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Abstract

Nipah virus (NiV) is an emerging zoonotic virus causing outbreaks of encephalitis and respiratory illnesses in humans, with
high mortality. NiV is considered endemic in Bangladesh and Southeast Asia. There are no licensed vaccines against NiV.
This study aimed at predicting a dual-antigen multi-epitope subunit chimeric vaccine against surface-glycoproteins G and F
of NiV. Targeted proteins were subjected to immunoinformatics analyses to predict antigenic B-cell and T-cell epitopes. The
proposed vaccine designs were implemented based on the conservancy, population coverage, molecular docking, immune
simulations, codon adaptation, secondary mRNA structure, and in-silico cloning. Total 40 T and B-cell epitopes were found
to be conserved, antigenic (vaxijen-value > 0.4), non-toxic, non-allergenic, and human non-homologous. Of 12 hypotheti-
cal vaccines, two (NiV_BGD_V1 and NiV_BGD_V?2) were strongly immunogenic, non-allergenic, and structurally stable.
The proposed vaccine candidates show a negative Z-score (— 6.32 and — 6.67) and 83.6% and 89.3% of most rama-favored
regions. The molecular docking confirmed the highest affinity of NiV_BGD_V1 and NiV_BGD_V2 with TLR-4 (AG=—
30.7) and TLRS8 (AG=— 20.6), respectively. The vaccine constructs demonstrated increased levels of immunoglobulins and
cytokines in humans and could be expressed properly using an adenoviral-based pAdTrack-CMV expression vector. However,
more experimental investigations and clinical trials are needed to validate its efficacy and safety.
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Introduction a significant public health concern (Wang et al. 2001). It is
categorized as a high-priority pathogen by the World Health
Organization (WHO) (WHO 2022). NiV is a One Health

zoonotic virus that can infect both animals and humans. NiV

Nipah virus (NiV), is a Pteropus bat-borne zoonotic patho-
gen of the Henipavirus genus belonging to the Paramyxovir-

idae family, causing encephalitis and respiratory symptoms
in humans in some regions of Asia over the last two decades
(Rahman et al. 2013). NiV is a highly contagious virus with
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was first detected in Malaysia and Singapore in 1998—-1999
among pig farmers reporting with symptoms of encepha-
litis. A total of 265 cases were confirmed, including 105
fatalities (Chua et al. 1999; Control and Prevention 1999).
Since its discovery, frequent outbreaks have been observed
generally between December and March, mainly in Bang-
ladesh and India, with case fatality rates ranging from 70 to
100% (Hsu et al. 2004; Chadha et al. 2006). In Bangladesh,
NiV transmission mainly occurs through the consumption
of date palm sap contaminated with saliva, urine, and feces
of the fruit bats of the genus Pteropus (Field 2009; Rahman
et al. 2021). Person-to-person transmission has also been
documented among family and caregivers of infected NiV
patients in several outbreaks (Organization 2004; Sazzad
et al. 2013).
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NiV is an enveloped, non-segmented, negative-sense
RNA virus, displaying surface antigens for attachment to
host cell Ephrin B2 and B3 receptors (Vogt et al. 2005;
Diederich and Maisner 2007). NiV proteome consists of six
structural (N, P, M, F, G, L) and three non-structural (W,
V, C) proteins (Wang et al. 2001; Sun et al. 2018). Among
those proteins, two surface glycoproteins, G and F proteins,
are exposed on the outer surface of the viral envelope. The
main function of G protein is to bind the viral particle to the
host cell. While G protein facilitates the binding of the virus
to the host cell, a conformational change occurs in F protein
which mediates the entry of the viral particle into the human
cell (Harcourt et al. 2000; Wong et al. 2002; Liu et al. 2015).
Several experimental vaccine designs have been proposed or
are under development targeting mono-proteins, mainly G
protein (Weingartl et al. 2006; Defang et al. 2010; Yoneda
et al. 2013; Mire et al. 2013; Ploquin et al. 2013; DeBuyss-
cher et al. 2014; Lo et al. 2014; Prescott et al. 2015), while
very few include a multi-protein epitope design incorporat-
ing the F and G proteins (Guillaume et al. 2004; Kong et al.
2012; Walpita et al. 2017). Currently, there are no licensed
vaccines or drugs available for protection against or treat-
ment of NiV infection in humans or animals. In regions
where NiV is endemic, developing a safe and effective vac-
cine to protect humans and animals against NiV infection is
a public and veterinary health priority.

In the context of the recent coronavirus disease (COVID-
19) pandemic, most of the commercialized SARS-COV-2
vaccines that are currently available target only one protein
(Spike protein) (Salvatori et al. 2020; Malik et al. 2021).
During the progression of the pandemic, many variants
have emerged mainly due to the mutation in Spike protein,
which ultimately creates an issue with vaccine efficacy (Mit-
tal et al. 2022). Furthermore, the high selection pressure of
the vaccine targeting only Spike protein in SARS-COV-2
may trigger viral escape mutation by bringing changes in
the structure of the selected protein (Moore and Offit 2021).
Considering such an issue while designing NiV vaccines,
dual antigenic multi-epitope vaccine candidates would be
better suited even if naturally occurring mutations happen
in any of the targeted NiV-genes. Therefore, this study uti-
lized a combination of antigenic (G and F) proteins to design
multi-epitope vaccine candidates. The proposed vaccine
may have a lower selective pressure as it will target mul-
tiple proteins; simultaneous mutations in G and F proteins
will not likely occur at a time. Current research has recently
focused on developing multi-epitope vaccines using in silico
approaches based on immunoinformatics, eliminating the
need to cultivate pathogens and speeding up the vaccine
development process (Oany et al. 2014). The multi-epitope
vaccines can be a powerful vaccine candidate for clinical tri-
als and have the potential to be effective in the fight against
viral infections (Zhang 2018).
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In order to develop a vaccine, this study was conducted
with the NiV whole-genome sequences available in the
NCBI (National Center for Biotechnology Information)
database to design epitopes that were conserved in the
G and F protein of all available NiV strains to date and
contained Cytotoxic T-cell, Helper T-cell, and B-cell
epitopes which can trigger immune responses. The grow-
ing advances in the field of bioinformatics, in silico design
of multi-epitope-based vaccines, have become a power-
ful tool for vaccine development in the post-genomic era.
Therefore, this study was conducted using the various
immunoinformatic platforms to propose dual antigenic
multi-epitope (DAME) based vaccine designs that can
provide additional protective measures for preparedness
against larger NiV-outbreaks and pandemics in the future.

Materials and Methods

The schematic representation of the experimental pro-
cedures performed in our study is summarized below

(Fig. 1).

Sequence Retrieval and Target Protein Selection

A total of 60 high coverage complete genome sequences
of NiV available at NCBI (https://www.ncbi.nlm.nih.gov)
was retrieved (Table S1). Complete amino acid sequences
of G protein (UniProt ID: Q9IH62), F protein (UniProt
ID: Q9IH63), and M protein (UniProt ID: Q9IK90) of
NiV were retrieved from the UniProtKB (https://www.
uniprot.org/help/uniprotkb) database and screened using
the Vaxijen 2.0 (http://www.ddg-pharmfac.net/vaxijen/
VaxiJen/VaxiJen.html) webserver (Krogh et al. 2001).
The threshold value for viral peptide antigenicity was set
at 0.4 (Doytchinova and Flower 2007). Glycoprotein-G
and matrix protein-M showed significant antigenicity,
while the extracellular region of F protein showed to be
antigenic. Based on the antigenicity score derived from
Vaxijen, G protein was shown to be more antigenic than
F protein. TMHMM—2.0 webserver (https://services.
healthtech.dtu.dk/service.php? TMHMM-2.0) was used
to determine the surface availability of the selected pro-
teins (Doytchinova and Flower 2007). Despite the fact that
the full M protein was found to be extracellular by this
server, we decided not to use it as a vaccine target since it
is surrounded by the viral lipid envelope during the bud-
ding process (Wang et al. 2010b), which may result in
poor surface availability for immune cell targets. So only
the extracellular regions of the F- and G-proteins were
selected as vaccine targets.
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Fig. 1 Schematic illustration of overall workflow for developing a vaccine candidate against the Nipah virus

Prediction and Screening Linear B-Lymphocyte
(LBL), Cytotoxic T-Lymphocyte (CTL), and Helper
T-Lymphocyte (HTL) Epitopes

Potential LBL epitopes that can induce the B-cell to elicit
antibody production were found using ABCpred (http://crdd.
osdd.net/raghava/abcpred/) webserver (Saha and Raghava
2006). The threshold was set at 0.51, and the length for
the epitope was set at 16 amino acids. Prediction of CTL
epitopes for binding with MHC class I was achieved using
the online tool NetCTL-1.2 (Larsen et al. 2007) (https://servi
ces.healthtech.dtu.dk/service.php?NetCTL-1.2). A combi-
nation of A2-, A3-, B7- and B44-supertypes was consid-
ered, resulting in 90% of the population coverage (Sette and
Sidney 1999). The threshold value for epitope identification
was set at 0.75. Both C terminal cleavage weights and TAP
(Transporter associated with antigen processing) transport
efficiency weights were set at the default value to provide
optimal predictive performance. HTL epitopes prediction
for binding with MHC class II was done using the IEDB
MHC-II Binding Predictions tool (http://tools.iedb.org/

mhcii/) using Consensus 2.22 prediction method (Wang
et al. 2010a). The consensus method combines all the avail-
able techniques on the server and provides the best possible
epitopes. The length of the epitopes was set at 15.
Predicted LBL, CTL, and HTL epitopes were further ana-
lyzed to filter out the best epitopes. Toxicity was determined
by ToxinPred (Gupta et al. 2013) (http://crdd.osdd.net/ragha
va/toxinpred/), antigenicity determined by Vaxijen 2.0,
allergenicity determined by AllerTOP v.2.0 (https://www.
ddg-pharmfac.net/AllerTOP/method.html), and homology
was determined by NCBI protein BLAST. Conservancy of
G- and F-protein epitopes among previously retrieved 60
NiV (both M and B type) complete genome sequence was
determined by IEDB Epitope Conservancy Analysis (http://
tools.iedb.org/conservancy/) tool (Bui et al. 2007). Only
the epitopes that passed through these filters were further
considered. To find out if the predicted HTL epitopes can
induce interferon production, they were subjected to IFN-y
prediction webserver IFNepitope (http://crdd.osdd.net/ragha
va/ifnepitope/) (Dhanda et al. 2013b), IL-4 prediction web-
server [L4pred (https://webs.iiitd.edu.in/raghava/il4pred/
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design.php) (Dhanda et al. 2013a) and IL-10 prediction web-
server IL-10Pred (http://crdd.osdd.net/raghava/IL-10pred/)
(Nagpal et al. 2017).

Molecular Docking of the Epitopes

Docking of the epitopes to their respective alleles was per-
formed to determine whether our predicted epitopes can be
presented on the cell surface by MHC molecules to elicit the
recognition by appropriate T cells. First few highly scored
CTL and HTL epitopes were docked against with their repre-
sentative MHC molecule- HLA-A*02:01 (PDB ID: 4U6Y),
HLA-A*03:01 (PDB ID: 609C), HLA-B*07:02 (PDB
ID: 6VMX), HLA-B*44:02 (PDB ID: 1M60) and HLA-
DQA1*01:02 (PDB ID: 6DIG), HLA-DRB1*01:01 (PDB
ID: 5V4N), HLA-DRB1*04:01 (PDB ID: 5JLZ) respec-
tively. Extra peptides were eliminated from obtained MHC
molecules using PyMol (https://pymol.org/2/), whereas ion,
water, and ligand molecules were removed using AutoDock
tools before docking. The docking procedure was carried
out using the PepDock server (Lee et al. 2015) of Galaxy-
WEB (https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=
PEPDOCK). Finally, the epitope-allele docking score was
calculated using the PRODIGY server (https://nestor.scien
ce.uu.nl/prodigy/).

