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Abstract
The highly pathogenic avian H5N1 influenza viruses have been recognized as a potential pandemic threat to humans, and 
to the poultry industry since 1997. H5 viruses consist of a high mutation rate, so universal vaccine designing is very chal-
lenging. Here, we describe a vaccinomics approach to design a novel multi-epitope influenza vaccine, based on the highly 
conserved regions of surface glycoprotein, Hemagglutinin (HA). Initially, the HA protein sequences from Bangladeshi origin 
were retrieved and aligned by ClustalW. The sequences of 100% conserved regions extracted and analyzed to select the 
highest potential T-cell and B-cell epitope. The HTL and CTL analyses using IEDB tools showed that DVWTYNAELLVL-
MEN possesses the highest affinity with MHC class I and II alleles, and it has the highest population coverage. The docking 
simulation study suggests that this epitope has the potential to interact with both MHC class I and MHC class II. The B-cell 
epitope prediction provides a potential peptide, GAIAGFIEGGWQGM. We further retrieved HA sequences of 3950 avian 
and 250 human H5 isolates from several populations of the world, where H5 was an epidemic. Surprisingly, these epitopes 
are more than 98% conserved in those regions which indicate their potentiality as a conserved vaccine. We have proposed 
a multi-epitope vaccine using these sequences and assess its stability and potentiality to induce B-cell immunity. In vivo 
study is necessary to corroborate this epitope as a vaccine, however, setting forth groundwork for wet-lab studies essential 
to mitigate pandemic threats and provide cross-protection of both avian and humans against H5 influenza viruses.
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Introduction

Influenza virus A is a virus of the Orthomyxoviridae family 
(Presti et al. 2009). Influenza virus causes an acute respira-
tory disease and continually circulates and changes in sev-
eral animal hosts, including wild birds, poultry, pigs, horses, 
and humans. Their genotypes are based on the nature of their 
surface glycoproteins, Hemagglutinin (HA), and Nurami-
nidase (NA) (Lamb 2001). There are 18 different HAs and 

11 NAs which are serologically distinguishable, in which 
antibodies to one virus genotype do not react with another.

Influenza H5 viruses are avian viruses, hosted by birds, 
but may infect several species of mammals. Among nine 
known subtypes of H5 viruses (H5N1, H5N2, H5N3, H5N4, 
H5N5, H5N6, H5N7, H5N8, and H5N9), LPAI (Low Patho-
genic Avian Influenza) are the most identified worldwide 
in wild birds and poultry, but occasionally HPAI (Highly 
Pathogenic Avian Influenza) viruses are also detected. The 
first reported case of human illness with a highly patho-
genic H5N1 virus infection occurred in May 1997 in Hong 
Kong (Yuen et al. 1998). They spread widely throughout the 
countries of Asia, the Middle East, Africa, and Europe, and 
evolved rapidly into 10 distinct clades (0–9). H5N1 viruses 
are recognized as threats to humans, wild birds, and poultry 
in Bangladesh since 2007. H5N1 clade 2.2.2 circulated from 
2007 to 2011, while clade 2.3.2.1a circulated from 2011 to 
the present (Marinova-Petkova et al. 2015). The virulence 
of H5 viruses in poultry and humans has raised concerns 
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about their potential to cause an influenza pandemic. In a 
yearly outbreak, influenza spreads around the world, result-
ing in about 3–5 million human cases of severe illness and 
about 250,000 to 500,000 deaths (WHO 2017). A total of 
858 human cases and 453 deaths worldwide from avian 
influenza A virus subtype, H5N1 were reported by WHO 
from 2003–2017. From them, the same subtype of H5N1 
infection caused eight human cases and one death in Bang-
ladesh (WHO 2019). H5 viruses are endemic in Bangladesh 
and have one of the highest numbers of reported outbreaks 
in poultry (OIE 2013).

Current therapeutic options for the treatment of influ-
enza virus infections are limited (Fry et al. 2015). Vacci-
nation is the most effective way to prevent infection and 
severe outcomes of influenza H5 viruses, but they possess a 
high mutation rate. Current vaccine formulations predomi-
nantly rely on eliciting neutralizing antibodies that target the 
highly variable head domain (HA1 subunit) of the surface-
expressed viral glycoprotein hemagglutinin (Vergara-Alert 
et al. 2012). They are generally exclusively effective against 
infectious influenza viral populations that match the vaccine 
strain (Wiersma et al. 2015; Sridhar et al. 2015). Therefore, 
a particular influenza vaccine usually confers protection for 
no more than a few years. These vaccine types are strain-
specific, and their efficacy relies heavily on the inclusion 
of antigens (viruses or their proteins) or transfection of the 
cell with plasmid DNA. As a result of antigenic drift or 
shift, frequent changes occurred in influenza viruses, limit 
protection due to the low correlation between the vaccine 
antigens, and the current circulating wild-type influenza 
virus. Commercially available strain-specific vaccines show 
a relatively reduced clinical efficacy due to poor matching 
between the vaccine and circulating strains (Manzoli et al. 
2007; Demicheli et al. 2018). Therefore, the development 
of effective vaccines against pandemic H5 viruses is chal-
lenging. These cumulative limitations are the driving force 
for the development of novel vaccines based on the viral 
peptide, which omits the use of HPAI H5 viruses.

