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Introduction: Nipah (NiV) is the zoonotic deadly bat-borne virus that causes
neurological and respiratory infections which ultimately lead to death. There are
706 infected cases reported up till now especially in Asia, out of which
409 patients died. There is no vaccine and effective treatment available for NiV
infections and we have to timely design such strategies as world could not bear
another pandemic situation.

Methods: In this study, we screened viral proteins of NiV strains based on
pangenomics analysis, antigenicity, molecular weight, and sub-cellular
localization. The immunoproteomics based approach was used to predict
T-cell epitopes of MHC class-I and Il as potential vaccine candidates. These
epitopes are capable to activate CD4*, CD8", and T-cell dependent
B-lymphocytes.

Results: The two surface proteins including fusion glycoprotein (F) and
attachment glycoprotein (G) are antigenic with molecular weights of 60 kDa
and 67 kDa respectively. Three epitopes of F protein (VNYNSEGIA, PNFILVRNT,
and IKMIPNVSN) were ranked and selected based on the binding affinity with MHC
class-1, and 3 epitopes (VILNKRYYS, ILVRNTLIS, and VKLQETAEK) with MHC-II
molecules. Similarly, for G protein, 3 epitopes each for MHC-I (GKYDKVMPY,
ILKPKLISY, and KNKIWCISL) and MHC-II (LRNIEKGKY, FLIDRINWI, and
FLLKNKIWC) with substantial binding energies were predicted. Based on the
physicochemical properties, all these epitopes are non-toxic, hydrophilic, and
stable.

Conclusion: Our vaccinomics and system-level investigation could help to trigger

the host immune system to prevent NiV infection.

KEYWORDS

Nipah virus, Pangenome analysis, reverse vaccinology, CD4 + and CD8 + T-cell epitopes,
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1 Introduction

Nipah is a fatal bat-borne virus that can infect both humans and
animals. In 1998, it first appeared in Malaysia and then spread to
India, Singapore, and Bangladesh (Shariff, 2019). Fruit bats,
especially Pteropus species are the natural host of the NiV
(Soman Pillai et al., 2020). In September 1998, the first outbreak
of NiV took place in Malaysia (Aljofan, 2013). When the initial
outbreak occurred in Bangladesh in April 2001, 13 cases of NiV were
identified (Ang et al., 2018). The first epidemic case was reported in
India in January and February 2001. There have been 706 infected
patients recorded so far, with 409 patients died. According to genetic
analysis, the NiV has two strains, i.e., NiV-M and NiV-B for
Malaysian and Bangladesh strains respectively. These two strains
were the sources of epidemics in different parts of the world
(Harcourt et al,, 2005). Since 2001, a total of 325 human NiV
cases with a fatality rate of 71% were reported in Bangladesh
(Agrawal et al.,, 2023). Recently, 11 cases of NiV including eight
deaths with a case fatality rate of 73% were reported in Bangladesh
between January 2023 to February 2023 (WHO, 2023a). The most
recent outbreak of NiV occurred in Kerala state of India between
12 and 15 September where six cases were reported including two
deaths (WHO, 2023b).

It is an enveloped non-segmented RNA virus with a genome size
of roughly 18.2 kb that belongs to the Paramyxoviridae family and
the genus henipavirus. The virus contains single-stranded RNA
(ssRNA) (King et al, 2011) containing six genes. The proteins
are encoded by these six genes including nucleocapsid (N),
matrix protein (M), phosphoprotein (P), attachment fusion (F),
attachment glycoprotein (G), and long polymerase (L) protein
(Yahya et al., 2021). The order and pattern of all proteins is 3'N-
P-M-F-G-L 5 (Sun et al, 2018). NiV is made up of
ribonucleoprotein  (RNP) surrounded by a viral envelope
containing L, N, and P proteins (Cox and Plemper, 2017).