Population Coverage Determination

Due to the polymorphism, MHC molecules can show great
diversity among people in different countries or ethnici-
ties, so the approach was to design the vaccine that contains
the epitopes that can induce T-cell activity within a broad
spectrum MHC allele variation. Population coverage of our
selected shortlisted CTL and HTL epitopic alleles was found
through the IEDB population coverage tool (http://tools.
iedb.org/population/) (Bui et al. 2006). The map showing
worldwide population coverage was generated in Rstudio
2022.02.0 using the package rworldmap (South 2011). The
code for the construction of the figure can be found at www.
github.com/ahsan-adib/Rworldmap-package/blob/main/
Rworldmap_PopCov.

Vaccine Construction and Physiochemical Property
Analysis

A total of 12 different models against NiV infections was
constructed by applying a different combination of epitopes,
adjuvants, and linkers. In short, vaccine constructions were
modeled into mainly two ‘Design groups’ based on G-pro-
tein epitopes (GPE) and F-protein epitopes (FPE) attach-
ment patterns and position. In Design-1, CTL, HTL, and
LBL epitopes have been interlinked by AAY, GPGPG, and
KK linkers (Fig. S1-A), respectively, whereas in Design-2,
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all the GPE followed by FPE was arranged based on their
amino acid sequence position and linked through GGGGS
linker to form chimeric vaccine (Fig. S1-B). Each of these
designs was further classified into 6 models depending on
variation in adjuvants (TLR4 agonist (RS09) (Shanmugam
et al. 2012), beta-defensin (Q5U7J2) (Mohan et al. 2013),
ribosomal protein L7/L.12 (POWHE3.1) (Lee et al. 2014),
and the number of Pan HLA DR-binding epitope (PADRE)
(Agadjanyan et al. 2005) sequence linked by EAAAK linker.
All the vaccine models are given in Supplementary data
(Fig. S1).

After construction, these models were then subjected to
the various webservers to predict their different properties.
Vaxijen 2.0 was used to predict their antigenicity, AllerTOP,
and AllergenFP to predict their allergenicity, ToxinPred to
predict toxicity, ProteinSol (https://protein-sol.manchester.
ac.uk/) to predict solubility, and Protparam to predict sta-
bility, thermostability, and hydrophobicity. The instability
index and aliphatic index are observed to determine the
stability and thermostability of the protein. The grand aver-
age of hydropathicity (GRAVY) value was calculated to
determine if the antigenic protein is hydrophilic as it is a
parameter for easier purification in downstream processing.

Secondary and Tertiary Structure Prediction
of the Vaccine Constructs

The secondary structure of vaccine constructs was deter-
mined using PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/)
web tool employing the PSIPRED 4.0 prediction method
(McGuffin et al. 2000). PSIPRED uses two feed-forward neu-
ral networks based on Position-Specific Iterated—BLAST
(PSI-BLAST), which can achieve a Q; score of 81.6%. For
validation of the secondary structure, further analysis was
carried out using SOPMA (Geourjon and Deleage 1995)
secondary structure prediction method (https://npsa-prabi.
ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.
html). Four conformational sites were viewed (Helix, Sheet,
turn, and coil), keeping the similarity threshold at 8 and win-
dow width at 17. Determination of the tertiary structure of
the vaccine models was performed by uploading each of the
vaccine candidate sequences to the RaptorX (http://raptorx.
uchicago.edu/) online server (L6pez-Blanco et al. 2014). All
the predicted models from this server were then imported
into Pymol software for visualization.

Refinement and Validation of the Designed Vaccine
Construct

Refinement of the 3D version of the vaccine construct was
done through GalaxyRefine web server (https://galaxy.seokl
ab.org/cgi-bin/submit.cgi?type=REFINE) (Heo et al. 2013;
Lee et al. 2016) and then the ProSA web tool (https://prosa.
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services.came.sbg.ac.at/prosa.php) was used to validate the
structure by analyzing the result of the Z score. This score
is identified by comparing the uploaded protein to existing
proteins containing similar lengths found in the PDB data-
base (Wiederstein and Sippl 2007). To further validate, the
PROCHECK (https://www.ebi.ac.uk/thornton-srv/software/
PROCHECKY/) web tool was employed to determine the ste-
reochemical property of the vaccine construct (Laskowski
et al. 1993; Rullmann 1996).

Immune Simulation and Conformational B-Cell
Epitope Prediction

To anticipate humoral and cellular immune responses, cellu-
lar entities, and cytokines responses of the designed vaccine
candidates, C-immsim webserver (https://kraken.iac.rm.cnr.
it/C-IMMSIM) was employed (Rapin et al. 2010; Castigli-
one et al. 2021). Setting the time steps at 1, 84, and 170
(each time step is 8 h), a total of three injections were given
with the interval of 28 days approximately. Simulation steps
were set at 1050 to observe immune response for about one
year (=350 days) of window period while all other param-
eters were set at their default value. The 3D structure of the
final vaccine construct can allow different regions of the
protein to come in close proximity and thus can act as a
discontinuous epitope. To find the possible epitope that can
induce B-cell production, the final vaccine construct PDB
files were uploaded to the Ellipro server (http://tools.iedb.
org/ellipro/) (Ponomarenko et al. 2008). The minimum score
was set at 0.5, and the maximum distance was set at 6 A.

Protein Di-Sulfide Engineering

DbD2 (http://cptweb.cpt.wayne.edu/DbD?2/) webserver
was used to design rational disulfide bonds in the protein
structure and to determine whether they are consistent from
proximity and geometrical perspective (Ponomarenko et al.
2008). As proteins are highly dynamic in nature, mutation
can impact the structure and thus alter the protein’s func-
tion. The DynaMut webserver (http://biosig.unimelb.edu.au/
dynamut/) was employed to predict the change in the entropy
due to mutation into cystines and determine whether the
mutations in the protein will affect structure stability (Rod-
rigues et al. 2018).

Molecular Docking and Dynamic Simulation
with TLRs

The ClusPro webserver (https://cluspro.bu.edu/login.php)
was used to determine the docking of the vaccine candidates
with the Toll-like receptors, TLR2 (PDB ID:6NIG), TLR3
(PDB ID: 7C76), TLR4 (PDB ID: 4G8A), TLR7 (PDB
ID: 5GMG), TLR8 (PDB ID: 6ZJZ) and TLRY (PDB ID:

3WPF) to find out whether the designed vaccine candidates
are appropriate to enhance the immune response (Kozakov
et al. 2013; Kozakov et al. 2017; Vajda et al. 2017; Desta
et al. 2020). TLRs structures were retrieved from Protein
Data Bank, and AutoDock tools followed by PyMol were
used to remove any ambiguity from the complex form of
TLRs. The PRODIGY (PROtein binDIng enerGY predic-
tion) (https://nestor.science.uu.nl/prodigy/) webserver was
used to estimate the binding affinities of the docked vaccine-
TLRs complexes. Finally, complexes with the highest bind-
ing affinities were subjected to the iMod (http://imods.chaco
nlab.org/) webserver to evaluate the stability and physical
movements of the receptor-binding complex (L6pez-Blanco
et al. 2014).

In Silico Expression and Cloning of the Vaccine
Candidates into an Adenoviral Based Vector

Firstly, codon optimization was performed using the Java
Codon Adaptation Tool server (JCat) (http://www.jcat.
de/) to express the vaccine candidates into the Homo sapi-
ens expression system (Grote et al. 2005). Two restriction
enzymes cleavage sites (Bg/Il and EcoRV) were avoided.
After that, the RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi) webserver was employed to
predict the thermostability of the mRNA secondary struc-
ture of the chimeric vaccine (Lorenz et al. 2011). At the
N-terminus of the modeled vaccine, the Bg/II restriction site
followed by the Kozak sequence was added, whereas, at the
C-terminus, the stop codon (TAA) followed by the EcoRV
restriction site was applied (Khan et al. 2021). This final
construct was then inserted into the pAd-Track-CMV shut-
tle vector through SnapGene software (from Insightful Sci-
ence; available at snapgene.com). Insertion of the region was
designed between BgIII and EcoRV restriction sites under
strong CMV promoters.

Results
Selection of Target PROTEINS for Vaccine Design

Physiochemical results identified by the Protparam web tool
showed both G and F protein to be thermostable and hydro-
philic. Moreover, both proteins were found to be antigenic
with values 0.5148 and 0.4688, respectively, estimated by
Vaxijen 2.0 webserver. However, we focused our vaccine
development on the outer sequence of the viral protein,
which was found to be 70-602 amino acid sequence of the
G protein and 131-495 amino acid sequence of the F protein
(Fig. 2), as determined by the TMHMM—2.0 webserver.
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Prediction and Screening of B-Cell and T-Cell
Epitopes

Initially, the ABCpred website predicted 61 and 58 Linear
B Lymphocyte (LBL) epitopes for G proteins and F pro-
teins with scores greater than 0.51, indicative of active B
cell immune response. Moreover, 60 G proteins epitopes
(GPE) and 38 F proteins epitopes (FPE) classified as Cyto-
toxic T-Lymphocyte (CTL) epitopes were primarily found
using NetCTL 1.2 webserver with a combined score not
less than 0.75. These CTL epitopes are found to be bound
with four (— A2, — A3, — B7 and — B44) major supertypes
MHC alleles which contain HLA super motifs that can
cover a wide range of HLA types including HLA-A*02:01,
HLA-A*68:02, HLA-A*69:01, HLA-A*03:01, HLA-
A*11:01, HLA-B*07:02, HLA-B*35:01, HLA-B*37:01,
HLA-B*44:02 and HLA-B*44:03 (Table S2-A) (Sette
and Sidney 1999). These epitopes with an antigenic score
greater than 0.4, non-toxic, non-homologous, and non-
allergenic properties, were further evaluated. Considering
the conserved epitopic properties for NiV-M (NiV-Malay-
sia) and NiV-B (NiV-Bangladesh) strains (n=60 with
100% conservancy) and non-homologous to the human
protein (Table 1), 10 GPE and 5 FPE for LBL epitopes,
and 10 GPE and 7 FPE as CTL epitopes were subjected to
immunoinformatics analysis for possible vaccine designs.
Only 8 (3 GPE and 5 FPE) 15-mer Helper T-Lymphocyte
(HTL) inducing epitopes were selected after passing the
same screening criteria for CTL and LBL, that showed
interaction with many different and common MHC-II
alleles. Moreover, selected HTL epitopes were able to
induce IL-4, IL-10 and and IFN-y cytokines (Table S2-B).

@ Springer

Molecular Docking of CTL and HTL Epitopes
with HLA Alleles

Docking between top-scored epitopes with their respec-
tive HLA alleles was observed to determine the effective
binding that can further induce helper T-cell activity. Dock-
ing using ‘GalaxyPepDock’ server revealed highly favored
molecular interaction between FPE, GPE with HLA alleles
(Fig. 3). Negative binding affinities (AG < — 8.9 kcal/mol,
average = — 10.5 kcal/mol) were identified by the PRODIGY
webserver, proving that the bindings were thermodynami-
cally stable and predicting a strong CTL and HTL response.

