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ABSTRACT

Monkeypox virus is an infectious agent that causes fever, Pneumonitis encephalitis, rash, lymphaden-
opathy and bacterial infection. The current outbreak of monkeypox has reawakened the global health
concern. In the current situation of increasing viral infection, no vaccine or drug is available for mon-
keypox. Thus, there is an urgent need for viable vaccine development to prevent viral transmission by
boosting human immunity. Herein, using immunoinformatics approaches, a multi-epitope vaccine was
constructed for the Monkeypox virus. In this connection, B-Cell and T-cell epitopes were identified and
joined with the help of adjutants and linkers. The vaccine construct was selected based on promising
vaccine candidates and immunogenic potential. Further epitopes were selected based on antigenicity
score, non-allergenicity and good immunological properties. Molecular docking reveals strong interac-
tions between TLR-9 and the predicted vaccine construct. Finally, molecular dynamics simulations
were performed to evaluate the stability and compactness of the constructed vaccine. The MD simulation
results demonstrated the significant stability of the polypeptide vaccine construct. The predicted vaccine
represented good stability, expression, immunostimulatory capabilities and significant solubility. Design
vaccine was verified as efficient in different computer-based immune response investigations. Additionally,
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the constructed vaccine also represents a good population coverage in computer base analysis.

Introduction

Human monkeypox (MPX) is a rare viral infection caused by
smallpox-like orthopoxvirus. In April 2022, hundreds of
MPXV-positive cases were reported from more than 30 coun-
tries. At the end of July 2022, World Health Organization
(WHO) declared the recent monkeypox (MPX) outbreak a glo-
bal health emergency. MPXV is a close family member of the
variola virus, the causative agent of smallpox, which killed
300 million people worldwide in the twentieth century
(Kenneth, 1993). MPXV has a 200-kilobyte double-stranded
DNA genome (Shchelkunov et al., 2001). Although MPXV is
not a natural host for the virus, it was named when the virus
was discovered in a laboratory for the first time in 1958.
Monkeypox is a zoonotic disease, and the infection is fre-
quently severe in children (Magnus et al, 2009). MPXV is
transmitted mostly by contact with infected individuals and
animals, along with infected material. The diseases can be
prevented by avoiding close contact with infected individuals
and animals, and also contaminated products.

Monkeypox is a neglected disease prevalent in Central
and Western Africa. However, it has recently gained inter-
national attention as a result of more than 100 confirmed
and suspected cases (by 21 May 2022), affecting more than
ten countries especially Australia, North America and Europe.
It is predicted that the number of instances would increase
worldwide (Potter et al., 2007). Bunge et al. analyze the trend
of suspected and confirmed cases of MPXV over the last
50years. The number of cases has increased over time: only
47 cases were reported during 1970-1979, 356 cases in
1980-1989, 520 cases in 1990-1999, 10,166 cases in
2000-2009 and over 19 thousand cases in 2010-2019 (Bunge
et al., 2022). In 2020 and 2021, the WHO Bulletin reported
about 6200 and 9400 confirmed and suspected cases,
respectively (Impouma et al., 2018). Smallpox immunizations
protect against monkeypox, and TPOXX, a smallpox medica-
tion, is promising and effective against monkeypox. Two US
FDA-approved vaccines that can protect against monkeypox
are JYNNEOS and ACAM2000. Unfortunately, there is still a
need to develop a safe and effective multi-epitope vaccine
against monkeypox.
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Figure 1. Workflow and tools used in this study.

Resistance to antiviral medications is prevalent, therefore
novel treatments that target viral sites are critical for treating
monkeypox (Fine et al., 1988). To prevent uncontrollable
spread, more intensive surveillance, and research on MPXV
biology, history, transmission mode, host interactions, drug
targets and vaccine development are extremely crucial.
Governments, academics, industries and healthcare systems
work together to achieve this goal.

