About this supplement
This article has been published as part of BMC Genomics Volume 19
Supplement 1, 2018: 16th International Conference on Bioinformatics
(InCoB 2017): Genomics. The full contents of the supplement are
available online at https://bmcgenomics.biomedcentral.com/articles/
supplements/volume-19-supplement-1.

Lim and Khan BMC Genomics 2018, 19(Suppl 1):42 Page 27 of 160

dx.doi.org/10.1186/s12864-017-4328-8
dx.doi.org/10.1186/s12864-017-4328-8
dx.doi.org/10.1186/s12864-017-4328-8
dx.doi.org/10.1186/s12864-017-4328-8
dx.doi.org/10.1186/s12864-017-4328-8
https://bmcgenomics.biomedcentral.com/articles/supplements/volume-19-supplement-1
https://bmcgenomics.biomedcentral.com/articles/supplements/volume-19-supplement-1


Authors’ contributions
Supervised the research: AMK. Data analysis: WCL and AMK. Writing: AMK
and WCL. Review the manuscript: AMK and WCL. Both authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have approved the manuscript for submission.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Published: 19 January 2018

References
1. CDC. About Ebola Hemorrhagic Fever [Internet]. Centers Dis. Control Prev.

2015 [cited 2017 May 8]. Available from: http://www.cdc.gov/vhf/ebola/
about.html.

2. CDC. 2014 Ebola Outbreak in West Africa - Case Counts | Ebola
Hemorrhagic Fever [Internet]. Centers Dis. Control Prev. 2015 [cited 2017
May 8]. Available from: http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-
africa/case-counts.html.

3. Johnson KM, Lange JV, Webb PA, Murphy FA. Isolation and partial
characterisation of a new virus causing acute haemorrhagic fever in Zaire.
Lancet. 1977;1:569–71.

4. Khan AS, Tshioko FK, Heymann DL, Le Guenno B, Nabeth P, Kerstiëns B,
et al. The reemergence of Ebola hemorrhagic fever, Democratic Republic of
the Congo, 1995. Commission de Lutte contre les Epidémies à Kikwit. J
Infect Dis. 1999;179(Suppl):S76–S86.

5. Henao-Restrepo AM, Camacho A, Longini IM, Watson CH, Edmunds WJ,
Egger M, et al. Efficacy and effectiveness of an rVSV-vectored vaccine in
preventing Ebola virus disease: final results from the Guinea ring
vaccination, open-label, cluster-randomised trial (Ebola Ça Suffit!). Lancet.
2017;389:505–18.

6. Sullivan N, Yang Z-Y, Nabel GJ. Ebola virus pathogenesis: implications for
vaccines and therapies. J Virol. 2003;77:9733–7.

7. Warfield KL, Olinger G, Deal EM, Swenson DL, Bailey M, Negley DL, et al.
Induction of humoral and CD8+ T cell responses are required for protection
against lethal Ebola virus infection. J Immunol. 2005;175:1184–91.

8. Sullivan NJ, Geisbert TW, Geisbert JB, Xu L, Yang Z, Roederer M, et al.
Accelerated vaccination for Ebola virus haemorrhagic fever in non-human
primates. Nature. 2003;424:681–4.

9. Zeng L, Kurane I, Okamoto Y, Ennis FA, Brinton MA. Identification of amino
acids involved in recognition by dengue virus NS3-specific, HLA-DR15-
restricted cytotoxic CD4+ T-cell clones. J Virol. 1996;70:3108–17.

10. Price DA, Paul UM, Purbhoo MA, Phillips RE, Sewell AK. The influence of
antigenic variation on cytotoxic T lymphocyte responses in HIV-1 infection.
J Mol Med. 1998;76:699–708.

11. Zivny J, DeFronzo M, Jarry W, Jameson J, Cruz J, Ennis FA, et al. Partial
agonist effect influences the CTL response to a heterologous dengue virus
serotype. J Immunol. 1999;163:2754–60.

