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Abstract

Background and Aim: Nipah virus (NiV) poses a threat to human and animal health, particularly swine, which serve as
primary vectors for human transmission. Despite its severe risks, no NiV vaccine currently exists for humans or animal
hosts; thus, innovative vaccine development approaches that address cross-species transmission are required. This study
was computationally designed to evaluate a multi-epitope messenger RNA (mRNA) vaccine targeting NiV for human and
swine immunization.

Materials and Methods: B and T lymphocyte epitopes were identified from NiV structural proteins using multiple epitope
prediction tools. All epitopes were linked to form a multi-epitope construct, and various adjuvant combinations were
analyzed for physicochemical properties and immune simulation. Molecular docking and dynamics were employed to
visualize the construct’s interaction with a host immune receptor. Signal peptides were added to the construct, and mRNA
sequences were generated using LinearDesign. The minimum free energies (MFEs) and codon adaptation indices (CAI)
were used to select the final mRNA sequence of the vaccine construct.

Results: Computational tools predicted 10 epitopes within NiV structural proteins that can be recognized by human and
swine immune receptors. The construct with B-defensin 2 adjuvant was selected as the final immunogenic region after
showing favorable immunogenicity profiles and physicochemical properties. The final vaccine sequence had higher MFE
and CAI compared to the BioNTech/Pfizer BNT162b2 and Moderna mRNA-1273 vaccines.

Conclusion: The multi-epitope mRNA vaccine designed in this study shows promising results as a potential NiV vaccine
candidate. Further in vivo and in vitro studies are required to confirm the efficacy.

Keywords: computational design, cross-species immunization, messenger RNA vaccine, multi-epitope, Nipah virus.

Introduction rate [1, 4]. Various vaccines against NiV have been
extensively explored [5, 6]; and among the prom-
ising platforms is messenger RNA (mRNA) vac-
cines. mRNA vaccines have been successful against
zoonotic diseases such as Ebola [7], influenza [8],
rabies [9], and Zika virus [10]. At present, the devel-
opment of an mRNA vaccine for NiV is focused on
the attachment glycoprotein (G) derived from closely
related Hendra virus (HeV). Subunit vaccines using
recombinant HeV-G proteins are protective against
NiV [5, 11, 12]. However, the use of HeV-G mRNA
for vaccination still requires design and delivery opti-
mizations [13].

Nipah virus (NiV), a zoonotic virus of the
Paramyxoviridae family, causes severe and fatal
neurological diseases in humans [1]. The virus was
first discovered in Malaysia in 1988 after reports of
encephalitis cases and deaths related to neurological
distress [1, 2]. In 2001-2019, around 400 NiV cases
and 47 NiV-related deaths were reported sporadically
in South and Southeast Asia [1]. At present, NiV vac-
cines are not available in the market. The sporadic
nature of outbreaks limits the commercial viability
of vaccines against the virus [3]. However, despite
its infrequent outbreaks, the virus remains a signifi-

cant threat to public health because of its high fatality
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Immunoinformatics is crucial in several aspects
of vaccine design and evaluation [14]. This compu-
tational approach uses bioinformatics tools and algo-
rithms to rapidly screen potential vaccine candidates
based on their predicted immunogenicity, allowing
a comprehensive evaluation of potential vaccine
designs. Advances in our understanding of the exist-
ing biological parallels between human and veterinary
immunology have paved the way for the development
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of cross-species vaccines [15]. A promising initiative
for developing cross-species vaccines targeting the
Rift Valley Fever virus has already begun [16]; and
zoonotic pathogens such as NiV can also capitalize on
this approach.

This study used immunoinformatics to design a
multi-epitope mRNA vaccine targeting NiV for human
and swine immunization. In designing a cross-species
vaccine against NiV, this study used NiV proteins
instead of the most commonly explored HeV pro-
teins. This is based on the premise that NiV-specific
proteins may provide specific and effective antigens
against NiV infection [17, 18]. In addition to NiV G,
fusion glycoprotein (F) was used as an antigen source
in this study. The F protein is a structural protein that
is equally important as the G protein in virion attach-
ment to the host [19].

Materials and Methods

Ethical approval

The computational analysis performed in this
study did not require ethical approval, as it did not
involve human participants or animal subjects.

Study period and location

The study was conducted over a period of eight
months, from February 2024 to September 2024.
Research activities took place at the Advanced Device
and Materials Testing Laboratory (ADMATEL) of
the Department of Science and Technology (DOST),
Bicutan, Taguig City, Philippines, where relevant
resources and facilities were available for the analysis.