The conventional approach to vaccine development is
risky and time-consuming. However, the immunoinformatics-
based multi-epitope vaccine approach is an attractive
alternative. Different vaccines are developed by using immu-
noinformatics approaches against human infections caused
by H. pylori (Naz et al, 2015), Ebola virus (Bazhan et al.,
2019), Marburg virus (Hasan et al., 2019), Mokola Rabies virus
(Aa et al, 2017) and Crimean-Congo hemorrhagic virus
(Nosrati et al., 2019). In this study, we designed an effective,
safe and thermodynamically stable epitope-based vaccine for
monkeypox, to trigger innate and adaptive immune responses.
Here we employed an immunoinformatics approach to design
non-allergic, and top-most antigenic epitopes for vaccine

development, and the workflow is presented in Figure 1. The
findings provide the way for the construction of the
Monkeypox vaccine; however further experimental validation is
needed to reduce the Monkeypox disease.

Methodology
Sequence retrieval

The reference sequence of the monkeypox (accession no:
AAQ09810.1) was first retrieved from NCBI (https://www.ncbi.
nlm.nih.gov/protein/ AAQ09810.1), and then subjected to
protein-protein blast (Blastp) against the non-redundant
database and the resulting top 6 sequences (including the
reference sequence) were retrieved as FASTA format.
Multiple sequence alignment was conducted by the MUSCLE
v3.6 program. Phylogenetic analysis of all 6 sequences was
performed using Mega X. Different immunoinformatics tools
and software were used for the development of the multi-
epitope vaccine against monkeypox. First, the sequence was
submitted to online tools Vaxijen 2.0 (Doytchinova & Flower,
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2007a) and AllerTop (Dimitrov et al., 2014) to check antige-
nicity and allergenicity. Further, the Soluprot (https://losch-
midt.chemi.muni.cz/soluprot/) (Hon et al., 2021) tools were
employed to check the soluble protein expression in
Escherichia coli. Physical and chemical characteristics were
predicted via the online server Expasy (https://web.expasy.
org/protparam/) (Wilkins et al., 2005). Similarly, the secondary
structure was predicted via the online server, Psipred (http://
bioinf.cs.ucl.ac.uk/psipred) (Jones, 1999).

Prediction of B-cell and T-cell epitopes

Selecting effective B-cell epitopes requires surface accessibil-
ity. Thus, the Emini surface accessibility tool was used to
evaluate surface accessibility. IEDB Resource (http://tool.iedb.
org/main/) (Nielsen et al., 2003) was used to predict the
B-cell and T-cell epitopes and the binding scores were calcu-
lated for T-cell epitopes with MHC-I and MHC-II. The thresh-
old value was kept at 0.5 and ICs, scores were assigned by
the online server. A threshold score of more than 0.5 was
taken as a good epitope candidate. IC5q and binding affinity
are inversely proportional to each other. Mean if ICso value is
small, epitope binding affinity to MHC-II will be high. 1Cs5q
values <10nM < 100nM <1000 nM means high, intermedi-
ate and low binding affinity with MHC-II.

Protein construct allergenicity prediction

To check the antigenic and allergic behavior of B-cells and T-
cells epitopes, online servers Vaxilen v2.0 (Doytchinova &
Flower, 2007b) and AllerTop (Dimitrov et al, 2014) were
used. The epitopes with a higher value than the reference
and non-allergic were chosen for further research.

Population coverage

Using the online IEDB Analysis Resource, MHC-I and MHC-II
epitopes were used to predict population coverage (tools.
iedb.org/population/). A vaccine construct was designed
using B and T cell epitopes with high binding affinity, non-
allergenicity and antigenicity. Based on earlier works
(Bhattacharya et al, 2020; Shams et al, 2020), AAY and
GPGPG, linkers were used to connect all MHC-I and MHC-II
epitopes, respectively. Further, the EAAAK linker was used to
bind the adjuvant to the N-terminal of the vaccine construct
(Arai et al., 2001).

