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Abstract

Background: Monkeypox virus (MPXV) is a novel virus that has been disseminated around the globe and caused human disease.
Over 86 thousand infection cases have been reported, which has concerned the World Health Organization (WHO). Given the
challenges faced due to the spread of MPXV, an immune-mediating therapy to prevent infection by MPXYV is invaluable to aid
large-scale public health practices. In this field, the mRNA vaccine could be a sufficient way to control the virus's transmissibility
around worldwide study; we used immunoinformatic approaches that aided the pathway to develop the novel mRNA vaccine.

Methods: In the first step, we gathered three key proteins (A35R, cell surface binding, and M1R) conserved in Cowpox as well as
Vaccinia viruses for the design of vaccines and computed the potent immunogen epitopes that the engineered vaccines assemble
with the fused finalized epitopes and Beta-defensin 3 adjuvant that is a major stimulation of dendritic cells (DCs), along with the
PADRE and TAT sequences were added. The vaccine construct was modeled with Robetta tool and validated by PROCHECK,
ERRAT, and Z-score. Physicochemical properties were also investigated and confirmed to be favorable. Disulfide engineering,
immunological simulation, and molecular docking with TLR3 were performed. Finally, the construction of mRNA was designed
in silico, the mRNA vaccine structure was predicted, and then the molecular dynamics simulation was performed to investigate
the TLR3-vaccine complex.

Results: The eighteen final epitopes were predicted. The engineered multi-epitope protein, entails 350 amino acids and had good
structural quality, as quantified through an ERRAT value over 99%. Also, engineering of disulfide bond was performed in order
to augment the construct stability of the MPXV vaccine. The Ramachandran analysis was utilized to further corroborate the fa-
vorable ¢ (phi) and y (psi) angles, with the aminoacids localized to the highly favorable or permitted regions. The design of the
mRNA construct was achieved by incorporating the 5’UTR, start codon, signal peptide, open reading frames, stop codon,3’UTR,
and polyA. In addition, the immune simulation showed sustained immune response. Also, the molecular dynamic simulation
(MDS) and energy analyses suggested that the vaccine-TLR3 complex binding was stable.

Conclusion: An mRNA vaccine was designed to provoke a robust immune response against MPXV while offering immunopro-
tection against Cowpox and Vaccinia. The present work analyzed the structure of a novel multi-epitope vaccine, which indicated
it could be an effective option against MPXV infection. Future study is recommended to confirm the immunomodulatory role of
the designed MPXV vaccine.
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Introduction

Infection by the monkeypox virus (MPXV)
affects both animals and humans (1). The mon-
keypox virus (MPXV) is a member of the Ortho-
poxvirus genus of the Poxviridae family. It has
a double-stranded (ds) DNA genome with 197
kilobases (kb) in length and encodes about 190
open reading frames (ORFs). MPXV ORFs direct
viral replication within the host cells (2). The for-
mation of MPXVs is oval or brick-shaped, with
dimensions measuring 200 by 250 nm (3). Other
members of the orthopoxvirus genus are vaccinia
virus (VACV), cowpox virus (CPXV), smallpox
virus (SPXV), and several other animal pathogen
poxviruses (4).

MPXV first emerged in a monkey. Later, the
first human infection dates back to 1970 in Con-
go, where it rapidly caused an endemic and dis-
seminated throughout Africa (5). The current
monkeypox outbreak, which was initially report-
ed in Europe in a limited number of human cases
in early 2022 has been linked to global warming
and numerous effects on the weather in the world
(6). As of 2023, 86,746 confirmed cases and 112
deaths had been reported globally. By then, at
least 100 nations had recorded the dissemination
of MPX. Intriguingly, the WHO has estimated
mortality rates of about 3-6% from monkeypox
in spite of historically increased death rates (7).

The symptoms of MPXV include fever, rash,
headache, flu, and lymphadenopathy (8). Extra-
cellular enveloped virus (EEV) and intracellular
mature virus (IMV) are the two most contagious
types of MPXV (9). MPXV is primarily spread
through close contact with an infected individu-
al. Most cases that contract MPXV recover within
2 weeks to 1 month. Currently, there is no ver-
ified therapy for MPX in the US. Nevertheless,
Tecovirimat, which is an antiviral medication, is
a potentially suitable option for the treatment of
certain cases influenced by MPXV (10,11).

According to recent research, in mice, immu-
nization with DNA encoding L1R (an IMV pro-
tein) and A33R led to the development of neu-
tralizing antibodies against L1R and IgGs against
A33R (12). An innovative mRNA vaccine that
expresses a fusion protein made of the extracel-
lular domain of monkeypox A35R, and the M1R
has recently been shown to be efficient in induc-
ing both cellular and humoral immunities against

the viral infection (13). M1R (myristoylated sur-
face membrane protein of IMV), an anscestrally
conserved protein which is important for virion
assembly and cell entry (14). In a similar fashion
to the VACV A33R, research has shown A35R is
an envelope glycoprotein capable of inducing ac-
tin-rich microvilli and promoting efficient trans-
fer of viral particles between cells.

The field of immunotherapy design is fast-mov-
ing, with biological therapies, CAR T-cells, and
the design of novel vaccine technologies (15-17).
To develop vaccines, candidate pathogen secre-
tory proteins must predict B and T cell epitopes
(18,19), such as cell surface binding protein,
A33R, and L1R. However, the Food and Drug
Administration in the US approved the Jynneos
vaccine against monkeypox and smallpox exper-
imentally, which is safe for prevention (20). In
the future, it may decrease its efficacy if the vi-
rus mutates (21), and ACAM2000 provided the
protective vaccine with around 85% effectiveness
against MPXV (22). Experiences associated with
the COVID-19 mRNA vaccine highlighted the
significance of high-quality mRNA vaccines in
preventing viral infection, such as Moderna and
Pfizer-BioNTech showed the efficiency of the new
generation of vaccine (23).

The comparison of different research based
on immunoinformatics approaches is helping
to progress the vaccine product and keep on ex-
periments in vivo (24,25). Several immunoin-
formatics approaches that designed the different
multi-epitope vaccines against MPXV that were
used in this research (26,27). The mRNA-based
vaccines are a novel type of vaccines against can-
cer and infectious pathogens (28). Compared to
DNA-based vaccinations, mRNA vaccines have
greater biosafety characteristics because antigen
or multi-epitope translation takes place in the cy-
toplasm (29).

Moreover, mRNA vaccines can be adjuvanted
and bind to pattern-recognition receptors (30).
Taking into account the implications of such
virulence, our research aimed to design and en-
gineer an mRNA multi-epitope vaccine which
could potentially provoke humoral as well as
cell-modulated immunological responses target-
ting MPXV. In this line, we focused on indicated
immunogenic epitopes extracted from three im-
portant target proteins, namely cell surface bind-
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ing protein, A35R, and MI1R. The major aspects
of these proteins in the virus’s infectivity and im-
mune evasion render them optimal candidates
for immune-mediating treatment development.
It was a comprehensive computational study
wherein we selected Immunoinformatics tools
for epitope detection and prioritization of the
vaccine candidates with considerable immuno-
genic potential. This work is novel in engineer-
ing a trivalent mRNA vaccine that shows MPXYV,
CPXYV, and VACV-conserved epitopes. Through
targeting key conserved epitopes, the designed
immunotherapy may trigger broad protective
immunological responses towards MPXV as well
as closely associated orthopoxviruses, including
CPXV and VACV. This cross-immunoprotective
feature is in particular useful for the mitigation
of outbreaks linked to zoonotic orthopoxvirus-
es and for complementing preparedness against
future poxvirus pathogen outbreaks. Additional-
ly, this computational method will also warrant
the selection of highly immunogenic and non-al-
lergic epitopes, as a result, maximizing the safe-
ty and eflicacy of the immunogenic candidate.
It is also crucial to understand the induction of
two branches of adaptive immune response (hu-
moral as well as cell-mediated), which addition-
ally enhances its long-lasting immune response.

Opverall, the results of the present work constitute
significant clues that help vaccine design strate-
gies against MPXV and for the emerging and
re-emerging poxvirus infections.

