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ABSTRACT: The Monkeypox virus (MPXV), an orthopox virus,
is responsible for monkeypox in humans, a zoonotic disease similar
to smallpox. This infection first appeared in the 1970s in humans
and then in 2003, after which it kept on spreading all around the
world. To date, various antivirals have been used to cure this
disease, but now, MPXV has developed resistance against these,
thus increasing the need for an alternative cure for this deadly
disease. In this study, we devised a reverse vaccinology approach
against MPXV using a messenger RNA (mRNA) vaccine by
pinning down the antigenic proteins of this virus. By using
bioinformatic tools, we predicted prospective immunogenic B and
T lymphocyte epitopes. Based on cytokine inducibility score,
nonallergenicity, nontoxicity, antigenicity, and conservancy, the
final epitopes were selected. Our analysis revealed the stable structure of the mRNA vaccine and its efficient expression in host cells.
Furthermore, strong interactions were demonstrated with toll-like receptors 2 (TLR2) and 4 (TLR4) according to the molecular
dynamic simulation studies. The in silico immune simulation analyses revealed an overall increase in the immune responses
following repeated exposure to the designed vaccine. Based on our findings, the vaccine candidate designed in this study has the
potential to be tested as a promising novel mRNA therapeutic vaccine against MPXV infection.

1. INTRODUCTION
Monkeypox, caused by an orthopox virus, i.e., the monkeypox
virus (MPXV) is a disease that was recognized in nonhuman
hosts before the 1970s.1 MPXV is a linear, enveloped dsDNA
virus that belongs to the Poxviridae family with a size ranging
from 200 to 250 nm. The size of the MPXV genome is
approximately 197kb, which contains ∼190 overlapping open
reading frames (ORFs).2 The central coding region sequence
in MPXV, like all the orthopox viruses at nucleotide positions
56,000−120,000, is a highly conserved sequence that is flanked
by variable ends consisting of inverted terminal repeats
(ITRs).3 The genes found in the terminal sites of the MPXV
genome are homologous to those in the Vaccinia virus
(VACV). These homologues play a major role in immuno-
modulation and are either known or predicted to influence
pathogenicity and host range determination.3 In the ITR
region, MPXV, unlike the Variola virus with no ORFs, consists
of at least 4 ORFs.4

MPXV is transmitted by two means: animals−human and
human−human transmissions.5 Direct contact with the blood,
body fluids, and mucosal or cutaneous lesions of infected
animals can result in animal-to-human (zoonotic) transfer.6

Recently contaminated objects, sore skin of an infected
individual, and close contact with respiratory secretions can

result in human-to-human transmission.7 The first outbreak of
MPXV was documented in monkeys in 1959 in Denmark.8 In
the Democratic Republic of the Congo, a nine-month-old
infant was found to have the first human incidence of MPXV.
From October 1970 to May 1971, six MPXV cases in humans
were reported in Liberia, Sierra Leone, and Nigeria.9 Since
then, thousands of human cases of monkeypox have been
documented in 15 locations, with 11 of those locations being
in Africa. The first outbreak of MPXV that was documented
outside of Africa occurred in the USA in 2003 and was
attributed to contact with MPXV-infected pet prairie dogs.10

After that, more than 70 cases of MPXV were reported due to
this outbreak in the USA. From 2018 onward, the monkeypox
cases have also been documented in travelers from Nigeria to
Israel, the UK, Singapore, and last, a number of nonendemic
nations.11 According to the W.H.O. report, 10 nations were
reported with the greatest overall MPXV cases worldwide,
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including Canada (n = 1478), Germany (n = 3692), the UK (n
= 3738), Peru (n = 3785), Mexico (n = 3937), Colombia (n =
4089), France (n = 4128), Spain (n = 7546), Brazil (n =
10,890), and the USA (n = 30,063). Collectively, 84.6% of all
reported cases worldwide originate from these ten nations.12

Monkeypox symptoms are strikingly similar to smallpox
symptoms. After infection, there is an incubation phase of
around 10−14 days, followed by a prodrome period (a period
before a rash develops) of 2 days. An infected person may
experience symptoms like headache, fever, chills, malaise,
swollen lymph nodes, backache, sore throat, and shortness of
breath in the inguinal, cervical, or submandibular areas.13

There have been several antiviral drugs such as Tecovirimat,
Cidofovir, and Brincidofovir developed so far that have been
approved by the FDA against different diseases and have
shown effective results against orthopox viruses including
monkeypox.14−16 The Disease Control and Prevention (CDC)
report states that although the human medical trials of
Tecovirimat were found to be acceptable and safe, not enough
information is available regarding its efficiency in treating
orthopox viruses in humans. Cidofovir and brincidofovir
proved to be effective against orthopox viruses both in vitro
and in animal models.14,15

Studies have demonstrated that smallpox vaccination offers
cross-protection against MPXV. It was found that people who
received the smallpox vaccine had an 85% protection rate
against MPXV. The CDC-recommended smallpox vaccination
(ACAM2000TM) was found to reduce symptoms but not
prevent the illness. The FDA and the EMA have also granted
approval for IMVAMUNE, an attenuated third-generation
MVA vaccine, to prevent monkeypox in adults. ACAM2000
and IMVAMUNE have neither been authorized for use in the
general populace as of yet due to their unclear effects on
immunosuppressed individuals and the reliability of vaccines
that contain live VACV.6,17

The only FDA-approved vaccine against MPXV is
JYNNEOS. It is a live, nonreplicating weakened Orthopox or
the modified Vaccinia Ankara-Bavarian Nordic virus vaccine.18

However, the JYNNEOS vaccine administration results in
several side effects in the individuals, such as induration, chills,
headache, sore throat, nausea, redness, myalgia, firmness/

tightening, and pain.18 In a population cohort in the
Northwestern United States (Oregon), Sharff et al. conducted
a retrospective study and found 10 occurrences of cardiac
events following the administration of the JYNNEOS vaccine
between July and October 2022.19 Therefore, there is a need
for a vaccine which could treat MPXV with no side effects.
Different studies have identified the RNA vaccination as a

more productive and successful therapeutic option than the
alternative in order to prevent these negative scenarios.20,21 In
order to be effective, messenger RNA (mRNA)-based
therapies do not require the passage of the nuclear membrane,
in contrast to DNA vaccines, which pose the risk of insertion of
the viral genome into the genome of the host, which could lead
to mutation.21 Furthermore, mRNA vaccines can express the
target proteins more effectively due to their expression in the
cytoplasm as compared to the DNA-based vaccines, which
require a nucleus for their expression.22 The risk of
incorporation into the genetic material is reduced by the
RNA vaccines’ targeting of the cytoplasm. Major histocompat-
ibility complex (MHC) haplotype restriction is not present in
mRNA vaccines, in contrast to epitope- based immunizations.
Therefore, the mRNA vaccines can generate a quick immune
response as compared with the epitope-based vaccines.
Although the mRNA vaccines are themselves very effective,
adding an adjuvant can further boost their immunogenicity.
Furthermore, pattern recognition receptors were utilized to
identify mRNA.23 In clinical trials, this mRNA vaccine has
demonstrated superior performance against a variety of
infectious diseases and malignancies due to its high efficacy,
few side effects, and affordable production costs.24−26