The risk factors include intimate association with animal
reservoirs, contaminated food consumption, and close association
with animals infected with NiV (Ambat et al, 2019). The bat’s
excretory products included urine, feces, and urine was the other
common source of transmission (Hauser et al., 2021). Nosocomial
infections, such as close contact with patients who were infected or
touching infected surgical instruments were the additional risk factors.
The infection period for the Malaysian epidemic lasted between 5 days
and 2 months, while it took 10 days for the Bangladeshi outbreak to
emerge. Indian isolates had an incubation period of 7-14 days.
Vomiting, deterioration, headache, myalgia, behavioral changes,
fever, pneumonia, and coughing were some of the typical
symptoms. However, acute encephalitis and respiratory illness were
the severe symptoms (Sharma et al., 2019). NiV diagnosis is a crucial
step since NiV is a BSL-4 virus and is challenging to treat. The samples
taken from human patients came from blood, cerebrospinal fluid
(CSF), urine, throat swabs, and urine. Immunohistochemistry, virus
isolation, histopathology, serological and molecular testing, and
neutralization are all components of the diagnosing process. For its
diagnosis, PCR is the most popular technique. Scientists have
administered drugs including ribavirin, acyclovir, and favipiravir to
affected individuals. Yet, no vaccination has been approved (Soman
Pillai et al., 2020), so this study is significant to address this issue. We
studied the genomic conservation across all strains to highlight the
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association of these strains and genomic differences (Sherman and
Salzberg, 2020) and to design subunit vaccines based on T-cell epitopes
to activate the immune system (Figure 1A). The potential vaccine
candidates are designed using the reverse vaccinology (RA) and
pangenomics. Due to the pathogen and antigens diversity,
immunoinformatics greatly contributed to our understanding of the
function of the immune system. This method of designing vaccines is
relatively simple, economical, time-consuming, and accurate (Oli et al.,
2020). The objective of this study is to design and identify the CD4"
and CD8" T-cell epitopes of Nipah virus based on pangenomic and
immunoinformatics system level analysis. We used integrative
framework to evaluate the antigenicity, molecular modeling and
interaction studies, simulation

analysis and physicochemical

predictions and structural stability analysis of potential NiV epitopes.

2 Materials and methods
2.1 Accession of data

The Virus Pathogen Resource Database (VIPR) was used to
obtain the genomic and proteomic sequences (structural and
functional genes) of NiV. The database includes complete
genomic and proteomic information of each variant (Pickett
et al,, 2012). The integrative framework of our study (Figure 1B)
was carried out using tools, software, online servers and databases
(Table 1) to predict potential vaccine candidates of NiV.

2.2 Multiple Sequence Alignment and
phylogenetic analysis

Multiple Sequence Alignment (MSA) was performed to analyze
the sequences of NiV variants to observe the differences and
similarities among the isolates (Edgar and Batzoglou, 2006).
Comparative assessment is important to determine structural and
functional role of proteins. Proteins with less than 70% sequence
similarity were excluded from further analysis. To analyze the
evolutionary relationships of NiV variant, the phylogenetic tree
was constructed using MEGA-11 software (Hassan et al., 2016)
based on Neighbor-Joining method with 1000 bootstrap values.

2.3 Pangenomic analysis

The ROARY tool was used to carry out pan-genomic analysis
(Page et al., 2015). Initially, Galaxy PROKKA (Prokaryotic Genome
Annotation) tool was applied to annotate the entire genome of NiV
isolates, transforming the initial genomic datasets into functional
proteins (Jalili et al., 2020).

2.4 Subcellular localization and antigenicity
prediction

The Virus-mPLoc tool was used to predict the subcellular
localization elaborating the subcellular location of proteins within
the host cell (Shen and Chou, 2010). The antigenicity determination
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our methodology to design potential NiV vaccine candidates.

is a crucial step as antigenic proteins can elicit an immune response.
The VaxiJen server was used to predict the antigenicity of core
proteins based on the threshold level set at 0.45 (Doytchinova and
Flower, 2007). To analyze the molecular weight (m/w) of antigenic
proteins, the ProtParam server (Gasteiger et al., 2005) was applied.

2.5 T-cell epitopes prediction and 3D
modelling of epitopes

MHC class-I and II specific epitopes were predicted by ProPred
tool (Singh and Raghava, 2001). These T-cell epitopes were further
verified by the HLAPred tool (Adams and Koziol, 1995). To find the
binding affinities of epitopes and asses how epitopes attach to the
MHCs molecules as targets, 3D models of epitopes were constructed
by the PEP-FOLD server (Shen et al,, 2014; Du et al,, 2021). The
epitope sequence was positioned and labelled in a protein structure
using the Chimera software (Goddard et al., 2018). The ERRAT tool
was used to estimate the 3D structure’s quality (Colovos and Yeates,
1993). The amino acids sequences in favorable and unfavorable
regions were determined by Ramachandran plots (Gopalakrishnan
et al., 2007). The QMEAN server computed the qualitative Model
Energy Analysis score of epitopes, and it was used to assess the
similarity between predicted and experimental structure (Studer
et al., 2020).
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2.6 ldentifying epitope physicochemical
properties