Materials and Methods

Extracting Proteins, validation, prediction of
epitope, and identifying the conservation of
epitopes in Cowpox/Vaccinia virus

The sequence of 3 proteins of Monkeypox
(A35R (NCBI Accession Number: AGR35269.1),
Cell surface-binding protein (Uniprot Accession
Number: AOAOF6N859), and M1R (Uniprot Ac-
cession Number: QJQ40223.1)) was extracted
from National Center for Biotechnology Infor-
mation (NCBI) and uniport. The VaxiJen server,
which has viral module functionality, was used
to test the antigenicity of proteins (http://www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.
html). For the mentioned purpose, Immune Epi-
tope Database (IEDB) online server (http://tools.
iedb.org/mhci/, http://tools.iedb.org/mhcii/) is
used for the prediction of CTL and HTL with the
IEDB recommended method and frequent alleles.
The workflow chart of the research is demonstrat-
ed in Figure 1. At last, we searched the epitopes
in Blastp to identify the similarity of the epitopes
with Cowpox and vaccinia virus proteins.

Extracting the cell surface
protein binding, A35R, MIR

Prediction of
epitopes

*Immunogenic

* Antigenic

*Physico-chemical
properties

*Toxicity and Allergincity

* Analysis of [IFNy and IL4
epitopes

*Population coverage
analysis

Ebdqeqa0acaa0oanGann:

] Molecular Dynamic
Simulation

vaceine

l

Secondary and Tertiary structure ‘

{ Construction of multi-epitope

Computing Binding Free Energy

‘ Molecular Docking ‘

Figure 1. The pathway of designing of mRNA vaccine based on multi-epitopes against the Monkeypox virus.
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Construction and characterization of
multi-peptide

After the prediction of immunogen epitopes for
the A35R, cell surface-binding protein, and M1R
proteins, we used the various linkers to bond the
candidate epitopes for designing a monkeypox
multi-epitope vaccine. The CTL and HTL epi-
topes were linked using EAAAK, GGGS, GPGPG,
and AAY linkers. These immunogenic linkers aid
in the development of vaccines that increase im-
mune responses. After that, the use of human Be-
ta-defensin 3, that are antimicrobial peptide and
has a role in the maturation of human Langerhans
cell-like dendritic cells, and Thl to enhance im-
mune responses that have an important role in
innate immune response (31,32). Beta-defensin 3
was added to the N-terminal of the vaccine con-
struct, and the EAAAK linker linked the PADRE
sequence (13 aa) to increase the immunogenic-
ity (33), then the GGGS linker connected CTL
and HTL epitopes. The CTL epitopes linked with
AAY and the HTL were linked by GPGPG, and
at the C-terminal, TAT and 6x-Histidine were
added, as demonstrated in Figure 1. In addition,
the evaluation of the multi-epitope vaccine used
Protparam tools (https://web.expasy.org/prot-
param/) to assess physico-chemical properties
such as half-life, theoretical PI, molecular weight,
and grand average of hydropathy (GRAVY). We
assessed antigenicity, toxicity, and allergenicity
of multi-epitope vaccine using Vaxijen (34) and
ANTIGENpro  (https://scratch.proteomics.ics.
uci.edu/), Toxinpred (35), Algpred (36) servers.
Blastp has been employed in the study of human
protein epitopes for non-homology to avoid auto-
immune reactions (37).

Analysis of IFNy and IL4 epitopes in multi-epi-
tope vaccine

Interferon-gamma (IFNYy) is the main cytokine
for innate and adaptive immunity against viral in-
fection (38). IFNYy is a crucial macrophage activa-
tor and inducer of the production of the MHC II
protein (39) Interleukin-4 has a critical role in the
stimulation of activated B cells and T cells, and
B cells to plasma cell differentiation. In this case,
for analyzing the multi-epitope sequence using
IFNepitope  (https://webs.iiitd.edu.in/raghava/
ifnepitope/scan.php) and IL4pred (https://webs.
iiitd.edu.in/raghava/il4pred/scan.php) server to

detect the position of IFNy and IL4 inducer, we
used IFNepitope with the SVM algorithm, and
the other option was the default. As well as, for
IL4pred using the default setting.

Secondary and tertiary structure prediction
with evaluation of a multi-epitope vaccine

To predict secondary structure utilized
PSIPRED  (http://bioinf.cs.ucl.ac.uk/psipred/)
and SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/
npsa_automat.pl?page=/NPSA/npsa_sopma.
html) server to calculate the percentage of Heli-
ces (H), stand (S), and Coil (C). Then, DISOR-
DER3 in PSIPRED was carried out to predict the
disorder sites. Furthermore, for the prediction of
the tertiary structure of the multi-epitope vaccine
implemented, the Robetta server (https://robetta.
bakerlab.org/) was used for 3D structure model-
ing. Robetta is a server for the prediction of pro-
tein structure based on Continuous Automated
Model Evaluation (CAMEOQO) (40). Afterward, to
validate the quality of the 3D structure multi-epi-
tope vaccine used online validation ProsA-web
server (https://prosa.services.came.sbg.ac.at/
prosa.php), PROCHECK, and ERRAT (https://
saves.mbi.ucla.edu/) for analyzing the structure
of multi-epitope vaccine.

Engineering of the Disulfide bond

Disulfide engineering is an important field
that aids in the development of multi-epitope
constructs and improves the quality and stabili-
ty of protein constructs that utilize the disulfide
engineering approach to improve the stability
of protein constructs. Disulfide engineering was
performed in this field using Disulfide by Design
v2.0 (http://cptweb.cpt.wayne.edu/DbD2/index.
php) for amino acid mutation into cysteine for
the formation of unique disulfide bonds in the
manufactured vaccine. In addition, we compared
the quality of the constructed vaccine after engi-
neering the disulfide bond with ProsA-web, PRO-
CHECK, and the ERRAT server.

Linear and discontinuous B-cell epitope pre-
diction

In this work, we estimated discontinuous and
linear B-cell epitopes in 3D structure using the
ElliPro online server (http://tools.iedb.org/elip-
ro), and the analysis of different methods has been

http://igj.tums.ac.ir

335

Immunol Genet J, Vol. 8, No. 4, 2025, pp.332-356



Aram et al.: In silico Immunogenic Protein Design Against Monkeypox

proceeding in BCEpred (https://webs.iiitd.edu.in/
raghava/bcepred/bcepred_submission.html) this
method predicted the continuous or linear B-cell
epitopes from various physicochemical proper-
ties such as accessibility, hydrophilicity, antigenic
propensity, exposed surface, flexibility, turns, and
polarity.

Molecular Docking of TLR3 and constructed
vaccine

The study of molecular docking was run to
investigate the interaction and binding between
immune receptors, such as toll-like receptor 3
(TLR3) (41,42). For this purpose, an online serv-
er HDOCK (http://hdock.phys.hust.edu.cn/) was
employed (43), which TLR3 (PDB ID: 2a0z) was
downloaded from RCSB and got ready for molec-
ular docking that Chimera UCSF v1.16 used in
this study. To demonstrate the interaction such
as salt bridge, hydrogen bond, and non-bonded
contact utilized PDBsum generate a server (44).

Norm mode analysis

The conformational stability of the TLR3-vac-
cine complex was studied with iMODS server
(http://imods.ch aconlab.org). The server rep-
resents NMA mobility, B-factor, Ei-genvalues,
linkage matrix, variance, and covariance map.
The analysis supports us in indicating the dynam-
ic motion and rigidity of the complex's construc-
tion.

Molecular Dynamics simulation and binding
free energy

The molecular dynamic simulation of the con-
structed vaccine and TLR3 complex was achieved
using the GROMACS version 2023 software, and
VMD was used to visualize and confirm the en-
circled TLR3-vaccine complex for detecting the
molecular dynamic system. The OPLS-AA force
field and the creation of the system included the
solvent (TIP3P) and 0.15 concentration of salt to
peruse the simulation in blood osmolarity and the
complex centered in a triclinic box (45). The mini-
mization of the TLR3 vaccine was Fmax<1000 kJ/
mol nm, and that included the NVT and NPT sta-
bilization continually. The fever temperature state
was patterned to use the 310 KX and 1 Bar pres-
sure with Berendsen thermostat that approached
the real situation in the blood that the pressure

and the temperature state set to 100 picoseconds.
The MD run was conducted for 100 ns. The com-
plex was prepared by energy minimization, NVT,
and NPT steps, and the production 100-ns MD
run which produced the final trajectory. Finally,
we calculated the Root-mean-square deviation
(RMSD), Root-mean-square fluctuation (RMSF),
and gyration.