Protein retrieval

The full-length reference sequences of the NiV
F and G proteins were retrieved from the National
Center for Biotechnology Information (NCBI) data-
base [20] (https://ncbi.nlm.nih.gov) in January 2024.
The Basic Local Alignment Search Tool for Proteins
(BLASTP) suite [21] (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) was used to retrieve G and F protein vari-
ants from the same virus using a query cover >90%,
excluding models, non-redundant RefSeq proteins,
and uncultured/environmental sample sequences.
The alignment of the protein sequences was directly
retrieved from the server and uploaded to the Protein
Variability Server (PVS) [22] (https://imed.med.ucm.
es/PVS). Highly conserved fragments were identified
using Shannon’s variability entropy (H) >1.0.

Epitope mapping
Linear B lymphocyte (LBL) epitope prediction

LBL epitopes were predicted using BepiPred
3.0 [23] (https://services.healthtech.dtu.dk/services/
BepiPred-3.0), SVMTrip [24] (https://sysbio.unl.edu/
SVMTriP/prediction.php), and ABCPred servers [25]
(https://webs.iiitd.edu.in/raghava/abcpred). ABCPred
was set at a threshold of 0.85, while the parameters
from both BepiPred and SVMTrip were kept at default.
Epitopes predicted by BepiPred, SVMTRip, and
ABCPred were submitted to the LBTope server [26]

(https://webs.iiitd.edu.in/raghava/lbtope) to assess the
confidence of the prediction. Only epitopes with a prob-
ability >60% were considered in subsequent analyses.

Cytotoxic T lymphocyte (CTL) epitope prediction

NetMHCcons 1.1 [27] (https://services.health-
tech.dtu.dk/services/NetMHCcons-1.1) was used to
predict the CTL epitopes in humans. Twenty-five refer-
ence human leukocyte antigens (HLAs) [28] were used
for the prediction, and a cut-off percentile rank (PR)
<0.5 or half maximal inhibitory concentration <50 was
set. NetMHCpan 4.1 [29] (https://services.healthtech.
dtu.dk/services/NetMHCpan-4.1) was used to predict
CTL epitopes in swine. Forty-five swine leukocyte anti-
gens (SLAs) [30-33] were used for prediction, and a
cutoff of PR <0.5 was set. NetCTLpan 1.1 [34] (https:/
services.healthtech.dtu.dk/services/NetCTLpan-1.1)
was used to screen epitopes with efficient proteasomal
cleavage and transporters associated with antigen pro-
cessing transport. A cutoff value of PR <1 was set for
screening. Prediction of CTL epitopes in humans and
swine was restricted to 9-mer peptides.

Helper T lymphocyte (HTL) epitope prediction
NetMHClIpan 4.3 [35] (https://services.health-
tech.dtu.dk/services/NetMHClIpan-4.3) was used to
predict HTL epitopes in humans. Twenty-seven ref-
erence HLAs [36] were used for prediction, and a
cutoff of PR <1 was set. Immune Epitope Database
Analysis (IEDB) MHCII binding prediction [29]
(https://tools.iedb.org/mhcii) was used to predict HTL
epitopes in swine. Due to the absence of SLAs in the
prediction server, 43 HLAs recognized as equivalents
of SLAs [37] were used for prediction, and a cutoff
of PR <10 was set. The prediction of HTL epitopes
in humans and swine was restricted to 15-mer pep-
tides. The predicted epitopes were evaluated for cyto-
kine-inducing potential, specifically, tumor necrosis
factor (TNF) o in TNFepitope [38] (https://webs.
iiitd.edu.in/raghava/tnfepitope), interleukin-6 (IL6)
in IL-6Pred [39] (https://webs.iiitd.edu.in/raghava/
il6pred), and interferon (IFN) y in IFNepitope [40]
(https://webs.iiitd.edu.in/raghava/ifnepitope).