We determined the physicochemical parameters of the epitopes.
CamSol server was applied to analyze the solubility of epitopes that
would help to determine how quickly it would dissolve in a solvent
(Sormanni et al,, 2017). ToxinPred, a server for the prediction of
toxicity, charge, and SVM score were used for screening of epitopes
(Gupta et al, 2013). Similarly, we calculated the half-life, aliphatic
index, molecular weight, grand average hydropathicity (GRAVY),
and instability index of all epitopes (Gasteiger et al., 2005) by using
the ProtParam tool. We analyzed the allergenicity of epitopes by
AllergenFp server (Dimitrov et al., 2014).

2.7 Conservational analysis and population
coverage of epitopes

The conservation evaluation is important to study the
conservancy of epitopes among all NiV variants using IEDB tool
(Bui et al., 2007). The fraction of the epitope in human alleles was
studied by the population coverage analysis using the same tool (Bui
et al., 2006). To evaluate the spectrum and overall effect, we looked
at the conservation of our selected epitopes among different variants
of NiV. The degree of conservancy of an epitope within a given
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TABLE 1 List of Tools/Databases/Servers used in the Research.

10.3389/fphar.2023.1290436

Sr. No.  Database Uses Web link References
1 VIPR Viral database https://www.viprbrc.org/ Pickett et al. (2012)
2 Galaxy Genome annotation https://usegalaxy.org/ Jalili et al. (2020)
3 Roary Pangenome analysis https://sanger-pathogens.github.io/Roary/ Page et al. (2015)
4 Virus-mPLoc | Sub cellular localization http://www.csbio.sjtu.edu.cn/cgi-bin/VirusmPLoc.cgi Shen and Chou (2010)
5 VaxiJen Proteins Antigenicity http://www.ddg-pharmfac.net/vaxijen/VaxiJen/ Doytchinova and Flower (2007)
6 Propred MHC-II epitope prediction http://crdd.osdd.net/raghava/propred/ Singh and Raghava (2001)
7 IEDB Immunogenicity prediction of MHC-I | http://tools.iedb.org/immunogenicity/ Calis et al. (2013)
8 Allergen FP Allergenicity https://ddg-pharmfac.net/AllergenFP/ Dimitrov et al. (2014)
9 ToxinPred Toxicity prediction http://crdd.osdd.net/raghava/ Gupta et al. (2013)
10 ProtParam Physicochemical properties https://web.expasy.org/ Gasteiger et al. (2005)
11 NetChop Proteosomal Cleavage Analysis http://tools.iedb.org/netchop/ Nielsen et al. (2005)
12 Pepfold 3D structure of epitopes https://bioserv.rpbs.univ-paris-diderot.fr/services/ PEP-FOLD/ Shen et al. (2014)
13 ERRAT Model Quality estimation https://saves.mbi.ucla.edu/ Colovos and Yeates (1993)
14 MINT PPI analysis https://mint.bio.uniroma2.it Chatr-Aryamontri et al. (2007)
15 Cytoscape PPI network https://cytoscape.org/ Shannon et al. (2003)
16 JCAT Codon Optimization http://www.jcat.de/ Grote et al. (2005)

TABLE 2 Pangenes of characterized isolates of Nipah Virus.

Sr. No.  Region No. of Accession no. Pangenes
isolates
Shell Cloud genes
genes
1 Malaysia 3 MK673562, KY425655, KY425646 LGMNF P/VIC group_7 group_8 group_9
group_1
2 Bangladesh 32 AY988601, JN808857, IN808863, IN808864, MK673564,
MK673565, MK673566, MK673567, MK673568, MK673570,
MKG673571, MK673572, MK673573, MK673574, MK673575,
MK673576, MK673577, MK673578, MK673579, MK673580,
MK673581, MK673582, MK673583, MK673584, MK673585,
MKG673586, MK673587, MK673588, MK673589, MK673590,
MK673591, MK673592
3 India 6 MH396625, MH523642, MH523640, MH523641,
MK336155, MK336156

protein sequences was calculated using the Epitope Conservancy
Analysis tool. BLAST analysis at NCBI server was performed against
human proteome in order to exclude NiV epitope conservancy with
human amino acid sequences.