Population Coverage Analysis

The selected CTL and HTL epitopes covered 88.73% and
99.94% of the global population, respectively (Fig. 4). More
importantly, when combined with both types of epitopes,
the resultant alleles covered 99.99% of the world popula-
tion. About 18 countries of the world show 100% population
coverage, including Sweden, Germany, England, Japan and
the United States, based on both CTL and HTL epitopes.
In Malaysia, where Nipah has first reported, the popula-
tion coverage for CTL and HTL found 74.61% and 90.26%,
respectively with a combined coverage of 97.53%. In India,
the Nipah outbreaks were reported repeatedly showing
81.30% and 99.94% population coverage for CTL and HTL,
with a combined coverage of 99.99% (Fig. 4b). However,
some of the country-specific data could not be generated
due to the unavailability of these data in the respective web-
server. Nevertheless, region-specific population data cov-
ered the worldwide population as a whole. For example,
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Table 1 Predicted linear B-lymphocyte (LBL), Cytotoxic T-lymphocyte (CTL), and Helper T-lymphocyte (HTL) epitopes of Glycoprotein and

Fusion protein for multi-epitope vaccine construction

Epitope Protein Epitope Sequence Start position Combined Toxicity  Allergenicity Antigenicity Homology Conservancy (%)
Score Score
Predicted B-cell G Protein SKPENCRLSMGIRPNS 390 0.84 No No 0.4339 NH 100.00
epitopes INWISAGVFLDSNQTA 517 0.83 No No 0.7413 NH 100.00
YRAQLASEDTNAQKTI 547 0.80 No No 0.5336 NH 100.00
KQRIIGVGEVLDRGDE 246 0.73 No No 0.9703 NH 100.00
IGTEIGPKVSLIDTSS 101 0.73 No No 1.0195 NH 100.00
PVFYQASFSWDTMIKF 451 0.72 No No 0.5122 NH 100.00
PLLAMDEGYFAYSHLE 220 0.70 No No 0.7393 NH 100.00
SSTITIPANIGLLGSK 115 0.67 No No 1.0625 NH 100.00
PLKIHECNISCPNPLP 152 0.65 No No 0.4023 NH 100.00
SNLVGLPNNICLQKTS 179 0.52 No No 0.5994 NH 100.00
F Protein QSGEQTLLMIDNTTCP 403 0.86 No No 0.5174 NH 100.00
YIQELLPVSENNDNSE 292 0.85 No No 0.5623 NH 100.00
SEWISIVPNFILVRNT 306 0.70 No No 0.6820 NH 100.00
YVLTALQDYINTNLVP 170 0.69 No No 0.4146 NH 100.00
ISCKQTELSLDLALSK 190 0.64 No No 1.4105 NH 100.00
Predicted CTL G protein SLIDTSSTI 110 1.12 No No 0.6210 NH 100.00
epitopes SLMMTRLAV 313 1.03 No No 0.7233 NH 100.00
ITIPANIGL 118 0.79 No No 1.1090 NH 100.00
YFPAVGFLV 363 0.77 No No 0.8129 NH 100.00
RLSIGSPSK 435 1.56 No No 0.7713 NH 100.00
MTRLAVKPK 316 0.78 No No 1.6597 NH 100.00
QPVFYQASF 450 1.44 No No 0.4601 NH 100.00
KPKLISYTL 199 1.42 No No 1.0819 NH 100.00
RPKLFAVKI 589 1.29 No No 0.5410 NH 100.00
TEIGPKVSL 103 1.58 No No 1.4043 NH 100.00
F protein LLDTVNPSL 480 1.36 No No 0.5529 NH 100.00
SLISMLSMI 487 1.09 No No 0.4599 NH 100.00
SIVPNFILV 310 1.07 No No 0.5759 NH 100.00
FILVRNTLI 315 1.02 No No 0.5200 NH 100.00
KTVYVLTAL 167 0.82 No No 0.4890 NH 100.00
TELSLDLAL 195 1.56 No No 1.1768 NH 100.00
IEIGFCLIT 326 0.80 No No 1.4195 NH 100.00
Predicted HTL G protein DAFLIDRINWISAGV 510 NA No No 0.9492 NH 100.00
epitopes GVYNDAFLIDRINWI 506 NA No No 0.5144 NH 100.00
VYNDAFLIDRINWIS 507 NA No No 0.5724 NH 100.00
F protein DPVSNSMTIQAISQA 220 NA No No 0.5392 NH 100.00
ISIVPNFILVRNTLI 309 NA No No 0.6730 NH 100.00
PNFILVRNTLISNIE 313 NA No No 0.6480 NH 100.00
YYIIVRVYFPILTEI 274 NA No No 1.0359 NH 100.00
IGFCLITKRSVICNQ 328 NA No No 1.4667 NH 100.00

*NH non-homologous, NA not applicable

Bangladesh, which is located in South Asia and marked as
a Nipah pandemic area, could show a high population cover-
age as the population coverage of South Asia is 99.99%, with
high CTL and HTL coverage that is 83.60% and 99.94%,
respectively (Fig. 4a). In addition to geographical distribu-
tion, we found good coverage for ethnic groups. Twenty-two
ethnic groups have 100% population coverage out of 156.
Moreover, approximately 77.56% (121/156) showed greater
than 90% population coverage.

Vaccine Construction and Properties Identification

Considering all the desired epitopes that can induce CTL,
HTL, and B-cell responses, two vaccines were designed;
which were further classified into three different mod-
els for each design depending on the selected adjuvants.
TLR4, Beta-defensin, and ribosomal protein L7/L.12 were
the chosen 3 adjuvants for a higher level of antigenic
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Epitope IEIGFCLIT and Epitope LLDTVNPSL and
HLA-B*44:02 binding HLA-A%*02:01 binding
AG =-11.2kcal/mol AG =-8.9kcal/mol

Epitope SLIDTSSTI and  Epitope SLMMTRLAV and Epitope RLSIGSPSK and
HLA-A*02:01 binding HLA-A*02:01 binding ~ HLA-A*03:01 binding

AG =-9.3 keal/mol AG =-10.2 kcal/mol AG =-10.1 kcal/mol

FPE

AG =-12.9kcal mol-1 AG =-9.5 kcal mol-1

AG =-9.4kcal mol-1

Epitope SLISMLSMI and Epitope TELSLDLAL and
HLA-A*02:01 binding HLA-B*44:02 binding
AG =-11.6kcal/mol AG =-11.7 kcal/mol

Epitope QPVFYQASF and Epitope KPKLISYTL and  Epitope TEIGPKVSL and
HLA-B*07:02 binding HLA-B*07:02 binding HLA-B*44:02 binding
AG =-8.9 kcal/mol AG =-9.4 kcal/mol AG =-11.6kcal/mol

Epitope DPVSNSMTIQAISQA Epitope ISIVPNFILVRNTLI Epitope DAFLIDRINWISAGV Epitope GVYNDAFLIDRINWI  Epitope VYNDAFLIDRINWIS
and HLA-DQA1*01:02 and HLA-DRB1%*01:01 and HLA-DRB1%04:01 and HLA-DRB1*04:01 and HLA-DRB1*04:01
binding binding binding binding binding

AG =-12.3 kcal mol-1 AG =-10.4kcal mol-1

Fig.3 Molecular docking of F protein epitopes (FPE) and G pro-
tein epitopes (GPE) with respective HLA alleles. Top representative
epitopes were taken for each protein and their binding was shown
with alleles with the highest affinity. Protein-peptide docking was

response. In total, 12 vaccine constructs were designed
depending on adjuvant and linker position (Fig. S1).

The subunit vaccine candidates were further analyzed
for antigenicity, toxicity, and allergenicity using the afore-
mentioned webservers. Among the 12 models, three mod-
els (Design-1 model 1, Design-2 model 2, and Design-2

@ Springer

performed using GalaxyPepDock server. Free energy (AG) value of
each binding shows the affinity between epitopes and alleles and was
determined through PRODIGY server. Here, ribbon structures denote
HLA alleles whereas ball and stick structures represent the epitopes

model 6) were predicted to show allergenic response upon
administration so they were excluded from further investi-
gation (Table S3). The Protein-Sol website indicated that
Design-1 models showed more solubility, scoring above
the threshold value of 0.4.



International Journal of Peptide Research and Therapeutics (2022) 28:123 Page9of25 123

Oceania
Europe

West Africa
East Africa
North Africa
Central Africa
North America
South America
Central America
Northeast Asia
Southwest Asia
Southeast Asia
South Asia
East Asia

e
o
2
=

50.00%

—
o
e
o
2
B3

Philippines
Thailand
India

Singapore

Malaysia e ————
[ | I | I | | | [ I [ |

0:00% so00% 10000% 005 015 025 035 045 055 065 075 08 095 1

® Combined EMHC II EMHCI

0 [¢]

Fig.4 Population coverage of the selected HTL and CTL epitopes b Epitope coverage in areas where previously Nipah outbreaks were
and their respective alleles. Bar plots illustrates the population cover- observed, ¢ World map indicating population coverage in different
age of the epitopes both combinedly and individually (Either MHC-I countries, here gray-colored countries indicates unavailability of data
or MHC-II). a Population coverage in a different region of the world,

1 AKFV AAAK S LI
HAAM¥ rFPAvVvGeFLVAAYRLSI 6sB

NAEAMSOMMFROAVARNM 1 paNt 6 5
BAYWMFREAvKPKAAY QP VFEYaasERE 00
L]

5

101 A BT v ~nEEE M 150
151 s vENENDYRER lllllllllll 57 | [ R [ R L [ 200
201 H | GFCLI TGPGPGDAFLIDRINWISAGVGPGPGGVYNDA 20
251 cPePcvquAFLlnnlnw1sePcPeansus........Aam
301 NFILVRNTLIGPGPGPNFI LVRNTLI SNIEGPGPGYYIl I VR 30 Stand
351 GPGPGIGFCLITKRsVICNQKKsKPE-...-lﬂGIRPNSKKI400
401 DSNQTAKKYRAQLASEDTNAOG QK K KkKQRI | GVGEVLDRGD 40 DDisordered,proteinbinding
451 PKVSLIDTSSKKPVFYQASFSsW Milk FKKPLLAMDEGYFA 50
501 T TI PANIGLLGSKKKPLKIHECNI SCPNPLPKKSNLVGLP 5 | Extracellular
551 KKkasGcEaQTLLMI DNTTcPRIKNMIUGERLPvVsSFNNDNSEKIKISIEw 60 .Helix
601 VRNTKKNMVEFADQD¥MEN T NLVPKKI sckaTELSs L DEALSKEK s
651 NEEEKNMMcrvrRecrcAavVLs cL P kEEBNGe kecsTRrReRrRKEEBRREK ™ [ putative Domain Boundary
701 701

10 20 %0 40 - [l Re-entrant Helix

NiV_BGD_V1 I:] Disordered

t Ak FVERARNFORKARAERRRAKNGc TEI 6P KVSLIDTSSTI TIPANIGLLGSKPL 5 [ Transmembrane Helix
51 KI HECNI scPNPLPBINLVGLPNNICLQKTSKPKLI SYTLPLLAMDEGYFA 10 Signal Peptide
1 YSHLEKQRI I GVGEVLDRGDESEIMMTRLAVKPKYFPAVGFLVSKPENCRL 15
51 SMGI RPNSRLSI GsPskaPVFyYaAasFsWoFm FGVYNDAFLI DRI NWI S 200 Coil
201 AGVI NWI SAGVFLDSN@RFIAYRAQLASEDTNAQKTI RPKLFAVKI GGG c[SIK 250 I Membrane Interaction
» FMEMVOFATEEMEN T vne v e s cHEFENSEEEAES « o p v s v s mFGENSGERERN 0
3ot MMM Y YFPI LTEI YI QELLPVSFNNDNSESEWI SI VPNFILVRNTLERN s Cytoplasmic
3 FI LVRNTLI SNI EIGFCLI TIGFCLITKRSVICNQQSGEQTLLMIDNTTGC 40
90t pLLDTVNPSLI sMmLsMIEIAIAKG!I I NTLQKYYCRVRGGRCAVLSCLPEKEE 40
451 @1 GKCSTRGRKCCRR 467