Secondary and tertiary structure prediction
and validation

PSIPRED 3.3 online server (http://bioinf.cs.ucl.ac.uk/psipred/)
and TrRosetta web (Du et al., 2021) server were used to pre-
dict the secondary and tertiary structures of the vaccine con-
struct. Galaxy Refine (https://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE) was used to validate the vaccine.
For further verification, ProSA-Web (Wiederstein & Sippl,
2007) Ramachandran Plot and PROCHECK (https://saves.mbi.
ucla.edu/) (Laskowski et al., 2006) servers were used.
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Molecular docking of vaccine construct

The three-dimensional structure of TLR-9 (PDB ID: 3WPF) was
downloaded from PDB. The structure was subjected to
geometry correction and missing residues were added. All
the water molecules were removed. The MOE software was
used to correct the protonation states. Then the structure
was saved in TLR-9.pdb format. The vaccine construct was
docked with the human Toll-like receptor 9 using Cluspro
(https://cluspro.bu.edu) (Vajda et al., 2017), the most exten-
sively used docking server, which is based on six energy
functions. Cluspro predicted the 10 models in about three
hours, based on densely packed low-energy clusters for each
docking parameter. This procedure illustrates how to use
various choices such as creating extra restrictions files, select-
ing various energy parameters and analyzing the outcomes.
PDBsum (https://www.ebi.ac.uk/thornton-srv/databases/pdbsum/
Generate.html) was used to evaluate the vaccine and TLR-9
interactions.

Codon optimization and MD simulation

The JCat tool was used to optimize codons and reverse the
vaccination sequence (Grote et al, 2005). The JCat program
is also used to guarantee that the vaccination sequence is
expressed in a vector with a high level of expression. Three
extra parameters were chosen in this tool, including Rho-
independent transcription termination, restriction enzyme
cleavage sites and bacterial ribosome binding sites. JCat also
determines the CAl score and GC content of the vac-
cine sequence.

MD simulation

iMODS, an open-source modeling server for molecular
dynamics simulation and image processing provides a user-
friendly interface for internal normal mode analysis (NMA) of
deformability, stability, and mobility of the target protein.
Users can perform NMA or simulate possible trajectories
between two conformations and view the results in 3D, even
for several biomolecular complexes. Herein, iMODS was uti-
lized to evaluate the dynamic stability of the TLR-9-vac-
cine complex.

Results

Sequence retrieval, phylogenetic analysis and sequence
prioritization

Protein information of the top 6 protein sequences, obtained
by BlastP against the nr-database is depicted in Table 1,
along with their properties including antigenicity, allergen-
icity and toxicity. MUSCLE v3.6 was used for multiple
sequence alignment. A phylogenetic tree showing the phylo-
genetic relatedness among the sequences was constructed
using the MEGA X program by neighbor-joining method with a
bootstrap replication of 1000, shown in Figure 2. Among the 6
sequences, the protein sequence with accession number
NP_536428.1 was found to be the most potent antigenic
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Table 1. Protein information of the 6 protein sequences obtained from NCBI by BlastP search.