2.8 Proteasomal cleavage and virus-host
protein-protein interaction network analysis

Proteasomal cleavage is a necessary step for MHC-I epitopes
because the process of breaking down proteins into small peptides
that can be displayed on the MHC-I surface took place through this
process. The NetChop tool was used for proteasomal cleavage
analysis (Nielsen et al., 2005). The selected proteins were allowed
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to form a network to investigate how the proteins of NiV interact
with human proteins. The Molecular Interaction Database identified
the NiV proteins involved in interaction with human proteins
(MINT) (Chatr-Aryamontri et al., 2007). The interactive network
was built via Cytoscape server that connects the source protein to the
target proteins (Shannon et al., 2003).

2.9 Binding energy and in-silico cloning

Using the Molecular Operating Environment (MOE) software,
the binding affinity of the selective epitopes with MHCs molecules
was analyzed. Ligands with low binding energies bind to the
immune receptors more precisely (Tomar et al, 2010). The

frontiersin.org
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(A) Multiple sequence alignment and sequence similarity analysis of different proteins of NiV isolates (B) Evolutionary and phylogenetic tree of

1000 Bootstrap replicates of NiV isolates.

MHC-I and II as protein targets were docked with the 3D structure
of epitopes. After the optimization of amino acid codon sequence,
the monovalent vaccine construct is cloned. Codon optimization is a
technique of enhancing the codon composition of a peptide without
changing its sequence so that it may be expressed in a plasmid
vector. Java Codon Adaptation Tool (JCAT) was applied for
adapting the codons at default parameters, and the E. coli
K12 strain was selected as the host organism. It provided the GC
content and the value of the Codon Adaptation Index (CAI) (Grote
et al,, 2005). Codon optimization resulted the nucleotide sequence
was used to clone the desired fragment. SnapGene tool was applied
in cloning and it was carried out by the plasmid vector E. coli pET30a
(+) and BamHI and HindIII enzymes were used for restriction.

2.10 Molecular dynamics simulations

The epitopes-MHCs complex was subjected to 100 ns of MD
simulations with previous minimization and NVT/NPT
equilibration phases. For the MD simulations, Amber99SB-ILDN
protein force-field and TIP3P water model (Ochoa et al., 2022) were
employed along with GROMACS v5.1. A minimum of 8 from each
protein atom, the protein was solvated in a cubic water box with
periodic boundaries. Na* and Cl-counterions were added to the
solvent after solvation to keep the box neutral. The Particle Mesh
Ewald (PME) approach with 1.0 nm short-range electrostatic and
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van der Waals cutoffs was used to calculate the electrostatic
interactions. To enable quick exploration of the conformational
space, the simulations were run at a temperature of 350 K. To keep
the system stable at this temperature, we employed a modified
Berendsen thermostat (Ochoa et al., 2019) and a Parrinello-
Rahman barostat (Okumura et al., 2007), and we constrained any
receptor atoms that were more than 12 away from any peptide atom.
The peptide’s flexibility was maintained, as were the receptor’s
atoms that were closer to the threshold. By counting the number
of hydrogen bonds between the peptide and protein, the number of
heavy atom interactions, the all-atom root mean-square deviation
(RMSD) of the peptide, and the root mean-square fluctuation of the
protein and peptide, the simulations” convergence was observed.

The MD trajectory conformations were scored using a variety of
scoring systems. The majority of the scoring functions are statistical
and knowledge-based potentials utilized for protein-protein and
protein-ligand docking, however semiempirical techniques were
also used. The total conformations of the protein-peptide
complex were used to determine the scores. For each complex,
the average score and standard deviation were determined using the
MD trajectories from the last quarter (Guedes et al., 2018).

We determined whether the experimental activity difference (AAG)
and the projected score difference for each potential pair of peptides
coincide on the sign of the difference. Based on this, we determined
whether a peptide, when compared to another, boosts or decreases the
activity as a dichotomous response, individually for each scoring
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function and in a consensus framework. We checked the consensus
strategies to see if the prediction matches the experimental AAG
between peptides A and B (AAGup). A linear regression model
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serves as the foundation of the first consensus strategy. In this
instance, the response variable is the anticipated AAG, and the
independent variables are the scores for each pair of peptides that
differ from one another. When the experimental and anticipated AAG
signs coincide, the prediction is said to be accurate. We used a leave-out-
one training and testing method to cross-validate the model (Ochoa
et al,, 2019). One peptide was taken out of the training set, and the test
group was constructed using any conceivable pairs that could be created
between the taken-out peptide and the rest of the peptides. For every
peptide that was accessible, the procedure was repeated. The final
performance of all the sets produced using the leave-one-out technique
was averaged in order to evaluate the resilience of the model. Regression
of the sign of the AAG, for each pair of peptides A and B using logistic
analysis is the second consensus technique. Where, the average score for
peptide A is represented by S, and for peptide B by S;”. The bitstrings
are shown:

