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Abstract

Background: The sequence diversity of dengue virus (DENV) is one of the challenges in developing an effective
vaccine against the virus. Highly conserved, serotype-specific (HCSS), immune-relevant DENV sequences are
attractive candidates for vaccine design, and represent an alternative to the approach of selecting pan-DENV
conserved sequences. The former aims to limit the number of possible cross-reactive epitope variants in the
population, while the latter aims to limit the cross-reactivity between the serotypes to favour a serotype-specific
response. Herein, we performed a large-scale systematic study to map and characterise HCSS sequences in the
DENV proteome.

Methods: All reported DENV protein sequence data for each serotype was retrieved from the NCBI Entrez Protein
(nr) Database (txid: 12637). The downloaded sequences were then separated according to the individual serotype
proteins by use of BLASTp search, and subsequently removed for duplicates and co-aligned across the serotypes.
Shannon’s entropy and mutual information (MI) analyses, by use of AVANA, were performed to measure the
diversity within and between the serotype proteins to identify HCSS nonamers. The sequences were evaluated for
the presence of promiscuous T-cell epitopes by use of NetCTLpan 1.1 and NetMHCIIpan 3.2 server for human
leukocyte antigen (HLA) class I and class II supertypes, respectively. The predicted epitopes were matched to
reported epitopes in the Immune Epitope Database.

Results: A total of 2321 nonamers met the HCSS selection criteria of entropy < 0.25 and MI > 0.8. Concatenating
these resulted in a total of 337 HCSS sequences. DENV4 had the most number of HCSS nonamers; NS5, NS3 and E
proteins had among the highest, with none in the C and only one in prM. The HCSS sequences were immune-
relevant; 87 HCSS sequences were both reported T-cell epitopes/ligands in human and predicted epitopes,
supporting the accuracy of the predictions. A number of the HCSS clustered as immunological hotspots and
exhibited putative promiscuity beyond a single HLA supertype. The HCSS sequences represented, on average, ~
40% of the proteome length for each serotype; more than double of pan-DENV sequences (conserved across the
four serotypes), and thus offer a larger choice of sequences for vaccine target selection. HCSS sequences of a given
serotype showed significant amino acid difference to all the variants of the other serotypes, supporting the notion
of serotype-specificity.
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Conclusion: This work provides a catalogue of HCSS sequences in the DENV proteome, as candidates for vaccine
target selection. The methodology described herein provides a framework for similar application to other
pathogens.

Keywords: Dengue virus, Cross-reactivity, Serotype-specific, Sequence conservation, Entropy, Mutual information,
Immune targets, Vaccine design

Background
Dengue virus (DENV), a member of the family Flaviviri-
dae [1], is a significant infliction that affects approxi-
mately 400 million people worldwide, annually [2–4].
The virus is primarily transmitted by mosquitoes of the
genus Aedes. The arthropod-borne viral infection mostly
occurs in tropical and sub-tropical regions, with rural
communities increasingly being affected [2, 5]. Notably,
over half a million hospitalised cases and approximately
12,500 deaths are reported each year [3]. DENV-
associated deaths are closely linked to the severe dengue
hemorrhagic fever (DHF) or often the fatal dengue shock
syndrome (DSS).
DENV genome is a ~ 11 kb positive stranded RNA, which

encodes for a polypeptide that comprises of ~ 3400 amino
acids [6]. The polypeptide is cleaved into three structural
(capsid protein, C; precursor membrane/membrane pro-
tein, prM/M; and envelope protein, E) and seven non-
structural (NS1, 2a, 2b, 3, 4a, 4b, and 5) proteins. DENV,
being an RNA virus, exhibits a high mutation rate due to
the lack of 3′ to 5′ exonuclease proofreading mechanism
[7, 8]. There are four distinct, yet closely related serotypes
of the virus (DENV1–4) in circulation [2, 9, 10]. A fifth
serotype has been reported [11], which follows a sylvatic
cycle and is not endemic in human populations, unlike the
other four serotypes, and thus, is not considered for analysis
herein. The four established serotypes (DENV1–4) share a
high degree (~ 65–70%) of sequence similarity between the
genomes [12, 13], with average sequence identity between
the proteomes of ~ 39–79% [14]. The accumulation of mu-
tation and recombination can facilitate the generation of
novel mutants, resulting in the existence of a mutant spec-
tra that collectively can create a quasispecies population
within an individual [8, 15–17]. A primary infection by a
given dengue serotype generally provides future protective
immunity against the particular serotype for the patient.
However, this may not be the case with heterologous sero-
types during a secondary infection where the memory re-
sponse is exposed to altered peptide ligands (APLs), a
phenomenon often referred to as “original antigenic sin”
and is highly associated with DENV2 and 4 [18].
The adaptive immune system, both cellular and humoral,

has an essential protective role in DENV infection. A pleth-
ora of studies have indicated that DENV CD8+ and CD4+ T
cells play a significant role in controlling DENV infection,

either, respectively, through lytic activity against DENV-
infected cells and secreting interferon (IFN)-γ or recruiting
B-cells and promoting the memory response [19–24]. The
cellular response is directed against short peptides derived
from proteolysis of self and foreign proteins. These peptides
are presented by the major histocompatibility complex
(MHC) molecules, referred to as human leukocyte antigen
(HLA) molecules in humans, for recognition by the T-cell re-
ceptor (TCR) in the form of a ternary complex. Peptides that
elicit an immune response are referred to as T-cell epitopes.
HLA binding by a peptide is a pre-requisite for determining
a T-cell epitope, however binding alone is not sufficient be-
cause epitope immunogenicity is also contingent on antigen
processing and recognition by a cognate TCR [25]. Sequence
diversity among viral proteins, in particular of RNA viruses,
can facilitate escape from immune recognition, and thus is a
challenge for the development of a tetravalent vaccine. The
viral diversity can give rise to one or more amino acid differ-
ences where the peptides harboring them can function as
alternative T-cell epitopes to the original epitope, and affect
the anti-dengue host response. The substitutions, even of a
single amino acid, create altered peptide ligands (APLs) that
can impair the function of the T-cell through a variety of
ways [26–30]. This may include T-cell epitopes that result in
a serotype-specific or cross-reactive response, with the possi-
bility of a deleterious outcome that may play a role in DHF/
DSS [31–34]. The consideration of APLs may have an im-
portant implication and consequence to the safety and effi-
cacy of vaccines in trial.
Khan et al. [35] performed a large-scale identification

and analysis of evolutionarily highly conserved amino
acid sequences for the entire DENV proteome. They
identified 44 pan-DENV sequences, of length 9 to 22
amino acids each that were common across the four se-
rotypes and highly conserved within each, and most
were immune-relevant. The pan-DENV sequences may
be of utility in the design of tetravalent vaccine to avoid
regions of T-cell immunity that are highly variable
across the four serotypes, except when they are
serotype-specific [33, 36]. In this study, we aimed to
identify highly conserved, serotype-specific (HCSS)
DENV peptides that are potentially immune-relevant.
This is in contrast to the approach by Khan et al. [35],
cataloguing pan-DENV sequences as potential vaccine
targets. Alternatively, HCSS sequences may also be
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attractive candidates for vaccine design as such sequences
minimise the issue of altered peptide ligands (APLs) that
are cross-reactive between the dengue serotypes.

Method
Methodology overview
The methodology adopted in this study is summarised
in Fig. 1. It comprises of three components, namely i)
data collection, ii) data processing, and iii) data analyses:
identification and characterisation of HCSS sequences.

Data collection and processing
All DENV protein sequence records were retrieved from
the National Center for Biotechnology Information
(NCBI) Entrez Protein (nr) database for all dengue sero-
types, via the NCBI Taxonomy Browser using the tax-
onomy identifier (ID) “12637”. Given the polyprotein
nature of the DENV translated genome, the database re-
cords can contain the protein sequence labelled as a
“genome polyprotein” (containing all the 10 proteins),
“partial polyprotein” (with at least two to as many as
nine proteins, either full-length or partial for the termini
proteins) or as a single mature protein [37]. In contrast,
influenza A virus sequence records contain data for a
single protein given the segmented nature of the gen-
ome. The basic local alignment search tool (BLAST;
[38]) was used to create a searchable database using the
collected sequences. BLASTp search [39] was performed
against the local database using a reference sequence for

each serotype protein retrieved from the highly curated
UniProt database [40, 41]: DENV1, P33478; DENV2,
P07564; DENV3, P27915; and DENV4, P09866. The
blast parameters (E-value less than 0.05) were used to
evaluate the significance of the hits and select the se-
quences for each serotype protein.
Duplicate sequences, either full-length or as partial

sub-sets to the other sequences, were removed to min-
imise sampling bias. Each serotype protein sequences
were then multiple sequence aligned by use of the “Mul-
tiple Alignment using Fast Fourier Transform” (MAFFT)
tool [42]. Additionally, the non-redundant sequences of
the same protein from each of the serotypes were copied
into a separate file as a combined dataset of the same
protein from the different serotypes, which was also
aligned. All sequence alignments were manually
inspected for misalignments and were corrected where
necessary [43, 44].