Most recently, one approach that focuses on the identifi-
cation of specific epitopes expressed by infectious pathogens 
has significantly advanced the development of peptide-based 
vaccines. Improved understanding of the molecular basis of 
antigen recognition and Major Histocompatibility Complex 
(MHC)-binding motifs has resulted in the development of 
rationally designed vaccines (Petrovsky and Brusic 2002). 
In various clinical studies, peptide-based vaccines demon-
strated their effectiveness against various infectious diseases, 
including malaria (Kashala et al. 2002), hepatitis B (Engler 
et al. 2001), HIV (Gahery et al. 2006), multiple sclerosis 
(Bourdette et al. 2005), and tuberculosis (Robinson and 
Amara 2005). A CTL response to epitope-based vaccines is 
MHC molecule dependent. A vaccine intended for a broad 
human and avian population should include T-cell epitope(s) 

that will induce responses in the vast majority of the avian 
and human population. This can be achieved by selecting 
several T-cell epitopes that are specific to the prevalent 
MHC genotypes in that population (Keogh et al. 2001).

The surface glycoprotein of H5 influenza viruses, HA is 
an attractive target for vaccine development as neutralizing 
antibodies produced against HA during protection in humans 
(Gerhard 2001; Padilla-Quirarte et al. 2019). The mature HA 
has a globular head domain known as HA1 responsible for 
receptor binding, whereas the stem domain predominantly 
comprises the HA2 subunit. To create a universal vaccine, 
which would obviate a yearly vaccine, the highly conserved 
stalk domain of HA, HA2 subunit has been shown to be a 
potential region (Wright et al. 2007; Bridges et al. 2000). 
A novel approach, multi-epitope-based vaccine represents 
inducing specific cellular immunity and highly potent neu-
tralizing antibodies (Vakili et al. 2019). A previous study 
showed that a multi-epitope vaccine protects against H5 
influenza viruses (Hassan et al. 2017).

Herein, we shall describe a vaccinomics approach to 
design a novel multi-epitope influenza vaccine, based on a 
conserved region of the HA protein. The major aim of this 
study was to design a peptide vaccine specific for H5 viruses 
in Bangladesh. We have also assessed the potentiality of the 
Bangladesh specific epitope as a vaccine in the other regions 
of the world where they are endemic.

Methods

The methodology of the entire study has been described in 
a flow diagram (Fig. 1).

Sequence retrieval and multiple sequence 
alignment

The hemagglutinin protein sequences of different strains 
of influenza H5 viruses were retrieved from the Influenza 
Research Database (IRD) (Squires et al. 2012). Initially, 
HA protein sequences isolated from Bangladeshi human, 
avian (duck, mallard, chicken, quail, and migratory bird) 
and environment representative to influenza H5N1, H5N2, 
H5N6 viruses were analyzed to search conserved regions 
within HA proteins. All the HA protein sequences aligned 
by multiple sequence alignment program ClustalW using 
the BioEdit 7.2 program with a number of bootstraps value 
1000 (Hall et al. 2011).

T‑cell epitope prediction and affinity with MHC

CTL-epitope prediction is very important as rational vac-
cine design requires selective and specific targets that can 
deflate the volume of the experimental work. The epitope 



3 Biotech (2020) 10:546 

1 3

Page 3 of 16 546

prediction from the respective conserved sequences and 
their affinity score with MHC class I and class II allele was 
calculated following the previously used approaches (Oany 
et al. 2017; Hossain et al. 2018). Concisely, the potential 

cytotoxic T-lymphocyte (CTL) epitopes predicted by the 
NetCTL v1.2 server (Larsen et al. 2007) utilizing the con-
served sequences of the protein. The most antigenic T-cell 
epitope was selected depending on the combined score of 

Fig. 1  Flow diagram of the methodology
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the algorithms for MHC class I binding, the transporter of 
antigenic peptide (TAP) transport efficiency, and proteaso-
mal C-terminal cleavage prediction. We have selected the 
top epitope for each HLA supertypes. The threshold level 
was set at 0.75 to find the epitopes for 12 MHC class I 
supertypes.

T-cell epitope prediction tools from Immune Epitope 
Database and Analysis Resource (IEDB-AR) were also 
used to predict the affinity with MHC class I (Buus et al. 
2003) and MHC class II (Wang et al. 2008, 2010a). The 
stabilized matrix method (SMM) was utilized to measure 
the half-maximal inhibitory concentration (IC50) of the 
preselected 9.0-mer epitope binding to MHC class I. We 
selected the IEDB recommended method while analyzing 
affinity with the specific HLA-DP, HLA-DQ, and HLA-
DR loci of MHC class II. For MHC class II binding analy-
sis, Fifteen-mer epitopes were designed depending on the 
preselected 9-mer epitope considering the most conserved 
region in the influenza strains. The epitopes consisting of 
IC50 < 250 nM for the MHC class I and IC50 < 100 nM for 
MHC class II alleles, respectively, were selected for further 
analysis. The MHC class I binding was crosschecked by the 
software EPISOPT. We also utilized PREDIVAC, the MHC 
class II binding prediction tool to evaluate their affinity with 
HLA_DRB_1.

Population coverage analysis

Population coverage was evaluated by the IEDB population 
coverage calculation tool for each epitope (Bui et al. 2006). 
We selected area_country_ethnicity for the query, and the 
combined score for MHC classes I and II was used to deter-
mine the population coverage of the whole world population 
as well as an individual country.

Homology modeling and structural frustration 
analysis

A homology model of the hemagglutinin protein built by 
MODELLER v9 (Sali et al. 1995) and the simulated model 
evaluated by the PROCHECK server (Laskowski et  al. 
1996). The disordered region in the protein sequences meas-
ured by DISOPRED v3 (Ward et al. 2004). The protein frus-
tratometer server (Jenik et al. 2012) exploited to detect the 
stability and energy differences in the 3D structure of the 
protein. The prediction of the transmembrane region was 
performed by TMHMM and TMpred.