In MPXV-infected cells, two main forms of infectious virions
are the extracellular enveloped virus (EEV) and the intra-
cellular mature virus (IMV). Within the infected host, rapid
long-distance spread of the virus is due to EEV, which is
secreted from cells through interaction with the actin tail, as
compared to IMV, which is released via cell lysis.27 Thus, EEV
is taken as the target protein to be used as a therapeutic and
prophylactic cure against MPXV. To develop an mRNA
vaccine construct, we used computational approaches to
analyze the MPXV-encased glycoprotein. To create a peptide
vaccine construct, we divulged the most antigenic and

Figure 1. Workflow of the in silico MPXV vaccine design process.
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immunogenic B- and T-cell epitopes and back-translated them.
In order to increase the translation efficiency, we also adjusted
the codons in the conserved mRNA construct. Along with
docking approaches and immunological simulation techniques,
we also sought to identify the 3D structure of the peptide
vaccine construct using a variety of bioinformatics tools. The
fundamental objective of this study is to support future
laboratory attempts to create potent vaccines to prevent
MPXV infections.

2. MATERIALS AND METHODS
Figure 1 depicts the pipeline for the mRNA vaccine against
MPXV infection.
2.1. Retrieval of Envelope Glycoprotein and Con-

sensus Sequence Identification. Reliable data are necessary
for the production of an effective vaccine, so a literature survey
was conducted to identify the best vaccine candidates that
could be effective against MPXV infection. The NCBI database
was used to find every accessible sequence of selected EEV
glycoproteins, EEV Type-I membrane glycoprotein, and
envelope protein H3. Using the Bioedit program included
with Clustal W, all of the obtained protein sequences were
aligned via multiple sequence alignment (MSA).28 A consensus
sequence was created using Bioedit’s built-in tool after getting
the aligned sequences. These consensus sequences were
analyzed for various parameters, including physiochemical
properties and antigenicity of proteins, for the final vaccine
candidate selection.
2.2. Prediction of T-Cell Epitopes. Two T-lymphocyte

types, i.e., helper T-cells (HTLs) and cytotoxic T-cells (CTLs),
have the capacity to bind to MHC molecules and initiate cell-
mediated immune responses. IEDB-Analysis Resource’s
NetMHCpanEL 4.1 technique was utilized to determine the
epitopes of CTLs.29 On the basis of the reference, the set of
MHC-I alleles with a conservancy of >97% and a “9-mer”
peptide length was chosen.30 The leftover epitopes were
selected on the basis of <0.2 threshold because they displayed
maximum binding affinity with the MHC-I molecules. The
IEDB-AR database was used to determine HTL epitopes. The
parameters chosen were a referral set of alleles of MHC-II
having >99% population conservancy and demonstrating a
predicted epitope length of “15 mer”. The epitopes were
filtered based on a rank of <2.0 or lower for MHC−II binding
epitopes. The projected epitope’s capacity to engage with
MHC molecules increases with decreasing rank.31,32

2.3. T-Cell-Predicted Epitope Analysis. Various criteria
were examined in order to choose the most promising T-cell
epitopes. The servers Vaxijen v2.033 and Allergenfp34 were
used to calculate the allergenicity and antigenicity, respectively.
The Toxinpred server35 was used to forecast harmful reactions.
The conservation of amino acids in predicted epitopes was
calculated by using IEDB’s conservation analysis tool. The
examination of various T-cell epitopes required that certain
additional parameters be established. For T-cell epitopes that
interact with MHC-I (CTL epitopes), we utilized the IEDB
database’s Class-I immunogenicity server. Similar to this, T-
cells that interact with MHC-II (HTL epitopes) were also
tested by the IFN-epitope, IL4-pred, and IL10-pred servers for
their capacity to induce IFN gamma, IL-4, and IL-10.36−38

Final T-cell epitope selections were made in order to build a
vaccine against pathogen infection.
2.4. Prediction and Analysis of B-Cell Epitopes. The

pathogen protein sequences represented by the LBL epitopes

can attach to B lymphocytes and trigger an immune reaction. It
was ascertained by utilizing the online BCEPRED server for
predicting B-cell epitopes.39 For the preference of high-affinity
epitopes, a threshold of 75% specificity was chosen. Different
servers were utilized to estimate the antigenicity (Vaxijenv2.0),
allergenicity (Allergenfp), and toxicity (Toxinpred) of B-cell
epitopes.40 Conservancy analysis was also performed for
predicted epitopes by employing the IEDB’s conservancy
analysis tool.
2.5. Population Coverage Analysis of the Selected T-

Cell Epitopes. The population coverage analysis of the T-cell
epitopes along with their corresponding alleles was performed
by using the Population Coverage tool present within the
IEDB database (http://tools.iedb.org/population/)41 to en-
sure that the epitopes selected for the vaccine formulation
would cover the majority of the world’s population. This tool is
used to calculate the average coverage of epitopes in various
populations on the basis of the distribution of their MHC-
binding alleles. The worldwide analysis of the epitopes was
performed because MPXV affects people globally.
2.6. Multiepitope Vaccine Construct Design. The final

HTL, CTL, and LBL epitopes chosen were joined with linkers
to create a vaccine design. While CTL epitopes were fused by
the “AAY linker”, HTL epitopes were connected using the
“GPGPG linker”. LBL epitopes that were left were joined by
using the “KK linker”. In the same vaccination design, which
was linked via the “EAAAK linker”, HBHA conserved was
taken as an adjuvant to increase the immunogenicity of the
vaccine. Additionally, a signal tPA peptide was added at the N-
terminal to help transport the vaccine out of the cell.42