Identification of highly conserved, serotype-specific
(HCSS) sequences
Shannon’s entropy and mutual information (MI) analysis
were performed using the Antigenic Variability Analyser
tool (AVANA) to measure the diversity of DENV prote-
ome within the serotypes (intra-type) and across the se-
rotypes (inter-type), respectively [45–47]. Shannon’s
entropy was measured for overlapping nonamer (1–9, 2–
10, etc.) windows of the aligned sequences. Nonamer
length was chosen as it represents the typical length of

Fig. 1 Overview of the methodology employed for the identification and analyses of highly conserved, serotype-specific (HCSS) DENV sequences
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HLA class I epitopes and the core of class II epitopes.
Applying Shannon’s formula, the nonamer peptide en-
tropy H(x) at any given position x in the alignment was
computed by:

H xð Þ ¼ −
Xn xð Þ

i¼1

pi;x log2 pi;x
� �

where p(i, x) is the probability of a particular nonamer
peptide i, with a starting position x. Positions with a high
conservation will yield low entropy value and the lowest
value, zero, is observed at completely conserved posi-
tions. In contrast, a high entropy value indicates a highly
variable position, up to a maximum of ~ 39. Only se-
quences that contained a valid amino acid at position x
were used for the entropy computation. Positions where
more than 50% of sequences contained a gap were dis-
carded. Sequence count in the alignment affects the en-
tropy calculation due to the inverse relationship between
sample size and alignment bias [48]. This allows a cor-
rection for size bias by applying to each alignment a stat-
istical adjustment, using linear regression that estimates
entropy values for an infinite-size sets of sequence [35].
MI analysis is a measure of the dependence between

two variables (A and B), which is defined by:

MI A;Bð Þ ¼ H Að Þ þH Bð Þ �H A;Bð Þ
where the joint entropy between two variables is shown
as H(A,B). The value is computed by use of the entropy
formula by substituting i with (A,B), which is the set of
all unique pair of values. The high difference between
the two datasets yields a high MI value (maximum of 1),
while low MI value, approaching zero, exhibits similar
distributions of amino acid in the two sets.
A combination of entropy and mutual information

analyses were used to identify the HCSS DENV se-
quences by use of AVANA. The tool requires a metadata
with annotated fields for subset selection in a master
alignment (a tab delimited alignment file). The com-
bined dataset of the same protein from the different se-
rotypes was used for this purpose as the master
alignment, given that protein sequences from the four
serotypes were co-aligned to facilitate the comparative
analysis. The window size was set to nine amino acids
for immunological applications. When a particular sero-
type was being characterised, the remaining three of the
serotypes were combined and selected as the reference
set for alignment comparison with the given serotype; all
this was done using the metadata subset-selection fea-
ture of AVANA. For instance, when DENV1 subset was
chosen as the characterised set, the combination of
DENV2, 3 and 4 subsets served as the reference set.
Nonamers were identified and catalogued as HCSS if
they matched the selection criteria of entropy less than

0.25 and MI greater than 0.8. HCSS nonamers that over-
lapped by at least one amino acid were concatenated to
form longer sequences.

Functional analysis of the HCSS sequences
The functional domains and motifs within each of the
HCSS sequences were searched by use of protein func-
tion prediction tools, Conserved Domain Database
(CDD) [49], Pfam [50] and ScanProsite [51].

Identification of predicted and known T-cell epitopes
Promiscuous T-cell epitopes restricted to human
leukocyte antigen (HLA) class I and class II supertypes
were predicted by use of NetCTLpan 1.1 and NetMH-
CIIpan 3.2 servers, respectively [52, 53]. Supertypes are
groups of HLA molecules that share similar peptide
binding specificity despite different binding repertoires
[54, 55], and thus promiscuous epitopes are the best
candidate epitopes for broad population coverage. These
two prediction tools have been benchmarked to be
among the best performing prediction servers publicly
available [56, 57].
With the importance of C-terminal proteasomal cleav-

age, transporter associated with antigen processing
(TAP) transport, and the HLA class I binding in the rec-
ognition of cytotoxic T lymphocytes (CTL; T cells’ sub-
group), NetCTLpan 1.1 integrates all predictions in the
identification of predicted CTL immunogenic epitopes.
Predictions were carried out for eight HLA class I repre-
sentative supertypes of HLA-A and HLA-B genes (HLA-
A: A1, A2, A3; HLA-B: B7, B27, B44, B58, B62) with the
default settings used [58, 59]. Since the tools did not pre-
dict for supertypes directly, this was evaluated manually.
Prediction was made for all the representative alleles of
each supertype as defined by Sidney et al. [59], and a non-
amer was considered to be supertype-restricted if it was
predicted positive for at least half of the alleles.
The representative alleles of the supertypes are: A1:

HLA-A*0101, HLA-A*2601, HLA-A*2602, HLA-A*2603,
HLA-A*3002, HLA-A*3003, HLA-A*3004 and HLA-
A*3201; A2: HLA-A*0201, HLA-A*0202, HLA-A*0203,
HLA-A*0204, HLA-A*0205, HLA-A*0206, HLA-A*0207,
HLA-A*0214, HLA-A*0217, HLA-A*6802 and HLA-
A*6901; A3: HLA-A*0301, HLA-A*1101, HLA-A*3101,
HLA-A*3301, HLA-A*3303, HLA-A*6601, HLA-A*6801
and HLA-A*7401; B7: HLA-B*0702, HLA-B*0703, HLA-
B*0705, HLA-B*1508, HLA-B*3501, HLA-B*3503, HLA-
B*4201, HLA-B*5101, HLA-B*5102, HLA-B*5103, HLA-
B*5301, HLA-B*5401, HLA-B*5501, HLA-B*5502, HLA-
B*5601, HLA-B*6701 and HLA-B*7801; B27: HLA-
B*1402, HLA-B*1503, HLA-B*1509, HLA-B*1510, HLA-
B*1518, HLA-B*2702, HLA-B*2703, HLA-B*2704, HLA-
B*2705, HLA-B*2706, HLA-B*2707, HLA-B*2709, HLA-
B*3801, HLA-B*3901, HLA-B*3902, HLA-B*3909, HLA-
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B*4801 and HLA-B*7301; B44: HLA-B*1801, HLA-
B*3701, HLA-B*4001, HLA-B*4002, HLA-B*4006, HLA-
B*4402, HLA-B*4403 and HLA-B*4501; B58: HLA-
B*1516, HLA-B*1517, HLA-B*5701, HLA-B*5801 and
HLA-B*5802 and B62: HLA-B*1501, HLA-B*1502,
HLA-B*1512, HLA-B*1513, HLA-B*4601 and HLA-
B*5201.
HLA class II T-cell epitopes were only evaluated for

HLA-DR gene, given the ~ 94.7% population coverage
[60]. The prediction was done for peptides of length
nine and for the three common sub-classes of HLA-DR
supertype (Main DR, DR4, DRB3) [61]. The allele re-
strictions for each of the sub-classes are: Main DR:
HLA-DRB1*0101, HLA-DRB1*0701, HLA-DRB1*0901,
HLA-DRB1*1101, HLA-DRB1*1201, HLA-DRB1*1501
and HLA-DRB5*0101; DR4: HLA-DRB1*0401, HLA-
DRB1*0405, and HLA-DRB1*0802; DRB3: HLA-
DRB1*0301, HLA-DRB1*1302, HLA-DRB3*0101, HLA-
DRB3*0202 and HLA-DRB4*0101. Class II epitopes are
longer (13-25aa) [62] than class I epitopes, and thus a
caveat is that the prediction of binders for length nine
may not completely capture the essence of CD4+

epitope.
Experimentally determined T-cell epitopes of dengue

virus were searched for and retrieved from the Immune
Epitope Database and Analysis Resource (IEDB) (as of
April 2019) [63]. Only the linear T-cell epitopes from
positive assays and MHC ligand assays were downloaded
and compared with the predicted epitopes.
Separately, a structure-based docking approach was

performed to further assess the predictive reliability of
the sequence-based approach. A Fast Fourier Transform
(FFT) based rigid docking approach by use of ClusPro
[64–66] was carried out for a representative HCSS nona-
mer with a structure template available in PDB (PDB
ID: 2JLQ) [67], modelled using SWISS-MODEL [68]
against a HLA-A2*0201 structure, also available in PDB
(PDB ID: 2GIT) [69]. A known peptide-HLA complex
(PDB ID: 3SPV) was used as a positive control.

Result
Data collection and processing
The NCBI Entrez Protein Database (nr) comprised of a
total of 19,432 DENV protein sequence records (as of
April 2018): DENV1 (6,531), DENV2 (6,404), DENV3 (4,
301), and DENV4 (2,196). The discrepancy in numbers
is a reflection of dengue serotype distribution in nature
and sequencing efforts to study the virus [70]. A total of
63,890 individual protein sequences were extracted from
the records given the polyprotein nature of many of the
sequences in the records. Compared to the number of
redundant sequences (12,404) collected by Khan et al.
[35] (as of 2007), the increase was significant more than
a decade later, up to ~ 415% (by 51,486 sequences;

average of ~ 37% per year) (Table 1). However, after the
removal of duplicate sequences, only a total of 13,648
non-redundant sequences remained, which is a striking
drop of ~ 78.64%: DENV1 (4,297), DENV2 (5,020),
DENV3 (2,978) and DENV4 (1,353). The protein NS5
had the least fraction of redundant sequences (~ 63%)
across the four serotypes, while NS2b and NS4a had the
most (~ 92%).