Computing the Binding Free Energy with MM/
GBSA Method

The HawkDock web server (http://cadd.zju.
edu.cn/hawkdock/) was used to compute the
binding free energy (AG) for TLR4-vaccine be-
fore and after 10 ns MD simulation. Molecular
Mechanics/Generalized Born Surface Area (MM/
GBSA) is the trustworthy method that calculat-
ed the Delta G (46). The formula of this method
follows;
AGbind =AEMM +AGGB +AGSA -TAS (1)
AEMM = AEinternal +AEelectrostatic +AEvdw

(2)

Codon Optimizations and mRNA Construc-
tion

The multi-peptide vaccine construct requires
to adapt for codon optimization for adequate
expression in the host cell of humans. We used
JCAT (Java Codon Adaption Tool) server (47) to
optimize the codon for humans. The construction
of mRNA patterned from Moderna mRNA-1273
vaccine against SARS-CoV-2 that the sequence of
that vaccine extracted from NCBI (OK120841.1)
that MPXV mRNA vaccine consists of 5 m7G-
Cap, 5' Untranslated regions (5'UTR) (48), Start
Codon (49) Signal Peptide, Open Reading Frame
(ORF), Stop Codon, 3’UTR-PolyA (50) that Po-
lyA improves mRNA stability, translational activ-
ities and avoid from nuclease degradation (51). In
addition, for the prediction of the mRNA vaccine
construct was used the mfold server (http://www.
unafold.org/mfold/applications/rna-folding-
form.php).

Immune Simulation

The C-ImmSim web server (http://150.146.2.1/
C-IMMSIM/index.php) was used to model the
immunological response to a multi-epitope vacci-
nation. In this study, we simulated vaccine injec-
tion without LPS and selected the 3 injections at
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time steps 1, 84, and 144 to evaluate the immune
response over 11 weeks. The simulation steps
were used 1010, and the other option was in the
default setting.

Population Coverage Analyzing

The discovery of population coverage about
multi-epitope vaccine, the vaccine epitopes with
corresponding HLA alleles were added into the
population coverage analysis of IEDB (http://
tools.iedb.org/population/) that some locations
were selected for this analysis such as Europe,
Asia, Africa, America, and world analysis. In ad-
dition, we selected classes I and II combined for
our analysis, and the rest of the options were de-
fault.

MHC Cluster Analysis

In the majority of animals, the MHC genetic
region exhibits high polymorphism. Most MHC
molecules still have their unique specificity un-
characterized. Based on their projected binding
specificity, MHC class I molecules (MHC I) are
functionally clustered using the MHC cluster tool
(52). The program offers graphical tree-based and
heat-map-based depictions of the functional link
between MHC class I and class II variations that
are incredibly easy to understand. This study uti-
lized the MHCcluster server. The setting for MHC
Iincluded the HLA prevalent and highly frequent

MHC alleles, and for MHC 1II, used the HLA-
DR representatives (DRB1_1501, DRB3_0101,
DRB1_0701, DRB4_0101, DRB1_1402,
DRB1_1101, DRB1_0803).

Result

Validation of protein and Prediction of epitope

Twelve MHC I epitopes were forecasted using
the IEDB server (each with a percentile rank <
0.05). From each protein (A35R, cell surface
binding, and M1R), four epitopes were chosen.
Moreover, six MHC II epitopes were selected to
augment the stimulation of the innate immune
response, as described in detail in Table 1. The an-
tigenicity score of A35R, cell surface binding, and
MIR showed 0.49, 0.53, and 0.63, respectively.
In order to analysis of Blastp of epitopes showed
that the A35R epitopes is related to CPXV168
and EEV glycoprotein, in CPXV and VACV that
demonstrated in Figure 2.

Construction and validation of a multi-epitope
vaccine

We used 12 CTL and 6 HTL based on a high
prediction score (Table 1). The final step for de-
signing the Monkeypox vaccine was the insertion
of all the predicted immunogenic epitopes for
A35R, Cell surface binding, and MI1R that were
linked with different linkers. The AAY, GPGPG,
and GGGS linkers were utilized to combine CTL

(-

(A

(B

(]

A35R

Cell surface-binding

M1R

| |

|

EEV glycoprotein [Vaccinia virus]

IMV membrane protein [Vaccinia virus]

CPXV099 protein [Cowpox virus]

Query 1 KVASSTTQY ©
EVASSTTQY

Sbjct 86 KVASSTTQY 094

Query 1

sbjct 224

KLNDDTQVY 9
ELNDDTOVY
KLNDDTQVY 232

RFYIRQHHGCNITVE 15
RFYIRQHHGCHN TVE
Sbjct 40 NFYIROWHGCNLTVE 54

Query 1

CPXV168 protein [Cowpox virus]

KVASSTTQY 9
KVASSTTQY
Sbject 87 EVASSTTQY 85

Query 1

IMV membrane protein [Vaccinia virus]
NFYIRQNHGCHITVE 15
NFYIRQNHGCH TVE
Ebjet 40 WFYIRQNHGCNLTVE 54

Query 1

Figure 2. The Blastp analysis of the proteins from cowpox and the vaccinia virus revealed that the A35R, cell-binding,
and MIR epitopes are all conserved. (A) The T-cell epitopes that are conserved with EEV glycoprotein and CPXV168.
(B) IMV membrane protein of Vaccinia virus is conserved with cell surface-binding protein. (C) T-cell epitope of M1R

is conserved with CPXV099 and IMV membrane proteins.
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Table 1. The candidate of T lymphocyte epitopes (CTL and HTL epitopes) and their related MHC alleles

) ) . Percentile Homology in Cowpox
Protein MHC | Epitope Allele Position Rank and Vaccinia Virus
HLA-A*30:02 .
KVASSTTQY HLA-B*15:01 86-94 0.01 Homology with the
A3SR TVYGDKIQGK LAer 03:01 17-26 0.04 CPXV168 protein and EEV
DVSQEVRKY HLA-A*Ol:Ol 170-178 0.02 glycoprotein
AAASSTHRK AL 78-86 0.03
KYIEGNKTF HLA-A*24:02  268-276 0.01 .
cegi:é:;ace' YSGEINLVHW HLA-A*23:01  87-96 0.04 m::’ﬂ“;giiy V:O'ttzl':na\; g
roteiﬁ RLKTLDIHY HLA-B*15:01  20-28 0.01 e apnh e
P KLNDDTQVY HLA-A*01:01  224-233 0.02 Y
LANKENVHW HLA-B*58:01  220-228 0.01 T
V1R TTVNTLSER HLA-B*57:01 9-17 0.01 membraniy i and
TTYMDTFFR HLA-A*68:01  229-237 0.02 CPXVOQQp .
MYYAKRMLF HLA-A*23:01  201-209 0.01 protein
A . i, Percentile Homology in Cowpox
Protein MHC Il Epitope Allele Position Rank and Vaccinia Virus
HLA- Homology with the
CIRISMVISLLSMIT
DRB1*15:01 36-50 0.7 CPXV168 protein and EEV
A3SR TTWLIDYVEDTWGSD HLA- 141-155 0.9 glycoprotein
DRB3*01:01
Cell surface- HLA- Homology with IMV
bindin IAIVFVFILTAILFL DRB1*07:01  279-293 0.12 membraniy otein and
X '8 IIIAIFLQVSDHKNV HLA- 115-129 0.59 o P N
protein DRBﬂ*DlIOl carpbonic annydrase
TYMDTFFRTSPMIIA ALA Homology with IMV
* . _
M1R NFYIRQNHGCNITVK DRB:ILE_?'OI zig_éj‘q 0.27 membrane protein and
DRB3*02:02 CPXV099 protein

and HTL epitopes. At the N-terminal, we added
Adjuvant Human Beta defensin 3, and the PA-
DRE sequence was inserted, and the immunogen
CTL and HTL were connected with the GGGS
linker, and at the C-terminal, we inserted the TAT
sequence and 6H-Histidine. The general con-

struction is Adjuvant-EAAAK-PADRE-GGGS-
CTL-AAY-CTL-GGGS-HTL-GPGPG-HTL-
GGGS-TAT-HHHH. In addition, the assessment
of the multi-epitope vaccine showed in Table 2,
explained the stability, Allergenicity, Toxicity, An-
tigenicity, and other physico-chemical properties.

Table 2. The physicochemical properties and measurement of trivalent mRNA vaccine.