{ 1,sign(Sf - SF)= sign(AAG ap)
0, otherwise

The linear regression model uses the same training and
validation strategy (also known as the leave-one-out approach).
In order to apply the bootstrapping method to evaluate the errors,
we selected the consensus strategy with the best performance out of
the two that we tested. To execute the consensus procedure, we
repeatedly employed arbitrary blocks of the mean scores. The final
accuracy was calculated by averaging all of the units, and it was then
compared to the earlier consensus conclusions.
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TABLE 3 Potential CD4" and CD8* T-cell epitopes of antigenic proteins (F and G) of NiV.

Classes NiV Epitopes No. of Position  Antigenicity Immunogenicity Allergenicity Molecular
proteins alleles weight (KDa)
MHC Class- F Protein VNYNSEGIA 5 436-444 0.8164 0.0318 + 9.66
1(CD4")
PNFILVRNT 4 312-320 0.8719 0.23988 + 10.73
IKMIPNVSN 4 59-67 0.6047 -0.00179 + 10.15
G Protein  GKYDKVMPY 4 343-351 0.6545 -0.3047 + 11
ILKPKLISY 5 197-206 0.8331 ~0.28594 + 10.74
KNKIWCISL 5 569-578 23553 0.24453 + 11.04
MHC Class- F Protein VILNKRYYS 20 11-Mar 1.1435 0.1915 + 11.55
11 (CD8")
ILVRNTLIS 19 316-324 0.7085 023351 + 10.28
VKLQETAEK 10 159-167 0.7777 0.18541 + 10.07
G Protein LRNIEKGKY 14 337-346 1.2281 0.22265 + 112
FLIDRINWI 11 512-521 0.7847 031092 + 11.89
FLLKNKIWC 16 566-574 1.765 025014 + 11.64
3 Results antigenicity was also computed, although two of the proteins had

3.1 Multiple Sequence Alignment and
proteomic analysis

The FASTA sequences of nine proteins with 41 isolates were
analyzed. Additionally, the full genomic sequences of all isolates
were retrieved (Table 2). To determine the degree of similarity
between isolates, each antigen was examined. The NiV “C” protein
showed 56.6 percent similarity, indicating that it cannot be used as
potential vaccine candidates while other proteins demonstrated
greater than 70% similarity (Figure 2A).

3.2 Phylogenetic and pan-genome analysis

All NiV isolates were evaluated by the phylogenetic tree. The
distance demonstrated the evolutionary distance among various
strains. The degree of divergence between isolates increases with
increasing distance. Since the virus was originally propagated in
Malaysia, the MK673562, KY425655, and KY425646 were the
ancestors of all isolates (Figure 2B). The literature mining
showed that the isolate AY988601 is more pathogenic compared
to other variants. According to a pan-genome analysis, there are
total number of 10 genes including 5 core genes, 2 shell genes, and
3 cloud genes, but there was no soft-core genes (Table 2). The F, M,
N, G, and L proteins of NiV are among the core genes, which
account for 95% of genome conservation (Figure 3).

3.3 Sub-cellular localization and antigenicity
prediction

The sub-cellular localization of NiV core proteins showed that

out of the five core proteins, three (F, M, and G) were extracellular
proteins (Figure 4). To choose the effective antigenic protein,
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antigenicities above the 0.45 threshold. Only the F (Fusion
Glycoprotein) and the G (Attachment Glycoprotein) protein had
significant antigenicity.

3.4 Predicting T-cell epitopes

The epitopes of 9-mer amino acid residues of F and G proteins
for MHC-I and II was studied to target the most alleles in human
populations. Multi-allelic CD4* and CD8* T-cell epitopes of
antigenic proteins (F and G) of NiV were predicted (Table 3).