2.7. Analysis of the Vaccine Construct. Before the
mRNA vaccine design was created, numerous factors were
used to assess the vaccine construct. The instability index,
aliphatic index, total positive and negative amino acids,
molecular weight, GRAVY score, total number of amino
acids in the query sequence, and the theoretical pI of protein
vaccine design had been calculated using the Protparam server
of Expasy.43 Likewise, its antigenicity profile was also
calculated using the Vaxijen v2.0 server, which has a predefined
>0.4 threshold. The SOLpro server44 had been utilized for the
prediction of solubility during heterologous expression inside
the host, and Allergenfp was used to evaluate the allergenicity.
The optimum solubility overexpression level was maintained at
>0.5.
2.8. Prediction of 2D and 3D Structures. The SOPMA

server45 was employed to design the peptide vaccine’s
secondary structure. Regions producing coiled, helical, and
extended stranded structures were anticipated by using the
provided server for computing. The Swiss Homology Modeling
server46 was applied to infer the tertiary structure, and the
Galaxyrefine Web server47 then refined it. Additionally, the
Ramachandran plot in PROCHECK48 and the quality factor at
the ERRAT Web server were estimated to validate the
structure’s 3D quality.49

2.9. Prediction of Conformational B-Lymphocyte
Epitopes. The solvent-accessible and surface-exposed B
lymphocyte epitopes were determined, in addition to the
conformational epitopes. The conformational B-cell epitopes
validate a B-cell-linked immune response, so it is necessary to
identify them in a three-dimensional vaccine construct. Using
the Ellipro server, conformational B-cell epitopes in the vaccine
construct were predicted and analyzed.50
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2.10. Molecular Docking and Normal Mode Analysis.
To evaluate the vaccine’s affinity with humoral immune
response cells, the vaccine design was docked with TLR2
(PDB ID: 2Z7X) and TLR4 (PDB ID: 3FXI) MHC
molecules. The crystal structures of TLR2 and TLR4 that
were needed for the investigation were downloaded from the
protein data bank (PDB). Utilizing the MOE software tool, the
protein structures were prepared for docking. Manual removal
of water molecules and cocrystallized ligands was followed by
the addition of H+. Additionally, the energy of the protein
structures was reduced using the MOE energy minimization
algorithm tool. Using the conjugant gradient approach and the
MMFF94x force field, the MOE determines the protein energy
(in kcal/mol). The structures were saved in the .pdb format
following predocking preparation.51,52

It has been demonstrated that methods based on the Fast
fourier transform (FFT) are particularly efficient for predicting
protein−protein interactions. The ClusPro 2.0 performs three
algorithms, including the following method: FFT correlation
approach for rigid body docking, root-mean-square deviation
(RMSD)-based configuration clustering to identify the largest
cluster that would accurately predict the model, and fine-
tuning of targeted structures of the complex. Docking of the
vaccine construct with TLR2 and TLR4 was done using
ClusPro.53 The resulting docked complexes were then
visualized by using the Discovery Studio and Pymol software.
After docking, the docked complexes were subjected to
IMODs server for the normal-mode analysis to verify their
stability.54

2.11. MD Simulation Studies.Molecular dynamics (MD)
simulations for two receptors in complex with the designed
vaccine were performed. For this analysis, the Schrödinger
LLC’s Desmond software was used.55 These simulations lasted
100 ns for each system. Before the MD simulations start, an
important preliminary step is docking the vaccine with
receptors. It provides the first prediction of the static binding
orientation of vaccine molecules in the active sites of the
receptor. During MD simulations, Newton’s classical equations
of motion56 were used to predict the dynamic vaccine-binding
interactions in a physiological context by simulating the
dynamic movements of individual atoms throughout time. The
protein preparation wizard in Schrödinger’s Maestro57 was
used to prepare the vaccine−receptor complexes for simulation
studies. This preprocessing step included optimization,
minimization, and adding any required residues that were
missing to the system. The intermolecular interaction potential
3 points transferable solvent model was used in the simulations
for the solvent environment.58 This solvent model was used
inside an orthorhombic simulation box with an OPLS_2005
force field, a 300 K temperature, and a 1 atm pressure. The
simulation systems were given counterions and a sodium
chloride concentration of 0.15 M to ensure the models’
neutrality and to imitate physiological conditions. The models
went through a relaxation or equilibration phase before the
simulations started, during which the system’s constraints were
gradually loosened. The simulations’ trajectories were captured
and saved for later review. Finally, the stability of the vaccine−
receptor complexes was investigated by examining the root-
mean-square fluctuation (RMSF) and RMSD plots.
2.12. Immune Simulation Studies. To validate the

immunological response more effectively to the peptide
vaccine design, the C-ImmSim server59 was utilized to run
online dynamic immune simulation reports. A total of three

doses (01, 84, and 168) were administered over the course of 4
weeks, each containing 1000 vaccine units and omitting LPS
(1050). According to the reference, the other parameters were
left as default.60

2.13. Vaccine Construct’s Back-Translation and
Codon Optimization. Using the JCAT61 and ExpOptimizer
tools,62 we back-translated the vaccine construct into mRNA
to facilitate its expression in the host (humans). The results’
percentage of GC content and the effective translation capacity
of mRNA were calculated using the codon adaptation index
(CAI). The most optimized mRNA sequence was chosen, and
the GenScript Web site’s Rare Codon Analysis Tool was used
to evaluate it. Here, the codon frequency distribution (CFD)
factor served as a proxy for the existence of uncommon
codons.
2.14. Design of mRNA Vaccine. The mRNA vaccine

sequence was constructed by the following pattern:
“[5′ m7GCap-5′ UTR-Kozak sequence (containing start

codon)-optimized mRNA [tPA (signal peptide)-EAAAK
linker-HBHA conserved (Adjuvant)-PADRE sequence-
GPGPG linker-HTL epitopes-KK linker-LBL epitopes-AAY
linker-CTL epitopes-AAY linker-EAAAK linker]-Stop codon-
(3′UTR)2-Poly(A) tail 3′]”
In order to avoid degradation and promote translation, the

5′ cap was compromised in the development of the typical
mRNA vaccine design. For enhanced translation efficacy, the
beta-globulin protein’s 5′ and 3′ UTR domains were inserted.
A start-codon-containing sequence known as the Kozak
sequence was also introduced. In order to boost RNA stability,
the optimized mRNA sequence was inserted, followed by the
addition of a poly(A) tail at the 3′ end.63
2.15. mRNA Vaccine Secondary Structure Prediction.