Property Measurement
Molecular

38,021.60 Da
weight
Formula C1719H2638N4680480515

Theoretical pl
Ext. coefficient
Instability index
Aliphatic index

Half-Life

9.47 (Basic)
66,740 M~ cm™
31.73 (Stable)

77.66 (Thermostable)
30 hours (mammalian reticulocytes, in vitro) >20 hours (yeast, in vivo) >10 hours

(Escherichia coli, in vivo)

Antigenicity
Toxicity
Allergenicity
GRAVY

ANTIGENpro (0.799), Vexilen v2.0 (0.46)

Non-Toxin
Non-Allergen
-0.071 (Hydrophilic)
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Analysis of IFNy and IL-4 epitopes in mRNA
vaccine based on multi-epitope

The analysis of the multi-epitope vaccine pre-
dicted epitopes that can stimulate IFNy and IL-4,
as shown in Figure S1. We gathered the epitopes
and characterized the region of the epitopes. We
Discovered the IFNYy that predicted 149 epitopes
that induced IFNYy and the length of epitope was
15 at positions 24-71,62-78, 68-83, 74-90, 89-114,
74-96, 71-86, 100-116, 133-154, 160-183, 185-
200, 189-206, 193-211, 209-228, 215-230, 246-
272,260-288, 306-325, 312-329, 316-350.

Prediction of secondary structure, modeling,
and 3D structure validation

We carried out the secondary structure analy-
sis by PSIPRED and SOPMA and predicted the
alpha-helix percent, beta-sheet, and random coil,
which is shown in Figure 3. The structure con-
tains 39.71% alpha-helix, 23.14 beta-sheet, and
37.14% random coil. The 3D structure and con-
struction of the multi-epitope vaccine were indi-
cated in Figure 4, and we used the Robetta server
for the prediction of the tertiary structure of the
vaccine. The validation of the tertiary structure

=

A

of the multi-epitope vaccine was performed by
PROCHECK, ERRAT, and Z-score that validated
and the result has shown the (92.3%) 277 residues
in most favored regions, 16 residues (5.3%) in ad-
ditional allowed regions, 3 residues (1%) in gen-
erously allowed regions, and 4 residues (1.3%) in
disallowed regions that got in Ramachandran plot
and the ERRAT analysis showed 99.115 scores
that have a high quality in prediction of tertiary
structure and also the Z-score showed the 6.02
score (Figure 3).

Disulfide bond

Disulfide engineering was used to stabilize the
structure. The energy value of chi3 varied from -87
to +97, indicating that suitable residues change
into cysteine. Furthermore, Analysis of identi-
fied residue pairs for variation and engineering of
disulfide bonds includes CYS23-39LYS, GLY66-
GLY131, ALA106- LEU135, ALA140-1LE148,
ALA152-GLN160, LEU267-GLY274, MET306-
THR317, PHE316, ALA336, GLN320-CYS324.
The variation of structure is demonstrated in
Figure 5. Furthermore, tertiary structure's qual-
ity was improved and the stability of construction
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Figure 3. Estimation of the MPXV's 2D structure and tertiary structure validation. (A) The PSIPRED server predicted the
secondary structure of the multi-epitope vaccination (B) Z-score validation that showed the quality of tertiary structure
(C) Ramachandran plot that demonstrated the residues in the most favored region.
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Figure 5. The MPXYV vaccine is suitable for disulfide bond engineering.
Disulfide bond engineering was performed by changing suitable amino acids to Cysteine, which may have resulted in a

more stable design.

increased so the Z-score grow up to 6.25.

Prediction of linear and conformational B-cell
epitopes

We anticipated linear and discontinuous B-cell
epitopes by Ellipro and BCEpred online server,
which are gathered in Table 3,4, and Figure 6.
The multi-epitope vaccine structure showed the
location of discontinuous epitopes.

Molecular docking with TLR3-vaccine

Role of innate immune elements such as Toll-
like receptors (TLRs) and inflammasomes (53-
55). The interaction of a Toll-like receptor (TLR)
is crucial for the carriage of antigenic molecules
and the stimulation of the immune response. The
result of docking showed the modeled vaccine has
significant interaction with TLR3 that predicted
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Table 3. The contentious and discontinuous B-cell epitopes.

No Position Continuous B-cell epitopes score

No

Number of

Discontinuous B-cell residues .
residues

score

TYMDTFFRAAYMYYAKRMLFGG

1 191-219 GSCIRIS 0.779

GIINTLQKYYCRVRGGRCAVLS
Q 0.753

ACYRLKTLDCHY

3 139-150 0.725

KAAYKYIEGNKTF

4 113-125 0.721

AGPGPGNC

5 309-316 0.71

EDTWGSDGPGPGIA

6 243-256 0.684

EQIGKCSTRGRCCC

7 28-41 0.669

8 265-272 AICFLGPG 0.644

B:A309, B:G310, B:P311, B:G312,
B:P313, B:G314, B:N315, B:C316,
B:T327, B:v328, B:K329, B:G330,
B:G331, B:G332, B:S333, B:T334,
B:G335, B:C336, B:L337, B:L338,
B:A339, B:A340, B:G341, B:A342,
B:A343, B:A344, B:H345, B:H346,
B:H347, B:H348, B:H349, B:H350
B:F196, B:A199, B:A200, B:Y201,
B:M202, B:Y203, B:Y204, B:A205,
B:K206, B:R207, B:M208, B:L209,
B:F210, B:G211, B:G212, B:G213,
B:S214, B:C215, B:1216, B:R217,
B:1218, B:S219, B:D240, B:E243,
B:D244, B:T245, B:W246, B:G247,
B:S248, B:D249, B:G250, B:P251,
B:G252, B:P253, B:G254, B:1255,
B:A256, B:V258, B:F261, B:1262,
B:A265, B:1266, B:F268, B:L269,
B:G270, B:P271, B:G272, B:275
B:G64, B:G65, B:A114, B:A115,
B:Y116, B:K117, B:Y118, B:1119,
B:E120, B:G121, B:N122, B:K123,
B:T124, B:F125, B:Y128, B:A139,
B:C140, B:Y141, B:L143, B:K144,
B:T145, B:L146, B:D147, B:C148,
B:H149, B:Y150, B:V161, B:Y162,
B:A163, B:A164, B:Y165, B:L166,
B:A167, B:N168, B:K169, B:E170,
B:N171, B:V172, B:H173, B:W174,
B:A175, B:A176, B:Y177, B:T178,
B:T179, B:V180, B:N181, B:S184,
B:E185
B:G1, B:12, B:I13, B:N4, B:T5, B:L6,
B:Q7, B:K8, B:Y9, B:Y10, B:C11,
B:R12, B:V13, B:G15, B:G16, B:R17,
B:C18, B:A19, B:V20, B:L21, B:S22,
B:C23, B:E28, B:Q29, B:130, B:G31,
B:K32, B:C33, B:S34, B:T35, B:R36,
B:G37, B:R38, B:C39, B:C40, B:C41
B:A188, B:T191, B:Y192, B:D194,
B:T195, B:R198

32 0.774

48 0.741

49 0.726

36 0.716

6 0.637

the 10 poses that can bind to TLR3 as well as done.
The molecular docking top score showed -352.51
with a 0.98 confidence score and 87.41 ligand
RMSD (A), which was selected. Thus, the analy-
sis of the interaction between immune receptors
performed with the PDBsum server demonstrat-
ed interface contact of vaccine-TLR3 that in-
cluded one salt bridge, 14 hydrogen bonds, and
219 non-bonded contacts, as shown in Figure 7.
The hydrogen bond residues with vaccine-TLR3

are: TYR10-TYR123, ARG42-ASN148, LYS329-
THR166, TYR79-ARG222, TYR76-ARG251,
TYR76-ASN252,  TYR79-ASN275,  LYS89-
ASN275, SER72-GLU301, SER71-GLU301,
GLN75-GLU301, LYS68-TYR302, SER72-
TYR302, and SER72-TYR302 that having bond
distance< 3.19 A.