12. Williams TM. Human leukocyte antigen gene polymorphism and the
histocompatibility laboratory. J Mol Diagn. 2001;3:98–104.

13. HLA Nomenclature [Internet]. 2017 [cited 2017 Jul 21]. Available from:
http://hla.alleles.org/alleles/index.html

14. Sette A, Sidney J. Nine major HLA class I supertypes account for the
vast preponderance of HLA-A and -B polymorphism. Immunogenetics.
1999;50:201–12.

15. De Groot AS. Immunomics: discovering new targets for vaccines and
therapeutics. Drug Discov Today. 2006;11:203–9.

16. Vita R, Overton JA, Greenbaum JA, Ponomarenko J, Clark JD, Cantrell JR,
et al. The immune epitope database (IEDB) 3.0. Nucleic Acids Res. 2015;
43:D405–12.

17. Brusic V, Bajic VB, Petrovsky N. Computational methods for prediction of
T-cell epitopes—a framework for modelling, testing, and applications.
Methods. 2004;34:436–43.

18. Zhang GL, Khan AM, Srinivasan KN, August JT, Brusic V. Neural models for
predicting viral vaccine targets. J Bioinforma Comput Biol. 2005;3:1207–25.

19. Lin HH, Zhang GL, Tongchusak S, Reinherz EL, Brusic V. Evaluation of MHC-I
peptide binding prediction servers: applications for vaccine research. BMC
Bioinformatics. 2008;9 Suppl 12:S22.

20. Lin HH, Zhang GL, Tongchusak S, Reinherz EL, Brusic V. Evaluation of MHC-II
peptide binding prediction servers: applications for vaccine research. BMC
Bioinformatics. 2008;9 Suppl 12:S22.

21. Zhang GL, Khan AM, Srinivasan KN, Heiny A, Lee K, Kwoh CK, et al. Hotspot
Hunter: a computational system for large-scale screening and selection of
candidate immunological hotspots in pathogen proteomes. BMC
Bioinformatics. 2008;9 Suppl 1:S19.

22. Hakenberg J, Nussbaum AK, Schild H, Rammensee H-G, Kuttler C, Holzhütter
H-G, et al. MAPPP: MHC class I antigenic peptide processing prediction.
Appl Bioinforma. 2003;2:155–8.

23. Zhang GL, DeLuca DS, Keskin DB, Chitkushev L, Zlateva T, Lund O, et al.
MULTIPRED2: a computational system for large-scale identification of
peptides predicted to bind to HLA supertypes and alleles. J Immunol
Methods. 2011;374:53–61.

24. Reche PA, Reinherz EL. PEPVAC: a web server for multi-epitope vaccine
development based on the prediction of supertypic MHC ligands. Nucleic
Acids Res. 2005;33:W138–42.

25. Andreatta M, Nielsen M. Gapped sequence alignment using artificial
neural networks: application to the MHC class I system. Bioinformatics.
2016;32:511–7.

26. Dikhit MR, Kumar S, Vijaymahantesh, Sahoo BR, Mansuri R, Amit A, et al.
Computational elucidation of potential antigenic CTL epitopes in Ebola
virus. Infect. Genet. Evol. 2015;36:369–375.

27. Khan MA, Hossain MU, Rakib-Uz-Zaman SM, Morshed MN. Epitope-based
peptide vaccine design and target site depiction against Ebola viruses: an
immunoinformatics study. Scand. J. Immunol. 2015;25–34.

28. Sundar K, Boesen A, Coico R. Computational prediction and identification of
HLA-A2.1-specific Ebola virus CTL epitopes. Virology. 2007;360:257–63.

29. Wu S, Yu T, Song X, Yi S, Hou L, Chen W. Prediction and identification of
mouse cytotoxic T lymphocyte epitopes in Ebola virus glycoproteins. Virol J.
2012;9:111.