In the biosynthesis of proteins, mRNA’s secondary structure is
essential. Its adverse impact on translation, which stops or
obstructs ribosome initiation and action along the mRNA, can
drastically reduce the protein yield, making it an important
element in gene regulation. The minimal free energy
calculation of the mRNA vaccine allows a variety of techniques
to forecast the production of secondary structures. Here, the
RNAfold and mfold Web servers were used to determine the
secondary structure of the mRNA sequence.64

2.16. In-Silico Cloning. To ensure the efficiency of host-
based expression, cloning of the designed vaccine construct
was performed in Escherichia coli strain K12. For this purpose,
reverse translation and codon optimization of the construct
were performed by the Java Codon Adaptation tool.65

Additional parameters such as rho-independent transcription
terminators, prokaryotic ribosome-binding sites, and cleavage
sites of restriction enzymes were avoided, and only partial
optimization was selected to guarantee that the desired
outcomes may be attained. After optimization, cloning of the
vaccine construct was performed in the E. coli vector pET-28a
using the Snapgene tool (https://www.snapgene.com/) by
using a commercially available restriction site.30,66

2.17. Vaccines’ Safety Profile Confirmation. In order to
avoid any autoimmune response in the host, it is important to
check the similarity of the vaccine construct with the human
proteins. This was performed by a pBLAST of the vaccine
construct against the human proteome, downloaded from the
UniProt database.
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3. RESULTS
3.1. Determining Consensus Sequence from MSA. All

retrieved protein sequences were aligned using Clustal W, and
it was found that most of the amino acid sequences were
conserved. The MSA aligned file was used by using Bioedit
software to create a consensus sequence. Afterward, consensus
sequences of all the proteins were analyzed, and the final EEV
Type-I membrane glycoprotein was selected for the vaccine
design (Table S1).
3.2. T-Lymphocyte Epitope Prediction. Using the

NetMHCpanEL 4.1 tool, 19 unique CTL epitopes were
discovered by utilizing a thorough reference set of HLA alleles.
Of these, six epitopes were identified as immunogenic. The T-
cell epitopes were then subjected to a population conservancy
analysis, showing a complete range of conservancies of more
than 90%. Two epitopes were chosen as the best epitopes to

use in the final peptide-based vaccine design after they were
analyzed for their nontoxicity, nonallergenicity, and anti-
genicity (Table 1).
The prediction findings for MHC-II epitope analysis

identified five distinct epitopes with an adjusted rank of less
than 2.0 since the lower percentile rank denotes high
interaction affinity. All epitopes were found to be conserved
after being subjected to a conservancy analysis. These epitopes
were also tested for their antigenicity, nonallergenicity, and
nontoxicity. Using the IL10pred and IL4pred servers, the IL-10
and IL-4 inducing capabilities of these epitopes were also
studied, respectively. The analysis resulted in the selection of
four epitopes for vaccine design (Table 2).
3.3. Population Coverage Analysis. The population

coverage of the selected T cell epitopes was evaluated using the
IEDB population coverage tool. The results of the population

Table 1. Analysis of MHC-I Interacting Epitopes

MHC-I alleles start end MHC-I epitopes score rank immunogenicity antigenicity Allergenfp toxicity conservancy

HLA-B*35:01 141 149 QPVKEKYSF 0.942536 0.02 −0.40888 antigen allergen non-toxin 100.00%
HLA-C*14:02 67 75 KYENPCKKM 0.501072 0.19 −0.34356 antigen non-allergen non-toxin 100.00%
HLA-B*35:03 23 31 VPTMNNAKL 0.702686 0.07 −0.26947 non-antigen allergen non-toxin 100.00%
HLA-B*14:02 308 316 DQYKFHKLL 0.688567 0.02 −0.26223 non-antigen allergen non-toxin 100.00%
HLA-B*40:01 91 99 YEVNSTMTL 0.981356 0.01 −0.24319 antigen non-allergen non-toxin 100.00%
HLA-A*30:02 259 267 KLSKDVVQY 0.84825 0.01 −0.24308 non-antigen non-allergen non-toxin 100.00%
HLA-C*08:02 47 55 TCDSGYHSL 0.935523 0.03 −0.19911 non-antigen allergen non-toxin 100.00%
HLA-A*68:01 35 43 ETSFNDKQK 0.816131 0.2 −0.171 antigen allergen non-toxin 100.00%
HLA-B*44:03 111 119 EEKNGNTSW 0.980939 0.01 −0.1135 antigen non-allergen non-toxin 100.00%
HLA-B*48:01 183 191 QQKCDIPSL 0.46105 0.05 −0.08339 antigen allergen non-toxin 100.00%
HLA-A*01:01 78 86 VSDYVSELY 0.996027 0.01 −0.03403 non-antigen allergen non-toxin 100.00%
HLA-C*15:02 2 10 KTISVVTLL 0.87381 0.01 −0.01793 antigen allergen non-toxin 100.00%
HLA-B*53:01 58 66 NAVCETDKW 0.57593 0.09 −0.01409 non-antigen allergen non-toxin 100.00%
HLA-B*58:01 222 230 SSTCIDGKW 0.714383 0.17 0.01143 antigen non-allergen toxin 100.00%
HLA-A*02:03 282 290 IMALTIMGV 0.676557 0.11 0.03622 antigen allergen non-toxin 100.00%
HLA-A*02:01 292 300 FLISIIVLV 0.8569 0.05 0.15997 antigen allergen non-toxin 100.00%
HLA-A*29:02 160 168 GYEVIGVSY 0.700535 0.09 0.17372 antigen non-allergen non-toxin 100.00%
HLA-A*68:02 272 280 ESLEATYHI 0.742411 0.07 0.18757 antigen allergen non-toxin 100.00%
HLA-C*03:03 201 209 FSIGGVIHL 0.934996 0.01 0.28038 antigen non-allergen non-toxin 100.00%

Table 2. Analysis of MHC-II Interacting Epitopes (the Rows in Bold Show the Selected Epitopes)

MHC-II alleles start end MHC-II epitopes rank antigenicity toxicity allergnfp
IFN gamma
Induction