Vaxilen
Accession No Protein name Sequence score  Antigenicity
NP_536428.1 Monkeypox virus MKQYIVLACMCLVAAAMPTSLQQSSSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETED 0.7703  ANTIGEN
Zaire-96-1-16 DEVSEEVVKGDPTTYYTIVGAGLNMNFGFTKCPKISSISESSDGNTVNTRLSSVSPGQGKDSPAI
TREEALAMIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKNLEFSV
RIGDMCEESSELEVKDGFKYVDGSASEGATDDTSLIDSTKLKACV
AAQ09810 secreted chemokine MKQYIVLACMCLVAAAMPTSLQQSSSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETEDD ~ 0.7574  ANTIGEN
binding protein EVSEDDEVSEEVVKGDPTTYYTIVGAGLNMNFGFTKCPKISSISESSDGNTVNTRLSSVSPGQGK
DSPAITREEALAMIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKN
LEFSVRIGDMCEESSELEVKDGFKYVDGSASEGATDDTSLIDSTKLKACY
AAM76335.1 secreted chemokine MKQYIVLACMCLVAAAMPTSLQQSSSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETEDD ~ 0.7003 ~ ANTIGEN
binding protein EVSEEVVKGDPTTYYNIVGAGLNMNFGFTKCPKISSISESSDGNTVNTRLSSVSPGQGKDSPAITR
EEALAMIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKNLEFSVRIGD
MCEESSELEVKDGFKYVDGSASEGATDDTSLIDSTKLKACVKDGDTWYYLEASGAMKASQWFK
VSDKWYYVNGLGALAVNTTVDGYKVNANGEWV
AAM76334.1 secreted chemokine MKQYIVLACMCLVAAAMPTSLQQSSSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETEDDEV  0.7563 ~ ANTIGEN
binding protein SEDDEVSEEVVKGDPTTYYNIVGAGLNMNFGFTKCPKISSISESSDGNTVNTRLSSVSPGQGKDSP
[Monkeypox virus] AITREEALAMIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKNLEFSV
[Streptococcus pneumoniae] RIGDMCEESSELEVKDGFKYVDGSASEGATDDTSLIDSTKLKACV
URF91554.1 hypothetical protein MKQYIVLACMCLVAAAMPTSLQQSSSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETEDDEV  0.7634 ~ ANTIGEN
MPXV-SI-2022V52144_00002 SEEVVKGDPTTYYTIVGAGLNMNFGFTKCPKILSISESSDGNTVNTRLSSVSPGQGKDSPAITREEAL
[Monkeypox virus] AMIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKNLEFSVRIGDMCEE
SSELEVKDGFKYVDGSASEGATDDTSLIDSTKLKACY
USS79525.1 chemokine binding MKQYIVLACMCLVAAAMPTSLXXXXSSCTEEENKHHMGIDVIIKVTKQDQTPTNDKICQSVTEVTETEDDEV ~ 0.7521 ANTIGEN

protein [Monkeypox virus]

SEEVVKGDPTTYYTIVGAGLNMNFGFTKCPKILSISESSDGNTVNTRLSSVSPGQGKDSPAITREEALA

MIKDCEMSIDIRCSEEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVKNLEFSVRIGDMCEESSE
LEVKDGFKYVDGSASEGATDDTSLIDSTKLKACV

protein with a VaxiJen score of 0.7703 and selected to further
design a multi-epitope based vaccine for monkeypox.

Physiochemical properties

The sequence of monkeypox (NP_536428.1) was submitted
to Protparam (https://web.expasy.org/protparam/), an online
tool to calculate the physical and chemical properties of the
vaccine. The results reveal that the vaccine construct has a
total number of 246 amino acid residues, and a molecular
weight of 33547.32kDa, and the theoretical isoelectric point
(PI) value of 7.60. The total number of negatively charged
residues (Asp + Glu) was 36 and the total number of posi-
tively charged was 37 which indicates that the protein is
positively charged, as is the case with isoelectric points over
7.0. An instability index (ll) of 58.15 determined by
Protparam classified our protein to be stable. The aliphatic
index was 98.99, indicating that it is thermo-stable over a
wide temperature range. At 0.076, the grand average of
hydropathcity (GRAVY) was computed using the chemical
formula C1449H2412N3940450S531.

Secondary structure analysis

The monkeypox has 11.4% p-strands, 48.9% a-helices and
39.7% coil structures, according to the secondary structure
prediction using PSIPRED and 3D structure prediction using
trRosetta (https://yanglab.nankai.edu.cn/trRosetta/) (Figure 3)
(Zheng et al., 2021). TMHMM, an online tool, was used to
predict transmembrane topology. Surface exposed residues
were detected at positions 150-160, 165-175, 185-190 and
195-200, whereas residues from 10-20, 50-80, 85-105 and
115-120 were found inside the transmembrane region. The
core area of the chemokine-binding protein of monkeypox

was determined to have residues from positions 200-206,
210-225 and 228-235.