3.5 Physico-chemical parameters of
epitopes

The immunogenicity prediction of F and G protein for MHC
class I revealed that the epitopes are highly immunogenic. The
molecular weight of the F and G proteins is more than 60 kDa
highlighting the significant antigenicity. The solubility data
demonstrated that these epitopes are soluble at pH 7, as the
positive value over 0 indicates high solubility. All epitopes were
low-level allergens, according to the allergenicity analysis. Therefore,
the three MHC-I epitopes (PNFILVRNT, VNYNSEGIA, and
IKMIPNVSN) and the three MHC-II epitopes (ILVRNTLIS,
VKLQETAEK, and VILNKRYYS) of the F proteins, and the
three MHC-I (ILKPKLISY, KNKIWCISL, and GKYDKVMPY)
and three MHC-II (FLLKNKIWC, LRNIEKGKY, and
FLIDRINWTI) epitopes of the G protein were selected as potential
epitopes based on the physicochemical properties. Each epitope is
non-toxic based on the significant SVM threshold value of 0.5. The
substantial SVM indicates a negative value. The half-life is 1.1 h
indicating a lower range and 100h as the highest range
demonstrating best for epitopes. These epitopes are stable
peptides based on the threshold of stability index (< 40). The
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TABLE 4 Physico-chemical properties of MHC-I and Il T-cell epitopes of antigenic proteins (F and G protein) of NiV.

Classes NiV Epitopes Binding Toxicity  Solubility Hydropathicity Charge Half-life Theoretical Instability Aliphatic
proteins affinity (GRAVY) (hours) pl index index
MHC Class- F Proteins VNYNSEGIA -10.1561 Non- 1.726011 -0.28 -0.77 -1 100 4 20.86 86.67
1 (CD4") Toxic
PNFILVRNT -9.1994 Non- 1.028095 ~1.04 ~1.04 1 >20 10.18 17.87 118.89
Toxic
IKMIPNVSN -9.3395 Non- 1.675904 0.2 -0.69 1 20 8.75 32.48 118.89
Toxic
G protein  GKYDKVMPY -10.7214 Non- 1.637499 -1.09 -0.85 1 30 8.43 55.72 3222
Toxic
ILKPKLISY -9.4375 Non- 1.467253 0.57 -1.42 2 20 9.7 3 173.33
Toxic
KNKIWCISL -9.2548 Non- 0.444427 0.26 -0.03 2 13 931 25.77 130
Toxic
MHC Class- F Proteins VILNKRYYS ~12.5699 Non- 1.489251 -0.31 -0.33 2 100 9.7 98.16 118.89
1I (CD8") Toxic
ILVRNTLIS ~11.103 Non- 1.201023 1.26 -L12 1 20 9.75 3457 205.56
Toxic
VKLQETAEK ~11.526 Non- 2.110302 0.3 ~0.64 0 100 6.11 53.88 86.67
Toxic
G protein LRNIEKGKY ~11.5854 Non- 2.166611 ~1.41 ~0.94 2 55 9.7 122.78 86.67
Toxic
FLIDRINWI ~11.2844 Non- 1.04248 0.86 -0.8 0 1.1 5.84 -11.01 173.33
Toxic
FLLKNKIWC ~11.1999 Non- 1.306684 0.58 -0.24 2 11 9.31 16.33 130
Toxic
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FIGURE 5
Proteasomal cleavage analysis of F and G proteins of NiV isolates.

TABLE 5 Quality assessment, conservational, and population coverage analysis of NiV epitopes.

Proteins Classes Epitopes QMEAN score Conservational analysis (%) % of population coverage
F Protein MHC-T VNYNSEGIA -1.56 97.56 31.97
PNFILVRNT -4.42 100.00 31.97
IKMIPNVSN -5.61 100.00 33.88
MHC-IT VILNKRYYS -0.48 92.68 45.74
ILVRNTLIS -4.35 100.00 31.94
VKLQETAEK -1.51 100.00 19.15
G Protein MHC-T GKYDKVMPY -1.32 78.04 37.25
ILKPKLISY 2.02 100.00 17.71
KNKIWCISL -0.65 100.00 20.69
MHC-TI LRNIEKGKY -0.25 78.04 36.06
FLIDRINWI -4.01 100.00 28.05
FLLKNKIWC -051 100.00 23.74

aliphatic index and theoretical pI values showed the significant score ~ 17-51 percent conserved in entire population against multiple alleles.