Physicochemical tests

The predicted epitopes were further evalu-
ated for antigenicity using Vaxijen 2.0 [41] (https://
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html),
allergenicity using AllerTOP v2.0 [42] (https:/
ddg-pharmfac.net/AllerTOP/feedback.py), toxic-
ity using ToxinPred [43] (https://webs.iiitd.edu.in/
raghava/toxinpred/multipletest.php), and solubil-
ity using the Innovagen peptide solubility calculator
(https://pepcalc.com/peptide-solubility-calculator.
php) using default parameters.

mRNA vaccine design

Epitopes derived from the same protein and occu-
pying overlapping positions were fused into a consen-
sus sequence. The KK peptide was used to connect
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LBL epitopes, AAY peptide was used to connect CTL
epitopes, and GPGPG peptide was used to connect
HTL epitopes. The HEYGAEALERAG peptide was
used to connect the three epitope groups. Linked epi-
topes were attached to three different adjuvants: trun-
cated human B-defensin 2 (thf3d2), truncated human
B-defensin 3 (thfd3), and 50S ribosomal protein
L7/L12 (50SrpL7/L12) using EAAAK peptide linker.
The adjuvant-multi-epitope vaccine constructs were
evaluated for their potential antigenicity using VaxiJen
v2.0, allergenicity using AllerTOP v2.0, solubility
using the Innovagen peptide solubility calculator, and
stability using Expasy Protparam [44] (https://web.
expasy.org/protparam). The host immune response pro-
files of the three adjuvant multi-epitope vaccine con-
structs were predicted using C-Immsim [45] (https://
kraken.iac.rm.cnr.it/C-IMMSIM). Three injections of
1000 particles were applied at 1-84-168 time steps, and
the simulation was run for 300 time steps. Graphs of
antibody titers, [FN-y concentration, population of B
lymphocyte, and CTL and HTL populations induced by
adjuvant multi-epitope vaccine constructs were com-
pared. The adjuvant multi-epitope vaccine construct
with the most favorable physicochemical properties
and immune simulation profile was selected as the final
immunogenic region of the NiV mRNA vaccine.

The tissue plasminogen activator (tPA) sequence
was added to the N-terminus of the final immu-
nogenic region of the NiV mRNA vaccine, and
the MHC I-trafficking domain (MITD) sequence
was added to its C-terminus. This represents the
open reading frame (ORF) of the NiV mRNA
vaccine. LinearDesign [46] (https://github.com/
LinearDesignSoftware/LinearDesign) was used to
generate the ORF RNA sequences. The codon adap-
tation indices (CAls) of the RNA sequences were
computed using the version 5 of the data analysis for
molecular biology and evolution (DAMBES) server
[47] (http://dambe.bio.uottawa.ca/DAMBE/dambe.
aspx). Several sequences were incorporated into
the ORFs, including the human o globin (hag) 5°
untranslated region (UTR) and Kozak sequence into
the N-terminal; and the hoig 3° UTR and a 120-length
poly(A) sequence into the C-terminal. The RNAfold
web server [48] (https://rna.tbi.univie.ac.at//cgi-bin/
RNAWebSuite/RNAfold.cgi) was used to visualize
the optimal secondary structure of the RNA sequences
and compute their minimum free energies (MFEs).
The Forna web server [49] (https://rna.tbi.univie.ac.at/
forna) was used to highlight the 5'UTR and Kozak
sequence regions within the RNA structures.

Two SARS-CoV-2 mRNA vaccine sequences
(BioNTech/Pfizer BNT162b2 and Moderna mRNA-
1273) were used as positive controls in the study.
The sequences were retrieved [50], and their CAls
and MFEs were evaluated using the abovementioned
servers and parameters. Due to the significant differ-
ence in the ORF length of the mRNA vaccine used
in this study compared with the control, an adjusted

MFE (AMFE) calculation was applied [51, 52]. This
was computed by dividing the MFE by the sequence
length and multiplying the result by 100. The RNA
sequence with the closest CAI and AMFE to those of
the controls was selected as the final sequence of the
NiV mRNA vaccine.

Vaccine evaluation
Structures prediction

ColabFold v1.5.2-patch [53] in AlphaFold v2 [54]
(https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb) was used
to predict the tertiary structure of the immunogenic
region. Pdb100 was selected for template detection.
The generated model was energy-minimized using
Chimera 1.17.1 [55] (https://www.cgl.ucsf.edu/chi-
mera/docindex.html) at 5000 steps of the steepest
descent, and further refinement was performed using
the GalaxyWEB Refine2 service [56] (https://galaxy.
seoklab.org/cgi-bin/submit.cgi?type=REFINE2). The
qualities of the refined models were assessed using
the ERRAT [57] and PROCHECK [58] services in
SAVES v6.0 (https://saves.mbi.ucla.edu). The model
with the highest scores on the quality servers was used
as the representative model of the tertiary structure of
the immunogenic region.