IL4
Induction

IL10
Induction conservancy

HLA-
DPA1*03:01/
DPB1*04:02

286 300 TIMGVIFLISIIVLV 0.47 antigen non-
toxin

non-
allergen

positive non IL4
inducer

IL10 inducer 100.00%

HLA-DRB3*02:02 88 102 KPLYEVNSTMTLSCN 0.99 antigen non-
toxin

non-
allergen

positive non IL4
inducer

IL10
noninducer

100.00%

HLA-DRB1*01:01 48 62 CDSGYHSLDPNAVCE 1.3 antigen non-
toxin

non-
allergen

negative IL4
inducer

IL10
noninducer

93.33%

HLA-DQA1*05:01/
DQB1*03:01

190 204 SLSNGLISGSTFSIG 1.4 non-
antigen

non-
toxin

non-
allergen

no data non IL4
inducer

IL10
noninducer

100.00%

HLA-
DQA1*05:01/
DQB1*02:01

264 278 VVQYEQEIESLEATY 1.5 antigen non-
toxin

non-
allergen

no data IL4
inducer

IL10
noninducer

100.00%

Table 3. Analysis of Predicted B-Cell Epitopesa

B-cell epitopes start end score antigenicity allergenicity toxicity conservancy

CQPLQLEHGSCQPV 130 143 0.886 antigen non-allergen non-toxin 100.00%
KNGNTSWNDTVTCP 113 126 0.89 antigen non-allergen non-toxin 100.00%
TLTGSPSSTCIDGK 216 229 0.932 antigen non-allergen non-toxin 100.00%
EEFDPVDDGPDDET 242 255 0.983 antigen allergen non-toxin 100.00%
SKDVVQYEQEIESL 261 274 0.984 non-antigen non-allergen non-toxin 100.00%

aThe rows in bold show the selected epitopes.
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coverage of our selected MHC-I and MHC-II epitopes
concluded that our epitopes cover 100% of the world’s
population, which indicated that the vaccine will be beneficial
for the people present all around the world. The overall
population coverage of the epitopes is depicted in Figure S1.
3.4. B-Lymphocyte Epitope Determination. The

BCPRED server analysis led to the selection of five possible
B-cell epitopes for an additional study. Based on their
antigenic, nontoxic, conservancy, and nonallergenic profiles,
three epitopes were selected for further analysis (Table 3).
3.5. Construction and Analysis of the Peptide

Vaccine. The final selection of 3 linear B-cell, 2 CTL, and 4
HTL epitopes was used in this vaccine design. The vaccine
design also included the tPA signal peptide, linkers, and
adjuvants. To enhance the immunological response, the
adjuvant was also included in the vaccine construct (Figure
2). Through the ProtParam server, the physiochemical
characteristics of the predicted vaccine construct using
hypothesized epitopes were assessed. In addition, calculations
were made for additional variables such as antigenicity,
allergenicity, and solubility under overexpression (Table 4).
3.6. Prediction of 2D and 3D Structures of the

Peptide Vaccine Construct. The SOPMA server was used
to determine the secondary structure of the designed vaccine
construct. The projected structure has been shown to contain a
22.73% random coil structure, 17.05% extended strand, 3.98%
beta turn, and 56.25% α helix. Utilizing the Swiss Model server,
the model of vaccine constructs was created and further refined
using the GalaxyRefine Web server. Tertiary structure
verification is important since it uncovers probable mistakes
in anticipated 3D models. Pymol and Discovery Studio were
used for the visualization of the vaccines’ tertiary structure.
The ERRAT server verified the predicted 3D structure, and the
quality factor it returned was “99.34”, confirming the
structure’s high quality. To confirm the precise 3D structure,
we also used the Ramachandran plot validation parameter was
also used. The Ramachandran plot shows the percentage of
residues in favorable, forbidden, and allowed areas, which
describes the model’s quality. The SAVES Web site was used
to expose the improved 3D structure to the Ramachandran
plot analysis, and the results revealed that 94.4, 4.6, and 0.5%

of the residues were in preferred, allowed, and forbidden
regions, respectively. The findings show that the three-
dimensional structure is of good quality (Figure 3).
3.7. Conformational B-Cell Epitope Prediction. In the

designed vaccine construct, the conformational B-cell epitopes
were likewise predicted by the Ellipro server. Three conforma-
tional LBL epitopes in total were found in the vaccine design,
demonstrating the vaccine’s potent capacity to activate B-cell
responses (Table S2).
3.8. Molecular Docking and Normal Mode Analysis.

ClusPro was employed for interaction studies between the
peptide vaccine constructs and receptors. For the TLR2
receptor, the best complex model contained the highest center
score of −1006.4 kcal/mol and the lowest energy of −1137.0
kcal/mol. As compared to TLR2, the TlR4-resulting complex
showed even greater interaction, with the highest binding score
of −1333.8 kcal/mol and the lowest energy of −1342.6 kcal/
mol. On the basis of their lower energy scores, it was predicted
that these complexes, especially with TLR4, have strong
binding affinity. Pymol was used for the visualization of the
docked complexes and their interactions (Figure 4A & 5A).

Figure 2. Schematic presentation of the vaccine design including sequences of the selected HTL, LBL, and CTL epitopes, with bracketed numerals
showing their placement in the final vaccine construct. Lastly, there is an overview of the final vaccine construct with adjuvants, linkers, and
epitopes of the final multiepitope MPXV Vaccine construct.

Table 4. Characteristics Analysis of the Peptide Vaccine
Construct

sr.
no. physiochemical properties measurement indication

1 total number of amino acids 247 appropriate
2 molecular weight 26002.27 appropriate
3 theoretical pI 8.95 basic
4 total number of negatively charged

residues (Asp + Glu)
18

5 total number of positively charged
residues (Arg + Lys)

29

6 aliphatic index (AI) 79.8 thermostable
7 grand average of hydropathicity

(GRAVY)
−0.036 hydrophilic

8 antigenicity (using VaxiJen) 0.5272 antigenic
9 solubility upon overexpression (using