Molecular docking analysis and HLA allele 
interaction

CABSDOCK WEB SERVER [http://bioco mp.chem.
uw.edu.pl/CABSd ock] employed to perform molecular 

docking studies using the best possible epitope obtained 
from the above analyses. We have picked the HLA-B*15:01 
molecules as a candidate for MHC class I, and the HLA-
DRB01*01:01 as a candidate for MHC class II to dock with 
the selected epitope. The docking of HLA-DRB1*01:01 
(PDB structure 1FYT) and HLA-B*15:01 (PDB struc-
ture- 1XR8) with naturally bound peptides was used as a 
control docking model for MHC class I and MHC class II, 
respectively. We selected the crystal structure, 1XR8 that 
included the HLA-B*1501 in Complex with Peptides from 
Human UbcH6 and Epstein–Barr virus EBNA-3 from the 
Protein Data Bank (PDB) database. On the other hand, as a 
candidate for MHC class II, the crystal structure 1FYT was 
selected that comprised a complex of a human alpha/beta-t-
cell receptor, influenza HA antigen peptide, and HLA-DR1 
(Berman et al. 2000). Then, the structure of MHC class I 
and MHC class II molecule was extracted using PyMOL 
(The PyMOL Molecular Graphics System, Version 1.5.0.4, 
Schrödinger, LLC) for the final docking purpose. The 9-mer 
epitope and the 15-mer epitope with their MHC class I and 
II molecule, respectively, submitted to CABS-dock with 
50 simulation cycles. The docked peptides in the binding 
groove of HLAs with the lowest RMSD value were selected. 
The CABS-dock server stipulates a docking simulation of 
the binding site that allows full flexibility of the peptide 
and occasionally allows minor fluctuations of the receptor 
backbone. It also validates the model stability by calculating 
the RMSD value and cluster density.

B‑cell epitope prediction

The prediction of linear B-cell epitopes from the conserved 
regions was performed using the ABCPred server (https ://
webs.iiitd .edu.in/ragha va/ abcpred/ABC_submission.html).

Conservancy analyses

This study covers influenza viruses isolated from different 
countries which are repeatedly reported H5 virus outbreaks 
in avian, and some cases in humans, like, China, Viet Nam, 
Cambodia, Bangladesh, Thailand, India, Indonesia, Egypt, 
USA, etc. IEDB conservancy analysis tool was employed 
to measure the conservancy of all the anticipated epitopes 
in this study.

Designing of multi‑epitope vaccine and analyses 
of its properties

We selected the best epitope from the T-cell and B-cell 
epitopes depending on the affinity with MHC class I and II 
alleles, population coverage, and conservancy. The epitopes 
are linked by the AAY linker and a Cysteine residue set 
at the N-terminal of the epitope. The cysteine residue will 

http://biocomp.chem.uw.edu.pl/CABSdock
http://biocomp.chem.uw.edu.pl/CABSdock
https://webs.iiitd.edu.in/raghava/
https://webs.iiitd.edu.in/raghava/
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be required to conjugate the peptide with the carrier pro-
tein via a disulfide linkage. The ProtParam server was uti-
lized to evaluate various physiochemical parameters of the 
multi-epitope vaccine, e.g., molecular weight, theoretical 
isoelectric point (pI), in vitro, and in vivo half-life, instabil-
ity and aliphatic index, and grand average of hydropathicity 
(GRAVY).

Modeling, refinement, and validation 
of Vaccine‑structure

The secondary structural properties of the multi-epitope 
vaccine construct assessed by the SOPMA server. The 3D 
model of the vaccine was constructed using the homology 
modeling tool—iTASSER (Yang et al. 2015). The model is 
refined using the Galaxy Refine server (http://galax y.seokl 
ab.org/). This server performs the repacking and molecular 
dynamics simulation to relax the structure, a CASP10-based 
refinement technique. The tertiary structures of the vaccines 
were validated using ProSA-web (Wiederstein and Sippl 
2007). The server evaluated the overall quality of the model 
in the form of a z score. If the z scores of the predicted 
model are outside the range of the characteristic for native 
proteins, it indicates the erroneous structure. Furthermore, 
the Ramachandran plot analysis of the predicted model was 
performed using the PROCHECK server (https ://servi cesn.
mbi.ucla.edu/PROCH ECK/) to determine its overall quality.

Allergenicity investigation and b‑cell epitope 
prediction

The allergenicity of the proposed vaccine was assessed by 
the Allertop server [https ://www.ddg-pharm fac.net/Aller 
TOP/], where the support vector machine (SVM) algorithm-
based analyses were utilized (Liao and Noble 2003). We 
have also checked the allergenicity of the peptides by the 
online server-based tool AlgPred (https ://webs.iiitd .edu.

in/ragha va/algpr ed/submi ssion .html) utilizing the predic-
tion approach available in the server; (1) Mapping of IgE 
epitopes and PID, (2) MEME/MAST motif, and (3) Blast 
search on allergen representative peptides (ARPs). The 
selected T-cell epitope (15-mer) was checked for suitability 
as the B-cell epitope by IEDB-AR using several sequence-
based web tools (Chou and Fasman 1978; Kolaskar and Ton-
gaonkar 1990; Emini et al. 1985; Parker et al. 1986; Kar-
plus 1985). We have also checked the discontinuous B-cell 
epitope prediction by Ellipro in IEDB server (http://tools 
.iedb.org/ellip ro/).

Results

Sequence retrieval and identification of conserved 
regions

As our main concern was to design an epitope vaccine 
specific for the Bangladeshi H5 strains, we retrieved 220 
HA sequences from IRD that were Bangladesh specific. 
All the sequences aligned by ClustalW and the conserved 
regions were identified. We have identified nine regions in 
the Haemagglutinin protein that are 100% conserved in the 
Bangladeshi isolates (Fig. 2). These conserved sequences 
were mainly analyzed further to identify the most potential 
epitope that might act as a vaccine against H5. 