B-cell epitope prediction

The FASTA sequence of the monkeypox was subjected to
the IEDB online server with default parameters to identify
potential B-cell epitopes. Residues with a higher value than
the given threshold of 0.5 were designated as B-cell epito-
pes and are graphically presented in Figure 4. The IEDB ser-
ver predicted a total number of 6 B-cell epitopes. All six
epitopes were deposited to online tools VaxiJen 2.0 and
AllerTop to calculate their antigenicity and allergenicity.
Among the six epitopes, 3 epitopes were finalized based
on good antigenic scores and non-allergic behavior which
is presented in Table 2 along with their amino acid
sequence, length and position. The antigenicity analysis
showed that the minimum antigenicity value was 0.5181
and the maximum value was 0.847. However, the average
value of 0.62 was observed.

T-cell epitope prediction

MHC-1 epitopes

Stabilized matrix method was utilized in order to prioritize
the selected epitopes using the 1Cso threshold of 100nM.
IC5o value less than 100, representing strong and higher
binding affinity of epitopes that bind with MHC-1. A lesser
ICso suggests a greater affinity for MHC-I molecules. To maxi-
mize affinity for MHC-1 alleles, the total number of epitopes
was designed to be fewer than 100. Based on MHC-1 allele
interactions and ICsq value, 89 epitopes were chosen. A total
of 10 epitopes were selected showing good antigenicity,
allergenicity and non-toxicity. The antigenic scores of toxic


https://web.expasy.org/protparam/
https://yanglab.nankai.edu.cn/trRosetta/

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS e 5

NP 536428.1:1-246 J1L Monkeypox virus Zaire-96-1-16

AAQO09810.1:1-252 secreted chemokine binding protein Monkeypox virus

AAMT6335.1:1-246 secreted chemokine binding protein Monkeypox virus

AAMT6334.1:1-252 secreted chemokine binding protein Monkeypox virus

URF91554.1:1-246 hypothetical protein MPXV-S1-2022V52144 00002 Monkeypox virus

USS79525.1:1-246 chemokine binding protein Monkeypox virus

-+
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Figure 2. Phylogenetic relationship among the studied protein (AAQ09810.1), reference protein and other proteins obtained from non-redundant database using
BlastP. The evolutionary distances were computed using the Poisson correction method (Magnus et al., 2009) and are in the units of the number of amino acid sub-
stitutions per site.
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Figure 3. Graphical representation of secondary structure prediction of target protein. H; helix, E; strands and C; coils.

and allergic epitopes were ruled out. The MHC-1 epitopes MHC-II epitopes

were finalized that bind to alleles HLA-A*02:06, HLA-B*15:01, . . . .
HLA-A*68:02 and HLA-A*03:01. NISHKKVSYK has an antigenic MHCHI alleles interacted with 550 conserved predicted epitopes
score of 1.3013 (Table 3) with ICsq less than 60 nM. 30 epitopes were selected among 550
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Figure 4. Graphical representation of B-cell epitope (0.5 shows the threshold value of the yellow color epitopic portion while the green color represents the non-

epitopic portion).

Table 2. IEDB analysis resource predicts a list of Bepipred linear epitopes.

Table 4. Antigenicity prediction using the Kolaskar and Tongaonkar technique.

Start End Peptide Length  Start End Peptide antigenic score Length

46 81 TKQDQTPTNDKICQSVTEVTETEDDEVSEEVVKGDP 36 5 13 MSIDIRCSE 2.4214 9

156 195 EEEKDSDIKTHPVLGSNISHKKVSYKDIIGSTIVDTKCVK 40 22 30 LGSNISHKK 1.0759 9

206 242 MCEESSELEVKDGFKYVDGSASEGATDDTSLIDSTKL 37 40 49 IIKVTKQDQ 1.2531 9
30 38 ISHKKVSYK 1.3341 9
26 34 LGSNISHKK 1.0759 9

Table 3. IEDB analysis resource predicts a list of Bepipred linear epitopes. 15 3 ISHKKVSYK 1.3341 9

- — 9 47 IIKVTKQDQ 1.2531 9

Start End Peptide antigenic score Length 3 1 MSIDIRCSE 1.1304 9

5 14 MGIDVIIKV 0.5798 10 8 16 LGSNISHKK 1.0759 9

8 17 ACMCLVAAAM 0.9166 10

45 53 TVNTRLSSV 1.1279 9

6 14 VLACMCLVA 0.7627 9 allergenicity. Prediction of antigenicity and allergenicity found that

6 15 VLACMCLVAA 0.8605 10 . .