SOLpro)
0.843579 soluble

10 allergenicity (using Allergenfp) nonallergen non-allergenic
11 instability index 30.16 stable
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The normal-mode analysis (NMA) was carried out to
determine the molecular stability and functional movements of
the vaccine−receptor complexes (Figures 4 and 5). The major
chain deformed region residues in the vaccine−receptor
complexes were shown by peak points on the deformability
graph. The “hinges/linkers” in the main chain can be identified
using the high deformability regions (Figures 4B and 5B). The
experimental B-factor plot, which represents the average
RMSD values of the docked complex, shows the correlation
between NMA mobility and the vaccine−receptor complexes
(Figures 4C and 5C). The vaccine−TLR2 and vaccine−TLR4
complex’s estimated eigenvalues were 2.919077 × 10−6 and
9.999751 × 10−7, respectively, which represents the motion
stiffness associated with each normal mode (Figures 4D and
5D). Individual (purple) and cumulative (green) variances are
shown for each normal mode of the complex in the variance
bar. The correlation between variance and eigenvalue was
negative (Figures 4E and 5E). A covariance map additionally
depicts the motions that interact between two molecules inside
a complex. In the current investigation, correlated (red),
uncorrelated (white), and anticorrelated (blue) atomic
motions in the vaccine−receptor complexes were used to

describe linked motions among various pairings of residues
(Figures 4F and 5F). Additionally, a specific electric network
map that depicts the vaccine−receptor complex’s pair of atoms
connected by springs was produced. The stiffness and assembly
between comparable atoms of bigger molecules are shown by
colored dots, and rigid springs are represented by darker gray
(Figures 4G and 5G). A stable interaction between the
receptors and the designed vaccine was eventually predicted by
NMA analysis.
3.9. MD Simulations. For molecular dynamic simulations,

Schrödinger LLC’s Desmond software was used. The
simulation time was 100 ns for both complexes; vaccine−
TLR2 and vaccine−TLR4. The RMSD in the bound and
unbound states of the vaccine and receptors TLR2 and TLR4
was calculated and presented as a histogram against the Ca
atoms of the protein for interpretation of the conformational
stability and dynamic properties from the initial configuration
to the final state (Figure 6). Minor deviations from the RMSD
curve imply the stability of the docked complex and vice versa,
like in the present case, i.e., the vaccine in complex with the
TLR2 and TLR4 receptors. In the case of the vaccine−TLR2
complex, the RMSD calculated was 9.5 Å ± 1 Å and showed

Figure 3. (A) Secondary structure of the vaccine formed by the SOPMA server. (B) Vaccine 3D structure modeled by Swiss model and refined
using the Galaxyrefine server. (C) Ramachandran plot exhibiting 93.9% in the Rama-favored region. (D) ERRAT graph indicating a quality factor
value of 99.33.
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no substantial variation after convergence during the whole
simulation period except initial fluctuations between 0 and 40

ns (Figure 6A), while in the case of the vaccine−TLR4
complex, the calculated RMSD was 12.0 Å ± 1 Å and showed

Figure 4. (A) Interaction analysis of vaccine (light-blue) and TLR2 (pink) complex. (B) Deformability. (C) B-factor. (D) Eigenvalue. (E) Variance
map. (F) Covariance map. (G) Elastic network model.

Figure 5. (A) Interaction analysis of vaccine (light-blue) and TLR4 (green) complex. (B) Deformability. (C) B-factor. (D) Eigenvalue. (E)
Variance map. (F) Covariance map. (G) Elastic network model.
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slight variations until 45 ns except some sudden variations at
18 and 42 ns. After that, no significant variations were
identified (Figure 6C). The RMSD plots of both the TLR2
and TLR4 docked complexes indicated their stability. The
observed heightened fluctuations in RMS values in both
complexes can be attributed to the presence of inherently
flexible regions.67,68 This is notably correlated with the
inclusion of loop regions where epitopes and linker sequences
have been inserted in addition to the tPA signal peptide and
adjuvants affixed at the N-terminus. This prominent
fluctuation trend is consistent with the findings reported by
previous studies69,70 as well as supporting the notion of
structural dynamics in this context.

The local alterations along the protein chain can be
characterized using RMSF. In the RMSF plots, regions of the
protein that fluctuate the greatest during the simulations are
indicated by peaks. Therefore, we performed the residual
flexibility analysis to better understand the stability of the
formed complexes, which indicated that both the TLR2 and
TLR4 receptors have lower values of flexibility (Figure 6B,D),
which confirm our analysis.
3.10. Immune Simulation. The C-IMMSIM server was

used to check the immunological simulation profile (Figure 7).
The first graph (A) shows the IgM and IgG primary antibody
responses, with the IgM + IgG rate dramatically rising after the
third injection of the vaccination. Positive immunological

Figure 6. RMSD and RMSF plots for receptors and the vaccine construct complex. (A) RMSD plot of the vaccine−TLR2 complex. (B) RMSF plot
of the vaccine−TLR2 complex. (C) RMSD plot of the vaccine−TLR4 complex. (D) RMSF plot of the vaccine−TLR4 complex.

Figure 7. Immune simulation results of the designed MPXV vaccine construct. (A) Immunoglobulin levels with respect to antigen concentration.
(B) Cytotoxic T-cell population per state. (C) Helper T-cell population per state. (D) B-cell population per state. (E) Production of cytokine and
interleukins with Simpson index.
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outcomes are indicated by graphs (B) and (C), which
demonstrate a significant rise in the generation of cytotoxic
and helper T-cells. The B-cell graph (D) showed that the
immune response is active and consistently high after the third
injection. The interleukin levels and danger level “D” are
shown in the last graph (E), where the apex for risk is too low,
indicating a favorable reaction to vaccination.
3.11. Optimized mRNA Determination Prediction of

the Secondary Structure. The ExpOptimizer tool and Jcat
(Java Codon Adaptation Tool) were both utilized to achieve
codon optimization. Further evaluation of these techniques’
outputs was done using GC content (%) and the CAI. The
JCAT tool’s optimized mRNA sequence displayed a suitable
GC content range and a high CAI score (Figure S3). With the
use of the GenScript server’s Rare Codon Analysis Tool, this
optimized mRNA was further confirmed. There, the factor
CFD, which ended up being 0.00%, determined the absence of
any uncommon codon. This demonstrated the improved
mRNA sequence’s excellent overall translation effectiveness
(Table S3).
3.12. Predicted mRNA Vaccine Sequence. The

predicted mRNA vaccine sequence was constructed as a 5′
m7GCap-5′ UTR-Kozak sequence (containing start codon)-
Optimized mRNA [tPA (Signal peptide)-EAAAK-HBHA
conserved (Adjuvant)-PADRE sequence-GPGPG-TIMGVI-
FLISIIVLV-GPGPG-KPLYEVNSTMTLSCN-GPGPG-
CDSGYHSLDPNAVCE-GPGPG-VVQYEQEIESLEATY- KK-
CQPLQLEHGSCQPV-KK-KNGNTSWNDTVTCP-KK-
TLTGSPSSTCIDGK-AAY- GYEVIGVSY-AAY-FSIGGVIHL-
AAY-EAAAK linker]-Stop codon-(3′UTR)2-Poly(A) tail (120
bases) 3′
In the design, the 3′ and 5′ beta-globin UTRs will increase