T‑cell epitope identification

The T-cell epitopes were identified by the NetCTLv1.2 
server, where the epitope prediction was restricted to 12 
MHC class I supertypes. The top 11 epitopes (Table 1) for 
each HLA supertype were picked out based on the com-
bined score, listed for further analysis. There was no epitope 
found for the B7 supertype with a combined score above the 

Fig. 2  The features of the Hemagglutinin protein of the H5N1 
influenza virus. The conserved regions of HA proteins with their 
sequences and positions have been shown. There are 9 regions 
including a 24 amino acid, and a 30 amino acid region (blue colored 
sequences) found to be 100% conserved in the HA-2 domain of 
Hemagglutinin sequences in Bangladeshi H5 isolates (N = 220) 

circulating from 2007 to 2018. The B-cell epitope (GAIAG-
FIEGGWQGM) and the T-cell epitope (DVWTYNAELLVLMEN) 
selected are finally shown in a bold font. The signal peptide (green) 
is located at the N-terminal and the transmembrane region (red) is 
located at the C-terminal of the protein

http://galaxy.seoklab.org/
http://galaxy.seoklab.org/
https://servicesn.mbi.ucla.edu/PROCHECK/
https://servicesn.mbi.ucla.edu/PROCHECK/
https://www.ddg-pharmfac.net/AllerTOP/
https://www.ddg-pharmfac.net/AllerTOP/
https://webs.iiitd.edu.in/raghava/algpred/submission.html
https://webs.iiitd.edu.in/raghava/algpred/submission.html
http://tools.iedb.org/ellipro/
http://tools.iedb.org/ellipro/
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threshold value of 0.75. The most conserved epitopes are 
shown in an alignment (Fig. 3).

MHC restriction and cluster analysis

Both the MHC class I and MHC class II-restricted alleles 
were predicted by IEDB analysis resource based on the IC50 
value. All the predicted epitopes in Table 1 were evalu-
ated for the analyses of MHC interaction. The MHC class 

I epitopes are summarized in Table 2 and Table S1. Fur-
thermore, the interacted alleles were reevaluated by cluster 
analysis using MHCcluster v2.0 and shown in Figure S1A, 
as a heat map, and in Figure S1B, as a dynamic tree. These 
analyses create a cluster among the HLA molecules to show 
the major functional relationship between the HLA alleles 
for the selected peptide (Thomsen et al. 2013; Oany et al. 
2017). The MHC class 1 interaction has been crosschecked 
by EPISOPT software, and the result is shown in Table S3.

The MHC class II epitopes are summarized in Table 2 
and Table S2. Two 15-mer peptide candidates were chosen 
considering the threshold IC50 values along with the high 
number of MHC class II alleles. The peptides NGNFIA-
PEYAYKIVK, and DVWTYNAELLVLMEN were pre-
dicted to have high affinity with the MHC class II allele 
that can interact with 41, and 246 MHC class II alleles, 
respectively. The interaction with MHC class II has been 
validated by a software PREDIVAC, which predicts based 
on the specificity-determining residue (SDR) concept. The 
predivac scores of the two core peptides FIAPEYAYK and 
YNAELLVLM showed a considerable affinity with HLA_
DRB_1 (Table S2). Contemplating the MHC class I allele 
as well as MHC class II allele-based analyses, we suggested 
that DVWTYNAELLVLMEN peptide has the best score; 
however, NGNFIAPEYAYKIVK has also vaccine potential 
from all the peptides selected initially.

Population coverage analysis

The prediction of both MHC class I- and MHC class II-
based coverage of the selected epitopes was performed 

Table 1  The predicted T-cell epitopes of Hemagglutinin protein by 
the NetCTL server based on the combined score

Here, epitopes for the 11 different HLA supertypes have been repre-
sented. The epitopes for a single HLA supertype (B7) having a com-
bined score lower than the threshold value 0.075 excluded. The top 
epitope for each HLA supertype has been represented

Supertypes Start position Peptide sequence Predictions 
score (com-
bined)

A1 359 WQGMVDGWY 0.8988
A2 428 KMEDGFLDV 1.4408
A3 263 FIAPEYAYK 1.2590
A24 438 TYNAELLVL 1.2966
A26 431 DGFLDVWTY 1.5072
B8 425 LNKKMEDGF 1.0565
B27 361 GMVDGWYGY 0.8978
B39 439 YNAELLVLM 0.7586
B44 429 MEDGFLDVW 1.9448
B58 351 IAGFIEGGW 1.4175
B62 346 GLFGAIAGF 1.4017

Fig. 3  Multiple Sequence Alignment shows the location of the differ-
ent 9-mer MHC class I epitopes within the hemagglutinin (HA) pro-
teins of the influenza H5 virus. The selected potential vaccine candi-

date DVWTYNAELLVLMEN (red box) and GAIAGFIEGGWQGM 
(blue box) has been shown by a transparent box
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by IEDB analysis resource for the world population. The 
epitope DVWTYNAELLVLMEN consists of the highest 
population coverage of 99.73% for the whole world popula-
tion and 100.0% for the South Asian population; on the other 
hand, NGNFIAPEYAYKIVK has 94.64% population cov-
erage for the whole world and 98.85% for the South Asian 
population (Table 3). We have also assessed the population 
coverage for both the peptides for different regions of the 
world (Table 3). The result showed that the former epitope 
has more than 90% population coverage in Central Africa, 
East Africa, North Africa, West Africa, Central America, 

North America, South America, Europe, East Asia, North-
east Asia, South Asia, Southwest Asia, and Oceania.