(Table 4). To determine the number of cleavage sites, the proteasomal cleavage of F

and G protein showed a significant score greater than 0.5 indicating an

amino acid’s ability to cleave at a favorable position (Figure 5). The

3.6 Conservational, proteasomal cleavage quality of 3D models of epitope is assessed by QMEAN score (Table 5).

and quality assessement Each epitope with a QMEAN score less than —4.0 indicates the quality of

models. The Ramachandran plots also verified the quality of the models

All epitopes are conserved indicating more than 70% conservation.  indicating 80% of amino acids residues are in favourable region
The population coverage analysis showed that these epitopes are  (Figure 6).
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FIGURE 6

3D models of potential epitopes of MHC class-I and Il validated by Ramachandran plots (A) F protein (B) G protein.

3.7 Virus to host protein-protein interaction

The two NiV proteins G and F perform the activities of
attachment and fusion during infection of the host, but they also
interact with many other human proteins. Both the protein G and F
interact with EFNB3 and EFNB2, which are crucial for viral entry.
SELENOF, FBX02, GPX1, SERINCI, CERSI, and PGRMC2 all
interact with the G protein. FKBP10, RUFY3, DNAJC10, GET4,
ALDHI1L2, ARHGAP21, ALDH3A2, PON2, TES, NSF, UBL 4A,
HLA-C, TFRC, and NAPILI are interacting with F protein. The
functional interaction of these human and NiV proteins are
responsible for pathogenesis (Figure 7).
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3.8 Binding energy and molecular dynamics

The epitopes were docked with MHC-I and II molecules. The
most crucial screening criterion is the binding energies of epitopes.
The lowest binding affinity value demonstrates a strong interaction
with the target. Each MHC-I and II epitope displayed the lowest
score of binding energy. The MHC-I epitopes PNFILVRNT,
VNYNSEGIA, and IKMIPNVSN of the F protein and
ILKPKLISY, GKYDKVMPY, and KNKIWCISL of the G protein,
showed binding affinities of —9.19, —10.15, -9.33, —9.43, —10.72,
and -9.25 kcal/mol respectively. These epitopes demonstrated
interactions with the MHC-I amino acids histidine, isoleucine,
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alanine, tyrosine, phenylalanine, lysine, valine, arginine, glutamic
acid, glycine, asparagine, serine, glutamine, and tryptophan. The
MHC-II epitopes ILVRNTLIS, VILNKRYYS, and VKLQETAEK
of the F protein and FLIDRINWI, LRNIEKGKY,
FLLKNKIWC of the G protein have binding affinities
of —11.10, —12.56, —11.52, —11.28, —11.58, and —11.19 kcal/mol.
The
asparagine,

and

amino acids glutamic acid, glycine, phenylalanine,

leucine, glutamine, arginine, lysine, proline,
histidine, threonine, serine, vaine, and isoleucine of MHC-II
were discovered to interact with these epitopes (Figure 8).
Molecular dynamics simulation was performed to assess the
molecular behavior and stability of each docked complex. The
complex’s deformability relied on the individual distortion of each
residue, represented by the hinges in the chain. The MHC-I
epitopes PNFILVRNT, VNYNSEGIA, and IKMIPNVSN of the
F protein and ILKPKLISY, GKYDKVMPY, and KNKIWCISL of
the G protein showed the eigen values of 3.05e*, 3.00e™,
3.06e7%, 2.97¢7*, 2.98¢ ™ and 2.70e™* respectively. The MHC-
II epitopes ILVRNTLIS, VILNKRYYS, and VKLQETAEK of the F
protein and FLIDRINWI, LRNIEKGKY, and FLLKNKIWC of the
G protein displayed the eigen values of 1.24e7%, 1.23e™*, 1.22¢™*,
1.22e7%, 1.234e % and 1.237e ™ respectively. The B-factor scores
were equivalent to RMS. The coupling between pairs of residues
was explained by the covariance matrix, where various pairs
displayed correlated, anti-correlated, or uncorrelated motions,
which were represented by red, blue, and white colors,
respectively. The elastic network model displayed the pair of
atoms connected by springs in accordance with the degree of

stiffness between them. This stiffness was represented by color,
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moving from lighter grey with softer strings to darker grey with
stiffer strings (Figure 9).