Norm mode analysis (NMA)
NMA was then conducted using the iMODs
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Table 4. Physico-chemical Continuous B-cell epitopes

Prediction parameter Epitope sequence

Hydrophilicity

GKCSTRGRK, RRKKEAA, AAGGGSK, ASSTHRKA, KLNDDTQVY, TGPGPGTT, EDTWGSDGPGPG,

QVSDHKNVG, RONHGCN, KGGGSTGA
YYCRVRG, EQIGKCSTRGRKRRKK, KAAAGGGSKVA, YDVSQEV, AAASSTH, DTWGSDGP,

Flexibility NITVKGGGS

INTLQKYYCRVR, CLPKEEQIGKCSTRGRKCCRRKKEAAAK, ASSTTQYA,

Accessibility

YTVYGDKIQGKAAYDVSQEVRKYAAYA, ASSTHRKAAYKYIEGNKT, YRLKTLD, AYKLNDDTQVY,

YLANKENVHW, NTLSERAAYTTYMDT, YMYYAKRML, QVSDHKNVGP, NFYIRQNHGCN,

Exposed Surface
Turn

KEEQIGK, RKCCRRKKEAAAK, SQEVRKY, HRKAAYKYIEGNK, KLNDDTQ,
KLNDDTQ, RONHGCNI, AAAHHHHHH

KYYCRVRGGRC, SCLPKEEQIGKCSTRGRKCCRRKKEAAAK, VSQEVRKYAA, ASSTHRKAAYKYIEGNK,

Polarit
y ANKENVHWA, GAAAHHHHHH

TLQKYYCRVRG, CAVLSCLPKE, YDVSQEV, CIRISMVISLLSMI, TWLIDYV, IVFVFILT, IFLQVSDH,

Antigenic Property HECNITV

= %

Discontinuos Epitopes

Figure 6. (A) 2D plot of the position of discontinuous B-cell epitopes. (B) The 5 predicted discontinuous B-cell epitopes
using the Ellipro tool of the IEDB database that the results score were between 0.63-0.77 and the number of residues
between 6-49. (Yellow residues: Conformational B-cell epitopes)

server to assess the biophysical stability and vari-
ations of the TLR3-vaccine complex. The result
of iMODs is demonstrated in Figure 8. The vari-
ations in the atomic location seen in Figure 8A
were reflected by the B-factor. The eigenvalue pre-
sented in Figure 8B represents the stability of the
TLR3-vaccine complex. The TLR3-vaccine com-
plex has an eigenvalue of 2.798282e-05, which
suggests that the structure is stable and that less
energy is needed to distort it. Peaks on the de-
formability chart, observed in Figure 8C, denot-
ed the complex's non-rigid part. The relationship
between variance and eigenvalue is inverse. Indi-
vidual variance is depicted in Figure 8D in red,

whereas cumulative variance is shown in green.
Each dot in the graph denotes one spring between
the matching pair of atoms, which is represent-
ed by an elastic network graph. Stiffer springs are
shown by a darker gray color in Figure 8E of the
graph. The covariance map demonstrated the re-
lationship between pairs of residues, as illustrat-
ed in Figure 8E, where the red, blue, and white
colors represent correlated, anti-correlated, and
uncorrelated pairs of residues.

Molecular dynamics simulation
MD simulation is important in forecasting the
stability of complex, flexibility, and compactness
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Figure 7. (A) Molecular docking between Vaccine and TLR3 (B) The interaction of chain A and chain B and the resi-
dues of vaccine and TLR was shown. (C) Several residues that made interaction such as bridge salt, hydrogen bond, and
non-bonded contact.
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Figure 8. Norm mode analysis of TLR3-vaccine complex. (A) B-factor (B), Eigenvalue plot (C), Deformability (D),
Variance plot. The red color indicates individual variance, and the green color shows the cumulative (E) Elastic network
plot. The dark color indicates the rigid regions (F) in the Co-Variance plot. The red color indicates correlated; blue indi-
cates anti-correlated; and white indicates uncorrelated
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that is carried out by GROMACs. The TLR3 and
vaccine complex were simulated, and the results
were analyzed by graphing data for RMSD, RMSF,
and Radius of gyration (Rg). The minimization
and two steps equilibration (NVT, NPT) of the
system and complex were done as shown in Fig-
ure S2.

Stability Analysis

The assessment of structural stability is execut-
ed by RMSD graph (Figure 9). After 30 nano -
seconds the complex started to become a stable
structure. The RMSD plot predicted average,
standard deviation (SD), and variance values of
about 0.455 nm, 0.070, and 0.004, respectively.
The TLR3-vaccine complex supports structural
stability and strong binding to TLR3.

Cc Gyration
32
341
E 30
29
R o e et I A e e 1
0 50000 100000
Time (ps)
E

v 1
o 50000 100000

Time (ps)

Root-mean Square Fluctuation

Calculation of RMSF can help to estimate the
total flexibility of each atom of the TLR3-vaccine
complex that is computed. In addition, the RMSF
of each atom showed stable fluctuation that RMSF
profiles of the TLR3-vaccine complex indicated
that most of the atoms had average RMSF profiles
of about 0.2 nm, and the larger changes were only
for a few atoms. The detailed information was
demonstrated in Figure 9.

Radius of Gyration

The radius of gyration (Rg) is frequently used
to evaluate a protein's compactness in molecular
dynamics simulations of proteins. At the initial
time, the radius of gyration increased and then
decreased from 20 ns and after 25 ns get stable

B RMSF

TLR3-Vaccine H-bond

Number of Bonds

Figure 9. Molecular dynamics simulation. (A) Root-mean-square deviation (RMSD), (B) Root-mean-square fluctuation
(RMSF), (C) Gyration, (D) TLR3-Vaccine H-bond, (E) SASA, (F) SASA per residue

until 100 ns. The average changes of the Rg are
about 2.99 nm with 0.033 SD. The result showed
the stability and stiffness of complex. Also, free
energy landscape analysis has been calculated
and presented. The graph shows energies ranging

from -13.2 to 0 KJ (Figure 9b).

MM/GBSA Calculation
The calculation of binding free energy of the
complex (TLR3-vaccine) was calculated and the
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MM/GBSA method was used before MD simu-
lation and after 10 ns as shown in Table 5. The
total energy binding before simulation was -20.93
kcal/mol, and then after a 10 ns simulation, -55.1
kcal/mol. Although both complexes are predict-
ed to have negative binding energies, the docked
structure is highly affine and conformationally
stable. The findings also suggest that the contri-
bution of negative electrostatic energy aids in the
generation of negative binding energy.

Codon Optimization and mRNA Construction

The JCAT online server was performed to do re-
verse translation and made mRNA that length of
mRNA vaccine 1062 nucleotides to sufficient ex-
pression in human cells. The CAI value was fore-
cast to be 0.95 that are acceptable and significant.
The mean GC content percentage of optimized
construct was 67.71% the optimal percentage of
GC content requires to be around 30-70% which
in this case is the expression of mRNA efficiently

Figure 9b. Free energy landscape analysis of molecular dynamics simulation

in host cells. To design of the mRNA vaccine used
different sequences to express in Human host cells
sequences including 58 m7GCap-5UTR-Sig-
nal peptide-Start Codon-Multi-epitope vaccine
(Open reading frames)-Stop codon-3" UTR-
Poly(A) tail that showed in Figure 10A that the
final mRNA vaccine consists of 1340 nucleotides.
In addition, for the prediction of mRNA structure
used the mfold server that showed the secondary
structure of the mRNA vaccine (Figure 10) and
the free energy for the whole mRNA construct
was anticipated by the server. The least free en-
ergy of the secondary mRNA structure was se-
lected, and the AG=-537.80 kcal/mol, and other
structural elements were in supplementary data.

Immune Simulation

For immune response stimulation, we used 3
injections of the MPXV vaccine (Figure 11). The
levels of IgM were raised in comparison with IgG.
Interestingly, the immunological feedbacks after

TableS. Binding free energy of multi-epitope-TLR3 using the MMGBSA method

Energy components (kcal/mol)

TLR3-vaccine complex

Before MD simulation

After MD simulation (100 ns)

Delta G (AG) -20.93 -55.1

Van der Wall energy -148.83 -143.3

Electrostatic energy 129.74 -116.64

Electrostatic solvation energy 17.73 222.98

Non-electrostatic solvation energy -19.57 -18.14
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Start codon Multi-epitope vaccine  Stop codon

Figure 10. The construction of mRNA vaccine based on multi-epitope against MPXV that adapted to human cells for
optimal translation. RMSD, RMSF, gyration and SASA are analyzed for the TLR3-vaccine complex. H-bonds between
TLR3 and vaccine are also analyzed for the 100-ns trajectory. (A) Parts of the sequence (B) Energy map (C) structural
map (D) connectivity map of the predicted RNA.