Modeling of hemagglutinin, model validation, 
and structural frustration analysis

MODELLER modeled the three-dimensional structure of 
the hemagglutinin protein through the best multiple tem-
plate-based modeling approaches (Fig S2A). The model 
was validated by the PROCHECK server represented as 
Ramachandran plot and is illustrated in Figure S3. Here, 
the amino acid residues were observed within the favored 
region. Moreover, the model was also evaluated for the frus-
tration analysis and is illustrated in Figure S4. The disorder 
of the protein sequences was measured by the DISOPRED 
server to retrieve disorder among the targeted sequences (Fig 
S5). Both analyses showed that the potential peptide was 
placed in a stable part of the protein. Moreover, the pro-
posed epitope was shown to be on the surface of HA protein 
(Fig S2B), and it is not located in the transmembrane region 
rather than existed in the extracellular region (Fig S2A and 
Fig S6).

Molecular docking analysis

The core epitope, YNAELLVLM, and its 15-mer exten-
sion, DVWTYNAELLVLMEN were docked with selected 
MHC class I and MHC class II alleles. CABSDOCK WEB 
SERVER generated a different layout of the docked peptide, 
and the best one was picked for the final calculation. The 
docking interface was visualized with the PyMOL Molecu-
lar Graphics System. There are several polar and non-polar 
interactions identified in the docking simulation analyses. 
The polar contacts were extracted by PyMOL and visualized 
in the figures. The Ala 3 and Val 7 residues of 9-mer peptide 

Table 2  The potential 
CD8 + T-cell epitopes and 
CD4 + T-cell epitopes with their 
number of interacting MHC 
class I and II alleles

The IC50 < 250 nM and IC50 < 100 nM used for MHC class I and II alleles, respectively
a The epitopes that have IC50 value < 100 nM are mentioned

MHC class I
Epitope

No. of alleles MHC class II
Epitope (Core peptide in bold font)

No. of  allelesa

WQGMVDGWY 04 IEGGWQGMVDGWY GY 0
KMEDGFLDV 05 LNKKMEDGFLDVWTY 0
FIAPEYAYK 06 NGNFIAPEYAYKIVK 41
TYNAELLVL 06 VWTYNAELLVLMENE 0
DGFLDVWTY 05 KKMEDGFLDVWTY NA 0
LNKKMEDGF 02 NLNKKMEDGFLDVWT 0
GMVDGWYGY 07 IEGGWQGMVDGWYGY 0
YNAELLVLM 03 DVWTYNAELLVLMEN 246
MEDGFLDVW 02 NKKMEDGFLDVWTYN 0
IAGFIEGGW 05 FGAIAGFIEGGW QGM 0
GLFGAIAGF 06 RGLFGAIAGFIEGGW 0

Table 3  Population coverage results for the peptide DVWTYNAELL-
VLMEN and NGNFIAPEYAYKIVK

Population/area Combined coverage of 
DVWTYNAELLVL-
MEN

Combined coverage of 
NGNFIAPEYAYKIVK

Central Africa 100.0% 90.3%
Central America 99.96% 22.49%
East Africa 100.0% 84.31%
East Asia 92.54% 65.42%
Europe 100.0% 99.87%
North Africa 99.17% 38.03%
North America 100.0% 99.95%
Northeast Asia 100.0% 93.59%
Oceania 100.0% 91.01%
South Africa 11.65% 45.75%
South America 99.95% 95.51%
South Asia 100.0% 98.85%
Southeast Asia 69.34% 65.03%
Southwest Asia 99.72% 49.6%
West Africa 100.0% 92.84%
West Indies 5.69% 27.65%
World 99.73% 94.64%
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(YNAELLVLM) interacted with Arg 97 and Tyr 84 residues 
of HLA-B*15:01, respectively. There is also a network of 
polar contacts created by Asn 70 of HLA-B*15:01 with the 
Asn 2 and Tyr-1 residues of the 9-mer peptide (Fig. 4). The 
docking of HLA-B*15:01 with the peptide have Average 
RMSD = 1.13, Maximum RMSD = 3.36, and Cluster den-
sity = 88.87. We also performed control docking of a natu-
ral peptide, LEKARGSTY of Epstein–Barr virus EBNA-3 
with the same HLA, and found the average RMSD of 1.51 
and maximum RMSD of 4.32 that was quite similar to our 
designed peptide (Fig S9 and Fig S10).

On the other hand, the Tyr 5 of 15-mer epitope (DVW-
TYNAELLVLMEN) interacted with the Asn 69 and Val 
65 residues, whereas Met 13 interacted with Gln 9 residues 
of HLA-DRB01*01:01 through polar interaction. Moreo-
ver, Asn 15 amino acid residue from the epitope has polar 
contact with both Ser-53 and Glu-55 of the HLA-DRB 
molecule (Fig. 5). The docking of HLA-DRB01*01:01 
with the peptide have average RMSD = 2.40, Maximum 

RMSD = 11.93, and Cluster density = 44.99. We also 
performed control docking of a natural peptide, PKY-
VKQNTLKLAT of HA protein of Influenza, and found that 
the Average RMSD = 3.43, and Maximum RMSD = 10.74 
that was also similar to our designed 15-mer peptide (Fig 
S11 and Fig S12). The comparative view of RMSD and 
cluster density of test docking and control docking is pre-
sented in Table S7.

B‑cell epitope prediction

We have utilized ABCpred to identify 10–14 amino acid 
long potential B-cell epitopes and found 13 epitopes. We 
selected the top two B-cell epitopes (H5B1, and H5B2), 
considering the scores found from the server. The epitope 
SSMPFHNIHP (H5B1) has a score of 0.76, and GAIAG-
FIEGGWQGM (H5B2) has a score of 0.79 for inducing 
B-cell response.