Molecular docking and dynamics analyses

The tertiary structure of the immunogenic region
was docked to the human toll-like receptor 4 (TLR4)
structure. The SWISS-MODEL homology modeling
server [59] (https://swissmodel.expasy.org) was used
to generate the human TLR4 model using the crys-
tal structure (PDB ID: 3FXI) downloaded from the
RCSB Protein Data Bank [60] (https://rcsb.org) as the
template. The key residues involved in the interaction
of TLR4 with lipopolysaccharide, a known TLR4
agonist, were identified using the ‘contacts’ function
of Chimera 1.17.1, applying a van der Waals radii
overlap of >—0.40. ClusPro 2.0 [61] (https://cluspro.
bu.edu/login.php) was used to forcibly dock the adju-
vant of the immunogenic region to the identified key
residues.

Coarse-grained molecular dynamics using the
Southampton Interface and Reduction Algorithm
for Hydrodynamics (SIRAH) force field [62] on
GROMACS 2023.2 [63], (https://manual.gromacs.
org/2023.2/download.html) was used to analyze the
stability of the complexes. The systems were solvated
in WatFour solvent [64] and neutralized with appro-
priate sodium and chloride ions. Energy minimization
was performed to reach a maximum of 50,000 steps
per steepest descent. The system was set to equilib-
rium at a temperature and pressure of 300 K and 1 bar,
respectively. The Molecular Mechanics/Generalized
Born Surface Area service of the HawkDock server
[65] (https://cadd.zju.edu.cn/hawkdock/) was used to
determine the overall binding free energy (AG) of the
complex and the energy decomposition of all residues
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of the immunogenic region and the TLR4-myeloid
differentiation factor 2 (MD2) complex.

Results

Protein retrieval

The reference sequences of the NiV F (ID: NP
112026) and G (ID: NP 112027) proteins were down-
loaded from NCBI. These sequences were used as
input data for retrieving all NiV protein variants,
which were then subjected to conservation analy-
sis. This analysis identified regions within proteins
that remained consistent across different variants,
thereby identifying potential sites suitable for epitope
mapping. The conserved regions within proteins are
shown in the variability plot in Figure-1.

Epitope mapping
LBL epitope prediction

BepiPred 3.0, SVMTrip, ABCPred, and LBTope
predicted eight LBL epitopes within the NiV F and
G proteins. Only three epitopes passed the tests for
antigenicity, allergenicity, toxicity, and solubility. The
final list of LBL epitopes is presented in Table-1. These
epitopes are located within highly conserved regions
of their respective protein sources.
CTL epitope prediction

NetMHCCons 1.1 predicted 138 epitopes with
high binding affinities to at least one of 25 HLAs.
Only 69 epitopes passed the antigenicity, allerge-
nicity, toxicity, and solubility tests. Among these,
four epitopes were predicted by NetMHCpan 4.1 to
have high binding affinities to at least one of the 45
SLAs, indicating their potential to induce cross-spe-
cies protection. The final list of CTL epitopes is pre-
sented in Table-2. These epitopes are located within

highly conserved regions of their respective protein
sources.
HTL epitope prediction

NetMHClIIpan 4.3 predicted 97 epitopes with
high binding affinities to at least one of 27 HLAs.
Only 26 epitopes passed the tests for antigenicity,
allergenicity, toxicity, and solubility. Among these, 23
epitopes were identified by IEDB MHCII binding pre-
diction to have high binding affinities to at least one of
the 43 SLA-equivalent HLAs, indicating their poten-
tial to induce cross-species protection. Among these,
only five epitopes elicited at least one NiV-associated
cytokine. The final HTL epitopes are presented in
Table-3. These epitopes are located within highly con-
served regions of their respective protein sources.

mRNA vaccine design

A multi-epitope vaccine construct was designed
by joining all predicted epitopes using KK, AAY,
GPGPG, and HEYGAEALERAG peptide linkers.
Three adjuvant-multi-epitope vaccine constructs were
designed by incorporating thBd2, thBd3, and 50SrpL7/
L12 adjuvants in the N-terminal of the multi-epitope
vaccine construct, each linked by an EAAAK pep-
tide. Tests for antigenicity, allergenicity, solubility,
and stability of the adjuvant-multi-epitope vaccine
constructs were conducted, and the results are pre-
sented in Table-4. Using C-ImmSim, antibody titers,
IFN concentrations, and T and B cell populations
were predicted after three immunizations with adju-
vant multi-epitope vaccine constructs. The resulting
immune simulation profiles are shown in Figure-2.