30. Jun SR, Leuze MR, Nookaew I, Uberbacher EC, Land M, Zhang Q, et al.
Ebolavirus comparative genomics. FEMS Microbiol Rev. 2015;39:764–78.

31. Oany AR, Sharmin T, Chowdhury AS, Jyoti TP, Hasan MA. Highly conserved
regions in Ebola virus RNA dependent RNA polymerase may be act as a
universal novel peptide vaccine target: a computational approach. In Silico
Pharmacol. 2015;3:7.

32. Ricketson RA, Roberts L. The glycoprotein mucin-like domain (MLD) in the
Zaire ebolavirus (EBOV) may be responsible for the manifestations of post-
Ebola virus disease syndrome (PEVDS). WebmedCentral Bioinforma 2016;7:
WMC005042.

33. Dash R, Das R, Junaid M, Akash MFC, Islam A, Hosen SMZ. In silico-based
vaccine design against Ebola virus glycoprotein. Adv Appl Bioinforma
Chem. 2017;10:11–28.

34. Bui HH, Sidney J, Dinh K, Southwood S, Newman MJ, Sette A. Predicting
population coverage of T-cell epitope-based diagnostics and vaccines. BMC
Bioinformatics. 2006;7:153.

35. Federhen S. The NCBI taxonomy. Nucleic Acids Res. 2012;40:D136–43.
36. WHO. Ebola virus disease [Internet]. World Health Organization; 2015 [cited

2017 May 8]. Available from: http://www.who.int/mediacentre/factsheets/
fs103/en/.

37. O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, et al.
Reference sequence (RefSeq) database at NCBI: current status,
taxonomic expansion, and functional annotation. Nucleic Acids Res.
2016;44:D733–45.

38. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al.
BLAST plus: architecture and applications. BMC Bioinformatics. 2009;10:421

39. Mehedi M, Darryl F, Seebach J, Hu X, carpenter MS, Schnittler H-J, et al. a
new Ebola virus nonstructural glycoprotein expressed through RNA editing.
J Virol. 2011;85:5406–14.

40. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable
generation of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol. 2011;7:539.

Lim and Khan BMC Genomics 2018, 19(Suppl 1):42 Page 28 of 160

http://www.cdc.gov/vhf/ebola/about.html
http://www.cdc.gov/vhf/ebola/about.html
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/case-counts.html
http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/case-counts.html
http://hla.alleles.org/alleles/index.html
http://www.who.int/mediacentre/factsheets/fs103/en/
http://www.who.int/mediacentre/factsheets/fs103/en/


41. Khan AM, Miotto O, Nascimento EJM, Srinivasan KN, Heiny AT, Zhang GL,
et al. Conservation and variability of dengue virus proteins: implications for
vaccine design. PLoS Negl Trop Dis. 2008;2:e272.

42. Koo QY, Khan AM, Jung K-O, Ramdas S, Miotto O, Tan TW, et al.
Conservation and variability of West Nile virus proteins. PLoS One.
2009;4:e5352.

43. Heiny AT, Miotto O, Srinivasan KN, Khan AM, Zhang GL, Brusic V, et al.
Evolutionarily conserved protein sequences of influenza a viruses, avian and
human, as vaccine targets. PLoS One. 2007;2:e1190.

44. Paninski L. Estimation of entropy and mutual information. Neural Comput.
2003;15:1191–253.

45. Stranzl T, Larsen MV, Lundegaard C, Nielsen M. NetCTLpan: pan-specific
MHC class I pathway epitope predictions. Immunogenetics. 2010;62:357–68.

46. Larsen MV, Lundegaard C, Lamberth K, Buus S, Brunak S, Lund O, et al. An
integrative approach to CTL epitope prediction: a combined algorithm
integrating MHC class I binding, TAP transport efficiency, and proteasomal
cleavage predictions. Eur J Immunol. 2005;35:2295–303.

47. Srinivasan KN, Zhang GL, Khan AM, August JT, Brusic V. Prediction of class I
T-cell epitopes: evidence of presence of immunological hot spots inside
antigens. Bioinformatics. 2004;20:297–302.

48. Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry J, Mitchell AL, et al. The
Pfam protein families database: towards a more sustainable future. Nucleic
Acids Res. 2016;44:D279–85.

49. Finn RD, Attwood TK, Babbitt PC, Bateman A, Bork P, Bridge AJ, et al.
InterPro in 2017-beyond protein family and domain annotations. Nucleic
Acids Res. 2016;45:gkw1107.

50. Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, et al. CDD/SPARCLE:
functional classification of proteins via subfamily domain architectures.
Nucleic Acids Res. 2016;45:gkw1129.

51. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The
protein data bank. Nucleic Acids Res. 2000;28:235–42.

52. Hu Y, Tan PTJ, Tan TW, August JT, Khan AM. Dissecting the dynamics of HIV-
1 protein sequence diversity. PLoS One. 2013;8:e59994.

53. Wilson JA, Bosio CM, Hart MK. Ebola virus: the search for vaccines and
treatments. Cell Mol Life Sci 2001;58:1826–41.

54. Surman S, Lockey TD, Slobod KS, Jones B, Riberdy JM, White SW, et al.
Localization of CD4+ T cell epitope hotspots to exposed strands of HIV
envelope glycoprotein suggests structural influences on antigen processing.
Proc Natl Acad Sci USA. 2001;98:4587–92.

55. Van Noort JM, Boon J, Van der Drift ACM, Wagenaar JPA, Boots AMH, Boog
CJP. Antigen processing by endosomal proteases determines which sites of
sperm-whale myoglobin are eventually recognized by T cells. Eur J
Immunol. 1991;21:1989–96.

56. Khan AM. Mapping targets of immune responses in complete dengue viral
genomes. National Unievrsity of Singapore: Master’s Thesis; 2005.

57. Jung KO, Khan AM, Tan BYL, Hu Y, Simon GG, Nascimento EJM, et al. West
Nile Virus T-Cell Ligand Sequences Shared with Other Flaviviruses: a
Multitude of Variant Sequences as Potential Altered Peptide Ligands. J Virol.
2012;86:7616–24.

58. Brusic V, Zeleznikow J. Computational binding assays of antigenic peptides.
Lett Pept Sci. 1999;6:313–24.

59. Richardson JS, Dekker JD, Croyle MA, Kobinger GP. Recent advances in
ebolavirus vaccine development. Hum Vaccin. 2010;6:439–49.

60. Khan AM, Miotto O, Heiny AT, Salmon J, Srinivasan KN, Nascimento EJM,
et al. A systematic bioinformatics approach for selection of epitope-based
vaccine targets. Cell Immunol. 2006;244:141–7.

61. Tan PT, Khan AM, August JT. Highly conserved influenza a sequences as T
cell epitopes-based vaccine targets to address the viral variability. Hum
Vaccin. 2011;7:402–9.

62. Sidney J, Peters B, Frahm N, Brander C, Sette A. HLA class I supertypes: a
revised and updated classification. BMC Immunol. 2008;9:1. •  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Lim and Khan BMC Genomics 2018, 19(Suppl 1):42 Page 29 of 160


	Abstract
	Background
	Methods
	Results & discussion

	Background
	Materials and methods
	Data collection
	Data processing: Cleaning and grouping
	Diversity of ZEBOV proteome
	Identification of known EBOV HLA ligands or T-cell epitopes
	Prediction of T-cell epitopes within the ZEBOV proteome
	Antigenic diversity of putative supertype-specific T-cell epitopes
	Functional and structural analyses of the predicted epitopes

	Results
	ZEBOV protein sequence dataset
	Diversity of ZEBOV proteome
	Experimentally validated HLA ligands and T-cell epitopes of ZEBOV
	Potential T-cell epitopes and hotspots within ZEBOV proteome
	Antigenic diversity of putative HLA supertype-specific T-cell epitopes

	Discussions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	About this supplement
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