Fig. 4  Docking analysis of the proposed epitope YNAELLVLM 
(blue) and HLA-B*15:01 allele. a, b Showing the oriented view of 
the interaction ensuring the perfect binding. c Showing the cartoon 

view. d Representing the interaction between the amino acid resi-
dues of HLA (red) and the peptide (blue). The polar interactions are 
marked by green dashes
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Conservancy analysis

The conservancy of all the proposed epitopes for Bangla-
deshi isolates is measured by the IEDB conservancy analy-
sis tool and represented in Table S4. As the 9-mer T-cell 
epitopes and B-cell epitopes were selected from conserved 
regions of the hemagglutinin proteins, they were 100% con-
served. During the selection of 15-mer epitopes, we added 
the most conserved amino acids from the flanking region 
of the 9-mer epitope. Among the 15-mer epitopes, DVW-
TYNAELLVLMEN and VWTYNAELLVLMENE were 
shown to have 100% conservancy, whereas the epitope 
NGNFIAPEYAYKIVK has 86.36% conservancy among 
H5 virus isolated in Bangladesh (Table S4). The location of 
all the 9-mer epitopes is illustrated in a multiple sequence 
alignment of hemagglutinin proteins, as shown in Fig. 3. 
Here, we showed only the desired sequences for appropri-
ate annotation. Furthermore, we retrieved 4200 Hemag-
glutinin sequences (3950 isolated from humans and 250 

isolated from non-human populations), where, H5 viruses 
were endemic. The results showed that the T-cell epitope 
DVWTYNAELLVLMEN (H5T1) is 98.93% conserved, and 
NGNFIAPEYAYKIVK (H5T2) is 78.69% conserved in all 
the countries included (Table S5). The B-cell epitope H5B1 
is 94.12%, and H5B2 is 98.98% conserved (Table S6).

Designing of multi‑epitope vaccine and analyses 
of its properties

The top T-cell epitope H5T1 and B-cell epitope H5B2 
are adjoined by AAY linker. An N-terminal cysteine was 
added to find the benefit of conjugating the vaccine with a 
carrier protein (Fig. 6a). We performed a sequence-based 
allergenicity assessment by the AllerTop v. 2.0 web server 
and AlgPred server that concluded that the modified pep-
tide was non-allergenic in nature. The secondary struc-
tural information of the vaccine was analyzed by SOPMA 
(Fig. 6b). A three-dimensional model of the vaccine has 

Fig. 5  Docking analysis of the proposed epitope DVWTYNAELLV-
LMEN (red) and HLA-DRB*01:01 allele. a, b Oriented view of the 
interaction ensuring the perfect binding. c Cartoon view. d Interac-

tion between the amino acid residues of HLA (Cyan) and the peptide 
(red). The polar interactions are marked by pink dashes
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been generated by iTASSER and refined by the Galaxy 
refine server (Fig. 6c). ProSA-web was adopted to analyze 
the model quality (Fig. 6d). The results revealed a z score 
of − 0.14. The overall quality of the finalized model of the 
multi-epitope vaccine constructs was checked by Ramachan-
dran plot analysis. The results revealed 80.8%, 15.4%, 3.8%, 
and 0.0% in the favored, additionally allowed, generously 
allowed, and disallowed regions, respectively (Fig S13). The 
resulting multi-epitope vaccine has been analyzed for vari-
ous physicochemical properties. The chimeric vaccine was 
33 amino acids long with a molecular weight of 3.59 kDa 
and a pI of 3.50. The estimated half-life was 1.2 h for mam-
malian reticulocytes, in vitro, > 20 h for yeast, in vivo, 
and > 10 h for Escherichia coli, in vivo. The instability index 
was computed to be 34.28, indicating that the peptide is sta-
ble in nature. The aliphatic index was 91.82, and the Grand 
average of hydropathicity (GRAVY) was 0.464.

We used the sequence-based approaches for the suit-
ability of the multi-epitope vaccine for B-cell induction. 

The vaccine was analyzed by Chou & Fasman Beta-Turn 
Prediction that showed the antigenic property of the 
epitope with a maximum of 1.137 (Fig. 7a). The Kolaskar 
and Tongaonkar antigenicity scale was utilized for assess-
ing the antigenic property of the epitope with a maximum 
of 1.125 (Fig. 7b). Another important benchmark for being 
a potential B-cell epitope is peptide surface accessibility. 
Therefore, we exploited the prediction method, Emini sur-
face accessibility of the predicted peptide with a maximum 
propensity score of 3.104 (Fig. 7c). The Parker hydrophi-
licity prediction is also utilized with a maximum score of 
2.829 that strengthens our prediction about the epitope for 
eliciting B-cell response and is illustrated in Fig. 7d. The 
Karplus & Schulz Flexibility Prediction was also utilized 
that predicted a maximum score of 1.027 (Fig. 7e). We 
have also checked the discontinuous B-cell epitope predic-
tion by ElliPro server and found that three discontinuous 
B-cell epitopes exist in the chimeric vaccine (Table S8).