10 20 30 40 50

NiV_BGD_V2

Fig.5 Secondary structure properties of the selected vaccine candidates, NiV_BGD_V1 and NiV_BGD_V2
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Prediction and Validation of Secondary and Tertiary
Structure of the Vaccine Constructs

The remaining nine models were subjected to a PSIPRED
webserver to determine the secondary structure of each
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vaccine construct (Fig. 5). PSIPRED specifically analyzes
the regions as a strand, helix, and coil of the given peptide
(Fig. 6). Submission of the vaccine constructs’ sequences
to the SOPMA webserver shows each of the secondary
structure properties (Table S4). It determines the number of
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Fig.6 Graphical representation of selected vaccine candidates' secondary structure. NiV_BGD_V1 shows 30.53% a-helix, 27.25% p-sheet and

33.52% coil, and NiV_BGD_V2 shows 19.70% a-helix 31.48% f-sheet,
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Fig.7 Three-dimensional
diagram of the selected vaccine

candidates Adjuvant

EAAK linker
FPE
GPE

AAY/GPGPG/KK
Linker

AR NAAAA

PADRE

comprised peptides. The protein sequence of all nine mod-
els was uploaded to the RaptorX webserver to determine
the tertiary structures. The webserver analyzed the protein
sequences and resulted in a possible 3-dimensional configu-
ration for each construct (Fig. 7). Using the GalaxyRefine
web tool, all models were refined and then carefully exam-
ined to identify the presence of a gap in the 3D construct.
The gap in the 3D structure will result in fragmentation of
the protein and will make the protein subunit vaccine invalid/
unstable. Of the remaining nine models, five models showed
no gap in their 3D structure resulting in a non-fragmented
entity and were chosen for further evaluation.

Xeray
N NMR
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Vaccine models were validated using ProSA and PRO-
CHECK web tools sequentially. At first, the ProSA web
tool was used to determine the Z value of each vaccine
(Fig. 8) construct to determine energy distribution derived
from random conformation (Sippl 1993, 1995). Structure
validation shows that the Z score of these two candidates
is — 6.32 and — 6.67, respectively. PROCHECK web tool
was used to plot the protein region in the Ramachandran
plot identify residues of the proteins in the allowed and dis-
allowed region (Fig. 9). Two of the remaining five vaccine
constructs contained the highest number of residues in the
allowed region. These two model constructs were considered
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Fig.8 a NiV_BGD_V1 model validation resulting Z score of — 6.32. b NiV_BGD_V2 model validation resulting Z score of — 6.67
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Fig.9 Ramachandran plot analysis of A NiV_BGD_V1 and B NiV_
BGD_V2. (a) NiV_BGD_V1 shows 83.6% in the allowed region and
14.7% and 0.8% in the additional and generously allowed region,
respectively. Only 1.8% showed to be in the unallowed region. (b)

Table 2 Physiochemical Properties of proposed vaccine candidates

PROCHECK
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NiV_BGD_V2 shows 89.3% in the allowed region and 9.4% and
0.7% in the additional and generously allowed region, respectively.
Only 0.5% showed to be in the unallowed region

SL Physiochemical properties Results
NiV_BGD_VI1 NiV_BGD_V2
1 Number of amino acids 701 467
2 Molecular weight 76,362.62 51,486.21
3 Theoretical pl 9.67 9.14
4 Formula C3484H5553N00300655 25 C2312H3734N61006655 24
5 Instability index 29.35 39.78
6 Aliphatic index 100.4 105.25
7 Grand average of hydropathicity (GRAVY) 0.074 0.133
8 Estimated half-life (mammalian reticulocytes, in vitro) 4.4h 4.4h
9 Estimated half-life (yeast, in vivo) >20h >20h
10 Estimated half-life (Escherichia coli, in vivo) >10h >10h
11 Extinction coefficients (at 280 nm in water) 90,035 M-1 cm-1 50,725 M-1 cm-1
12 Antigenicity (AntigenPRO) 0.528842 0.624424
13 Antigenicity (Vaxijen) 0.5924 0.6729
14 Allergenicity (AllerTOP) Non-allergen Non-allergen
15 Allergenicity (AllergenFP) Non-allergen Non-allergen
16 Solubility (proteinSOL) (0.45) 0.424 0.304
17 Solubility upon overexpression (solPRO) SOLUBLE with probability INSOLUBLE
0.839197 with probability
0.756665
18 Disordered region (%) 1.426533524 2.141327623
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as suitable vaccine candidates and named as NiV_BGD_V1
and NiV_BGD_V?2, respectively. Vaccine candidate-1 (NiV_
BGD_V1) contained 83.6%, and Vaccine candidate-2 (NiV_
BGD_V2) contained 89.3% in the most favored region.

Additionally, physicochemical properties of the selected
vaccine candidates predicted NiV_BGD_V1 to be soluble
and NiV_BGD_V?2 to be insoluble in water, which indi-
cates that the second vaccine candidate to be a single-shot

Number of residues: 159
Score: 0.746

Number of residues: 76
Score: 0.764

Number of residues: 123
Score: 0.666

Number of residues: 4
Score: 0.537

Number of residues: 4
Score: 0.595

Fig. 10 Conformational B-cell epitopes of vaccine candidate-1 (NiV_BGD_V1) that are displayed in the colored region. Length and score from

the ElliPro webserver are shown below each epitope

Number of residues: 38
Score: 0.799

Number of residues: 3
Score: 0.939

Number of residues: 5

Number of residues: 82

Score: 0.773 Score: 0.705

Number of residues: 13
Score: 0.629

Number of residues: 114
Score: 0.649

Number of residues: 9
Score: 0.543

Number of residues: 5
Score: 0.607

Fig. 11 Conformational B-cell epitopes of vaccine candidate-2 (NiV_BGD_V2) that are displayed in the colored region. Length and score from

the ElliPro webserver are shown below each epitope
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vaccine administered into the body. Other physicochemical
parameters of both vaccine candidates were well in range
to be considered as a potential vaccine (Table 2).

Conformational B-Cell Epitopes Identification

The ElliPro webserver derived three-dimensional conforma-
tional epitopes that can induce B-cell activity. NiV_BGD_
V1 resulted in 5 epitopes (Fig. 10) while NiV_BGD_V2
showed 8 B-cell epitopes (Fig. 11; Table S5).

Disulfide Engineering of the Final Vaccine Construct

Disulfide by Design-2 (DbD2) webserver predicted a total
of 56 pairs of residues for NiV_BGD_V1 and 36 pairs of
residues for NiV_BGD_V?2 for the probable formation of
disulfide bonds. Among the selected pairs, only 4 pairs

Fig. 12 Wild type and mutant Wild Type

of residues (Thr23—Thr26, Ala295—GIn298, Lys628—
Cys697, Ala97—Alal49) for NiV_BGD_V1 (Fig. 12)
and only 1 pair (Gly69—Phel71) for NiV_BGD_V2 were
selected for the disulfide bond formation because their
energy is less than 2.2 and Chi3 value is between — 87
to+ 97 (Table S6).

The selected five pairs were evaluated through the
DynaMut server to check the vaccine structure stability
after the mutation. Only one pair (Ala97 and Alal49)
of NiV_BGD_V1 among those residues fulfill a pair
for the probable disulfide bond with stable mutation
(AAG=1.113 kcal/mol and 1.430 kcal/mol) and decrease
molecular flexibility (Fig. 13). Therefore, these two
residues were taken into account for the mutation with
cysteine. As NiV_BGD_V2 vaccine candidate could not
fulfill a pair, disulfide engineering was omitted from this
vaccine candidate.

Mutant Type

type is shown on the protein
structure containing Ala97 and
Alal49, respectively

Hydrogen bonds
Watermediated hydrogen bonds
Weak hydrogen bonds

Watermediated weak hydrogen
bonds
Halogen bonds

lonic interactions

Metal complex interactions

Hydrophobic contacts

Carbonyl contacts
Aromatic contacts

000 0O O0 00O0O

Fig. 13 Three-dimensional
view of the mutated vaccine
candidate-1. The colored region
depicts mutated Cys97 and
Cys149 and a disulfide bond
between them
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NiV_BGD_V1

NiV_BGD_V2

AG=-19.9 kcal mol-1

AG=-12.6 kcal mol-1

AG=-18 kcal mol-1

AG=-30.7 kcal mol-1

Fig. 14 Molecular docking of NiV_BGD_V1 and NiV_BGD_V2
with virus specific TLRs. NiV_BGD_V1 and NiV_BGD_V2 vac-
cine protein represented by purple and magenta color,respectively.
TLRs were represented by different shades of cyan color. Each bind-

Molecular Docking of NiV_BGD_V1 and NiV_BGD_
V2

The immune response of TLRs (TLR2, TLR3, TLR4, TLR7,
TLRS, TLR9) against NiV vaccine candidates (NiV_BGD_
V1 and NiV_BGD_V2) were predicted using the ClusPro
webserver (Fig. 14). TLRs are an important part of the
antigen-specific immune response, resulting in acquired
immunity (Takeda and Akira 2005). The negative AG value
for each docking complex, estimated by the PRODIGY
webserver, indicated the strong binding affinity of the vac-
cine candidates with virus-specific TLRs. As the lowest AG
value indicates the highest binding affinity, NiV_BGD_V1
showed the strongest affinity with TLR4 (AG=— 30.7 kcal/
mol, Kd (M) at 25.0 °C=3.00E—23) while NiV_BGD_V2
had greater binding with TLR8 (AG=— 20.6 kcal/mol,
Kd (M) at 25.0 °C =7.40E—16) (Table S7). Both vaccine
candidates showed favorable interaction with NiV specific

NiV_BGD_V1

!

NiV_BGD_V2

AG=-20.6 kcal mol-1

2G=-19.9 kcal mol-1

AG=-22.2 kcal mol-1

ing affinity quantification in AG value is shown below each docking.
Each docking resulted in negative AG value,denoting greater binding
affinity

TLR3 (Basler 2012) with AG values — 11.1 kcal/mol and
— 18.2 kcal/mol, respectively.

Molecular Dynamic Simulation

The iMod server predicted various dynamics state of the
vaccine candidates. The dynamics are observed for NiV_
BGD_V1-TLR4, and NiV_BGD_V2-TLRS8 complexes as
these vaccine candidates show the highest binding affinity
with their respective bound toll-like receptors according to
PRODIGY (PROtein binDIng enerGY prediction) (Honorato
et al. 2021) webserver (Fig. 15). The deformability graphs
show the presence of a coiled structure in the vaccine, which
indicates the flexibility in the structure. The eigenvalue of
NiV_BGD_VI-TLR4 is 5.099 x 1077 and NiV_BGD_
V2-TLRS is 1.779 x 1073, which indicates a lower amount
of energy is required to deform the structure for both vaccine
candidates with their respective TLRs. Elasticity mapping
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«Fig. 15 Molecular dynamic simulation of the vaccine candidates
(NiV_BGD_V1-TLR4 and NiV_BGD_V2-TLR8). a Eigenvalue of
the vaccine-receptor complex, b Elasticity network mapping, ¢ Pre-
diction of Bi-factor, d Co-variance map, e Main chain deformability

shows the flexibility of the vaccine candidates in the coiled
region.