translation efficiency, the Kozak sequence will serve as the
protein translation initiation site in many eukaryotic mRNA
transcripts, and the tpa signal sequence will direct the target
protein into the cellular secretion pathway. The 5′-Cap will
halt the degradation of mRNA to facilitate the binding of the
translation factor. At the 3′ end of the mRNA, a poly(A) tail of
120 bases was added to increase stability and translation rate
(Figure 8).
3.13. Prediction of the Secondary Structure. The

secondary structure prediction was carried out by utilizing the
mfold and RNAfold servers. The mRNA sequence was folded
in multifold, yielding a free energy of “−438.00 kcal/mol”. The
overall free energy value provided by the RNAfold was “−
444.96 kcal/mol”, which is near the mfold value and thus
predicted a secondary structure of good quality (Figure S3).
3.14. In Silico Cloning and Safety Analysis of the

Vaccine. Reverse translation and codon optimization of the
vaccine construct were performed using the Jcat server. After
then, the in silico cloning was performed to check how MPXV
behaves in the E. coli strain K12 expression system. pET-28a

was used as a vector, and the vaccines’ optimized sequence was
inserted into it by using the commercially available restriction
site Nru1 by using the Snapgene software (Figure S4). To
ensure the safety profile of the designed vaccine, we performed
its pBLAST against Homo sapiens, which resulted in zero
homology of our vaccine with any human protein. This
indicates that our vaccine is absolutely safe for use, and there
may be no chance of autoimmune response after admin-
istration of the designed vaccine.

4. DISCUSSION
Since the eradication of smallpox in the early 1980s, the World
Health Organization has determined that MPXV is the main
orthopox virus impacting human populations. MPXV is the
next most deadly type of orthopox virus that affects humans,
following the smallpox virus. Most of the medical symptoms of
a monkeypox infection in humans are similar to those of
smallpox. Generalized headaches and exhaustion follow a
feverish prodrome at first. Many individuals have maxillary,
cervical, or inguinal lymphadenopathy (diameter of 1−4 cm)
before and concurrent with the development of the rash. The
WHO established standards for suspected cases of monkeypox
by January 1, 2022. Any person who exhibits an intense skin
rash or lesion along with a preliminary sign of monkeypox
meets the criteria. An individual is thought to be a probable
monkeypox case if another reason cannot account for their
presenting symptoms.71 Monkeypox rash typically starts on the
face, moves down the body, and affects the soles and palms of
the hands. The current outbreak’s rash pattern is a little odd,
though. Bleeding, anal pain, and not even a single lesion were
all reported in various investigations. Large lymph nodes are
hard, sensitive, and occasionally uncomfortable. Smallpox was
not characterized by lymphadenopathy.9

Monkeypox is often a benign condition that rarely needs
supportive treatment. Some people, however, run the danger of
contracting a serious illness that necessitates hospitalization
and medical care. Both people who are at a high risk of
contracting a serious illness, and those who are currently doing
so are advised to receive treatment with antiviral medications.
For monkeypox, no particular antiviral medications were
created. In the past, only three antiviral medications
Tecovirimat, Cidofovir, and Brincidofovir among the numer-
ous that were prescribed for the treatment of smallpox were
known to be successful in treating the MPXV. Monkeypox has
been treated using Vaccinia immunoglobulin, which was
initially created to address the side effects of Vaccinia
vaccination. The antiviral treatments for smallpox, however,
have been demonstrated to be less effective and are unable to
stop the spread of MPXV from asymptomatic patients to
healthy individuals.72

The resistance against orthopox viruses has been declining
since the smallpox vaccination programs were discontinued

Figure 8. Illustration of the designed MPXV mRNA vaccine construct.
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after the disease was eradicated. Additionally, there are animal
reservoirs for the MPXV. These characteristics collectively
make it difficult to stop the spread of monkeypox. Moreover,
there has been no vaccine developed for treating MPXV. The
modified Vaccinia Ankara and ACAM2000 vaccines were
previously used for vaccination against monkeypox; however,
they are not effective for every individual. The adverse effects
that people encounter range from minor ones that endure for 1
to 2 weeks (such as chills and fever, localized pain and
erythema, weariness, and aches in the muscles) to severe ones
(like pericarditis, encephalitis, and myocarditis). In this case,
safe and dependable MPXV immunity building could greatly
aid in the total eradication of the virus.73

mRNA vaccines are an emerging therapeutic approach with
the benefits of high safety and efficacy as well as easy
production and, therefore, have been extensively used in
treating a variety of human diseases, including malignant
tumors.74 Additionally, mRNA vaccines have some built-in
restrictions. The mRNA of vaccines may also break down
quickly after injection and trigger cytokine storms. This poses a
significant obstacle to mRNA delivery. However, the use of the
appropriate carriers can prevent degradation and improve
biosafety, effector presentation, immunological responses, and
biocompatibility.75 Due to their amazing benefits over other
forms of nucleic acids and traditional vaccinations, nucleic acid
vaccines, particularly mRNA-based vaccines, have recently
attracted a lot of attention. mRNA vaccines are quickly
produced and extremely efficient, safe, and economical.
Various mRNA vaccines developed against Zika, HIV-1,
influenza, rabies, and many more viruses have represented a
practical and remarkable subset of vaccinations since the first
successful case of mRNA therapies in 1990.76 Compared to the
dormant virus vaccine that is now available, the predicted
mRNA vaccine design has the potential to be more generally
approved. The reason is that due to its modular nature, it is
easy to customize the mRNA vaccines by the alteration of the
sequence which encodes the target antigen.77 RNA vaccines
have been found to be effective in many infectious diseases
such as rabies, AIDS, and malignancies.78 They are better than
the other types of vaccines because they can be quickly
designed and tested and are highly immunogenic. They are
safe to use as they do not contain live viruses but contain only
antigenic parts, which are able to induce a potent immune
response.78 Once delivered into the host cells, the proteins are
translated into the desired target proteins. The environment of
the cell is then used to digest the proteins. The produced
antigenic peptides are transported to the cell surface by MHC
molecules in order to elicit a strong T-cell-mediated immune
response. Helper T cells hasten the elimination of the
circulating pathogens by stimulating the B cells to produce
neutralizing antibodies. Additionally, helper T cells’ production
of inflammatory cytokines like interferon gamma causes
phagocytes to become activated (IFN-c).79