28 37 VLGSNISHKK 0.9404 10 the construct was a probable antigen (Vaxilen score 0.8780) and

4 13 YIVLACMCLV 1.1068 10 non-allergen. The generated vaccine construct is shown below.

5 13 IVLACMCLV 1.1304 9

5 10 IVLACMCLVA 1.0097 10 . .

2 10 KQYIVLACM 0.7219 9 >vaccine protein

that interacted with five MHC-II alleles. 13 epitopes were selected
for further study based on their allergenicity, toxicity and antige-
nicity. The epitopes MSIDIRCSE, LGSNISHKK, IIKVTKQDQ,
ISHKKVSYK and LGSNISHKK were considered the top binder, with
alleles HLA-DRB1*03:01, HLA-DRB5*01:01, HLA-DRB1*07:01, HLA-
DRB5*01:01 HLA-DRB4*01:01 and HLA-DRB1*03:01 (Table 4).

Construction of vaccine

Vaccine ensembles were performed by joining a total number of
3 B-cell epitopes and 19 T-cell epitopes (10 MHC- and 9 MHC-II).
50S ribosomal protein is used as an adjuvant for the construction
of vaccines. Through different linkers, adjuvant were combined
with B-cell epitope to make a specific immune response. At the C-
terminus of the vaccine sequence, a 6x His tag was inserted in
order to facilitate the protein identification and purification proc-
esses. The final vaccine construct was deposited to the online tools
VaxiJen20 and AllerTop to evaluate the antigenicity and

EAAAKTKQDQTPTNDKICQSVTEVTETEDDEVSEEVVKGDPEEEK-
DSDIKTHPVLGSNISHKKVSYKDIGSTIVDTKCVKMCEESSELEVKDG-
FKYVDGSASEGATDDTSLIDSTKLCPGPGMGIDVIIKVACMCLVAAA-
MTVNTRLSSVVLACMCLVAVLACMCLVAAVLGSNISHKKYIVLACM-
CLVIVLACMCLVIVLACMCLVAKQYIVLACMAAYMSIDIRCSELGSNIS-
HKKIIKVTKQDQISHKKVSYKLGSNISHKKISHKKVSYKIIKVTKQDQMSI-
DIRCSELGSNISHKKHHHHHH

Population coverage

The MH Class-I allele was found to be present in 84.06% of
the world’s population, followed by East Asia (74.06%), South
Asia (78.07%), Hong Kong (66.57%), Europe (75.1%), North-
East Asia (74.39%), Southwest Asia (69.03%), South America
(80.72%), Central America (75.32%) and South Africa (80.56%)
as depicted in Figure 5. The lowest population was found in
Hong Kong. South America and South Africa have the high-
est percentage of MH Class-l and MH Class-Il alleles in the
population followed by East Asia. Three epitopes in MH
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Figure 6. Graphical and 3D view of vaccine construction. 50 s ribosomal protein, EAAAL Linker, CPGPG Linker and AAY Linker are shown.

Class-I (TVNTRLSSV, YIVLACMCLV and IVLACMCLVA) are cru-
cial for the majority of interactions. Five Epitope MH Class-II
alleles (LGSNISHKK, MSIDIRCSE, MSIDIRCSE, ISHKKVSYK and
LGSNISHKK); describe a considerable coverage in contrast to
the whole world population. For IVLACMCLVA, the propor-
tion of concentrated population coverage in the world was
anticipated at 70.57%. The population coverage data for the
abundant binders to MH Class-l and MH Class-l alleles reveal
88.06 and 75.06% coverage, respectively.