Immune Simulation

Both vaccine candidates (NiV_BGD_V1 and NiV_BGD_
V2) were uploaded onto the C-immsim server to simulate
their immunological response for one year after adminis-
tering a subject. Both vaccine candidates show a similar
response after administration. Each vaccine administration
shows a rise in the antigen level, which drops down signifi-
cantly with time, while immunoglobulin levels show a steep
increase (Fig. 16a). Different long-lasting B-cell isotypes
were observed, indicating memory B-cell formation and sub-
sequent isotype switching (Fig. 16b). Also, a Higher resting
dendritic cell population was seen throughout the window of
one year after the initial injection of the vaccine (Fig. 16¢).
Additionally, a high level of [FN-y was seen after subsequent
administration of the vaccine, marking a low Simpson index
(D) (Fig. 16d). Furthermore, helper T-cell and cytotoxic
T-cell counts were observed. Helper T-cell count increased
with every injection, and gradually active cells decreased
while resting helper T-cell count elevated (Fig. 16e). Active
cytotoxic T-cell level showed a gradual decline during the
window, and subsequently, resting cytotoxic T-cell level
increased (Fig. 16f).

Expression Prediction and In Silico Cloning of NiV_
BGD_V1 and NiV_BGD_V2

The optimized codon sequence of NiV_BGD_V1 and NiV_
BGD_V?2 shows the Codon Adaptation Index (CAI) of 0.96
and 0.94. Moreover, the average GC content for these vac-
cine candidates was found to be 64.6% and 63.5%, respec-
tively. A promising vaccine candidate should have a CAI
value of 0.8—1.0 (with 1.0 indicating the highest degree of
expression) and a GC content of 30-70 percent (Ali et al.
2017; Abdulla et al. 2019). These data suggest that each
of our vaccine candidates has a good chance of improv-
ing human expression. Furthermore, the thermostability of
the vaccine mRNA was demonstrated by the negative free
energy of these vaccine designs, which were — 791.33 kcal/
mol and — 545.23 kcal/mol, respectively, as determined by
the 'RNAfold'". It is worth noting that the first 10 nucleo-
tides of both chimeric mRNAs did not participate in stem
formation, implying the absence of a pseudoknot or a per-
sistent long hairpin structure (Fig. 17). Therefore, the host

may easily commence the translation process since the ribo-
some's binding to the initiation site would not be disrupted.

The optimized nucleotide sequences of NiV_BGD_V1
and NiV_BGD_V2 with added upstream Kozak sequence
and downstream stop codon were incorporated into the
pAdTrack-CMYV vector under an inbuilt strong CMV pro-
moter for the production of high-level recombinant protein
(Wang et al. 2017). The final construct of cloned NiV_
BGD_V1 and NiV_BGD_V2 containing recombinant plas-
mid was found to be 11,307 bp and 10,605 bp long (Fig. 18).

Discussion

Due to the unavailability of a lisenced vaccine or drug to
combat NiV infection in an individual, the battle is often
one-sided, and Nipah virus (NiV) infections have always
been devastating. Immunoinformatics analyses have been
carried out looking for a suitable subunit vaccine against
NiV infections. Many recent bioinformatics analyses
proposed vaccine candidate designs depend on building
epitopes from a specific protein. On the other hand, NiV
is an RNA virus prone to spontaneous mutations that may
accelerate escape mutation to overcome immune selection
due to vaccine incorporation if the vaccine is designed to
target a single antigen. The approach of this work was based
on designing dual antigenic multi-epitope (DAME)-based
subunit vaccines against NiV infections. The advantages of
designing DAME-based subunit vaccine/s are that the vac-
cine may contribute to a more robust and broader immuno-
genic response against wider variants of the viruses. Along
with it, the multi-epitope vaccine has been proved to be safer
with more logistical feasibility (Vartak and Sucheck 2016).
The study was initially planned with three different NiV
proteins: G, F, and M. Since M protein has less accessi-
bility on the surface which will render poor immunogenic
responses as compared to G and F protein, even though M
protein was predicted to be antigenic, excluded from fur-
ther analysis. Only the surface accessible region of G and F
protein was considered for epitope designing. Recent works
in NiV attachment Glycoprotein (G protein) showed that
the head domain of G protein is the main region that can
elicit serum neutralizing activity upon administration of a
vaccine that targets G protein. Rhesus macaques that have
vaccinated with tetrameric NiV G ectodomains have shown
the presence of neutralizing antibodies specific to the head
region of G protein (Wang et al. 2022). Moreover, G and F
proteins have been found to be the target of humoral immune
responses in animals infected with NiV (Xu et al. 2013;
Avanzato et al. 2019; Dang et al. 2019; Dang et al. 2021).
Using various servers, B-cell, CTL, and HTL epitopes
were identified for G and F proteins. The epitopes were ana-
lyzed based on antigenicity, allergenicity, homology, and
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Fig. 16 Simulation of the immune response of the vaccine candidates
(NiV_BGD_V1 and NiV_BGD_V2). Both vaccine candidates are shown
as antigens. a Immunoglobulin production after a vaccine injection, black
line marks the presence of antigen. b Population of B-cell after subsequent
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toxicity. Furthermore, HTL epitopes that can also invoke
cytokines such as interferon-gamma (IFN-vy), interleukin—4
(IL-4), interleukin—10 (IL-10) were chosen. Cytokines
can work as an important mediator for protection. CTL
and HTL epitopes were analyzed based on docking with
their predicted alleles of MHC-I and MHC-II. Representa-
tive epitopes showed effective binding with their respective
alleles where the AG score was significantly lower, predict-
ing a strong CTL and HTL response.

Both CTL and HTL epitopes of the proposed NiV-vac-
cines covered most of the global population but combinedly
covered 99.99%. Population coverage around the region
where the NiV outbreak was previously observed was also
satisfactory. The epitopes were then merged for vaccine
designings into two different manners. In Design-1, link-
ers were added between the epitopes for minimizing junc-
tional immunogenicity. In contrast, in Design-2, instead of
linkers between the epitopes, a chimeric vaccine with the
junctional region between the dual antigens was designed
to assess immunogenic responses that might be similar to
natural infections. Adjuvants were used in both designs
for a higher level of antigenic response. Using 3 different
adjuvants (TLR4, B defensin, and Ribosomal protein L7/
L12) and modifying the configuration of linker position in
separate models, 12 vaccine sequence was constructed for
further analysis.

Different webservers were used to determine antigenic-
ity, allergenicity, and physicochemical properties. Solubil-
ity was also measured as insoluble protein vaccine in water
will not be homogeneous in content. Physicochemical values
indicated that selected vaccine candidates would be ther-
mostable. Validity measurement eliminated 3 models of the
vaccine as they were predicted to show allergenic response
upon administration. The remaining nine models were con-
sidered for further validation in the following steps.

The secondary structure was identified to determine the
proportions of alpha-helix, beta-sheet, coil, and turn. Most
of the vaccine models have consisted predominantly of coils.
The tertiary structure was determined using an online ser-
vice to find out fragmentation in the 3-dimensional (3D)
structure. The gap in the 3D structure will result in frag-
mentation of the protein and will make the protein subu-
nit vaccine invalid/unstable. Of the remaining 9 models, 5
models showed no gap in their 3D structure resulting in a
non-fragmented entity.

Ramachandran plot shows the stereochemical results of
the protein residues. Two models showed the highest level of
residues inside the allowed region and were chosen as vac-
cine candidates, while the other three models did not score
up to the mark (>80%) in Ramachandran plot analysis and
were excluded from further evaluation. Vaccine candidate-1
(NiV_BGD_V1) showed 83.6%, and vaccine candidate-2
(NiV_BGD_V2) showed 89.3% in the allowed region with
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a minimal region in the unallowed region. Structure valida-
tion shows that the Z score of these two candidates is — 6.32
and — 6.67, respectively. The overall structure of the selected
two vaccine candidates was found to be acceptable and well
in range.

As 3D structure brings the different protein regions
nearby, the closely brought region can act as a conforma-
tional epitope and elicit a B-cell response. Various webserv-
ers revealed that NiV_BGD_V1 and NiV_BGD_V?2 resulted
in five and eight epitopes, respectively. Disulfide engineering
showed five probable pairs in close proximity in the pro-
posed vaccine candidates to be able to mutate into cysteine.
Through validation from the stereochemical standpoint,
of the five probable pairs, only one pair found in vaccine
candidate NiV_BGD_V1 (Ala97-Alal49) was capable of
mutation into cysteine. Point to be noted that the predicted
disulfide bond did not interfere with any epitopic region,
which indicates no obstruction in vaccine outcome.

Molecular docking and molecular dynamic simulation
were carried out between vaccine candidates and various
toll-like receptors such as TLR2, TLR3, TLR4, TLR7,
TLRS8, and TLR9. Among the family of TLRs that are
docked for binding, TLR2 and TLR9 are found to be effec-
tive in viral infections (Leoni et al. 2012; Martinez-Cam-
pos et al. 2017) while TLR3 is NiV specific to induce the
antibody-mediated response (Basler 2012). TLR4, TLR7,
and TLR8 can bind to RNA viruses (Heil et al. 2004; Bru-
baker et al. 2015). Therefore, docking was performed to
identify the ability of the vaccine candidate to boost up
innate immunity. These bindings showed negative AG
values conveying the binding to be stable. NiV_BGD_V1
showed the highest binding affinity with TLR4, while
NiV_BGD_V2 showed the highest binding affinity with
TLRS. In the molecular dynamic simulation, NiV_BGD_
V1-TLR4 and NiV_BGD_V2-TLR8 bindings were evalu-
ated. In the case of both vaccines, the co-variance plot
mostly shows a correlation between the residues. A lower
eigenvalue suggests that less energy is needed to deform
binding structures at different residues.

The immune simulation step was done to simulate the
immune response when the vaccine is administered to a
subject. In one year timeframe after the initial injection,
the robust antibody response is seen in the case of both
vaccine candidates. Both B-cell and Helper T-cell levels
raise after each exposure and drop down with time while
memory B-cell and resting helper T-cell formation takes
place. Active Cytotoxic T-cell levels maintain a consist-
ent level during the three injections but with time, active
cell count drops give rise to resting CTLs. Cytokine levels
increase with each vaccine exposure, which drops down
gradually.

Codon adaptation was carried out to obtain a high level
of expression of vaccine candidates when incorporated into
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Fig. 17 Secondary mRNA
structure of A: NiV_BGD_V1 £
and B: NiV_BGD_V2. No
pseudoknot formation is seen on
the first 10 nucleotides in both
candidate vaccines
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Fig. 18 Cloned multi-epitope vaccine candidates into the pAdTrack-CMV expression vector

a vector. NiV_BGD_V1 and NiV_BGD_V?2 were analyzed
for GC content (64.57 percent and 63.5 percent, respec-
tively) and the codon adaptability index (0.96 and 0.94,
respectively). Both parameters were favorable for high-level
protein production in Homo sapiens. The secondary struc-
ture revealed no hairpin structure formation in the first 10
nucleotides in the vaccine mRNA sequence. The absence of
pseudoknot indicated no inhibition of translation from the
mRNA for production of the peptide vaccine would occur.
After successful gene cloning, the designed recombi-
nant plasmid can be efficiently propagated using E. coli
BJ5183 cells with an adenoviral backbone plasmid, such as

pAdEasy-1. Multiple restriction endonuclease analyses can
be performed to screen for recombinants of interest, such
as kanamycin-resistant recombinants. Finally, the linearized
recombinant plasmid will be transfected into adenovirus
packagings cell lines, such as 911- or 293-cells, and recom-
binant adenoviruses will be produced within 7-10 days (He
et al. 1998). Both adenovirus-based subunit vaccine candi-
dates, NiV_BGD_V1 and NiV_BGD_V2, were predicted
to have high levels of heterologous expression inside the
human body after codon optimization. To facilitate the
in vivo expression of stable mRNA, we incorporated the
Kozak consensus sequence upstream of the optimized cDNA
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to ensure translation initiation from the genetic message and
mediate ribosome assembly.