The three designs passed all physicochemical
tests. The selection of the final vaccine construct was

F protein
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Figure-1: Variability plot of the fusion glycoprotein (F) and attachment glycoprotein (G) of the Nipah virus. Shannon
variability values (Y-axis) were plotted against protein residues (X-axis). The red line indicates the variability threshold;
residues below the red line are considered conserved. Conserved regions for each protein are indicated above the graphs

in the italicized text.
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Figure-2: Immune simulation profile of the adjuvant-multi-epitope vaccine constructs at 0-4®" and 4t"-8®-week intervals.
The gray line on the 28t day indicates the second immunization and the line on the 56t day indicates the third immunization.
Graphs: (a) Antibody titers. (b) Interferon-y concentration. (c) T-cytotoxic cell (Tc). (d) T-helper cell (TH) populations.
(e) B lymphocyte populations.

Table-1: Linear B lymphocyte epitopes predicted from the fusion glycoprotein (F) and attachment glycoprotein (G) of
the Nipah virus.

Epitopes Protein LBTope percentage
source correct prediction

KKRNTYSRLEDRRVRPTSSGDLYY F520-543 76.79
ESKKVRFENTASDKGKNPSKVIKSYYGTMDIKK G4-36 75.02
EFKYNDSNCPIAECQYSKPENCRLSMGIRPNSH G374-406 77.71
Table-2: Cytotoxic T lymphocyte epitopes predicted from adjuvant exhibited relatively higher simulation indi-
the fusion glycoprotein (F) and attachment glycoprotein ces in certain tests. It demonstrated a 5%—7% increase
(G) of the Nipah virus. . . . o/ .

in antibody titers on day 65, a 3% increase in B cell
Epitopes Protein HLA SLA covered populations on day 60, and a 2%—4% increase in TH

source  covered populations on day 60.

KIKSNPLTK F47-55  A*03:01  1*12:01, 2*01:02 The tPA and MITD sequences were added to the

SVMENYKTR  F74-82  A*68:01  1*12:01, 2*01:02 N gnd C-terminus of the immunogenic region of the

SLDLALSKY  F198-206  A%01:01 1:8421581' 1:8;58% NiV mRNA vaccine, respectively. The immunogenic

1*07;01: 1*07;02: region incorporated by signal peptides constitutes the

1*%08:01, 1*12:01, ORF. LinearDesign was used to generate a range of

;:éffgér g:géfg;f RNA sequences for the ORF. The list of mRNA vac-

2%0 4;01: 2*10;01: cine candidates was finalized after adding UTRs and

2%10:02 poly(A) tails to the ORF RNA sequences. Figure-3

KPKLISYTL ~ G199-207 B*07:02 1*11:01, 2*11:01,  presents the results of the evaluation of LinearDesign-
3705:01, 3705:02,  generated RNA sequences for the NiV vaccine.

3705:03 A A > 8 for the LinearDesign-generated RNA

HLAs=Human leukocyte antigens, SLAs=Swine leukocyte sequence exhibited a higher CAI than did the two

antigens controls. However, even the least stable design

. . . (A > ) recorded a higher AMFE than the two con-

guided by the ant1g§n1c1ty score and IMMUNE FeSponse 5] designs (Figure-3a). This led to the selection of

profile as determined b}’ C—ImmSlm simulations. CAl-optimal design as the final sequence for the

The vaccine construct with thBd2 adjuvant demon- Ny RNA vaccine. Figure-3b shows the differences

strated the highest antigenicity score at 0.66. This  petween the structures of the C Al-optimal and opti-

score was 8% higher than the antigenicity score of  mally stable designs for the NiV mRNA vaccine. The

the vaccine construct with thBd3 adjuvant (0.61) and  CAl-optimal design resulted in a relatively higher

20% higher than the vaccine construct with 50SrpL7/ number of unpaired bases than the optimally stable

L12 adjuvant (0.53). In addition to the antigenicity design.
scores, C-ImmSim simulations revealed that among Although the structure of the 5'UTR of the
the three vaccine constructs, the one with thfd2  final mRNA vaccine sequence (CAl-optimal design)
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Table-3: Helper T lymphocyte epitopes predicted from the fusion glycoprotein (F) and attachment glycoprotein (G) of
the Nipah virus.