Evolutionary diversity of DENV proteome
The variability of nonamer peptide sequences of each
DENV serotype individually and all the four serotypes
combined were studied by use of Shannon’s entropy
(Fig. 2). A relatively high degree of intra-type sequence
conservation was observed, with low entropy values,
generally below 0.8, and numerous pockets of regions
with entropy equal and close to zero, particularly in
NS3, NS4b and NS5. The protein DENV2 C was the
most diverse with an average peptide entropy of ~ 1.339,
while the protein DENV4 NS3 was the most conserved
with the lowest average entropy value of ~ 0.361. The
absolute, maximum intra-type entropy values were:
DENV1 NS4b44–52, ~ 3.585; DENV2 NS4b42–50, ~ 4.163;
DENV3 NS1170–178, ~ 2.791; and DENV4 NS2a33–41, ~
2.927. The difference in the entropy values between the
proteins of the four types resulted in a marked increase
in the peptide entropy across all DENVs. The combined en-
tropy of all 4 DENV types had protein NS3 still as the most
conserved, but with a much higher average entropy value
(~ 1.777), while NS2a punctuated as the most diverse with
the highest (~ 2.907) average entropy value. The maximum
inter-type entropy value was 5.148, which was from
NS4b43–51. Khan et al. [35] performed a similar analysis
with DENV sequences (entropy analysis was done with a
dataset earlier than the 2007, up to date as of 2005). The re-
dundant data used herein increased by ~ 441.27%. In gen-
eral, after a decade, there was an increase in the average
minimum and maximum entropy values, however, the
intra-type increase (~ 1.8 fold) was much higher than inter-
type (~ 1.3 fold) (Additional file 1: Table S1). The serotypes
that exhibited the minimum (DENV4) and maximum
(DENV2) average intra-type entropy values remained the
same between the two time points, however, the proteins
changed; instead of NS4b, NS3 exhibited the minimum,
while C, instead of prM, exhibited the maximum. Con-
versely, the proteins that exhibited the minimum (NS3) and
maximum (NS2a) average inter-type entropy values
remained the same between the two time points. Notably,
the absolute maximum intra-type entropy values also in-
creased from ~ 3.2 in DENV1 NS5 (2005 data) to 4.163
(2018 data), but in a different serotype and protein (DENV2
NS4b). The peak inter-type value also increased, from ~ 4
to 5.148, however, the protein (NS4b) and the localization
remained the same.
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Identification of highly conserved, serotype-specific
(HCSS) sequences
A total of 2321 HCSS nonamers were identified with en-
tropy of < 0.25 and MI > 0.8 (Table 2; Fig. 3): DENV1
(459 nonamers), DENV2 (465 nonamers), DENV3 (565
nonamers) and DENV4 (832 nonamers). Amongst these,
DENV1 NS5 had the most number of such sequences (227
nonamers), while C had the least (only one nonamer). All
HCSS nonamers were subsequently concatenated together
if they overlapped by at least one amino acid, resulting in
the number reduction to 337 HCSS sequences (Additional
file 2: Table S2). Among these, 280 sequences were at least
10 amino acids long, with the maximum length of 53
amino acids, present in NS5 of DENV1.
A map of the HCSS sequences within the DENV pro-

teomes is illustrated in Fig. 4. The proteins DENV4 NS3 and
DENV2 prM were the most (~ 69.95%) and least (~ 5.42%)
packed with HCSS sequences (defined as contiguous length
of the HCSS sequences over the length of the protein). Not-
ably, there were marked differences in the correspondence
and the relative degree of MI and entropy values (Fig. 3) for
the HCSS sequences of each protein between the four sero-
types. Eight HCSS sequence positions corresponded across
the four serotypes, with a distinct HCSS sequence for each
serotype (Additional file 3: Table S3). The average MI and
entropy values for these eight positions were nearly 1 and <
0.184, respectively. There were, on average, two amino acid
mutations between the distinct HCSS sequences of the sero-
types. HCSS sequence positions with correspondence to
three or two serotypes were also observed. As many as 104
HCSS sequences showed no correspondence (i.e. only ob-
served in a single serotype). Analysis of four HCSS nonamer
positions that had a maximum MI of 1 and low entropy (0

to 0.23), which included three positions with no correspond-
ence and one between two serotypes, exhibited a larger num-
ber of amino acid substitutions (Table 3; Additional file 4:
Table S4). Positions with no correspondence, on average,
showed one amino acid difference between the HCSS se-
quence and its variants from the same serotype (reflecting
the low entropy selection criteria for the HCSS), and a larger
(on average, four) amino acid difference to variants of the
other serotypes. Similar, and possibly higher, amino acid (aa)
difference was observed when correspondence was not
across the four serotypes; average of seven aa difference to
variants, including the HCSS, for NS2a202–210, which showed
correspondence to two serotypes.

Functional analysis of the HCSS sequences
Less than half of the HCSS sequences (153 of 337) were
predicted to be of functional relevance (Additional file 5:
Table S5). Protein E corresponded to three functional
domains and motifs, namely central and dimerization
domain, immunoglobulin-like domain III and stem/an-
chor domain. Whilst, HCSS from NS3 were predicted to
be required for peptidase S7, p-loop containing nucleosi-
detriphosphate hydrolases, DEAD domain and helicase
domain. HCSS of NS5 corresponded to RNA dependent
RNA polymerase (RdRp) domain, while one HCSS of the
prM was predicted as a propeptide.

Predicted T-cell epitopes within the HCSS sequences
A total of 154 distinct putative epitopes, restricted
against HLA-A, -B and -DR supertypes, were predicted
within the 337 HCSS sequences. DENV4 had the highest
number of predicted epitopes (60), representing ~ 39%
of the total epitopes predicted; followed by DENV3 (30;

Table 1 Number and distribution of redundant (R) and non-redundant (NR) reported DENV protein sequences in 2007 and 2018

Protein /
Serotype

DENV1 DENV2 DENV3 DENV4 Total

2018R 2018NR 2018R 2018NR 2018R 2018NR 2018R 2018NR 2007R 2018R 2018NR Increase (#|%)a Reduction (#|%)b

C 3566 322 2061 312 1736 293 454 114 1278 7817 1041 6539 | 511% 6776 | 86.68%

prM 2651 364 2376 329 1787 168 659 89 1530 7473 950 5943 | 388% 6523 | 87.29%

E 2329 1074 5269 1533 2950 933 1724 543 3845 12,272 4083 8427 | 219% 8189 | 66.73%

NS1 2470 491 2190 488 1314 306 397 114 1784 6371 1399 4587 | 257% 4972 | 78.04%

NS2a 1982 411 1535 349 1012 207 334 97 705 4863 1064 4158 | 589% 3799 | 78.12%

NS2b 1978 155 1537 126 1019 87 259 38 614 4793 406 4179 | 680% 4387 | 91.53%

NS3 1976 404 1578 384 1204 309 276 92 695 5034 1189 4339 | 624% 3845 | 76.38%

NS4a 1949 141 1519 114 993 84 241 40 523 4702 379 4179 | 799% 4323 | 91.94%

NS4b 1952 193 1524 261 999 97 319 77 602 4794 628 4192 | 696% 4166 | 86.90%

NS5 2021 742 1995 749 1334 494 421 149 828 5771 2134 4943 | 596% 3637 | 63.02%

Total 22,874 4297 21,584 5020 14,348 2978 5084 1353 12,404 63,890 13,648 51,486 | 415% 50,242 | 78.64%
RNumber of redundant sequences collected from the National Center for Biotechnology Information (NCBI) Taxonomy database in December 2007 [35] and
April 2018
NRNumber of non-redundant sequences after removal of duplicate sequences (full length and partial)
aNumber and percentage of redundant sequences increase from 2007 [35] and 2018
bNumber and percentage of sequence reduction for the 2018 dataset as a result of the removal of duplicate sequences; rounded to two decimal places
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~ 19.48%), DENV2 (33; ~ 21.43%) and DENV1 (31; ~
20.13%) (Table 4). Epitope receptor docking of the
DENV4 NS3 peptide 335YQGKTVWFV363 against the
receptor of HLA-A2*0201, showed potential binding
(lowest energy: − 887.8 kcal/mol), relative to the docking
of a control, known peptide-HLA complex (lowest energy:
− 979.4 kcal/mol) (Fig. 5). This further supported the reli-
ability of the sequence-based prediction employed.
The 154 predicted epitopes represented a total of 47

HLA-A (redundant listing: 10 for A1; 16 for A2; 21 for
A3) and 91 HLA-B (redundant listing: 15 for B7; 8 for
B27; 21 for B44; 32 for B58; 15 for B62) supertype-
restricted T-cell epitopes (Table 4; Additional file 6:
Table S6). Similarly, as many as 65 HLA Class II (HLA-
DR; redundant listing: 24 for Main DR; 26 for DR4; 15

Fig. 2 Sequence diversity of DENV proteomes, within (top four) and across (bottom) the four serotypes. The Shannon’s entropy values were computed from
the alignments of DENV sequences using the tool AVANA, as described in the Methods. Centre, instead of starting positions were used herein for the plot
(everywhere else, starting positions are used), and thus, the first and last four positions in the alignment of each protein were not assigned any peptide entropy
value as they cannot be the centre of a nonamer

Table 2 Number of highly conserved, serotype-specific (HCSS)
nonamers

Protein / Serotype DENV1 DENV2 DENV3 DENV4 Total

C 0 0 0 1 1

prM 5 1 9 11 26

E 11 65 81 149 306

NS1 32 29 77 88 226

NS2a 15 10 37 35 97

NS2b 1 15 3 44 63

NS3 110 158 87 223 578

NS4a 3 3 12 17 35

NS4b 55 41 39 60 195

NS5 227 143 220 204 794

Total 459 465 565 832 2321
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for DRB3) supertype-restricted T-cell epitopes were pre-
dicted (Table 4; Additional file 6: Table S6). In general,
NS5 was enriched with the most number of supertype-
restricted epitopes (~ 29.22%; 45 non-redundant epi-
topes), followed by NS3 (~ 18.18%; 28 non-redundant
epitopes), whereas prM had the least with only 2 epi-
topes (~ 3.7%) restricted by supertypes.
There were 31 predicted supertype-restricted T-cell

epitopes that appeared to be promiscuous to more than
one supertype, with 11 spanning both class I and II
(Additional file 6: Table S6). The promiscuity of these
31 putative epitopes extended to inter-supertype (17; re-
stricted for at least two supertypes of the same HLA
gene), inter-HLA gene (seven; restricted for at least two
supertypes of distinct HLA gene), or inter-HLA class
(seven; restricted for at least two supertypes of different
HLA class).