3D structure prediction and validation

The PROSA 3D server was used to predict the 3D structure
of the multi-epitope vaccine sequence, as a result, ten

structures were predicted for a given query sequence. Model
five was selected for further investigation (Figure 6). Using
the ERRAT, ProSA-web and PROCHECK servers, the structure
was validated and any potential errors in the projected ter-
tiary structure were corrected. The ERRAT server projected
the overall quality of the vaccine 3D structure, with an esti-
mated quality score of 95.0%. The Z-score was calculated to
determine whether the input structure was within the range
of natural proteins of similar size. The computed Z-score for
the input structure was —6.67, indicating that it was outside
the usual range for natural proteins of the same size, as
shown in Figure 7. For Ramachandran analysis, the
PROCHECK server shows the total number of 308 amino acid
residues, 96.9% of the residues in the most favored areas,
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2.8% in extra permitted regions, 0.3% in generously allowed
regions, and 0.0% in the forbidden region, with 0.0% resi-
dues in disallowed regions.

Molecular docking analysis

To analyze the interaction and forecast the final 3D complex,
TLR-9 and the vaccine construct were docked using the
Clustpro docking server. A total of ten models were
obtained. Using the Pymol program, all ten docking models
were visually examined and analyzed. Among the 10 models,
the first model showed a good docking result with a total of
11 H-bond interactions with a binding score of —1202.4. For
a graphical illustration of the residual interaction between
the vaccine construct and TLR-9, the PDBsum online data-
base was used. To evaluate the hydrogen bonding between
the vaccine construct and TLR-9 complex, a graphical picture
was generated (Figure 8). 11 hydrogen bond contacts
between TLR-9 and the vaccine construct were observed.
Analysis of the vaccine-TLR complex revealed that hydrogen
bonds were formed between HIS203-ASN145, THR202-
ASN145, GLU223-ASN145, HIS203-SER149, HIS506-LYS179,
HIS531-LYS179, ARG482-LYS180, ASN372-CYS188, THR395-
CYS195, THR395-CYS195 and ARG337-VAL199 at a distance
of 3.32, 2.86, 2.88, 3.27, 2.83, 2.80, 2.53, 3.03, 3.05, 3.05 and
2.81A, respectively.

Molecular dynamic simulation

MD simulation was performed by using iModS. iModS ana-
lyze structure by adjusting complex force field with various
time interval. In the heat map, high co-related area and low
RMSD indicated good interactions of individual residues.
Figure 9 represents a more detailed explanation of IModS
results. Figure 9A represents the NMA mobility in protein
structure, Figure 9B represents the deformability and Figure
9C represents the B-factor. Figure 9D shows Eigen value,

Figure 9E showed variance and Figure 9F shows the complex
elastic network and covariance.

Immune simulations

The vaccine’s potential to induce a robust immunological
response if delivered globally was evaluated using the C-
ImmSim program. After the primary reaction, both secondary
and 3D immune response was high. Different antibodies IgG
and IgM were detected. Correspondingly, IFN-y and IL-2
were also observed (Figure 10).

Codon optimization

The Jcat server was used to identify reverse translation and
codon optimization in E. coli in order to locate expression in
the vaccine. The vaccine sequence consisted of nucleotides,
whereas the CAl was 0.53 and the GC content was 61.25,
indicating a high level of expression. Two main restriction
sites, Banl and Eco241 were added. The restriction sites and
vaccines were cloned with Snap gene software. The vaccines
along with another site in the cloning vector are depicted in
Figure 11.

Discussion

As the world recovers from the pandemic of COVID-19, a
new infectious disease, monkeypox widespread and has clus-
ters across Europe, America and Australia. There is currently
no antiviral treatment that has been licensed by the Food
and Drug Administration (FDA) of the United States particu-
larly against MPXV. Alternative preventative measures include
smallpox vaccinations such as JYNNEOS and ACAM2000.
Despite these preventive measures, the widespread transmis-
sion of monkeypox necessitates the development of novel
therapeutics against MPXV.
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Figure 9. MD simulation of multi-epitope vaccine complexed with the TLR-9.