Epitopes Protein source HLA covered SLA covered
AVVKLQETAEKTVYV F157-171 DP (A1*¥02:01-B1*14:01) DR (B1*07:01), DR (B1*¥09:01)
TFISFIIVEKKRNTY F511-526 DR (B1*13:02), DR (B1*03:01), DR (B1*08:01), DR (B1:11:01),
DP (A1*02:01-B1*05:01) DR (B1*13:01), DR (B1*14:01)
FISFIIVEKKRNTYS F512-527 DR (B1*08:02), DR DR (B1*03:01), DR (B1*08:01), DR (B1*11:01),
(B1*11:01) DR (B1*12:01), DR (B1*¥13:01), DR (B1*14:01)
ISFIIVEKKRNTYSR F513-528 DR (B1*13:02) DR (B1*03:01), DR (B1*08:01), DR (B1*11:01),
DR (B1*12:01), DR (B1*13:01), DR (B1*14:01)
VVNWRDNTVISRPGQ G476-490 DR (B3*02:02) DQ (A1*01:01-B1*04:01), DQ

(A1*02:01-B1*04:01), DQ
(A1*%04:01-B1*04:01), DQ
(A1*%06:01-B1*04:01), DR (B1*03:01)

Italicized segments denote overlaps, indicating that they can be found in the same protein region. HLAs=Human
leukocyte antigens, SLAs=Swine leukocyte antigens

Table-4: Physicochemical properties of adjuvant multi-epitope vaccine constructs with thBd2, thBd3, and 50S ribosomal
protein L7/L12 (50SrpL7/L12) adjuvants.

Adjuvant-multi-epitope Antigenicity score Allergenicity Solubility Stability
thBd2-multi-epitope 0.66 Non-allergen Soluble Stable
thBd3-multi-epitope 0.61 Non-allergen Soluble Stable
50SrpL7/L12-multi-epitope 0.53 Non-allergen Soluble Stable

thBd2=Truncated human B-defensin 2, thBd3=Truncated human B-defensin 3
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Figure-3: Evaluation of LinearDesign-generated RNA sequences for the NiV vaccine. (a) Two-dimensional visualization of
the stability (represented by adjusted minimum free energy; X-axis) and codon optimality (represented by CAI; Y-axis)
of the RNA sequences. A being the weight assigned to codon optimality. Higher A indicates higher weight in the CAL.
(b) Secondary structures of the two mRNA vaccine designs for NiV. The optimal CAI design (top, A = o) forms multiple
loops with low pairing probabilities, whereas the optimally stable designs (bottom, A = 0) formed helices with high pairing
probabilities. (c) Closer view of the N-terminus of the final mMRNA vaccine design (optimal-CAI design). NiV=Nipah virus,
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contained helices, as shown in Figure-3c, the base pair ~ Vaccine evaluation
probabilities in this region were low. The components ~ Structures prediction

of the final multi-epitope mRNA vaccine against NiV Alphafold mutation predicted the tertiary struc-
are presented in Figure-4. ture of the immunogenic region. This structure was
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energy minimized and refined using Chimera 1.17.1
and GalaxyRefine2, respectively. Among the 10
refined models generated, refined Model 2 had the
highest overall quality factor for ERRAT (98.402)
and the highest percentage of residues in the most
favorable regions for PROCHECK (93.0). According
to the server thresholds, these scores are considered
the qualities of a high-resolution structure. Figure-4c
shows the tertiary structural model of the immuno-
genic region.

Molecular docking and dynamics analyses

The immunogenic region was docked to the
human TLR4 structure using ClusPro 2.0. Ten com-
plexes were generated, but only in five complexes did
the adjuvant region of the vaccine interact with the
hydrophobic region of MD2 (Models 1, 2, 3, 6, and 7)
(Figure-5). The overall binding free energy (AG) of
these five complexes ranged from —74.5 (Model 2) to
—125.55 kcal/mol (Model 3).

Figures-6a—c shows the binding free energies of
the residues of the immunogenic region of the NiV
mRNA vaccine and TLR4-MD2. Residues within
MD2, such as S118 and S120, and within TLR4,
including D238, R264, E270, D294, T296, T319, and
R322, exhibited remarkably low negative free bind-
ing energies. Moreover, the interaction of the five
complexes was observed to be stable, as indicated by
the plateauing values of root mean square deviation
(RMSD) over time (Figure-6d). The RMSD graphs
show that after an initial equilibration period (approx-
imately at 210 ns), the values for all five complexes

reached a steady state and remained constant up to
300 ns.