Matching of experimentally validated and predicted T-cell
epitopes
The HCSS appeared highly immunogenic, as 198 of the
sequences included 706 experimentally validated DENV
T-cell epitopes reported and readily available in the pub-
lic repository, IEDB (Fig. 6; Additional file 7: Table S7).
Allele HLA-A*11:01 was most well studied and HLA-
A*29:02, HLA-A*69:01, HLA-B*15:17, HLA-B*15:42,
HLA-B*45:06, HLA-B*48:01, HLA-B*83:01 and HLA-
C*04:01 were the least studied. The protein NS5 was
most packed with the IEDB-reported immunogenic epi-
topes across the DENV serotype (218 epitopes, ~
30.87%). The DENV4 proteome was reported with the
most number of epitopes (282 epitopes, ~ 39.94%). Out
of 198 HCSS sequences containing experimentally

validated epitopes, only 121 appeared to be restricted by
at least two representative alleles of a given supertype
studied. Amongst the 198, 87 (149 distinct epitope se-
quences) matched the predicted nonamer epitopes (rep-
resentative Protein E in Table 5; Additional file 8:
Table S8). Of these 87, 37 were clusters of immuno-
logical hotspots (17 intra-supertype regions; three inter-
supertype regions; 11 inter-HLA gene regions and six
inter-HLA class regions), with length ranging from 10 to
46 amino acids. In brief, DENV1 NS5 comprised of the
most hotspot (5) regions. Among these, three hotspots
contained epitopes that were potentially intra-supertype
promiscuous.

Discussion
The conserved epitope paradigm has been a major focus
for identification of vaccine targets that address the di-
versity of pathogens [35, 71–74]. Sequences with ex-
tended conservation across different groups of a
pathogen, such as influenza A virus (IAV) subtypes, have
been proposed as universal vaccine candidates [72, 75].
The copiousness of such sequences decreases as pathogen
sequence diversity increases; as such, they are often lim-
ited in number and length for pathogens that exhibit rea-
sonable sequence diversity, such as in DENV, IAV, and
human immunodeficiency viruses (HIV)-1 proteomes.
This is further exacerbated when the conservation is ex-
tended to other family members, a consideration given the
possibility of APLs as a result of similar genomic architec-
ture between family members [29, 76]. For example,
DENV and HIV-1 had 44 and 78 highly conserved se-
quences each, respectively, however, only 27 and 74 were
conserved across majority of the family members [77]. The

Fig. 3 Scatter plot of entropy and mutual information (MI) values for all nonamer positions of each DENV serotype proteins. The boxed region
(MI of > 0.8 and Entropy of < 0.25) is the selected cut-off threshold for identification of HCSS nonamers
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remaining were either not present in the family members
or were represented with conservation that fluctuated from
low to high between the members.
Consequently, Khan et al. [35] proposed a focus on

conserved sequences that are species specific to avoid
the issue of variant APLs from family members, where
the conserved epitope is not highly represented. Inad-
vertently, this further reduces the number of usable con-
served sequences for vaccine design. Even a highly
conserved pathogen with a larger number of conserved
sequences, may end up with a limited number that are
species specific. For example, West Nile virus (WNV)
had 88 sequences (~ 34% of the WNV proteome) that
were highly conserved with 100% representation within
the reported viral sequences, however, only 21 were

species-specific [77]. This may be mitigated by restrict-
ing the specificity to a species sub-group level (if pan-
subgroup specificity is not essential), such as specific at
DENV serotype level rather than DENV species. This
can provide for a large number of conserved sequences,
of longer length, possibly capturing regions of B-cell epi-
topes, and minimise cross-reactivity between the sub-
groups. The HCSS sequences identified herein are such
sequences for DENV that serve as an alternative strategy
to pan-DENV sequences in limiting variant peptides.
The large number of DENV viral protein sequences

available in public repositories offered a corpus of data
for the study of HCSS sequences. The data provided for
a broad temporal (30 years) and spatial (> 100 countries)
coverage. The majority of the sequences, however,

Fig. 4 DENV proteome map of highly conserved, serotype-specific (HCSS) sequences. The width of the boxes corresponds to the length of the
proteins. Coloured boxes represent the location of the HCSS sequences within each serotype: red, DENV1; yellow, DENV2; blue, DENV3; and green,
DENV4. The dotted rectangular boxes represent regions of the proteome where distinct HCSS sequences corresponded across the four serotypes
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turned out to be duplicates, with only ~ 21.36% non-
redundant sequences across the DENV1–4 serotypes, and
at a similar level for the individual proteins, except for E
and NS5. The redundancy reflected sampling bias to identi-
cal or highly similar circulating DENV isolates sequenced
from various geographical localities. Although the redun-
dancy may be an indication of the incidence of the corre-
sponding DENV isolates in nature, we minimised bias by
using non-redundant sequences for subsequent analyses.

Entropy analysis enabled study of the evolutionary di-
versity within and between the DENV serotypes. Overall,
DENV sequences were highly conserved within the sero-
types; however, there was a marked increase in the
combined peptide entropy between the four DENV sero-
types. This reflected relatively low degree of sequence
conservation across the DENV1–4 proteomes (Fig. 2).
Khan et al. [35] performed a similar analysis with DENV
sequences. After a decade, there was a general increase

Table 3 Nonamer positions depicting amino acid differences between an HCSS nonamer and the corresponding variants, within
and between the serotypes. Only positions of mutual information value of 1 and low entropy values are shown. HCSS nonamers are
shown in yellow, and one is arbitrarily chosen as the reference when more than one corresponding HCSS nonamers are present.
Data for two additional positions are shown in Additional file 4: Table S4

Protein | Entropy Value NS1 | 0.12 NS2a | 0.11

HCSS Reference 146 NRAWNSLEV 154 202 LNPTAIFLT 210

DENV1 146 Q....IW.. 154 202 CK.LTM..I 210

146 Q....VW.. 154 202 CK.LPM..I 210

146 L....IW.. 154 202 CK.LTML.I 210

146 H....IW.. 154 202 CK.LTM.FI 210

146 Q....IWK. 154 202 CK.LTMY.I 210

146 Q..S.IW.. 154 202 CK.L.M..I 210

146 Q....IW.G 154 202 CK.L.ML.I 210

146 Q....I... 154 202 CK.LTM..V 210

146 Q...TIW.. 154 202 CK.STM..I 210

202 C..LTM..I 210

202 SK.LTM..I 210

202 CK.LTMYFI 210

202 CKTLTM..I 210

DENV2 146 ......... 154 202 210

146 S........ 154 202 I 210

146 .......K. 154 202 S 210

146 .......KG 154 202 L 210

146 ..T.D.... 154 202 YF 210

146 .......KL 154

DENV3 146 S....VW.. 154 202 VP.LPL.IF 210

146 A....VW.. 154 202 VP.LPLLIF 210

146 L....VW.. 154 202 IP.LPL.IF 210

146 S..L.VW.. 154 202 .P.LPL.IF 210

202 VQ.LPL.IF 210

202 VS.LPL.IF 210

202 VP.SPL.IF 210

202 VPSLPL.IF 210

202 AQ.LPL.IF 210

DENV4 146 R........ 154 202 AQALPVY.M 210

146 R....F... 154

146 R.....F.. 154

146 R....FF.. 154
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in the entropy values, within and between the dengue
serotypes, indicating a greater diversity spectrum. The
increase in the peak diversity of dengue virus protein
sequences (from ~ 4 to ~ 5.148) brings it a notch
closer to that of influenza A viruses (~ 6.0; 2006 data)
[72], but still distance from HIV-1 (~ 9.0; clade B;
2008 data) [74].

Mutual information (MI) together with entropy were
used to identify HCSS nonamers. MI is a method for iden-
tifying amino acid sites that distinguish specific sets of
protein sequences, by comparative analysis of matched
alignments, such a co-alignment of DENV1 against the
other serotypes. Entropy is a measure of a disorder, and
allows quantification of sequence conservation. MI

Table 4 HLA-A, -B and -DR supertype-restricted T-cell epitopes, predicted for HCSS nonamers, summarised according to DENV
protein and serotypes

Protein Serotype MHC Class I MHC Class II Totala Non-
redundant
Totala

Totalb Non-
redundant
Totala

HLA A supertypes HLA B supertypes HLA DR supertypes

A1 A2 A3 B7 B27 B44 B58 B62 Main DR DR4 DRB3

prM DENV3 – – – – – – – – – 1 – 1 1 5 2

DENV4 1 – – – – – – 1 1 1 – 4 1

E DENV1 – – – – – – 1 – – – – 1 1 25 24

DENV2 – 1 2 – 1 1 – – – 1 – 6 5

DENV3 – – 1 – – 1 1 – – 3 – 6 6

DENV4 – 2 2 1 – 3 3 – 1 – – 12 12

NS1 DENV1 – – – – – – – – 1 1 – 2 1 14 13

DENV2 – – – – – – 2 – – – – 2 2

DENV3 – – 1 – – 1 1 – – – – 3 3

DENV4 – 1 – 1 1 1 2 1 – – – 7 7

NS2a DENV1 – – – – – 1 2 – – – – 3 3 23 16

DENV3 – – 1 – 1 – 1 – 3 3 – 9 7

DENV4 – – – 2 1 – – – 3 3 2 11 6

NS2b DENV2 – – 1 – – – – – 2 – – 3 3 11 8

DENV4 1 2 – – – – 1 1 2 1 – 8 5

NS3 DENV1 2 – – – – – 2 2 1 1 2 10 6 36 28

DENV2 1 1 2 1 – 5 – 1 1 – – 12 10

DENV3 1 – – 1 – – – – – – – 2 2

DENV4 1 2 – 3 – 1 2 1 – 1 1 12 10

NS4a DENV1 – – – 1 – – – – – – – 1 1 5 5

DENV2 – – – 1 – – – – – – – 1 1

DENV3 – – – – – 1 – – – – – 1 1

DENV4 – 1 – – – – – – – – 1 2 2

NS4b DENV1 – 1 – – – – 1 – 1 1 1 5 3 23 13

DENV2 – 1 – 1 1 – 2 2 2 1 – 10 5

DENV3 – 1 – – – – – – – – – 1 1

DENV4 – – 2 – – – 1 1 1 1 1 7 4

NS5 DENV1 1 – 3 2 1 2 5 2 2 3 2 23 16 61 45

DENV2 – 1 2 – – 1 – – 1 1 2 8 7

DENV3 1 1 2 – 1 1 – – 1 2 2 11 9

DENV4 1 1 2 1 1 2 5 3 1 1 1 19 13

Totalc 10 16 21 15 8 21 32 15 24 26 15 154

Gene level totalc 47 91 65
aTotal number of predicted epitopes for each serotype with respect to each protein
bTotal number of predicted epitopes for each protein
cTotal number of predicted epitopes for each supertype
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analysis had been previously utilised by Miotto et al. [46,
47] for large-scale identification of human-to-human
transmissibility factors in proteins of influenza A, with a
selection threshold of MI > 0.4. The HCSS nonamers
were identified from the proteome dataset by use of
the restricting parameters of low entropy at < 0.25
within the serotype of interest and high MI of > 0.8
between the serotypes, signifying a strong association
of the amino acid variants distribution (Fig. 3). This
resulted in a 459 to 832 nonamers, covering an aver-
age length of ~ 39.99% (DENV1: ~ 32.51%; DENV2:
~ 32.23%; DENV3: ~ 42.18%; DENV4: ~ 53.03%) of