3.9 Codon optimization and cloning

The epitopes expression in the K12 strain of E. coli was verified
using in silico cloning. Each codon-optimized epitope has a 39 bp
sequence and was created using the JCAT server. The GC content
ranges between 30% and 70%, while the CAI value barrier is between
0.8 and 1.0. For both MHC class I and II epitopes of F and G
proteins, every optimized epitope had a CAI value of 1.0 and a GC
concentration of more than 37%. All the epitopes were restricted
using the Nhel and HindIII enzymes, and high expression levels of
the epitopes were observed at several cloning regions in pET30a (+)
(Figure 10).

4 Discussion

Reverse vaccinology is time and cost effective, as it benefits from
breakthroughs in genomics and proteomics, whereas traditional
approaches are expensive and time-consuming (Nezafat et al,
2016). Several vaccines designed through in silico techniques have
passed successful clinical testing. The COVID-19 vaccine was
designed with a lot of aid from this innovative procedures (Oli
and Rowaiye, 2022). Nipah virus is a fatal infection that may spread
from person to person, from animal to animal, and from excretory
materials of bats to humans. It causes encephalitis and respiratory
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collapse in humans (Singh et al., 2019). Because of its high death
rate, the zoonotic potential of human-to-human transmission, and
the lack of a vaccine, NiV is observed as a global health concern by
the World Health Organization (WHO), National Institute of
Allergy (NIAID), Research
Development activities (R&D), and Centre for Disease Control
and Prevention (CDC). The most recent incidence proved that
the virus first appeared in India in September 2021 (Skowron
et al,, 2021).

Currently, the WHO has identified a number of cases of NiV,
but yet there is no vaccination. Till now, 721 cases of NiV with

and Infectious Diseases and

419 deaths were reported in India, Bangladesh, Malaysia and

Singapore (Chattu et al, 2018; WHO, 2023a; Nazmunnahar
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et al,, 2023). Recently, a 6th outbreak of NiV occurred in India
since 2001. Six NiV cases including two deaths were reported in
Kerala, India between 12 and 15 September (WHO, 2023b). Despite
the high fatality rates associated with Nipah outbreaks (>70% in
Southeast Asia), there are currently no approved medications or
vaccines. To avoid uncontrollable situation, it is necessary to develop
therapeutic strategy or suitable vaccine to treat NiV (Sen et al.,
2019).

To design epitope based vaccines of NiV, the complete
proteomic sequence information is available now. Previous
studies predicted B and T-cell epitopes of F, V, W, and G
proteins, however they missed important subcellular localization
and molecular weight estimation (Kamthania and Sharma, 2015;
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Soltan et al., 2021). Some studies predicted the epitopes of F protein
leaving the other antigenic proteins (Ali et al, 2015). For
immunoinformatics based vaccine designing, the population
coverage analysis is vital that reflects the broader spectrum of
epitopes (Moten et al., 2022).

In current study, we applied an integrative system-level
immunoinformatics based framework to predict the CD4" and
CD8" T-cell epitopes of NiV involving rigorous analysis of
antigenicity  predictions, to
interactions, and in silico binding affinity analysis. Pangenomic to

screening,  protein protein
proteomic level analysis showed that the NiV has nine structural and
functional proteins, each involved in pathogenesis. The subcellular
localization analysis is important as potential vaccine candidates are
either membrane bound or extracellular proteins and we observed
that among five, three proteins (F, M, and G) are surface and the
remaining are intracellular proteins.

F and G are significant proteins with molecular weight of more
than 60 kDa. T-cell epitopes of G and F proteins are antigenic, as
evidenced by the primary screening of the epitopes based on
substantial cut off parameters. We observed the binding affinity
of these peptides with MHCs molecules to analyze the
pharmacological activities and the immunological response
(Moten et al, 2022). All epitopes showed strong physical and
chemical characteristics and these criteria demonstrated their
capacity to elicit an immune response.

The pan-genome analysis is important to find and provide
information for efficient findings on core and accessory genomes
of pathogenic microbes. The core proteins could be used for epitopes
predictions as conserved antigenic proteins are potential vaccine
candidates.

5 Conclusion

In conclusion, we found 12 antigenic T-cell epitopes of F and G
proteins of NiV, as they have potential affinity for HLA alleles. Two
epitopes of G protein including KNKIWCISL of MHC-I, and
FLLKNKIWC of MHC-II, and similarly two epitopes of F
protein including PNFILVRNT of class MHC-I and ILNKRYYS
of MHC-II showed high antigenicity values of 2.35, 1.76, 0.87 and
1.14 kcal/mol respectively. The immunoinformatics based approach
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