Fig. 6  a Schematic view of the final vaccine construct. The T-cell 
and B-cell epitopes were included in the vaccine construct, and they 
were linked via AAY linker (L). A cysteine residue was added at the 
N-terminal of the vaccine required for conjugation with a carrier mol-
ecule. The construct is 33 amino acid long, and that is non-allergic in 

nature predicted by the AllerTop v.2 and AlgPred server. b Second-
ary structure properties of the vaccine model by SOPMA. c 3D model 
of the final vaccine constructs, i. the preliminary form generated by 
iTASSER, ii. Refined by Galaxy refine server, and iii. Merged. d Val-
idation of the structure using PROSA with a Z score of − 0.14
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Discussion

Influenza H5 viruses cause respiratory infections that 
range from asymptomatic to lethal in humans. Perhaps, 

the influenza virus possesses the greatest risk of threats to 
human and avian populations among the current infectious 
disease globally, and virologists warned of the possibility of 
a new and devastating influenza pandemic (Fedson 2018). 
Around 60 countries have reported active outbreaks of H5 
viruses in domestic poultry, wild birds, and humans over the 
20 years since its first appearance in China in 1996 (Olsen 
et al. 2006; Durand et al. 2015; OIE 2019).

Influenza H5 viruses are avian origin and infect avian spe-
cies. Human infection of the H5 virus is relatively low that 
makes the population vulnerable to the spread of H5 viruses 
because of not being primed as of lack of previous exposure, 
which causes immunization more challenging. The amino 
acid changes that have been identified in surface hemag-
glutinin protein (HA), switch of receptor binding preference 
from avian receptor SAα2, 3 Gal to human receptor SAα2, 
6Gal that make them the pandemic potential of H5 viruses 
(CDC 2012). The Global Influenza Programme (GIP) rec-
ommends the development of an influenza vaccine for each 
distinct clade of H5 viruses (Baz et al. 2013). Research is 
required to delineate the extent of cross-protection as well 
as cross-reactive immunity conferred by vaccines based on 
heterologous clades of H5 viruses. The purpose of the pre-
sent study was to utilize vaccinomics approaches to design 
novel epitope-based vaccine candidates based on the con-
served region of the HA subunit of the surface glycoprotein 
from different types of H5 viruses with different clades. This 
vaccine could provide cross-protection against all H5 viruses 
within all clades specifically for Bangladesh, and then assess 
its potentiality for the world.

Many strategies have been taken for developing a vac-
cine against H5 viruses including, (a) inactivated vaccine 
(Treanor et al. 2006), (b) live attenuated vaccines (Rudenko 
et al. 2008), (c) recombinant protein-based vaccines (Trea-
nor et al. 2001), (d) virus-like particle vaccines (Kang et al. 
2009), (e) DNA vaccine (Kim and Jacob 2009), (f) vector-
based vaccine (Hoelscher et al. 2006), (g) protein subunit 
vaccine (Belshe et al. 2011), and (h) in silico-based vaccines 
(Shahsavandi et al. 2015; Tambunan et al. 2016).

Initially, we started work with the HA sequences of Bang-
ladeshi origin, as these viruses are very diverse in nature, 
and the predicted vaccine should work at least in the Bang-
ladeshi population. We retrieved 220 HA protein sequences 
of H5 viruses including, H5N1, H5N2, and H5N6, avail-
able in the database and analyzed for conserved regions. As 
expected, most of the regions of Bangladeshi HA proteins of 
H5 viruses were found to be diverse, except a 24aa, a 30aa, 
and seven small islets of 11–15aa regions. We next utilized 
the immunoinformatic tools to find the most immunogenic 
peptide that could elicit an immune response in most of 
the regions of the world, including South Asia. From the 
conserved regions, the core epitopes FIAPEYAYK and 
YNAELLVLM (in 15.0-mer form, NGNFIAPEYAYKIVK, 

Fig. 7  Prediction of B-cell epitope for the multi-epitope vaccine. The 
column showed the analyses of the respective multi-epitope peptides 
with a Chou and Fasman Beta-Turn Prediction, b Kolaskar and Ton-
gaonkar antigenicity prediction, c Emini surface accessibility predic-
tion, d Parker hydrophilicity prediction, and e Karplus and Schulz 
Flexibility Prediction. Notes: the x-axis and y-axis of the plot reflect 
the sequence location and antigenic propensity, respectively. The 
areas over the threshold line are antigenic, shown by yellow color
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and DVWTYNAELLVLMEN, respectively) found to be the 
most potent and highly interacting human leukocyte antigen 
(HLA) candidates for both MHC class I and MHC class II 
molecules, interacted with 6 and 3 MHC class I along with 
41 and 246 MHC class II alleles, respectively. Accumulat-
ing both allele-based analyses, we demonstrated DVWTY-
NAELLVLMEN peptide to have the best score; however, 
NGNFIAPEYAYKIVK has also the vaccine potential from 
all the peptides selected initially.

As the 9.0-mer epitopes selected from conserved regions 
of the hemagglutinin proteins, all epitopes were 100% con-
served. We have tried to design 15.0-mer epitopes with 
different forms based on the two most potential epitopes. 
Among the 15.0-mer epitopes, DVWTYNAELLVLMEN, 
and VWTYNAELLVLMENE (core peptide YNAELL-
VLM), were shown to have 100% conservancy, whereas the 
epitope NGNFIAPEYAYKIVK had 86.36% conservancy 
(Table S4).

The 3D model of conserved domains was built through 
MODELLER and validated by the PROCHECK server 
through the Ramachandran plot. The model displayed the 
perfect position of the epitope on the surface of the protein 
structure (Fig S2). The result indicates their surface acces-
sibility and increased earlier interaction with the immune 
system. Moreover, the analysis from the DISOPRED and 
frustration index; there are no disorders and energy frustra-
tion in the epitope domain of the sequences and predicted 
model which has strengthened our prediction (Fig S4 and 
Fig S5).