the DENV proteomes (~ 3390 amino acids). Al-
though higher MI (ideally 1, as the highest point of
distinction between the serotype of interest and the
other serotype datasets) and lower entropy (ideally 0)
are desired, the fraction of the proteome represented
by HCSS would inversely reduce. Thus, the defined
MI threshold herein aimed to balance the number
and the specificity of the resulting sequences.
DENV4 was packed with the most number of HCSS
nonamers (832 nonamers, ~ 35.85%), while DENV1
was least packed (459 nonamers; ~ 19.78%) (Table
2). This is in agreement with phylogenetic analysis

Fig. 5 Visualization of epitope-receptor binding by use of ClusPro molecular docking. Panel A: a docked complex of a representative putative
epitope (DENV4 NS3 335YQGKTVWFV363) and HLA-A2*0201 receptor (PDB ID: 2GIT). Panel B: docked control, known peptide-HLA complex (PDB ID:
3SPV). Peptide in either complex is represented by a cyan ‘New Cartoon’ structure, while HLA receptor is represented by a silver transparent
‘QuickSurf’ and ‘New Cartoon’ (chain α: purple; chain β: yellow). The inset in panel A shows two interactions between the epitope and the HLA
receptor (chain α1: blue ‘QuickSurf’ background; chain α2: red ‘QuickSurf’ background) within the cut-off distance of 5.0 Å, which are 4.30 Å
and 4.72 Å

Fig. 6 IEDB reported DENV T cell epitopes/ligands in human that completely matched HCSS sequences
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of the four serotypes, with DENV4 generally the
most distinct and highly conserved [78].
It is noteworthy that NS5, among the highly conserved

proteins of each serotype [14, 79], had the highest total
number of HCSS nonamers (794 nonamers, ~ 34.21%)
and also the single longest HCSS sequence (53aa). This
was followed by NS3 (the most conserved protein of
each serotype [14]; (578 nonamers, ~ 24.90%), which also
was the most packed with HCSS over the protein length)

and Envelope (among the diverse proteins of each sero-
type) (306 nonamers; ~ 13.18%). Although the functional
role of the large majority of HCSS is unknown, less than
half were predicted to be functionally important. NS3
and NS5 have an important role in capping, methylation
and viral replication [79–82]. Viral replication requires
protease and helicase activities, facilitated by NS3 pep-
tidase S7 and helicase domains [83]. The protein E is the
main antigenic, surface-exposed determinant on the

Table 5 Reported epitopes that matched the predicted epitopes of HCSS sequences for structural protein E. Full data for other
DENV proteins are provided in Additional file 8: Table S8

Protein Serotype Matched Epitopes
(Starting Position |
Ending Position)

HCSS Sequence Supertype
Predicted

Supertype Reported (IEDB

E DENV1 204|212 204 KSWLVHKQWFKTAHAKKQE 249 B58 B58: HLA-B*57:01, HLA-
B*58:01

DENV2 210|218, 213|221 210 RQWFLDLPLPWLPG 223# A2 A2: HLA-A*02:06, HLA-A*02:
01, HLA-A*02:17

B27 B27: HLA-B*27:05, HLA-
B*48:01

B44 B44: HLA-B*40:01

238|246 237 LVTFKNPHAKKQDVVVLGSQE 257 A3 A3: HLA-A*03:01, HLA-A*11:
01, HLA-A*68:01

296|305, 297|305 281 GHLKCRLRMDKLQLKGMSYSMCTGKFK 307$ A3 A3: HLA-A*03:01, HLA-A*11:
01, HLA-A*68:01

DENV3 204|212, 211|220,
212|220

204 KAWMVHRQWFFDLPLPW 220# A24 A24: HLA-A*23:01, HLA-
A*24:02

B44 B44: HLA-B*44:03

B58 B58: HLA-B*57:01, HLA-
B*58:01

238|246 234 KELLVTFKNAHAKKQ 248 A3 A3: HLA-A*03:01, HLA-A*11:
01, HLA-A*68:01

313|321 306 FVLKKEVSETQHGTILI 322 B44 B44: HLA-B*40:01, HLA-
B*44:03

DENV4 51|59, 51|60 47 KTTAKEVALLRTYCIEA 63$ B44 B44: HLA-B*44:02, HLA-
B*44:03

65|73, 82|90 65 ISNITTATRCPTQGEPYLKEEQDQQYICRR 94# A3 A3: HLA-A*31:01

B44 B44: HLA-B*40:01, HLA-
B*44:03

164|173, 165|173 164 ITPRSPSVEV 173# A2 A2: HLA-A*68:02

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

204|212 204 KTWLVHKQWF 213 B58 B58: HLA-B*57:01, HLA-
B*58:01

237|246, 238|246,
238|247

235 ERMVTFKVPHAKRQDVTVLGSQEGAMHSAL 264$ A3 A3: HLA-A*03:01, HLA-A*11:
01, HLA-A*68:01

313|321 290 EKLRIKGMSYTMCSGKFSIDKEMAETQHGTTVV 322 B44 B44: HLA-B*40:01, HLA-
B*44:03

412|420 391 WFRKGSSIGKMFESTYRGAKRMAILGETAWDFGSVGGL 428 B58 B58: HLA-B*57:01, HLA-
B*58:01

445|453 430 TSLGKAVHQVFGSVYTTMFGGVSWM 454 B58 B58: HLA-B*57:01, HLA-
B*58:01

Highly conserved, serotype-specific (HCSS) sequences with at least two matched (reported and predicted) epitopes (hotspot) that show $intra-supertype restriction
(epitope that is restricted by only one supertype of HLA gene; i.e. A1 supertype-restricted epitope) and #inter-HLA gene supertype restriction (epitope that is
restricted by at least two supertypes of different HLA gene; i.e. A2 and B7 supertype-restricted epitope)
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virion [84]. The dimerization domain II contributes to
virus-mediated membrane fusion by interacting with a
cellular receptor [85, 86]. The C-terminal of protein E
domain III is anchored to helices and transmembrane
helices by the linkage of disulfide bridges, while the N-
terminal, which is formed by β-strands, is folded into an
immunoglobulin-like domain that is important in recep-
tor recognition. The HCSS within these proteins are
likely robust given the important functional and struc-
tural roles, and merit investigation as vaccine targets.
There is evidence that the HCSS sequences are immune-

relevant, supported by sequence-based, structure-based and
experimental assessments. As many as 706 DENV reported
T-cell epitopes and/or HLA ligands in human completely
matched (substring matches excluded) more than half (198
of the 337; ~ 58.58%) of the HCSS sequences. Numerous
(~ 35.80%; 121/337) of the HCSS sequences showed pro-
clivity for restriction to at least two representative alleles of
a supertype, and thus are potentially promiscuous epitopes.
Moreover, among the 337 HCSS sequences, as many as
154 were predicted to be promiscuous for representative al-
leles of 11 major HLA class I supertypes and three class II
DR supertypes. The supertype restriction provides for a
broad coverage of the human population, with multiple
(19) HCSS exhibiting enhanced promiscuity across different
supertypes within and between HLA genes and even be-
tween HLA classes. Such a higher degree of promiscuity

has been reported by others [87–89] and they are better
candidates for vaccine design given the extended popu-
lation coverage. Many (87) of the 198 HCSS sequences
that matched to reported T-cell epitopes/ligands in hu-
man also matched the predicted epitopes, supporting
the validity of the predictions.
A total of the 37 HCSS sequences were both matching

the predicted and the reported epitopes/HLA ligands,
and were also clustered as immunological hotspots
(Additional file 8: Table S8). These hotspots are note-
worthy as preferred targets for vaccine development be-
cause putative promiscuous epitopes are in a clustered
region. Ideally, inter-HLA class supertype hotspots are
attractive because besides providing a broad population
coverage, they are also relevant to both CD8+ and CD4+

cellular T-cells immune response [58]. Highest number
of hotspot regions were observed in DENV1 NS5, with
restrictions for HLA-A1, -A3, -B7, -B44, -B58, and -B62
supertypes. According to several studies of Weiskopf
et al., CD8+ T-cells immune response are predominantly
present in NS proteins, specifically NS4b and NS5, of
DENV2, thereby potentially important for immunodomi-
nance response of the serotype-specific sequences [23,
90, 91], while the immunodominance patterns for
DENV3 are mainly towards the structural proteins, spe-
cifically M, despite the immune response elicited by both
structural and non-structural proteins.