Virus-like particles (VLPs), DNA, and mRNA-based
vaccines have gained increased popularity as potential vac-
cine candidates for various diseases. These vaccines can be
expressed in mammalian and non-mammalian expression
systems (bacteria, yeast, fungi). These expression systems
have both advantages and disadvantages. While non-mam-
malian cells support faster production due to higher growth
rates, mammalian cell lines generally provide properly
folded vaccines with accurate post-translational modifica-
tion. Virus-like particles are attractive to use as a robust vac-
cine. However, their limitations include low production yield
along with high manufacturing costs. In contrast, Production
costs are generally lower for adenoviral-based vaccines, and
they can impart both cellular and humoral immunity (Chang
2021). Moreover, in clinical trials, adenovirus-based vac-
cines showed promising outcomes against various infectious
diseases, including Malaria, Hepatitis C, Ebola, HIV, Tuber-
culosis, and Rotavirus, as well as cancers such as lymphoma,
melanoma, prostate cancer, and others (Cai et al. 2020; Khan
etal. 2021). Several Adenovirus-based COVID-19 vaccines
have already been approved for human use, including the
University of Oxford and AstraZeneca's ChAdOx1 nCoV-
19 or AZD1222, Johnson & Johnson’s AD26.COV.2.S or
JNJ-78436735, Gamaleya's Sputnik V, and CanSino Bio-
logics' Ad5-nCoV (Khan et al. 2021). The findings of this
study proposed an adenovirus-backboned vaccine based on
the immunoinformatics approach. However, more robust
wet lab-based animal studies will be essential prior to the
implementation of human clinical trials.

Conclusions

Given the highly pathogenic characteristics of NiV, its pan-
demic potential, and the lack of availability of approved
therapeutics for treatments (i.e., monoclonal antibodies,
small molecular drugs), it is necessary to develop a safe and
effective vaccine against NiV. This study used an immunoin-
formatics approach to predict effective dual antigenic multi-
epitope chimeric subunit vaccines capable of escalating a
strong immune response by triggering both humoral and
cellular immunity. The vaccine designs effectively met the
criteria for antigenicity, allergenicity, immunogenicity, phys-
icochemical properties, and inducing the immune response
without affecting host cell housekeeping functions. The pro-
posed vaccine constructs in this study could be promising
candidates for protective vaccination against NiV.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10989-022-10431-z.

@ Springer

Acknowledgements This research study was funded by core donors
who provide unrestricted support to icddr,b for its operations and
research. Current donors providing unrestricted support include the
Governments of Bangladesh, Canada, Sweden and the UK. We grate-
fully acknowledge our core donors for their support and commitment
to icddr,b’s research efforts.

Author Contributions Conceptualization: MMR and MZR; method-
ology, software and validation: MMR, JAP and AAA; formal analy-
sis and investigation: MMR, JAP and AAA; Writing—original draft
preparation: MMR, JAP and AAA; writing—review and editing: MEH,
MMA, SS, Al JDK, JMM, SMS, TS and MZR; funding acquisition:
MZR resources: MZR; supervision: MZR. All authors have read and
agreed to the published version of the manuscript.

Funding This research work was supported by the core donors of
icddr,b.

Data Availability The datasets generated or analysed during this study
are included in this article and its supplementary information files.

Declarations

Competing interests The authors declare no competing interests.

Conflict of interest The authors declare that they have no conflict of
interest. The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position of the
Centers for Disease Control and Prevention.

Ethical Approval The article does not contain any human/ animals
subject.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdulla F, Nain Z, Hossain MM, Sayed SB, Khan MSA, Adhikari
UK (2019) Computational approach for screening the whole pro-
teome of hantavirus and designing a multi-epitope subunit vac-
cine. bioRxiv. https://doi.org/10.1101/832980

Agadjanyan MG et al (2005) Prototype Alzheimer’s disease vaccine
using the immunodominant B cell epitope from p-amyloid and
promiscuous T cell epitope pan HLA DR-binding peptide. J
Immunol 174(3):1580-1586. https://doi.org/10.4049/jimmunol.
174.3.1580

Ali M, Pandey RK, Khatoon N, Narula A, Mishra A, Prajapati VK
(2017) Exploring dengue genome to construct a multi-epitope
based subunit vaccine by utilizing immunoinformatics approach


https://doi.org/10.1007/s10989-022-10431-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1101/832980
https://doi.org/10.4049/jimmunol.174.3.1580
https://doi.org/10.4049/jimmunol.174.3.1580

International Journal of Peptide Research and Therapeutics (2022) 28:123

Page230f25 123

to battle against dengue infection. Sci Rep 7(1):1-13. https://doi.
org/10.1038/541598-017-09199-w

Avanzato VA et al (2019) A structural basis for antibody-mediated
neutralization of Nipah virus reveals a site of vulnerability at the
fusion glycoprotein apex. Proc Natl Acad Sci 116(50):25057-
25067. https://doi.org/10.1073/pnas.1912503116

Basler CF (2012) Nipah and Hendra virus interactions with the innate
immune system. Henipavirus. https://doi.org/10.1007/82_2012_
209

Brubaker SW, Bonham KS, Zanoni I, Kagan JC (2015) Innate immune
pattern recognition: a cell biological perspective. Annu Rev
Immunol 33:257-290. https://doi.org/10.1146/annurev-immun
01-032414-112240

Bui H-H, Sidney J, Dinh K, Southwood S, Newman MJ, Sette A (2006)
Predicting population coverage of T-cell epitope-based diagnos-
tics and vaccines. BMC Bioinformatics 7(1):1-5. https://doi.org/
10.1186/1471-2105-7-153

Bui H-H, Sidney J, Li W, Fusseder N, Sette A (2007) Development
of an epitope conservancy analysis tool to facilitate the design
of epitope-based diagnostics and vaccines. BMC Bioinformatics
8(1):1-6. https://doi.org/10.1186/1471-2105-8-361

Cai X, Bai H, Zhang X (2020) Vaccines and advanced vaccines: a
landscape for advanced vaccine technology against infectious
disease, COVID-19 and tumor. https://doi.org/10.31219/osf.io/
ypgx4

Castiglione F, Deb D, Srivastava AP, Lio P, Liso A (2021) From
infection to immunity: understanding the response to SARS-
CoV2 through in-silico modeling. Front Immunol. https://doi.
org/10.3389/fimmu.2021.646972

Chadha MS et al (2006) Nipah virus-associated encephalitis out-
break, Siliguri. India Emerg Infect Dis 12(2):235. https://doi.
org/10.3201/eid1202.051247

Chang J (2021) Adenovirus vectors: excellent tools for vaccine
development. Immune Netw. https://doi.org/10.4110/in.2021.
21.e6

Chua KB et al (1999) Fatal encephalitis due to Nipah virus among pig-
farmers in Malaysia. The Lancet 354(9186):1257-1259. https://
doi.org/10.1016/S0140-6736(99)04299-3

Contol CfD, Prevention (1999) Outbreak of Hendra-like virus—Malay-
sia and Singapore, 1998-1999. MMWR Morb Mortal Wkly Rep
48(13):265-269. https://doi.org/10.1001/jama.281.19.1787-jwr05
19-2-1

Dang HV et al (2019) An antibody against the F glycoprotein inhib-
its Nipah and Hendra virus infections. Nat Struct Mol Biol
26(10):980-987. https://doi.org/10.1038/s41594-019-0308-9

Dang HV et al (2021) Broadly neutralizing antibody cocktails targeting
Nipah virus and Hendra virus fusion glycoproteins. Nat Struct Mol
Biol 28(5):426-434. https://doi.org/10.1038/s41594-021-00584-8

DeBuysscher BL, Scott D, Marzi A, Prescott J, Feldmann H (2014)
Single-dose live-attenuated Nipah virus vaccines confer complete
protection by eliciting antibodies directed against surface glyco-
proteins. Vaccine 32(22):2637-2644. https://doi.org/10.1016/j.
vaccine.2014.02.087

Defang GN, Khetawat D, Broder CC, Quinnan GV Jr (2010) Induc-
tion of neutralizing antibodies to Hendra and Nipah glycoproteins
using a Venezuelan equine encephalitis virus in vivo expression
system. Vaccine 29(2):212-220. https://doi.org/10.1016/j.vacci
ne.2010.10.053

Desta IT, Porter KA, Xia B, Kozakov D, Vajda S (2020) Performance
and its limits in rigid body protein-protein docking. Structure
28(9):1071-1081. https://doi.org/10.1016/j.str.2020.06.006

Dhanda SK, Gupta S, Vir P, Raghava G (2013a) Prediction of I1L4
inducing peptides. Clin Dev Immunol. https://doi.org/10.1155/
2013/263952

Dhanda SK, Vir P, Raghava GP (2013b) Designing of interferon-
gamma inducing MHC class-II binders. Biol Direct 8(1):1-15.
https://doi.org/10.1186/1745-6150-8-30

Diederich S, Maisner A (2007) Molecular characteristics of the Nipah
virus glycoproteins. Ann N 'Y Acad Sci 1102(1):39-50. https://
doi.org/10.1196/annals.1408.003

Doytchinova IA, Flower DR (2007) VaxiJen: a server for prediction of
protective antigens, tumour antigens and subunit vaccines. BMC
Bioinformatics 8(1):1-7. https://doi.org/10.1186/1471-2105-8-4

Field H (2009) Bats and emerging zoonoses: henipaviruses and SARS.
Zoonoses Public Health 56(6-7):278-284. https://doi.org/10.
1111/7.1863-2378.2008.01218.x

Geourjon C, Deleage G (1995) SOPMA: significant improvements in
protein secondary structure prediction by consensus prediction
from multiple alignments. Bioinformatics 11(6):681-684. https://
doi.org/10.1093/bioinformatics/11.6.681

Grote A et al (2005) JCat: a novel tool to adapt codon usage of a
target gene to its potential expression host. Nucleic Acids Res
33(suppl_2):W526-W531. https://doi.org/10.1093/nar/gki376

Guillaume V et al (2004) Nipah virus: vaccination and passive
protection studies in a hamster model. J Virol 78(2):834-840.
https://doi.org/10.1128/JV1.78.2.834-840.2004

Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar R (2013) Con-
sortium OSDD, Raghava GPS. 2013. Silico approach for pre-
dicting toxicity of peptides and proteins. PLoS ONE 8:e73957.
https://doi.org/10.1371/journal.pone.0073957

Harcourt BH et al (2000) Molecular characterization of Nipah virus,
a newly emergent paramyxovirus. Virology 271(2):334-349.
https://doi.org/10.1006/viro.2000.0340

He T-C, Zhou S, Da Costa LT, Yu J, Kinzler KW, Vogelstein B
(1998) A simplified system for generating recombinant adeno-
viruses. Proc Natl Acad Sci 95(5):2509-2514. https://doi.org/
10.1073/pnas.95.5.2509