Figure 11. Immune simulation: (A) Immunoglobulins and antigens. Antibodies are classified according to their isotype.
(B) Dendritic cells. MHC class-I and class-II molecules can both be exposed to antigenic peptides by DC. The curves
display the overall number divided into the categories of active, resting, internalized, and displaying the ag. (C) CD8+
T-cytotoxic lymphocytes count per entity-state. (D) Cytokines. The inset plot's high level of cytokines and interleukin D
is a warning indicator. (E) CD4+ T-helper lymphocytes count subdivided per entity-state (i.e., active, resting, anergic,
and duplicating). (F) CD4 T-helper lymphocytes count. The plot shows total and memory counts. (G) Macrophages. Total
count, internalized, presenting on MHC class-II, active and resting macrophages. (H) Each entity-state's B lymphocyte
population is represented by counts for active cells, class-II-presenting cells, internalized Ag, duplicated cells, and anergic
cells. (I) Each isotype of plasma B cells (IgM, IgG1, and IgG2) is counted separately. (J) Epithelial tissues. The total count
is divided into active, virus-infected, and class-I MHC molecule-presenting cells. (K) Natural Killer cells (total count).
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second as well as the third dose were suggest-
ed to be more prominant than the first immune
response. When the antigen was decreased, the
concentration of immunoglobulin was stabilized.
The mentioned raise could indicate training and
that the antigen encounter led to the generation
of immune memory; this could indicate trained
immunity. An increase in the counts of memo-
ry B-lymphocytes following three dosages and
the other B isotype we observed were found to
be substantial humoral feedback during the time.
The B-lymphocytes population activity was dis-
covered as well as the proliferation of B-lympho-
cytes is raised. Additionally, the CTL/HTL with
memory (mem) cells and the macrophage activ-
ity was enhanced in that the dendritic cell (DCs)
response was present for the three dosages of
vaccine, and the total population differed in in-
tensity, ranging from 100 to 250 per mm?®. At the
end of the immune simulation study, there were
enhanced amounts of IFNy, TGF-, and IL-10 in
the levels of cytokines.

Analysis of Population Coverage

For a wide range of alleles, we evaluated the
global population coverage for 18 epitopes using
the Immune Epitope Database (IEDB) population
coverage server. The analysis of worldwide popu-
lation coverage indicated major heterogeneity in
the efficacy and availability of vaccines based on
region. The global coverage was favorable. Also,
an average regional coverage of 73.96% and a de-
viation of 20.39% were reported. This suggested
considerable differences in population represen-
tation, modulated by both genetic diversity and
differing allele frequencies in various populations.

European and North American areas indicat-
ed an almost complete maximum coverage high-
lighting the potential capacity of the vaccine to be
utilized in continental regions of similar genetic
composition. Of note, these regions also showed
the highest average hit rates (25.61% and 23.49%
respectively) and pc90c (17.19%, 16.15%), in line
with strong immunological activation as well as
high probability of population-wide efficiency.
Moreover, Central Americascored the lowest, cov-
ering only 7.78% with an average hit of 0.47% and
pc90c of 0.43%. It is suggested that future studies
attempt to capture a wider range of the popula-
tion, even though our designed protein proved to

be effective based on computational predictions,
in most subpopulations. These numbers uncov-
ered an obvious heterogeneity in vaccine efficien-
cy, possibly stemming from varied allelic rates or
an underrepresentation of Central American ge-
netic profiles in the pipeline of developing the in
silico MPXV immunotherapy. In Northeast Asia,
the mean rate of covered population was 61.88%
with a hit of 5.08% and pc90c 1.05% which are
rather favorable. There is heterogenous coverage
in Africa with West Africa improving to 81.33%
and Central Africa reporting 65.92% coverage.
West Africa exhibits enhanced immunologi-
cal activation potential (8.52% mean hit, 2.14%
pc90c¢) in spite of similar moderate mean hit rates
and pc90c values (8.52%, 2.14%). In Asian areas,
coverage is heterogeneous, with East Asia exhib-
iting an above-average coverage of 78.16%, ac-
companied by a moderate average hit and pc90c.
In a similar fashion, good coverage trends were
calculated for South Asia as well as Southeast Asia
(71.43%, 66.66%), yet, lower measured levels of
immune activation metrics suggest the impor-
tance of improving vaccine engineering to spe-
cific alleles within populations within these areas.
The MPXV vaccine offers better coverage in the
West Indies compared to others, with a striking
coverage of87.78% and average immunological
activation statistics (9.75% hit, 3.27% pc90c), in-
dicating good applicability of the vaccine to this
subpopulation. In that regard, Oceania achieves
a substantial scoring 78.04% coverage representa-
tive of efficient vaccines. Overall, our results may
indicate both the success of the vaccine, which
achieved broad coverage in the population, but
also areas in need of further optimization and
specialized candidates targeted to special popula-
tions. MPXYV targeting approach via designing an
immunogenic candidates needs to be adapted to
certain regions of the globe where, even though a
great bonus in Europe or North America, obtain-
ing comprehensive coverage, Central America,
Southeast Asia, and areas of Africa with reduced
coverage and baseline immunological activation
demand a different approach in order to achieve
worldwide coverage (Figure 12).

MHC Cluster Analysis
The analysis of MHC I and II was performed by
the MHC cluster server that showed the relation
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of corresponding MHC I /II alleles that demon-
strated the heat map and phylogenetic trees in
Figure S3.

Discussion

Monkeypox virus is the newest virus to spread
after the COVID-19 pandemic that spread all
over the world. In addition, we have not had an
extreme pandemic like SARS-CoV-2; therefore, it
might be harmful in the future. The effectiveness
of vaccines could change when mutations occur
at the population level (56,57). The development
of reverse vaccinology, immunoinformatic, and
proteomics data aids in designing potential and
efficient vaccines (58). While it is a relatively new

technology, the mRNA approach to vaccine de-
sign has drawn significant interest in recent years
due to its numerous advantages over traditional
vaccine methods. They are not made from live
viruses, nor do they contain common additives
that come with risks. Some mRNA vaccines have
the ability to influence multiple pathogens (vi-
ruses and even non-infectious etiologies such
as cancer) and mount strong immunological
responses for versatile immunoprotection. The
multi-epitope mRNA vaccine in this project
seeks to provide immunoprotection across related
viruses (59,60). The mechanism of the engineered
mRNA vaccine is briefly illustrated in Figure 13.

Even though the two candidates employ dif-

Figure 12. (A) Global Population coverage in different locations that showed the highest coverage in the world (B) World
map that showed the population coverage (The dark green with the highest population coverage and the light one with the

lowest population coverage).

ferent mechanisms of action, ACAM2000 and
JYNNEOS vaccines both have proved to be ef-
ficacious against MPXV (61). Recent research
has suggested that a single dosage of the JUN-
NEOS vaccine provides solid immunoprotec-
tion against MPTXV infection. Considering a
computed efficiency of 78.23% against MPX, the

immunogenic candidate could be a valuable pro-
phylactic approach to halt the dissemination of
MPXV (62). During pre-clinical studies, several
multivalent mRNA-based MPXV vaccines have
been developed and researched, namely a quad-
rivalent (BNT166a) that encodes the A35, B6,
M1, and H3 MPXV antigens or a trivalent vac-
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Figure 13. The mechanism of mRNA vaccine pathway in the host cell to respond to the B lymphocyte and T lymphocyte.
MHC I/II and T Cytotoxic/ T Helper cell pathway.