Table 6 Top 20 candidate HCSS sequence, sorted according to prioritisation criteria

Protein Serotype HCSS Sequence MI
Value

Entropy
Value

Number
of
Epitopes

Number of
Supertype
Restrictions

Extended
HLA
Promiscuity

Length of
HCSS
Sequence

NS2a DENV4 196 TALILGAQALPVYLMTLMKGAS 217 1 0.072 3 2 Yes 22

NS2b DENV4 96 TLLVKLALITVSGLYPLAIP 115 1 0.092 5 3 No 20

NS4b DENV4 241 WNTTIAVSTANIFRGSY 257 1 0.168 2 2 Yes 17

NS1 DENV4 34 FQPESPARLASAILNAH 50 1 0.186 2 1 No 17

NS2b DENV2 31 PLVAGGLLTVCYVLTGRSADLELE 54 1 0.199 2 1 No 24

NS2a DENV1 119 SLEELGDGLAMGIM 132 1 0.219 2 1 No 14

NS2b DENV4 5 NEGIMAVGLVSLLGSALLKNDVPLAGPMVAGGLLLAAYVMSGS 47 0.999 0.052 8 2 Yes 43

NS5 DENV1 484 LEFEALGFMNEDHWFSR 500 0.999 0.052 2 1 No 17

NS5 DENV1 756 GKSYAQMWQLMYFHRRD 772 0.999 0.064 5 3 No 17

NS5 DENV1 848 CGSLIGLTARATWA 861 0.999 0.066 2 1 No 14

NS3 DENV2 32 GYSQIGAGVYKEGTFHTMWHVT 53 0.999 0.133 4 4 No 22

NS3 DENV4 324 DPFPQSNSPIEDIEREIPERSWNTGFDWITDYQGKTVWFVP 364 0.999 0.136 3 2 No 41

NS3 DENV2 78 SYGGGWKLEGEWKEGEEVQVLALEPGKNPRAVQT 111 0.999 0.189 2 1 No 34

E DENV4 164 ITPRSPSVEV 173 0.998 0.155 2 2 No 10

E DENV4 47 KTTAKEVALLRTYCIEA 63 0.997 0.108 2 2 No 17

E DENV4 65 ISNITTATRCPTQGEPYLKEEQDQQYICRR 94 0.997 0.168 2 2 No 30

E DENV4 235 ERMVTFKVPHAKRQDVTVLGSQEGAMHSAL 264 0.997 0.185 3 1 No 30

NS5 DENV1 215 THEMYWVSCGTGNIVSAVNMTSRMLLNRFTM 245 0.996 0.090 2 1 No 31

NS4b DENV2 207 TQVLMMRTTWALCEALT 223 0.996 0.168 3 2 No 17

NS3 DENV1 546 WLSYKVASEGFQYSDRRWCFDGERNNQVLEENMDVE 581 0.996 0.178 2 1 No 36
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The HCSS sequences represent, on average, ~ 40% of
the proteome length of each of the serotypes (Fig. 4).
This is more than double of the proteome length repre-
sented by pan-DENV sequences [35]. The larger cover-
age offers a multitude of choices for selection of
sequences as vaccine targets. Also, HCSS sequences offer
a larger, single contiguous length (10–53aa) compared
to pan-DENV sequences (9–22aa), allowing for consider-
ation of even conformational (such as neutralizing)
antibody epitopes, which has been shown to be an
important correlate of protection [24, 92, 93]. This is
particularly so given that numerous (59) HCSS se-
quences are present in the structural proteins, in con-
trast to two for pan-DENV sequences. HCSS sequences
are observed in all the three structural proteins and pre-
dominantly (48) in the protein E, in contrast to only two
pan-DENV sequences in the protein E. The envelope
HCSS sequences are also longer, 10 of them are more
than 20 amino acids with the longest 38 amino acids,
nearly double of each of the two pan-DENV sequences
of E (10-15aa). The pan-DENV sequences were absent
in C, prM, NS2a, and NS2b, whereas the HCSS se-
quences are present in all the DENV proteins. Clearly,
the HCSS sequences offer a larger choice of sequences
for vaccine target selection.
The sequence diversity between the proteins of the

four DENV serotypes is among the key issues in the de-
velopment of a tetravalent vaccine that provides an ef-
fective protection against each of the serotypes [31, 35].
The amino acid variability within and between serotypes
can range from ~ 1–21% to ~ 14–67%, respectively [14].
Amino acid differences between recognised T-cell epi-
topes in the case of sequential heterologous infection,
can alter the outcome of the response, from being
protective to pathogenic [26–30]. A focus on the conser-
vation spectrums of sequence diversity, pan-DENV sero-
types to serotype-specific, may represent an avenue to
subvert the pathogenic effects. Towards this, the former
approach aims to limit the number of possible cross-
reactive epitope variants in the population, relevant to a
given memory response, while the latter aims to limit
the cross-reactivity between the serotypes to favour a
serotype-specific response. The work by Khan et al. [35]
was an attempt to report on the former; the HCSS se-
quences reported herein represent the latter approach.
HCSS sequences showed significant amino acid differ-
ence to all the variants across the serotypes with
increasing MI value, which also resulted in a decreased
occurrence of corresponding HCSS sequences between
the serotypes.
There is evidence that both neutralizing antibody

and specific T-cell responses are required [12, 92–94]
for protection against dengue. The incorporation of
supertype-restricted T-cell epitopes within DENV

vaccine candidates may improve vaccine efficacy by
providing for a robust long-lived immunity through
cytostatic and/or cytotoxic effects, as well as the wide
population coverage [95]. For tetravalent formulations,
HCSS sequences may be evaluated for inclusion,
besides the consideration of pan-DENV sequences.
Among the 337 HCSS sequences identified herein, the
following maybe utilised as prioritisation criteria: i)
high MI value ii) low intra-serotype entropy, iii) no
or little correspondence between serotypes, iv)
immune-relevant, v) supertype-restricted, vi) extended
HLA promiscuity, vii) a hotspot, and viii) of longer-
length, increasing possibility of B-cell epitope(s)
within (top 20 HCSS sorted according to this criteria
are provided in Table 6). Further investigations are
needed to validate the immunogenicity and the pro-
tective role of the HCSS sequences in human
subjects.

Conclusion
This work provides a catalogue of HCSS sequences in
the DENV proteome, as candidates for vaccine target se-
lection. The methodology described herein provides a
framework for similar application to other pathogens,
where sub-group-specific immune response maybe de-
sired, such as other flaviviruses and influenza A virus.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12864-019-6311-z.

Additional file 1: Table 1. Comparison of intra- and inter-serotype entropy
values between the 2005 (Khan et al., 2008) and 2018 datasets (this study).

Additional file 2: Table 2. Highly conserved, serotype-specific (HCSS)
sequences

Additional file 3: Table 3. Highly conserved, serotype-specific (HCSS)
sequences that corresponded across the four serotypes

Additional file 4: Table 4. Nonamer positions depicting amino acid
differences between an HCSS nonamer and the corresponding variants,
within and between the serotypes. Only positions of mutual information
value of 1 and low entropy values are shown. HCSS nonamers are shown
in yellow, and one is arbitrarily chosen as the reference when more than
one corresponding HCSS nonamers are present. A) The variant amino
acids are not shown, instead the number of such variants and the
number of amino acid differences are indicated. B) All the variants and
the amino acid differences are shown.

Additional file 5: Table 5. Functional analysis of the highly conserved,
serotype specific (HCSS) sequences by use of Pfam (supporting ID in
column F) and the Conserved Domains Database (CDD; supporting ID in
column E). Sequences without reported functional correlations are denoted
with '-'. Sequences with two different functional domains and motifs from
Pfam and CDD are denoted with * and #, respectively (column D).

Additional file 6: Table 6. HLA-A, -B and -DR supertype-restricted T-cell
epitopes, predicted for HCSS nonamers, summarised according to DENV
protein and serotypes

Additional file 7: Table 7. IEDB reported DENV T cell epitopes/ligands
in human that completely matched HCSS sequences

Additional file 8: Table 8. Reported epitopes that matched predicted
epitopes of HCSS sequences

Chong and Khan BMC Genomics 2019, 20(Suppl 9):921 Page 15 of 18

https://doi.org/10.1186/s12864-019-6311-z
https://doi.org/10.1186/s12864-019-6311-z


Abbreviations
APL: Altered peptide ligand; AVANA: Antigenic variability analyser tool;
BLAST: Basic local alignment search tool; C: Capsid protein; CTL: Cytotoxic T
lymphocytes; DENV: Dengue virus; DHF: Dengue hemorrhagic fever;
DSS: Dengue shock syndrome; E: Envelope protein; HCSS: Highly conserved,
serotype-specific; HLA: Human leukocyte antigen; IAV: Influenza A virus;
IEDB: Immune Epitope Database and Analysis Resource; IFN: Interferon;
MAFFT: Multiple alignment using Fast Fourier Transform; MHC: Major
histocompatibility complex; MI: Mutual information; NCBI: National Center for
Biotechnology Information; NS: Non-structural; prM/M: Precursor membrane/
membrane protein; TCR: T-cell receptor; WNV: West Nile virus

Acknowledgments
We thank Dr. Choi Sy Bing for the guidance on epitope-receptor docking
and to Mr. Benjamin Tan Yong Liang for the preliminary evaluation on den-
gue serotype-specific sequences.

About this supplement
This article has been published as part of BMC Genomics Volume 20
Supplement 9, 2019: 18th International Conference on Bioinformatics. The full
contents of the supplement are available online at https://bmcgenomics.
biomedcentral.com/articles/supplements/volume-20-supplement-9.

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

Funding
The publication of this supplement was funded by Perdana University.

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

Ethics approval and consent to participate
This was not applicable.

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

Competing interests
The authors have declared that no competing interests exist.