In this study, the mRNA vaccine against MPXV infections
was developed using an MPXV EEV type-I glycoprotein. The
conserved EEV type-I glycoprotein sequence was originally
created using in silico techniques, after which immunoinfor-
matic analysis was employed to create the vaccine sequence.
The IEDB analysis and numerous other characteristics, such as
antigenicity, allergenicity, conservancy, and toxicity analyses,
were used to determine the T- and B-cell epitopes. The IFN-
gamma, IL-4, and IL-10 inducing properties of only MHC-II
molecules were checked because they play a critical role in the

production of these cytokines by presenting the pathogen-
specific antigens to the helper T-cells. These properties could
not be determined for MHC-I molecules because they do not
interact with the helper T-cells but instead interact with
cytotoxic T-cells to kill the died or abnormal cells.80

Linkers play an essential role in joining the epitopes and
help in the proper functioning of the vaccines.81 Following a
rigorous investigation, different linkers (AAY, GPGPG, and
KK) were used to connect the finalized B- and T-cell epitopes
in order to create a vaccine construct.30,49 These linkers are
immunogenic and boost the immunogenicity of the designed
vaccines. Furthermore, linkers help prevent the epitope-folding
and keep the epitopes separated from each other.82 A typical
form of a linker for joining two protein domains is the AAY
linker. It has been demonstrated that this linker improves the
immunological response to vaccination antigens by making the
antigenic sites more accessible to immune cells. Additionally, it
supports the vaccine’s antigens’ structural integrity.83 Another
popular linker in vaccine design is the GPGPG linker. The
antigens of the vaccine can be folded easily due to the
flexibility of this linker. Additionally, it aids in reducing antigen
aggregation, which can compromise the antigen’s immunoge-
nicity and stability.84 A protein antigen is frequently joined to a
carrier protein, such as a bacterial toxin, by using the KK linker.
A more robust immunological response is produced as a result
of the linker’s positive charge stabilizing the contact between
the antigen and carrier protein.85 Furthermore, EAAAK, an
empirical-helical linker, was employed to increase the stiffness,
boost the stability of the fusion protein, and improve the
bifunctional catalytic activity.83 An HBHA conserved adjuvant,
which has been recognized as an effective and beneficial
adjuvant, was also added to the vaccine sequence to boost the
immunogenicity of the designed vaccine.86 This adjuvant
stimulates the TLR4 protein and causes a number of
immunological reactions.87 The tPA signal sequence was also
added to boost antigen secretion and expression.88 A pan
HLA-DR epitope peptide called the PADRE sequence was
employed in the construction of the vaccine to increase its
potency with minimal toxicity.89

Different in silico servers predicted and validated the
secondary and tertiary structures of the designed construct.
The vaccine construct was docked with the TLR2 (PDB ID:
2Z7X) and TLR4 (PDB ID: 3FXI) immunological receptors,
which are widely present in humans, and subjected to MD
simulation studies for 100 ns to verify the stability of the
vaccine complexed with these receptors. After all of the
confirmation, the vaccine design was then tested using the C-
IMMSIM server to determine the immune response, which
builds an immunological profile based on injections given at
various intervals. Due to the immunological profile’s
heightened T- and B-cell responses, this vaccine construct
was used in the development of the mRNA vaccination
sequence. The mRNA vaccine sequence was created using a
variety of sequences, including the 5′ cap, the 5′ and 3′ UTR
regions, the poly(A) tail, and the back-translated vaccine
construct. For the creation of the vaccine, the 5 and 3′ UTR
regions are crucial. These areas are crucial for increasing the
mRNA’s ability to translate well. The study’s findings showed
that the expression of the protein was prolonged in mRNA
with a poly(A-tail) of 120 lengths. We selected cap 1 (7-
methyl-GpppN20-O-methyl) for the 5′ end-capping. By
combining the 3′ end poly A tail and the 5′ cap, we are able
to lengthen the half-life of the mRNA in this way. The
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translation of the vaccine was additionally enhanced by the
inclusion of the Kozak sequence. The signal peptide produced
by the human tissue plasminogen activator is another amino
acid chain (tPA). The tPA signal sequence enhances the
immunogenicity of the vaccination. Additional invitro and in
vivo research is required to examine the commercial
application of generated mRNA sequences. Unquestionably
required is in vivo verification of the safety and effectiveness of
the potentially ubiquitous mRNA vaccine that was developed
and tested in silico in this study. The experiment involving
animal immunization should then be carried out to evaluate
the immunological reactions. The goal of this project is to
hasten and accurately produce an MPXV vaccine that will be
useful for future vaccine development.
Although some other studies also focused on designing an

immunoinformatics-based vaccine against MPXV, the proteins
utilized in these studies are different from the protein used in
this study.68,90,91 In a similar study, the EEV Type-I membrane
glycoprotein was used, but the predicted epitopes are different
to those predicted in this study.91 Similarly, another study
predicted the epitope “FSIGGVIHL” and used it for the
formulation of the vaccine against MPXV; however, our
designed vaccine binds more strongly with the human toll-like
receptors as compared to the vaccine designed in that study.68

Furthermore, the vaccine designed in this study is effective for
individuals worldwide because the epitopes of vaccine covered
100% of the world population. The designed vaccine is safe for
use in humans because it does not show any similarity to
human proteins. The quality of our vaccine 3D formed by
Swiss Model server verified by the ERRAT quality factor also
indicated the very good quality of the designed structure as no
error was found in the structure. All these analyses indicated
that the vaccines designed in this study are worthy of
experimental validation to combat the deadly virus.

5. CONCLUSIONS
The ongoing monkeypox outbreak and higher infection rates
are becoming a worldwide concern. To diagnose patients early
and stop the spread of the virus further, mutual efforts are
required. Additionally, vaccinations for contacts, researchers,
and healthcare professionals are needed. Being very deadly, it
was suggested that an effective vaccination method be
proposed for its cure. Thus, we had proposed an mRNA-
based vaccine for treatment of monkeypox in our study using
an in silico method. Our study successfully designed a
multiepitope mRNA vaccine as an effective candidate against
MPXV infection. However, it should be tested and determined
by meticulous in vitro, in vivo, and clinical studies for further
validation of its efficacy. Our studies may aid in building a
potential future MPXV vaccine in the coming years.
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