The antigenic protein synthesized within the cytoplasm is broken down into smaller fragments by proteasomes. These
fragments are then transported into the endoplasmic reticulum, where they are loaded onto major histocompatibility com-
plex class I (MHC-I) molecules. MHC-I molecules loaded with the antigen fragments are transported to the cell surface,
where they present the antigen to CD8+ T cells. This interaction activates CD8+ T cells, triggering their proliferation
and differentiation into cytotoxic T lymphocytes (CTLs). In parallel, antigen-presenting cells (APCs) can also present
antigen fragments on major histocompatibility complex class I (MHC-II) molecules. CD4+ T helper cells interact with
the antigen-MHC-II complex, leading to their activation and differentiation into various subtypes, such as Thl, Th2, or
Th17 cells. Activated T helper cells release cytokines that orchestrate the immune response. Thl cells, in particular, re-
lease IFNYy, stimulating macrophages to enhance their phagocytic and bactericidal activities. Th2 cells promote antibody
production by B cells, leading to the generation of a robust humoral response. B cells recognize the antigen through their
surface immunoglobulin receptors and receive help from Th2 cells. This interaction triggers B cell activation, leading
to proliferation, differentiation into plasma cells, and secretion of antigen-specific antibodies. Antibodies generated in
response to the mRNA vaccine bind to the target antigen, neutralizing pathogens, preventing their entry into cells, and
facilitating their clearance by other components of the immune system, such as complement proteins and phagocytes.
Adapted from and Created with BioRender.com

cine (BNT166¢) that does not employ the H3
antigen. Both vaccines have been shown to elicit
activation of dominant T-lymphocyte responses
and IgG Abs (346, 356, 365) as well as neutralizing
antibodies for MPXV and vaccinia virus (357,
365). In addition, BNT166a/BNT166¢ demon-
strated strong immunoprotection towards vac-
cinia virus and class-I as well as class-IIb MPXV.
It is worth highlighting that the BNT166a vac-
cination presented an extraordinary efficacy in
the prevention of death. The data in this study
indicate that multivalent mRNA immunothera-
pies may potentially elicit strong immunological
responses (63). The mRNA-based method of im-
munotherapy development was found to induce

a much more powerful immunological response
than the biological agents from the early immu-
notherapies and against conventional immuniza-
tion methods in many instances. It is crucial to
note that mRNA-based immunotherapies have
their special challenges as well. The COVID-19
mRNA immune-modulating curatives have been
associated with certain adverse events, such as lo-
cal injection site reactions, fever, or fatigue, and
in a few patients, severe reactions such as myo-
carditis or anaphylaxis have been reported. Even
though these adverse reactions are primarily
transient and can often be successfully treated
in nature, current evidence highlights the im-
portance of extensive safety evaluations for any
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new mRNA-reliant immunomodulatory candi-
dates. Furthermore, the potential of deleterious
sequelae in certain subpopulations also calls for
the necessary degree of caution in maintaining
any clinical studies into future generations of all
the experiments, especially for an immunother-
apy that is aimed at a much wider demographic
spectrum (64).

The present work employs immunoinformatic
approaches to engineer a suitable mRNA vaccine
that can stimulate a potent immunological re-
sponse targeting MPXYV, cowpox, and vaccinia vi-
ruses. The MPXV possesses multiple surface pro-
teins that need to be examined for designing the
advanced mRNA vaccine to prevent the infection.
The first step consists of the identification of im-
munogenic antigens and is the most crucial part
of the engineering of the multi-peptide that will
undergo reverse transcription into an mRNA vac-
cine. The three antigens (i.e. A35R, cell surface
binding and M1R) using the probable antigen to
design a vaccine against MPXV and those anti-
gens are conserved in Cowpox and Vaccinia virus
to design the trivalent mRNA vaccine (65). An
experiment recently designed a multi-epitope im-
munotherapy targeting A30L, A35R, A29L, L1R,
MIR, and E8L. The present experiment attempt-
ed to target A35R, cell surface-attaching proteins,
and M1R (66). Of note is that the proposed vac-
cination is a trivalent offering with various ben-
efits. As suggested by our preliminary data, this
novel in silico MPXV immunotherapy can pro-
voke broad and robust immunological responses.
The present strategy targeted three MPXV anti-
gens. Preclinical screening of related mRNA im-
munogenic candidates, particularly BNT166a/c,
has demonstrated the potential to induce T-lym-
phocyte feedbacks, raise IgG Ab levels, in addition
to mounting neutralizing activity against either
MPXV or similar orthopoxviruses. It is notable
that BNT166g induced strong immunoprotection
towards lethal viral challenges, highlighting the
potency of mRNA immunogenic options.

After that, we selected the most immunogenic
epitopes that can be used to generate an efficient
vaccine from the IEDB server. To create the final
vaccine, we connected the anticipated immuno-
genic epitopes from A35R, Cell surface binding,
and M1R using various linkers such as EAAAK,
GGGS, GPGPG, and AAY. This multi-peptide

construct can induce a broad immune response
against the target viruses (67). An important as-
pect of this study was the analysis of IFNy and
IL-4 epitopes in the multi-epitope vaccine. In-
cluding epitopes that induce both humoral and
cellular immune systems is crucial for generating
a comprehensive immune reaction. IFNy is key
for immunity against viral infections, activat-
ing macrophages and inducing MHC II protein
production (68,69). Furthermore, the conserved
T-lymphocyte epitopes between Monkeypox,
Vaccinia, and Cowpox demonstrated the signif-
icance of target proteins. The analysis of our de-
signed vaccine demonstrated structural stability,
thermal stability, antigenicity probability, and
non-allergenicity, which have favorable values for
vaccine design.

IL-4 stimulates the proliferation of B cells and
T cells and the differentiation of B cells (70,71).
To analyze multi-epitope sequences and iden-
tify IFNy and IL-4 inducers, we used the IFNe-
pitope server with an SVM algorithm. The pre-
diction of secondary and tertiary structures of
the multi-epitope vaccine, along with their vali-
dation, provided valuable insights into the stabil-
ity and antigenic properties of the vaccine. Un-
derstanding the structural characteristics of the
vaccine is crucial for its proper folding, stability,
and recognition by the immune system. We uti-
lized the online server to estimate the secondary
and tertiary structure and quality of the 3D struc-
ture of the multi-epitope vaccine (25,72). Anal-
ysis of the integrity of our engineered vaccine
construct using protein quality assessment tools
(ERRAT, PROCHECK, and Ramachandran anal-
ysis) corroborated its construct integrity, indicat-
ing that 92.3% of amino acids were localized to
most allowed areas. Implementation of disulfide
bond design enhanced the stability of the MPXV
vaccine, and the Z-score displayed an enhanced
construct quality with a more favorable Z-score
value which was improved from 6.02 to 6.25.

The engineering of disulfide bonds in the vac-
cine is a strength of this study. Disulfide bonds
play a quintessential function in maintaining the
structural integrity of proteins. Through engi-
neering disulfide bonds, we enhanced the stability
of the vaccine, antigenicity, as well as resistance to
proteolytic degradation (73). We highlight the sig-
nificance of predicting linear and conformational
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B lymphocyte cell epitopes in the multi-epitope
vaccine for which the score was between 0.77 and
0.64. These epitopes can interact with antibodies,
inducing the production of neutralizing antibod-
ies essential for virus clearance or neutralization.

For the interactions of TLR3 and the designed
vaccine, molecular docking was conducted. Since
TLR3 perceives viral components and ampli-
fies immune responses, this assessment offered
insight into the strength of binding (-352.51).
Additionally, predicted one salt Bridge and 14
H-bonded interactions for the interface of the
vaccine and the TLR3 complex. Such observation
provides important data concerning, not only
the TLR3 receptor (a leading innate immune
molecule selectively activated by vaccines) but
also the molecular interaction registered between
the engineered vaccine and TLR3 (74,75).

The docked complex containing the stabilized
vaccine structure and TLR3, was moved onto
the molecular dynamics simulation phase. With
advancements in computational resources and
improved all-atom force fields, MDS provides a
valuable tool to predict the conformational evo-
lution of systems governed by Newtonian mo-
lecular mechanics. The all-atom forcefield-based
approach was chosen for simulating the MPXV
vaccine-TLR3 complex. The vaccine-TLR3 com-
plex was analyzed for the flexibility of protein
regions, surface accessibility to solvents, and
binding energies (76). The binding free ener-
gy (AG) calculation indicated that energy was
reduced from —20.93 to —55.1 Kcal/mol at the
end of the simulation, as a result supporting the
stable and strong binding of vaccine-TLR3. The
van der Waals energies supported stable binding,
yielding -148.8 Kcal/mol and -143.3 Kcal/mol at
the beginning and end of the simulation, respec-
tively. This indicates that hydrophilic interactions
are stable throughout the MD run. Assessment
of electrostatic energy showed a value of 129.74
Kcal/mol in the beginning and -116.64 Kcal/mol
in the last frame of the MD production run. This
is likely due to the way polar interactions either
strengthen or disrupt as the conformation of the
protein complex adapts to the solvent. The elec-
trostatic solvation energies were 17.73 Kcal/mol
and 222.98 Kcal/mol, respectively, potentially re-
flecting the effect of the solvent in the modula-
tion of the polar regions in the protein complex.