Received: 12 November 2019 Accepted: 19 November 2019
Published: 24 December 2019

References
1. Westaway EG, Brinton MA, Gaidamovich SYA, Horzinek MC, Igarashi A,

Kääriäinen L, et al. Flaviviridae. Intervirology. 1985;24(4):183–92.
2. Guzman MG, Halstead SB, Artsob H, Buchy P, Farrar J, Gubler DJ, et al.

Dengue: a continuing global threat. Nat Rev Microbiol. 2010;8(12 Suppl):S7–
16.

3. WHO. Dengue and severe dengue [Internet]. World Health Organization.
2019 [cited 2019 April 24]. Available from: http://www.who.int/en/news-
room/fact-sheets/detail/dengue-and-severe-dengue.

4. Mackenzie JS, Gubler DJ, Petersen LR. Emerging flaviviruses: the spread and
resurgence of japanese encephalitis, west nile and dengue viruses. Nat Med.
2004;10(12 Suppl):S98–109.

5. Faustino AF, Martins IC, Carvalho FA, Castanho MARB, Maurer-Stroh S,
Santos NC. Understanding dengue virus capsid protein interaction with key
biological targets. Sci Rep. 2015;5:10592.

6. Chambers T, Hahn C, Galler R, Rice C. Flavivirus genome organization,
expression, and replication. Annu Rev Microbiol. 1990;44:649–88.

7. Steinhauer DA, Domingo E, Holland JJ. Lack of evidence for proofreading
mechanisms associated with an RNA virus polymerase. Gene. 1992;122(2):
281–8.

8. Grande-pérez A, Garcia-arriaza J. Viruses as quasispecies: Biological
implications article in current topics in microbiology and immunology ·
February 2006. 2006; 299: 51–82.

9. Weaver SC, Vasilakis N. Molecular evolution of dengue viruses: contributions
of phylogenetics to understanding the history and epidemiology of the
preeminent arboviral disease. Infect Genet Evol. 2009;9(4):523–40.

10. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The
global distribution and burden of dengue. Nat. 2013;496(7446):504–7.

11. Mustafa MS, Rasotgi V, Jain S, Gupta V. Discovery of fifth serotype of
dengue virus (denv-5): a new public health dilemma in dengue control.
Med J Armed Forces India. 2015;71:67–70.

12. Holmes EC, Twiddy SS. The origin, emergence and evolutionary genetics of
dengue virus. Infect Genet Evol. 2003;3(1):19–28.

13. Green S, Rothman A. Immunopathological mechanisms in dengue and
dengue hemorrhagic fever. Curr Opin Infect Dis. 2006;19(5):429–36.

14. Khan AM, Heiny AT, Lee KX, Srinivasan KN, Tan TW, August JT, et al. Large-
scale analysis of antigenic diversity of T-cell epitopes in dengue virus. BMC
Bioinform. 2006;7(Suppl 5):S4.

15. Domingo E, Sheldon J, Perales C. Viral quasispecies evolution. Microbiol Mol
Biol Rev. 2012;76(2):159–216.

16. Behura SK, Severson DW. Nucleotide substitutions in dengue virus serotypes
from Asian and American countries: insights into intracodon recombination
and purifying selection. BMC Microbiol. 2013;13:37.

17. Kurosu T. Quasispecies of dengue virus. Trop Med Health. 2011;39(4 Suppl):
29–36.

18. Soo KM, Khalid B, Ching SM, Chee HY. Meta-analysis of dengue severity
during infection by different dengue virus serotypes in primary and
secondary infections. PLoS One. 2016;11(5):e154760.

19. Duan ZL, Liu HF, Huang X, Wang SN, Yang JL, Chen XY, et al. Identification
of conserved and HLA-A*2402-restricted epitopes in dengue virus serotype
2. Virus Res. 2015;196:5–12.

20. Sant AJ, McMichael A. Revealing the role of CD4+ T cells in viral immunity. J
Exp Med. 2012;209(8):1391–5.

21. Rivino L, Lim MQ. CD4+ and CD8+ T-cell immunity to dengue – lessons for
the study of Zika virus. Immunol. 2017;150(2):146–54.

22. Weiskopf D, Sette A. T-cell immunity to infection with dengue virus in
humans. Front Immunol. 2014;5:93.

23. Weiskopf D, Angelo MA, de Azeredo EL, Sidney J, Greenbaum JA, Fernando
AN, et al. Comprehensive analysis of dengue virus-specific responses
supports an HLA-linked protective role for CD8+ T cells. Proc Natl Acad Sci
U S A. 2013;110(22):E2046–53.

24. Wahala WMPB, de Silva AM. The human antibody response to dengue virus
infection. Viruses. 2011;3(12):2374–95.

25. Sanchez-Trincado JL, Gomez-Perosanz M, Reche PA. Fundamentals and
methods for T- and B-cell epitope prediction. J Immunol Res. 2017;2680160.

26. Kalergis AM, Nathenson SG. Altered peptide ligand-mediated TCR
antagonism can be modulated by a change in a single amino acid
residue within the CDR3 of an MHC class I-restricted TCR. J Immunol.
2000;165(1):280–5.

27. Evavold BD, Sloan-Lancaster J, Allen PM. Tickling the TCR: selective T-cell
functions stimulated by altered peptide ligands. Immunol Today. 1993;
14(12):602–9.

28. Madrenas J, Germain RN. Variant TCR ligands: new insights into the
molecular basis of antigen-dependent signal transduction and T-cell
activation. Semin Immunol. 1996;8(2):83–101.

29. Sloan-Lancaster J, Allen PM. Altered peptide ligand-induced partial T cell
activation: molecular mechanisms and role in T cell biology. Annu Rev
Immunol. 1996;14:1–27.

30. Nishimura Y, Chen YZ, Uemura Y, Tanaka Y, Tsukamoto H, Kanai T, et al.
Degenerate recognition and response of human CD4+ Th cell clones:
implications for basic and applied immunology. Mol Immunol. 2004;40(14–
15):1089–94.

31. Rothman AL. Dengue: defining protective versus pathologic immunity. J
Clin Investig. 2004;113(7):946–51.

32. Loke H, Bethell DB, Phuong CXT, Dung M, Schneider J, White NJ, et al.
Strong HLA class I–restricted T cell responses in dengue hemorrhagic fever:
a double-edged sword? J Infect Dis. 2002;184(11):1369–73.

33. Mongkolsapaya J, Dejnirattisai W, Xu XN, Vasanawathana S,
Tangthawornchaikul N, Chairunsri A, et al. Original antigenic sin and
apoptosis in the pathogenesis of dengue hemorrhagic fever. Nat Med.
2003;9(7):921–7.

34. Mongkolsapaya J, Duangchinda T, Dejnirattisai W, Vasanawathana S,
Avirutnan P, Jairungsri A, et al. T cell responses in dengue hemorrhagic
fever: are cross-reactive T cells suboptimal? J Immunol. 2014;176(6):3821–9.

Chong and Khan BMC Genomics 2019, 20(Suppl 9):921 Page 16 of 18

https://bmcgenomics.biomedcentral.com/articles/supplements/volume-20-supplement-9
https://bmcgenomics.biomedcentral.com/articles/supplements/volume-20-supplement-9
http://www.who.int/en/news-room/fact-sheets/detail/dengue-and-severe-dengue
http://www.who.int/en/news-room/fact-sheets/detail/dengue-and-severe-dengue


35. 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(8):e272.

36. Mangada MM, Rothman AL. Altered cytokine responses of dengue-specific
CD4+ T cells to heterologous serotypes. J Immunol. 2014;175(4):2676–83.

37. Khan AM. Mapping targets of immune responses in complete dengue viral
genomes. National University of Singapore: Master's Thesis; 2005.

38. Johnson M, Zaretskaya I, Raytselis Y, Merezhuk Y, McGinnis S, Madden TL.
NCBI BLAST: A better web interface. Nucleic Acids Res. 2008;36(Web Server
issue):W5–9.

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

40. Consortium TU. UniProt: a worldwide hub of protein knowledge. Nucleic
Acids Res. 2019;47(D1):D506–15.

41. Bateman A, Martin MJ, O’Donovan C, Magrane M, Alpi E, Antunes R, et al.
UniProt: the universal protein knowledgebase. Nucleic Acids Res. 2017;
45(Database issue):D158–69.

42. Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic Acids
Res. 2002;30(14):3059–66.

43. Hall TA. BIOEDIT: a user-friendly biological sequence alignment editor
and analysis program for windows 95/98/ NT. Nucleic Acids Symp Ser.
1999;41:95–8.

44. Hall TA. BioEdit: an important software for molecular biology software
review. GERF Bull Biosci. 2011;2(1):60–1.

45. Shannon CE. A mathematical theory of communication. Bell Syst Tech J
1948; 27: 379–423, 623-56.

46. Miotto O, Heiny AT, Tan TW, August JT, Brusic V. Identification of human-to-
human transmissibility factors in PB2 proteins of influenza a by large-scale
mutual information analysis. BMC Bioinform. 2008;9(Suppl 1):S18.

47. Miotto O, Heiny AT, Albrecht R, García-Sastre A, Tan TW, August JT, et al.
Complete-proteome mapping of human influenza a adaptive mutations:
implications for human transmissibility of zoonotic strains. PLoS One. 2010;
5(2):e9025.

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

49. Marchler-Bauer A, Anderson JB, Cherukuri PF, DeWeese-Scott C, Geer LY,
Gwadz M, et al. CDD: a conserved domain database for protein
classification. Nucleic Acids Res. 2005;33(Database issue):D192–6.

50. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, et al.
Pfam: the protein families database. Nucleic Acids Res. 2014;42(Database
issue):D222–30.

51. de Castro E, Sigrist CJA, Gattiker A, Bulliard V, Langendijk-Genevaux PS,
Gasteiger E, et al. ScanProsite: Detection of PROSITE signature matches and
ProRule-associated functional and structural residues in proteins. Nucleic
Acids Res. 2006;34(Web Server issue):W362–5.