Discussion

The results demonstrate the capacity of immu-
noinformatic to design and evaluate a multi-epitope
mRNA vaccine against NiV. Most NiV multi-epitope
vaccine designs published in the literature are sub-
unit vaccines [66—71]. Multi-epitope mRNA vaccine
designs are available [72, 73]. However, these stud-
ies focused exclusively on the immunogenic regions
of mRNA without incorporating signal peptides and
UTRs in the design and evaluation processes. For effi-
cient mRNA delivery, it is crucial to consider these
elements to enhance vaccine efficacy. This study rep-
resents the first multi-epitope mRNA vaccine design
against NiV that incorporates these considerations.

The mRNA vaccine design of this study focused
on two structural proteins, NiV F and G. Structural
proteins were selected for epitope mapping because
of their potential accessibility to the host immune sys-
tem and because they are more likely to induce neu-
tralizing antibodies [74]. Neutralizing antibodies bind
to viral proteins [75], impeding their normal function
and preventing viral infection [76, 77]. Both NiV F
and G proteins are considered relevant protective anti-
gens and targets for vaccine-elicited neutralizing anti-
bodies [78]. Recent studies have identified antibodies
that specifically recognize and bind to the G and F
proteins of NiV [79, 80]. Focusing on these specific
proteins ensures a targeted approach that enhances the
likelihood of effective immune responses to the virus.
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Three distinct components of the adaptive B cells, cluster of differentiation (CD) 8+ cytotoxic
immune system were targeted in vaccine design: T cells, and CD4+ helper T cells. Each of these
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components plays a crucial role in host defense
against pathogens. B cells induce antibody-related
functions and are activated by LBL epitopes. CD8+
cytotoxic T cells initiate cytotoxic responses and
are activated by CTL epitopes. CD4+ helper T cells
optimize the functions of B cells and CD8+ helper T
cells and are activated by HTL epitopes. Screening of
potential LBL, CTL, and HTL epitopes was guided by
their potential for conservation, safety, and immuno-
genicity. As this study also aimed to design a vaccine
that protects humans and swine, all epitope prediction
servers were carefully selected to ensure their appli-
cability across mammalian species. Moreover, human
and swine major histocompatibility complex mole-
cules have been used to identify immunogenic CTL
and HTL epitopes.

The prediction of cytokine-inducing potential
was also considered in the screening of HTL epitopes.
In this study, the selection of HTL epitopes was lim-
ited to those capable of inducing at least one cytokine
deemed essential for NiV control. The previous studies
by Singh et al. [4] and Elvert et al. [81] on NiV infec-
tion in experimental animal models have revealed the
induction of various cytokines in specific tissues. For
instance, IL1a, IL6, IL8, granulocyte-colony stimu-
lating factor, and the C-X-C motif chemokine 10 are
induced in the airway epithelium, while TNFo and
IL1p are induced in the central nervous system [4].
Furthermore, a significant level of IFNy has been
observed during in vitro infection of human and swine
bronchial epithelial cells [81]. TNFa, IL6, and IFNy,
were the only cytokines considered in the study due to
the availability of prediction servers specifically for
these cytokines.

In this study, an adjuvant was incorporated
into the multi-epitope vaccine construct. Adjuvants
attract immune cells to the vaccination site, where
they play essential roles in initiating, amplifying, and
regulating the immune response [82, 83]. Various
substances can serve as adjuvant components [84,
85], but this study focused on three adjuvants: hBd2,
hpd3, and 50SrpL7/L12. These adjuvants have been
incorporated in immunoinformatics-based multi-epi-
tope subunit vaccine designs against NiV available
in the literature [67, 68, 73]. The final vaccine con-
struct with thd2 adjuvant was selected due to its
relatively higher antigenicity score and immune
response profile in C-ImmSim compared with
the other two designs (thfd3, and 50SrpL7/L12).
The selected adjuvant, hd2, like any other type of
defensins, is commonly known for its antimicrobial
properties [86], and its ability to exert immunomod-
ulatory effects, particularly through cytokine induc-
tion [87, 88]. In general, defensins stimulate the TLR4
signaling pathway [85, 89, 90], enabling the produc-
tion of pro-inflammatory cytokines such as IL-1, IL-6,
and TNF-a [91], which are essential for the generation
of memory T cells [92, 93]. Note that these cytokines
are also highly expressed in NiV infection [4]. The

adjuvant multi-epitope vaccine construct constituted
the immunogenic region of the NiV vaccine.