Heil F et al (2004) Species-specific recognition of single-stranded
RNA via toll-like receptor 7 and 8. Science 303(5663):1526—
1529. https://doi.org/10.1126/science.1093620

Heo L, Park H, Seok C (2013) GalaxyRefine: protein structure
refinement driven by side-chain repacking. Nucleic Acids Res
41(W1):W384-W388. https://doi.org/10.1093/nar/gkt458

Honorato RV et al (2021) Structural biology in the clouds: the
WeNMR-EOSC ecosystem. Front Mol Biosci. https://doi.org/
10.3389/fmolb.2021.729513

Hsu VP et al (2004) Nipah virus encephalitis reemergence, Bang-
ladesh. Emerg Infect Dis 10(12):2082. https://doi.org/10.3201/
eid1012.040701

Khan MT et al (2021) Immunoinformatics and molecular dynamics
approaches: next generation vaccine design against West Nile
virus. PLoS ONE 16(6):e0253393. https://doi.org/10.1371/journ
al.pone.0253393

Kong D et al (2012) Newcastle disease virus-vectored Nipah enceph-
alitis vaccines induce B and T cell responses in mice and long-
lasting neutralizing antibodies in pigs. Virology 432(2):327-
335. https://doi.org/10.1016/j.virol.2012.06.001

Kozakov D et al (2013) How good is automated protein docking?
Proteins: Structure. Funct Bioinform 81(12):2159-2166. https://
doi.org/10.1002/prot.24403

Kozakov D et al (2017) The ClusPro web server for protein—protein
docking. Nat Protoc 12(2):255-278. https://doi.org/10.1038/
nprot.2016.169

Krogh A, Larsson B, Von Heijne G, Sonnhammer EL (2001)
Predicting transmembrane protein topology with a hidden
Markov model: application to complete genomes. J Mol Biol
305(3):567-580. https://doi.org/10.1006/jmbi.2000.4315

Larsen MV, Lundegaard C, Lamberth K, Buus S, Lund O, Nielsen
M (2007) Large-scale validation of methods for cytotoxic

@ Springer


https://doi.org/10.1038/s41598-017-09199-w
https://doi.org/10.1038/s41598-017-09199-w
https://doi.org/10.1073/pnas.1912503116
https://doi.org/10.1007/82_2012_209
https://doi.org/10.1007/82_2012_209
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1186/1471-2105-7-153
https://doi.org/10.1186/1471-2105-7-153
https://doi.org/10.1186/1471-2105-8-361
https://doi.org/10.31219/osf.io/ypgx4
https://doi.org/10.31219/osf.io/ypgx4
https://doi.org/10.3389/fimmu.2021.646972
https://doi.org/10.3389/fimmu.2021.646972
https://doi.org/10.3201/eid1202.051247
https://doi.org/10.3201/eid1202.051247
https://doi.org/10.4110/in.2021.21.e6
https://doi.org/10.4110/in.2021.21.e6
https://doi.org/10.1016/S0140-6736(99)04299-3
https://doi.org/10.1016/S0140-6736(99)04299-3
https://doi.org/10.1001/jama.281.19.1787-jwr0519-2-1
https://doi.org/10.1001/jama.281.19.1787-jwr0519-2-1
https://doi.org/10.1038/s41594-019-0308-9
https://doi.org/10.1038/s41594-021-00584-8
https://doi.org/10.1016/j.vaccine.2014.02.087
https://doi.org/10.1016/j.vaccine.2014.02.087
https://doi.org/10.1016/j.vaccine.2010.10.053
https://doi.org/10.1016/j.vaccine.2010.10.053
https://doi.org/10.1016/j.str.2020.06.006
https://doi.org/10.1155/2013/263952
https://doi.org/10.1155/2013/263952
https://doi.org/10.1186/1745-6150-8-30
https://doi.org/10.1196/annals.1408.003
https://doi.org/10.1196/annals.1408.003
https://doi.org/10.1186/1471-2105-8-4
https://doi.org/10.1111/j.1863-2378.2008.01218.x
https://doi.org/10.1111/j.1863-2378.2008.01218.x
https://doi.org/10.1093/bioinformatics/11.6.681
https://doi.org/10.1093/bioinformatics/11.6.681
https://doi.org/10.1093/nar/gki376
https://doi.org/10.1128/JVI.78.2.834-840.2004
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1006/viro.2000.0340
https://doi.org/10.1073/pnas.95.5.2509
https://doi.org/10.1073/pnas.95.5.2509
https://doi.org/10.1126/science.1093620
https://doi.org/10.1093/nar/gkt458
https://doi.org/10.3389/fmolb.2021.729513
https://doi.org/10.3389/fmolb.2021.729513
https://doi.org/10.3201/eid1012.040701
https://doi.org/10.3201/eid1012.040701
https://doi.org/10.1371/journal.pone.0253393
https://doi.org/10.1371/journal.pone.0253393
https://doi.org/10.1016/j.virol.2012.06.001
https://doi.org/10.1002/prot.24403
https://doi.org/10.1002/prot.24403
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1038/nprot.2016.169
https://doi.org/10.1006/jmbi.2000.4315

123 Page 24 of 25

International Journal of Peptide Research and Therapeutics (2022) 28:123

T-lymphocyte epitope prediction. BMC Bioinformatics 8(1):1-
12. https://doi.org/10.1186/1471-2105-8-424

Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993)
PROCHECK: a program to check the stereochemical quality of
protein structures. J Appl Crystallogr 26(2):283-291. https://
doi.org/10.1107/S0021889892009944

Lee SJ et al (2014) A potential protein adjuvant derived from Myco-
bacterium tuberculosis Rv0652 enhances dendritic cells-based
tumor immunotherapy. PLoS ONE 9(8):e104351. https://doi.
org/10.1371/journal.pone.0104351

Lee H, Heo L, Lee MS, Seok C (2015) GalaxyPepDock: a protein—
peptide docking tool based on interaction similarity and energy
optimization. Nucleic Acids Res 43(W1):W431-W435. https://
doi.org/10.1093/nar/gkv495

Lee GR, Heo L, Seok C (2016) Effective protein model structure
refinement by loop modeling and overall relaxation. Proteins:
Structure. Funct Bioinform 84:293-301. https://doi.org/10.
1002/prot.24858

Leoni V, Gianni T, Salvioli S, Campadelli-Fiume G (2012) Herpes
simplex virus glycoproteins gH/gL and gB bind Toll-like recep-
tor 2, and soluble gH/gL is sufficient to activate NF-xB. J Virol
86(12):6555-6562. https://doi.org/10.1128/JV1.00295-12

Liu Q et al (2015) Nipah virus attachment glycoprotein stalk C-ter-
minal region links receptor binding to fusion triggering. J Virol
89(3):1838-1850. https://doi.org/10.1128/JV1.02277-14

Lo MK et al (2014) Single-dose replication-defective VSV-based
Nipah virus vaccines provide protection from lethal challenge
in Syrian hamsters. Antiviral Res 101:26-29. https://doi.org/10.
1016/j.antiviral.2013.10.012

Loépez-Blanco JR, Aliaga JI, Quintana-Orti ES, Chacén P (2014)
iMODS: internal coordinates normal mode analysis server.
Nucleic Acids Res 42(W1):W271-W276. https://doi.org/10.
1093/nar/gku339

Lorenz R et al (2011) ViennaRNA Package 2.0. Algorithms
for molecular biology 6(1):1-14. https://doi.org/10.1186/
1748-7188-6-26

Malik JA, Mulla AH, Farooqi T, Pottoo FH, Anwar S, Rengasamy
KR (2021) Targets and strategies for vaccine development
against SARS-CoV-2. Biomed Pharmacother 137:111254.
https://doi.org/10.1016/j.biopha.2021.111254

Martinez-Campos C, Burguete-Garcia Al, Madrid-Marina V (2017)
Role of TLRY in oncogenic virus-produced cancer. Viral Immu-
nol 30(2):98-105. https://doi.org/10.1089/vim.2016.0103

McGuffin LJ, Bryson K, Jones DT (2000) The PSIPRED protein
structure prediction server. Bioinformatics 16(4):404-405.
https://doi.org/10.1093/bioinformatics/16.4.404

Mire CE et al (2013) Single injection recombinant vesicular stoma-
titis virus vaccines protect ferrets against lethal Nipah virus
disease. Virology Journal 10(1):1-13. https://doi.org/10.1186/
1743-422X-10-353

Mittal A, Khattri A, Verma V (2022) Structural and antigenic vari-
ations in the spike protein of emerging SARS-CoV-2 variants.
PLoS Pathog 18(2):e1010260. https://doi.org/10.1371/journal.
ppat.1010260

Mohan T, Sharma C, Bhat AA, Rao D (2013) Modulation of HIV
peptide antigen specific cellular immune response by synthetic
a-and B-defensin peptides. Vaccine 31(13):1707-1716. https://
doi.org/10.1016/j.vaccine.2013.01.041

Moore JP, Offit PA (2021) SARS-CoV-2 vaccines and the growing
threat of viral variants. JAMA 325(9):821-822. https://doi.org/
10.1001/jama.2021.1114

Nagpal G et al (2017) Computer-aided designing of immunosup-
pressive peptides based on IL-10 inducing potential. Sci Rep
7(1):1-10. https://doi.org/10.1038/srep42851

Oany AR, Emran A-A, Jyoti TP (2014) Design of an epitope-based
peptide vaccine against spike protein of human coronavirus: an

@ Springer

in silico approach. Drug Des Dev Ther 8:1139. https://doi.org/
10.2147/DDDT.S67861

Organization WH (2004) Nipah virus outbreak (s) in Bangladesh,
January-April 2004. Weekly Epidemiological Record= Relevé
épidémiologique hebdomadaire 79(17):168—171. https://doi.org/
10.2807/esw.08.17.02451-en

Ploquin A et al (2013) Protection against henipavirus infection by
use of recombinant adeno-associated virus—vector vaccines. J
Infect Dis 207(3):469—478. https://doi.org/10.1093/infdis/jis699

Ponomarenko J et al (2008) ElliPro: a new structure-based tool
for the prediction of antibody epitopes. BMC Bioinformatics
9(1):1-8. https://doi.org/10.1186/1471-2105-9-514

Prescott J et al (2015) Single-dose live-attenuated vesicular stoma-
titis virus-based vaccine protects African green monkeys from
Nipah virus disease. Vaccine 33(24):2823-2829. https://doi.org/
10.1016/j.vaccine.2015.03.089

Rahman SA et al (2013) Risk factors for Nipah virus infection
among pteropid bats, Peninsular Malaysia. Emerg Infectious
Dis 19(1):51. https://doi.org/10.3201/eid1901.120221

Rahman MZ et al (2021) Genetic diversity of Nipah virus in Bangla-
desh. Int J Infect Dis 102:144—151. https://doi.org/10.1016/].ijid.
2020.10.041

Rapin N, Lund O, Bernaschi M, Castiglione F (2010) Computational
immunology meets bioinformatics: the use of prediction tools for
molecular binding in the simulation of the immune system. PLoS
ONE 5(4):€9862. https://doi.org/10.1371/journal.pone.0009862

Rodrigues CH, Pires DE, Ascher DB (2018) DynaMut: predicting the
impact of mutations on protein conformation, flexibility and sta-
bility. Nucleic Acids Res 46(W1):W350-W355. https://doi.org/
10.1093/nar/gky300