52. Jensen KK, Andreatta M, Marcatili P, Buus S, Greenbaum JA, Yan Z, et al.
Improved methods for predicting peptide binding affinity to MHC class II
molecules. Immunol. 2018;154(3):394–406.

53. Stranzl T, Larsen MV, Lundegaard C, Nielsen M. NetCTLpan: pan-specific
MHC class I pathway epitope predictions. Immunogenet. 2010;62(6):
357–68.

54. Del Guercio MF, Sidney J, Hermanson G, Perez C, Grey HM, Kubo RT, et al.
Binding of a peptide antigen to multiple HLA alleles allows definition of an
A2-like supertype. J Immunol. 1995;154(2):685–93.

55. Kangueane P. HLA supertypes. In: bioinformation discovery. New York:
Springer; 2009.

56. Zhao W, Sher X. Systematically benchmarking peptide-MHC binding
predictors: from synthetic to naturally processed epitopes. PLoS Comput
Biol. 2018;14(11):e1006457.

57. Andreatta M, Trolle T, Yan Z, Greenbaum JA, Peters B, Nielsen M. An
automated benchmarking platform for MHC class II binding prediction
methods. Bioinform. 2018;34(9):1522–8.

58. Sette A, Sidney J. Nine major HLA class I supertypes account for the vast
preponderance of HLA-A and -B polymorphism. Immunogenet. 1999;50(3–
4):201–12.

59. Sidney J, Peters B, Frahm N, Brander C, Sette A. HLA class I supertypes: a
revised and updated classification. BMC Immunol. 2008;9:1.

60. Southwood S, Sidney J, Kondo A, del Guercio MF, Appella E, Hoffman S,
et al. Several common HLA-DR types share largely overlapping peptide
binding repertoires. J Immunol. 1998;160(7):3363–73.

61. Greenbaum J, Sidney J, Chung J, Brander C, Peters B, Sette A. Functional
classification of class II human leukocyte antigen (HLA) molecules reveals
seven different supertypes and a surprising degree of repertoire sharing
across supertypes. Immunogenet. 2011;63(6):325–35.

62. Chicz RM, Urban RG, Lane WS, Gorga JC, Stern LJ, Vignali DAA, et al.
Predominant naturally processed peptides bound to HLA-DR1 are derived
from MHC-related molecules and are heterogeneous in size. Nat. 1992;
358(6389):764–8.

63. 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(Database issue):D405–12.

64. Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C, et al. The ClusPro
web server for protein-protein docking. Nat Protoc. 2017;12(2):255–78.

65. Porter KA, Xia B, Beglov D, Bohnuud T, Alam N, Schueler-Furman O, et al.
ClusPro PeptiDock: efficient global docking of peptide recognition motifs
using FFT. Bioinformatics. 2017;33(20):3299–301.

66. Kozakov D, Beglov D, Bohnuud T, Mottarella SE, Xia B, Hall DR, et al. How
good is automated protein docking? Proteins Struct Funct Bioinforma. 2013;
81(12):2159–66.

67. Berman HM, Battistuz T, Bhat TN, Bluhm WF, Bourne PE, Burkhardt K, et al.
The protein data bank. Acta Crystallogr Sect D Biol Crystallogr. 2002;28(1):
235–42.

68. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al.
SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 2018;46(W1):W296–303.

69. Gagnon SJ, Borbulevych OY, Davis-Harrison RL, Turner RV, Damirjian M,
Wojnarowicz A, et al. T cell receptor recognition via cooperative
conformational plasticity. J Mol Biol. 2006;363(1):228–43.

70. Tian H, Sun Z, Faria NR, Yang J, Cazelles B, Huang S, et al. Increasing airline
travel may facilitate co-circulation of multiple dengue virus serotypes in
Asia. PLoS Negl Trop Dis. 2017;11(8):e0005694.

71. Yusuf M, Konc J, Choi SB, Trykowska Konc J, Ahmad Khairudin NB, Janezic D,
et al. Structurally conserved binding sites of hemagglutinin as targets for
influenza drug and vaccine development. J Chem Inf Model. 2013;53(9):
2423–36.

72. 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(11):e1190.

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

74. Hu Y, Tan PTJ, Tan TW, August JT, Khan AM. Dissecting the dynamics of HIV-
1 protein sequence diversity. PLoS One. 2013;8(4):e59994.

75. Rajão DS, Pérez DR. Universal vaccines and vaccine platforms to protect
against influenza viruses in humans and agriculture. Front Microbiol.
2018;9:123.

76. Jung K-O, 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(14):7616–24.

77. Chong LC, Khan AM. Vaccine target discovery. Encycl Bioinforma Comput
Biol. 2018;3:241–51.

78. Venkatachalam R, Subramaniyan V. Homology and conservation of amino
acids in E-protein sequences of dengue serotypes. Asian Pacific J Trop Dis.
2014;4(Suppl 2):S573–7.

79. Tay MYF, Smith K, Ng IHW, Chan KWK, Zhao Y, Ooi EE, et al. The C-terminal
18 amino acid region of dengue virus NS5 regulates its subcellular
localization and contains a conserved arginine residue essential for
infectious virus production. PLoS Pathog. 2016;12(9):e1005886.

80. Dong H, Fink K, Züst R, Lim SP, Qin CF, Shi PY. Flavivirus RNA methylation. J
Gen Virol. 2014;95(Pt 4):763–78.

81. Kapoor M, Zhang L, Ramachandra M, Kusukawa J, Ebner KE, Padmanabhan
R. Association between NS3 and NS5 proteins of dengue virus type 2 in the
putative RNA replicase is linked to differential phosphorylation of NS5. J Biol
Chem. 1995;270(32):19100–6.

82. Tian Y, Chen W, Yang Y, Xu X, Zhang J, Wang J, et al. Identification of B cell
epitopes of dengue virus 2 NS3 protein by monoclonal antibody. Appl
Microbiol Biotechnol. 2013;97(4):1553–60.

83. Wu J, Bera AK, Kuhn RJ, Smith JL. Structure of the flavivirus helicase:
implications for catalytic activity, protein interactions, and Proteolytic
processing. J Virol. 2005;79(16):10268–77.

Chong and Khan BMC Genomics 2019, 20(Suppl 9):921 Page 17 of 18



84. Fleith RC, Lobo FP, Dos Santos PF, Rocha MM, Bordignon J, Strottmann DM,
et al. Genome-wide analyses reveal a highly conserved dengue virus
envelope peptide which is critical for virus viability and antigenic in
humans. Sci Rep. 2016;6:36339.

85. Poggianella M, Campos JLS, Chan KR, Tan HC, Bestagno M, Ooi EE, et al.
Dengue e protein domain iii-based dna immunisation induces strong
antibody responses to all four viral serotypes. PLoS Negl Trop Dis. 2015;9(7):
e0003947.

86. Zhang X, Jia R, Shen H, Wang M, Yin Z, Cheng A. Structures and functions
of the envelope glycoprotein in flavivirus infections. Viruses. 2017;9(11):338.

87. Lim WC, Khan AM. Mapping HLA-A2, −A3 and -B7 supertype-restricted T-
cell epitopes in the ebolavirus proteome. 2018;19(Suppl 1):17–29.

88. Wilson CC, McKinney D, Anders M, MaWhinney S, Forster J, Crimi C, et al.
Development of a DNA vaccine designed to induce cytotoxic T lymphocyte
responses to multiple conserved epitopes in HIV-1. J Immunol. 2014;171(10):
5611–23.

89. Gagnon SJ, Zeng W, Kurane I, Ennis FA. Identification of two epitopes on
the dengue 4 virus capsid protein recognized by a serotype-specific and a
panel of serotype-cross-reactive human CD4+ cytotoxic T-lymphocyte
clones. J Virol. 1996;70(1):141–7.

90. Weiskopf D, Cerpas C, Angelo MA, Bangs DJ, Sidney J, Paul S, et al. Human
CD8+ T-cell responses against the 4 dengue virus serotypes are associated
with distinct patterns of protein targets. J Infect Dis. 2015;212(11):1743–51.

91. Weiskopf D, Angelo MA, Bangs DJ, Sidney J, Paul S, Peters B, et al. The
human CD8 + T cell responses induced by a live attenuated tetravalent
dengue vaccine are directed against highly conserved epitopes. J Virol.
2014;89(1):120–8.

92. de Alwis R, Smith SA, Olivarez NP, Messer WB, Huynh JP, Wahala WMPB,
et al. Identification of human neutralizing antibodies that bind to complex
epitopes on dengue virions. Proc Natl Acad Sci. 2012;109(19):7439–44.

93. Swanstrom JA, Nivarthi UK, Patel B, Delacruz MJ, Yount B, Widman DG, et al.
Beyond neutralizing antibody levels: the epitope specificity of antibodies
induced by National Institutes of Health monovalent dengue virus vaccines.
J Infect Dis. 2019;220(2):219–27.

94. Whitehead SS, Blaney JE, Durbin AP, Murphy BR. Prospects for a dengue
virus vaccine. Nat Rev Microbiol. 2007;5(7):518–28.

95. 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(2):141–7.

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

Chong and Khan BMC Genomics 2019, 20(Suppl 9):921 Page 18 of 18


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Method
	Methodology overview
	Data collection and processing
	Identification of highly conserved, serotype-specific (HCSS) sequences
	Functional analysis of the HCSS sequences
	Identification of predicted and known T-cell epitopes

	Result
	Data collection and processing
	Evolutionary diversity of DENV proteome
	Identification of highly conserved, serotype-specific (HCSS) sequences
	Functional analysis of the HCSS sequences
	Predicted T-cell epitopes within the HCSS sequences
	Matching of experimentally validated and predicted T-cell epitopes

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgments
	About this supplement
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