Targeted molecular docking visualized possi-
ble interactions of hBd2 in the immunogenic region
of the vaccine with the TLR4-MD2 complex. Highly
negative free binding energies ranging from 74.5 to
125.55 kcal/mol were observed, corresponding to high
binding affinity [94]. Moreover, the stability of the
interactions between the immunogenic region of the
vaccine and the TLR4-MD2 complexes was observed
in molecular dynamics simulations. Stable interac-
tions required at least 20-30 ns of constant RMSD
following equilibration [95], a benchmark met by all
five complexes in this study. The stability of these
complexes indicates the presence of various confor-
mations, suggesting that the vaccine can maintain a
strong affinity for TLR4 across a range of structural
states, ensuring an efficient immune response.

In this study, signal peptides and significant
UTRs were incorporated into the design and evalua-
tion of vaccines. A tPA signal peptide was added to
the N-terminus, and an MITD sequence was added to
the C-terminus of the immunogenic region. The tPA
signal peptide was added to improve secretory pro-
tein expression, which is crucial for CD4+ helper
T cell pathway activation and B cell epitope recog-
nition [96]. On the other hand, MITD can translocate
antigens into cellular compartments such as the ER
and activate the CD8+ cytotoxic T cell pathway [97].
The immunogenic region containing signal peptides
constitutes the ORF of the NiV vaccine.

The peptide sequence must be converted into
mRNA to create an mRNA vaccine. This study
employed LinearDesign, a novel approach that inte-
grates considerations for both the CAI and folding
dynamics [46] in mRNA vaccine design. CAI mea-
sures the extent to which a specific codon sequence
aligns with the codon usage bias of the target organ-
ism to ensure efficient translation [98]. Folding
dynamics or the mRNA secondary structure influence
the stability of the molecule during translation [99].
The LinearDesign-generated ORF sequence exhibited
superior CAI and secondary structure stability com-
pared with two known mRNA vaccines, BioNTech/
Pfizer BNT162b2 and Moderna mRNA-1273.

To complete the sequence of the NiV mRNA
vaccine, several structures such as the UTR, initi-
ation (Kozak sequence), termination signals, and
poly(A) tails were added to the ORF sequence.
This study attached the 5’UTR sequence of hog.
UTRs from human globin are among the most sta-
ble and efficiently translated mRNAs character-
ized [100-102], with estimated half-lives ranging
from 24 to 60 h [103, 104]. This study also con-
firmed that the 5'UTR sequence lacks sequences for
the start codon, ensuring the accuracy of protein syn-
thesis [105]. This study incorporated two termina-
tion signals, hog 3’UTR sequence, and poly(A) tail
sequence 120 bases after the RNA sequence of the
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ORF. A poly(A) tail length of 120 was found to be
ideal for mRNA-based therapies [106].

Conclusion

This study successfully designed a safe, struc-
turally stable, and immunogenic multi-epitope
mRNA vaccine using immunoinformatics. Compared
with conventional vaccine design, which relies heav-
ily on extensive wet laboratory experiments, immu-
noinformatics-based approaches significantly reduce
both the time and labor required for epitope screen-
ing. This expedited vaccine development process can
effectively address the rapid emergence or re-emer-
gence of numerous highly pathogenic infectious
diseases.

This study adapted numerous benchmark studies
from various server platforms to ensure the selection
of the most effective tools for specific applications
and minimize the pursuit of suboptimal vaccine can-
didates. Despite the efficiency of immunoinformat-
ics, it has some notable limitations. The generalized
mammalian models used by the servers do not spe-
cifically account for swine immunology. Therefore,
there is a critical need to customize immunoinformat-
ics tools and databases to suit the unique immunolog-
ical profiles of target animal species. Tailoring these
resources can enhance the accuracy and effectiveness
of vaccine design for veterinary applications. In addi-
tion, it is crucial to emphasize that the structure of the
mRNA vaccine used in this study serves as a prelim-
inary framework for rigorous testing and validation.
A comprehensive evaluation of all possible combina-
tions and modifications of structural elements, such as
UTRs and poly(A) tails, is also essential. This thor-
ough testing will guide the final decision on the for-
mulation to advance further development and poten-
tial deployment.
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