Non-electrostatic solvation energies were -19.57
Kcal/mol and -18.14 Kcal/mol, before and after
the MDS, respectively. Nevertheless, it still af-
firms that the TLR3-vaccine complex binds very
stably, but the complex was adapting to the sol-
vent (TIP3P water) throughout the MDS.

This made possible a more precise computa-
tion of the binding free energy of the vaccine-re-
ceptor complex. Analysis of the conformational
stability of the TLR3-vaccine complex using the
iMODS server was accomplished. This analysis
shed light on the relationship between complex
dynamic motion and rigidity with the aid of fac-
tors such as NMA mobility, Ei-genvalues, B-fac-
tor, variance, covariance map, as well as linkage
matrix (77).

The reverse translation of the vaccine construct
using the JCAT online server showed that pro-
duction in humans could be accomplished with
a total mRNA length of 1062 nucleotides. The
CAI value of 0.95, which characterizes efficient
translation of the host system, verified this opti-
mization. The GC content of the optimized struc-
ture was computed to be 67.71%, which was in
the accepted range of 30 to 70%. Complementary
to supporting efficient mRNA expression, this
balanced GC content may also provide construct
stability and reduced degradation risk, as a result,
augmenting the translational potential of our
MPXV candidate in host cells.

The MPXV mRNA vaccine design was care-
fully optimized to mimic natural mRNA motifs
for optimal stability as well as translational ef-
ficiency. We assembled an mRNA consisting of
the following key components: a 58 m7G cap, 5X
UTR, a signal peptide, start codon, the multi-epi-
tope immunotherapy open reading frame (ORF),
stop codon, 3X UTR, and a poly(A) tail. These
elements ensure the mRNA's integrity, efficient
translation, and immune activation. These com-
ponents are key for mRNA stability, efficient
translation, and immune activation. The resultant
construct, 1340 nucleotides long, was optimized
for strong expression. This mRNA vaccine has
a tertiary structure, as computed by the mfold
tool, which shows its thermal dynamic stabili-
ty. A very low free energy was computed (AG =
-537.80 Kcal/mol), which is indicative of a high-
ly stable structure, required for translation to
proceed fluidly, and reacting via conformational
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change with host cellular machinery. This stable
secondary structure attenuates the potential for
degradation by RNases while simultaneously
maintaining the appropriate functional confor-
mation sensed through ribosomes to begin trans-
lation. The range of expected mRNA secondary
constructs (supplementary material) further
deciphered the favorable structural aspects of
the built mRNA immunogenic candidate. Fur-
thermore, incorporation of optimised regulatory
elements such as the 5¥ UTR and 3X UTR is in
keeping with mRNA vaccine constructs for other
infectious diseases, which are shown to improve
stability and translation efficiency. In summa-
ry, the low AG and the nucleotide optimization
indicate the benefit of this design strategy com-
pared to classical immunotherapy constructs. The
mRNA vaccine structure developed here presents
a careful balance of stability, efficacy, and im-
munogenicity. Furthermore, the construct and
thermodynamic features of the mRNA addition-
ally validate its potential as a potent and efficient
target for vaccinology. In vitro and in vivo ex-
periments will need to be done to determine its
expression efficiency and immune response. The
immune system plays a major role in the course
of infection in humans (53,78,79). Bioinformatics
studies could help estimate the safety and effica-
cy as well as rapidly validate immunotherapeutic
candidates such as mRNA and protein vaccines,
CAR T-cells, T-cell engagers and many other type
of immunomodulatory candidates (80,81) Such
results indicate that there is good potential in em-
ploying computational approaches to accelerate
the design of immunogenic candidates (82-84),
making way for scalable, safe, as well as effective
vaccine development towards new pathogens
such as MPX.

The immunostimulatory features of the vac-
cine were assessed using C-ImmSim. These
simulations provide invaluable information on
the kinetics of immune cell activation, cytokine
production, and the efficacy of the suggested
candidate in stimulating an immune reply (85).
We performed a population coverage analysis
to assess the effectiveness and coverage of the
multi-epitope vaccine across diverse populations.
In contrast to the previous study, the candidate
vaccine has better population coverage (66). By
considering the diversity of MHC alleles within

each population, we predicted the percentage of
individuals who would potentially respond to the
vaccine. In the end, we utilized the MHCcluster
server to analyze MHC I and MHC II alleles.
This analysis revealed the relationship between
corresponding MHC I/1I alleles. This information
is important for predicting the vaccine efficacy
and immunogenicity in various individuals. A
significant drawback of our approach was the in-
ability of reverse vaccinology to identify non-pro-
tein targets such as polysaccharides. Another
limitation of our study was the potential for an
extended MDS trajectory. In recent years, multi-
ple immunoinformatics approaches have changed
the pipeline for vaccine development, making it
possible a cost-efficient and accelerated design of
candidates. These pipelines are still speculative.
This is because they rely on a limited set of existing
known databases , which may not cover the com-
plete complexity of host-pathogen interactions or
new circulating variants. The potential to precise-
ly forecast epitopes relies on good input data di-
versity, and certain immunological features, such
as post-translational changes or structural con-
formations, may be neglected. These forecasts are
made via computational approaches that require
experimental confirmation. Indeed, it is necessary
to confirm all the predicted candidates through
rigorous preclinical studies to validate their im-
munogenicity, safety profile, and efficiency is cru-
cial. As a result, even though Immunoinformatics
provides a valuable platform for screening vac-
cine targets, good quality experimental studies
are necessary to follow their results to offer prac-
tical safety and efficacy (86,87). Therefore, future
experimental studies will be conducted in vitro
and in vivo, such as cell lines and animal mod-
els, to validate these findings (88). Computational
biology could be used to facilitate vaccine design
against various disease conditions (89). In times
of pandemic and outbreaks such as COVID-19
and MPXYV, rapid development of therapeutics
and investigation of their immunological un-
derlying is of utmost importance. This process
could be facilitated by computational biology ap-
proaches (90-93). In addition to pharmaceutical
products, a wide range of herbals have been sug-
gested for infectious and non-infectious diseases
(94-96). Also, we believe targeting herbals as well
as modern medicine products could be facilitated
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by Immunoinformatics analyses which could
be attempted in the future. By pursuing these fu-
ture directions, the project can contribute to the
development of a potent mRNA vaccine with
broad protection against monkeypox, cowpox,
and vaccinia viruses. Clues from the present
study could address the medical need for effective
vaccines against these viral infections and make
a considerable influence on public health. Addi-
tionally, we believe using Immunoinformatics in
the outbreak era of MPX is especially useful as
rapid design of candidates is very crucial to slow
the progress of the infection and mortality rates.
Bioinformatics-assisted vaccine design makes
possible the rapid design of such candidates. Fur-
ther wet lab experimentation to validate vaccine
in the present study is highly suggested.

Conclusion

The main aim of this study was to provide ini-
tial computational clues on the engineering of a
new mRNA vaccine employing a multi-epitope
strategy to stimulate humoral and cell-regulated
immunity targeting MPXV. Immunogenic epi-
topes extarcted from three of the key proteins
of MPXV, namely cell surface binding protein,
A35R and M1R was accomplished using compu-
tational Immunoinformatics approaches. The se-
lected proteins have high immunogenic potential
and could as a result be effective aims for immu-
notherapy design. The investigation portrays the
generation of a novel trivalent mRNA vaccine,
that especially targets the previously identified
epitopes from the MPXV as well as the conserved
epitopes shared with CPXV and VACV. This
special architecture broadens immunological
reactions and is believed to deliver immunopro-
tection and protects against a variety of Ortho-
poxvirus infections. Using conserved areas com-
mon to these related viruses, the immunotherapy
could display robust immunological responses,
enhancing protection from MPXV, CPXV, and
VACYV infections. This effort is a key advancement
in the development of mRNA vaccines building
on computational efforts to forecast and validate
immunogenic epitopes in an mRNA based im-
munotherapy which could be utilized to address
Orthopoxvirus outbreaks. This versatile design
of the trivalent mRNA vaccine is capable of in-
ducing protective immunity by simultaneously
targeting multiple viral proteins with cell surface

receptor binding, A35R, and MIR proteins to act
as immunological targets. Further experimental
validation of this approach and the candidate
vaccine will be needed to understand its effica-
cy. We believe the present study could provide a
valuable pipeline for rapid design of immunogen-
ic candidates. Further wet lab study is warranted.
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