To design a universal vaccine that would protect against 
H5 viruses worldwide, the most important thing is to ana-
lyze population coverage of the suggested epitopes. The 
vaccine candidates must have wider population coverage to 
get the acceptability. In our analysis, our proposed epitope 
DVWTYNAELLVLMEN has the highest population cov-
erage of 99.73–100% for the whole world population and 
South Asian population, respectively. On the other hand, 
NGNFIAPEYAYKIVK has 94.64% population coverage for 
the whole world, and 98.85% for the South Asian popula-
tion (Table 3). In terms of different regions of the world, 
DVWTYNAELLVLMEN has shown wider population 
coverage in Northeast Asia, South Asia, Southwest Asia, 
Central Africa, East Africa, West Africa, North Africa, Cen-
tral America, North America, South America, and Oceania 
(Table 3). These outputs showed that the predicted epitopes 
would have broader coverage in vitro. However, it shows 
population coverage of only 11.65% in South Africa, 5.69% 
in the West Indies, and 69.34% in Southeast Asia indicating 
its inefficiency in these regions.

As the peptide DVWTYNAELLVLMEN shows 100% 
conservancy in Bangladesh and 100% population coverage 
in South Asia, we predict that it would be a good vaccine 
for this region. Afterward, we assessed its potentiality as a 

vaccine for other regions of the world. In addition to Bang-
ladeshi isolates, we retrieved 4200 HA sequences of H5 
isolates, and search for the conservancy of this peptide that 
appears to an interesting output. According to conservancy 
analysis, this 15.0-mer epitope is highly conserved among 
H5 viruses isolated from avian, human, and other species 
circulated in Bangladesh, China, Japan, USA, India, Thai-
land, Egypt, Viet Nam, Cambodia, etc. where H5 viruses 
are epidemic (Table S5 and Table S6). Study data show 
that the proposed epitope would be a potential candidate 
for human and non-human populations for treating all of 
the H5 viruses.

Therefore, we propose this epitope as a vaccine in most of 
the regions of the world, except, South Africa, West Indies, 
and Southeast Asia. Among the encoded eleven influenza 
A proteins, nine are usually identified in the virion (Palese 
and Shaw 2007). The lipid envelope of the virus particle is 
embedded with two major surface glycoproteins, HA and 
NA, whereas M1 is beneath the membrane and M2 exists 
at a minor level on the membrane (Skehel and Schild 1971; 
Zebedee and Lamb 1988). Therefore, HA proteins of H5 
viruses are common interest to be targeted as a vaccine 
that could be recognized in the whole set of H5 viruses. 
The present analyses thus demonstrate the importance of 
the peptide DVWTYNAELLVLMEN, as this is more con-
served and with high population coverage among the H5 
viruses. Molecular docking revealed the strong interaction 
between predicted both 9.0-mer and 15.0-mer epitopes and 
MHC molecules with the perfect orientation. Moreover, our 
proposed epitope has shown interaction with the MHC mol-
ecules, which enhance the prediction of MHC binding.

We have also predicted B-cell epitopes by ABCpred 
(Table 4). These peptides were 100% conserved in Bang-
ladesh, as we selected these from the identified sequences 
described in Fig. 2. The two top-scoring epitopes further 
checked for conservancy in the clades of endemic regions of 
the world. It shows that H5B1 and H5B2 have 94.12% and 
98.98% conservancy, respectively. Therefore, these peptides 
can not only be used in Bangladesh but also have a large 
utility in the world endemic regions. Then, we added the 
top T-cell and B-cell epitopes together by the appropriate 
linker and added cysteine at the N-terminal of the peptide, 
as it will be required during conjugation with a carrier pro-
tein. The resulting multi-epitope vaccine is 33 aa peptide, 
mostly stable in nature. We found that the fused peptide is 
non-allergenic in nature, analyzed by several strategies that 
exist in AllerTop and AlgPred server. The three-dimensional 
model shows two β-strand regions, and the model was veri-
fied by Procheck and Prosa (Fig. 6). It has the potential to 
induce B-cell response evaluated by multiple well-recog-
nized approaches from IEDB (Fig. 7 and Table S8).

The major strength of our study is the strong conservancy 
analyses that dictate the appropriate use of this vaccine in 
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Bangladesh. Furthermore, the conservancy among the world 
endemic regions also suggests its utility in those regions. 
Selecting the small peptides from a conserved region is less 
prone to be mutated early, which is useful for the high muta-
tion prone virus, like, influenza. Several epitope-based vac-
cine designs were already performed on Hemagglutinin pro-
teins of H1, H2, and H5 (Babon et al. 2012; Vergara-Alert 
et al. 2012; Wang et al. 2010b); however, they have not tar-
geted exclusively H5 viruses, and they chose big sequences 
sufficient to compromise the conservancy among the same 
set of HA of H5 viruses. A lot of peptides are also reported 
in IEDB; most of them are away from the 100% conserved 
region revealed in this study and/or big peptides. A portion 
of our peptides, especially GLFGAIAGF, found to be immu-
nogenic in these studies suggested that this epitope-based 
conserved vaccine can give protection against circulating 
viruses (Qiu et al. 2017; Prabhu et al. 2009). The T-cell and 
B-cell inducing properties of this vaccine can efficiently help 
both human and avian species to induce protection in their 
immune system. Therefore, our suggested epitope has the 
potential to elicit an immune response in vitro.

Conclusion

The study suggests that the proposed multi-epitope vaccine 
is highly conserved among HA proteins of H5 viruses, and 
it might mitigate pandemic threats and provide cross-pro-
tection of both avian and humans against different types of 
H5 viruses within different clades. This strategy could be 
utilized to find a conserved vaccine from the viruses that are 
highly diverse in nature. The vaccine can not only be used 
in Bangladesh but also in the endemic regions of the world. 

This type of immunoinformatic approach reduces a huge 
work for wet-lab experiments. Further study is required to 
validate the immunogenicity of this peptide.
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