The implementation of advanced bioinformatics tools is
more beneficial than conventional methods (Oli et al., 2020).
Bio-computational research, especially reverse vaccinology, is
an attractive alternative to developing an epitopic vaccin-
ation for monkeypox in the current situation of rapidly
spreading disease. Therefore, using immunoinformatic
approaches, our research aims to design a vaccine against
monkeypox. Using a similar method, Bazhan et al. designed a
T-cell multi-epitope vaccine model that was highly immuno-
genic in mice against the Ebola virus (Bazhan et al., 2019).

The FASTA sequence of monkeypox was obtained from the
NCBI database. The antigenicity, non-toxicity and non-allergenic
behavior of the proteins were investigated. MHC-| and MHC-I|
epitopes on B-cells and T-cells were predicted. By using linkers
CPGPG and AAY, selected epitopes joined with each other. The
effectiveness of the predicted vaccine has demonstrated that
our design vaccine is both non-allergic and has a high anti-
genic score (0.8780), along with a good solubility expression
inside E. coli (0.5075). Constructed vaccine further proceeded
for physicochemical properties analysis, where molecular weight
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Figure 11. The cloning of the final vaccine where the black color shows the vector

was 33547.32, and GRAVY was 0.076, which represents our vac-
cine is hydrophobic. Similar in silico methodologies were also
used by Foroutan et al. against Toxoplasma gondii to analyse
the antigenicity and physiochemical properties of their model
vaccine, in addition to laboratory validation (Foroutan, 2020). It

and the red color shows the vaccine insert.

was demonstrated that this strategy for the design of vaccines
was successful in eliciting an immunological response in mice.
The vaccine’s stability was demonstrated by its low instabil-
ity score of 58.15 and its high aliphatic index of 98.99. For sec-
ondary structure, PSIPRED V3.3 online tool was used, which was



found to be 11.4% p-strands, 48.9% a-helices and 39.7% coil
structures while the 3D structure of constructed vaccine was
modeled by online server trRosetta. 3D model validation was
performed by using ERRAT and PROCHECK. Ramachandran plot
represents the suitable stereochemical statics, essential for the
3D structure. Results verified that most of the residues were
inside the allowed regions. The Z score predicted by ProSa-Web
was —6.67, although the score was outside the usual range for
natural proteins of the same size; however with Z-scores of
—5.26 and —9.5 kcal/mol, Droppa-Almeida et al. and Rekik et al.
concluded that the predicted 3D structures were accurate and
of high quality (Droppa-Almeida et al,, 2018; Rekik et al., 2015).
Taken together the stereochemical quality of the predicted
model is acceptable to be used further.

Previous studies have suggested the importance of toll-like
receptors in  immune response stimulation (lwasaki &
Medzhitov, 2004). Thus, the vaccine construct was subjected to
molecular docking studies with TLR-9. By Cluspro server dock-
ing was performed and the results reveal that the vaccine con-
struct exhibits strong interactions with the binding site residues
of TLR-9 which indicated the ability of the vaccine to elicit
immunogenic responses. Finally, MD simulation was used to
validate the stability of the vaccine construct and TLR-9 docked
complex. The results indicated the stable molecular interactions
between the vaccination and immunological receptor, assuring
the molecular stability of the multi-epitope vaccine complex in
a cellular environment. Immune simulation results predicted cel-
lular immune responses that were similar to those observed in
nature. High levels of T-cytotoxic, memory cells and Ig produc-
tion were observed, along with an increase in IFN-y and IL-2
levels. Jcat software is used to predict the best protein expres-
sion in E. coli K12 strain for codon optimization to enhance
transcription and translation efficacy. Similar to the results of
previous immunoinformatics vaccine designed studies, the
designed vaccines may offer protection against MPXV (Ismail
et al,, 2020; Tahir Ul Qamar et al., 2020).

This study suggested an alternate vaccine method based
on the multi-epitope assembly of MPXV genome protein
components to deal with antigenic complexity. The predicted
vaccine is believed to be immunogenic based on immunoin-
formatics techniques and it could contribute to eradicating
the disease. However, in vitro immunological assays are
needed to validate the potency of the vaccine.
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