Rullmann J (1996) AQUA, computer program. Bijvoet Center for Bio-
molecular Research, Utrecht University, The Netherlands, Depart-
ment of NMR spectroscopy

Saha S, Raghava GPS (2006) Prediction of continuous B-cell epitopes
in an antigen using recurrent neural network. Proteins Struct Funct
Bioinform 65(1):40-48. https://doi.org/10.1002/prot.21078

Salvatori G et al (2020) SARS-CoV-2 SPIKE PROTEIN: an opti-
mal immunological target for vaccines. J Transl Med 18(1):1-3.
https://doi.org/10.1186/s12967-020-02392-y

Sazzad HM et al (2013) Nipah virus infection outbreak with noso-
comial and corpse-to-human transmission, Bangladesh. Emerg
Infectious Dis 19(2):210. https://doi.org/10.3201/eid1902.120971

Sette A, Sidney J (1999) Nine major HLA class I supertypes account
for the vast preponderance of HLA-A and-B polymorphism.
Immunogenetics 50(3):201-212. https://doi.org/10.1007/s0025
10050594

Shanmugam A, Rajoria S, George AL, Mittelman A, Suriano R, Tiwari
RK (2012) Synthetic Toll like receptor-4 (TLR-4) agonist peptides
as a novel class of adjuvants. PLoS ONE 7(2):e30839. https://doi.
org/10.1371/journal.pone.0030839

Sippl MJ (1993) Recognition of errors in three-dimensional structures
of proteins. Proteins Struct Funct Bioinform 17(4):355-362.
https://doi.org/10.1002/prot.340170404

Sippl MJ (1995) Knowledge-based potentials for proteins. Curr Opin
Struct Biol 5(2):229-235. https://doi.org/10.1016/0959-440X(95)
80081-6

South A (2011) rworldmap: a new R package for mapping global data.
R J. https://doi.org/10.32614/RJ-2011-006

Sun B, Jia L, Liang B, Chen Q, Liu D (2018) Phylogeography, trans-
mission, and viral proteins of Nipah virus. Virologica Sinica
33(5):385-393. https://doi.org/10.1007/s12250-018-0050-1

Takeda K, Akira S (2005) Toll-like receptors in innate immunity. Int
Immunol 17(1):1-14. https://doi.org/10.1093/intimm/dxh 186

Vajda S et al (2017) New additions to the C lus P ro server motivated by
CAPRI. Proteins Struct Funct Bioinform 85(3):435—-444. https://
doi.org/10.1002/prot.25219


https://doi.org/10.1186/1471-2105-8-424
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1107/S0021889892009944
https://doi.org/10.1371/journal.pone.0104351
https://doi.org/10.1371/journal.pone.0104351
https://doi.org/10.1093/nar/gkv495
https://doi.org/10.1093/nar/gkv495
https://doi.org/10.1002/prot.24858
https://doi.org/10.1002/prot.24858
https://doi.org/10.1128/JVI.00295-12
https://doi.org/10.1128/JVI.02277-14
https://doi.org/10.1016/j.antiviral.2013.10.012
https://doi.org/10.1016/j.antiviral.2013.10.012
https://doi.org/10.1093/nar/gku339
https://doi.org/10.1093/nar/gku339
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1186/1748-7188-6-26
https://doi.org/10.1016/j.biopha.2021.111254
https://doi.org/10.1089/vim.2016.0103
https://doi.org/10.1093/bioinformatics/16.4.404
https://doi.org/10.1186/1743-422X-10-353
https://doi.org/10.1186/1743-422X-10-353
https://doi.org/10.1371/journal.ppat.1010260
https://doi.org/10.1371/journal.ppat.1010260
https://doi.org/10.1016/j.vaccine.2013.01.041
https://doi.org/10.1016/j.vaccine.2013.01.041
https://doi.org/10.1001/jama.2021.1114
https://doi.org/10.1001/jama.2021.1114
https://doi.org/10.1038/srep42851
https://doi.org/10.2147/DDDT.S67861
https://doi.org/10.2147/DDDT.S67861
https://doi.org/10.2807/esw.08.17.02451-en
https://doi.org/10.2807/esw.08.17.02451-en
https://doi.org/10.1093/infdis/jis699
https://doi.org/10.1186/1471-2105-9-514
https://doi.org/10.1016/j.vaccine.2015.03.089
https://doi.org/10.1016/j.vaccine.2015.03.089
https://doi.org/10.3201/eid1901.120221
https://doi.org/10.1016/j.ijid.2020.10.041
https://doi.org/10.1016/j.ijid.2020.10.041
https://doi.org/10.1371/journal.pone.0009862
https://doi.org/10.1093/nar/gky300
https://doi.org/10.1093/nar/gky300
https://doi.org/10.1002/prot.21078
https://doi.org/10.1186/s12967-020-02392-y
https://doi.org/10.3201/eid1902.120971
https://doi.org/10.1007/s002510050594
https://doi.org/10.1007/s002510050594
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1371/journal.pone.0030839
https://doi.org/10.1002/prot.340170404
https://doi.org/10.1016/0959-440X(95)80081-6
https://doi.org/10.1016/0959-440X(95)80081-6
https://doi.org/10.32614/RJ-2011-006
https://doi.org/10.1007/s12250-018-0050-1
https://doi.org/10.1093/intimm/dxh186
https://doi.org/10.1002/prot.25219
https://doi.org/10.1002/prot.25219

International Journal of Peptide Research and Therapeutics (2022) 28:123

Page250f25 123

Vartak A, Sucheck SJ (2016) Recent advances in subunit vaccine car-
riers. Vaccines 4(2):12. https://doi.org/10.3390/vaccines4020012

Vogt C, Eickmann M, Diederich S, Moll M, Maisner A (2005) Endo-
cytosis of the Nipah virus glycoproteins. J Virol 79(6):3865-3872.
https://doi.org/10.1128/JV1.79.6.3865-3872.2005

Walpita P et al (2017) A VLP-based vaccine provides complete pro-
tection against Nipah virus challenge following multiple-dose or
single-dose vaccination schedules in a hamster model. NPJ Vac-
cines 2(1):1-9. https://doi.org/10.1038/s41541-017-0023-7

Wang L-F et al (2001) Molecular biology of Hendra and Nipah viruses.
Microbes Infect 3(4):279-287. https://doi.org/10.1016/S1286-
4579(01)01381-8

Wang P et al (2010a) Peptide binding predictions for HLA DR, DP and
DQ molecules. BMC Bioinformatics 11(1):1-12. https://doi.org/
10.1186/1471-2105-11-568

Wang YE et al (2010b) Ubiquitin-regulated nuclear-cytoplasmic traf-
ficking of the Nipah virus matrix protein is important for viral
budding. PLoS Pathog 6(11):e1001186. https://doi.org/10.1371/
journal.ppat.1001186

Wang W et al (2017) RETRACTED ARTICLE: Impact of different
promoters, promoter mutation, and an enhancer on recombinant
protein expression in CHO cells. Sci Rep 7(1):1-10. https://doi.
org/10.1038/541598-017-10966-y

Wang Z et al (2022) Architecture and antigenicity of the Nipah virus
attachment glycoprotein. Science. https://doi.org/10.1126/scien
ce.abm5561

Weingartl HM et al (2006) Recombinant nipah virus vaccines protect
pigs against challenge. J Virol 80(16):7929-7938. https://doi.org/
10.1128/JV1.00263-06

WHO (2022) Prioritizing diseases for research and development in
emergency contexts.

Wiederstein M, Sippl MJ (2007) ProSA-web: interactive web service
for the recognition of errors in three-dimensional structures of
proteins. Nucleic Acids Res 35(suppl_2):W407-W410. https://
doi.org/10.1093/nar/gkm290

Wong KT et al (2002) Nipah virus infection: pathology and patho-
genesis of an emerging paramyxoviral zoonosis. Am J Pathol
161(6):2153-2167. https://doi.org/10.1016/S0002-9440(10)
64493-8

Xu K et al (2013) Crystal structure of the Hendra virus attachment G
glycoprotein bound to a potent cross-reactive neutralizing human
monoclonal antibody. PLoS Pathog 9(10):e1003684. https://doi.
org/10.1371/journal.ppat.1003684

Yoneda M et al (2013) Recombinant measles virus vaccine expressing
the Nipah virus glycoprotein protects against lethal Nipah virus
challenge. PLoS ONE 8(3):e58414. https://doi.org/10.1371/journ
al.pone.0058414

Zhang L (2018) Multi-epitope vaccines: a promising strategy against
tumors and viral infections. Cell Mol Immunol 15(2):182-184.
https://doi.org/10.1038/cmi.2017.92

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

@ Springer


https://doi.org/10.3390/vaccines4020012
https://doi.org/10.1128/JVI.79.6.3865-3872.2005
https://doi.org/10.1038/s41541-017-0023-7
https://doi.org/10.1016/S1286-4579(01)01381-8
https://doi.org/10.1016/S1286-4579(01)01381-8
https://doi.org/10.1186/1471-2105-11-568
https://doi.org/10.1186/1471-2105-11-568
https://doi.org/10.1371/journal.ppat.1001186
https://doi.org/10.1371/journal.ppat.1001186
https://doi.org/10.1038/s41598-017-10966-y
https://doi.org/10.1038/s41598-017-10966-y
https://doi.org/10.1126/science.abm5561
https://doi.org/10.1126/science.abm5561
https://doi.org/10.1128/JVI.00263-06
https://doi.org/10.1128/JVI.00263-06
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1093/nar/gkm290
https://doi.org/10.1016/S0002-9440(10)64493-8
https://doi.org/10.1016/S0002-9440(10)64493-8
https://doi.org/10.1371/journal.ppat.1003684
https://doi.org/10.1371/journal.ppat.1003684
https://doi.org/10.1371/journal.pone.0058414
https://doi.org/10.1371/journal.pone.0058414
https://doi.org/10.1038/cmi.2017.92

	An Immunoinformatics Prediction of Novel Multi-Epitope Vaccines Candidate Against Surface Antigens of Nipah Virus
	Abstract
	Introduction
	Materials and Methods
	Sequence Retrieval and Target Protein Selection
	Prediction and Screening Linear B-Lymphocyte (LBL), Cytotoxic T-Lymphocyte (CTL), and Helper T-Lymphocyte (HTL) Epitopes
	Molecular Docking of the Epitopes
	Population Coverage Determination
	Vaccine Construction and Physiochemical Property Analysis
	Secondary and Tertiary Structure Prediction of the Vaccine Constructs
	Refinement and Validation of the Designed Vaccine Construct
	Immune Simulation and Conformational B-Cell Epitope Prediction
	Protein Di-Sulfide Engineering
	Molecular Docking and Dynamic Simulation with TLRs
	In Silico Expression and Cloning of the Vaccine Candidates into an Adenoviral Based Vector

	Results
	Selection of Target PROTEINS for Vaccine Design
	Prediction and Screening of B-Cell and T-Cell Epitopes
	Molecular Docking of CTL and HTL Epitopes with HLA Alleles
	Population Coverage Analysis
	Vaccine Construction and Properties Identification
	Prediction and Validation of Secondary and Tertiary Structure of the Vaccine Constructs
	Conformational B-Cell Epitopes Identification
	Disulfide Engineering of the Final Vaccine Construct
	Molecular Docking of NiV_BGD_V1 and NiV_BGD_V2
	Molecular Dynamic Simulation
	Immune Simulation
	Expression Prediction and In Silico Cloning of NiV_BGD_V1 and NiV_BGD_V2

	Discussion
	Conclusions
	Acknowledgements 
	References




