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ARTICLE INFO ABSTRACT

Keywords: Monkeypox Virus (MPXV) is a growing public health threat with increasing cases and fatalities globally. To date,
MOHIfEYPOX no specific vaccine or small molecule therapeutic choices are available for the treatment of MPXV disease. In this
Vacqnes. work, we employed proteomics and structural vaccinology approaches to design mRNA and multi-epitopes-based
x;ll\t;\epltopes vaccines (MVC) against MPXV. We first identified ten proteins from the whole proteome of MPXV as potential

vaccine targets. We then employed structural vaccinology approaches to map potential epitopes of these proteins
for B cell, cytotoxic T lymphocytes (CTL), and Helper T lymphocytes (HTL). Finally, 9 CTL, 6 B cell, and 5 HTL
epitopes were joined together through suitable linkers to construct MVC (multi-epitope vaccine) and mRNA-
based vaccines. Molecular docking, binding free energy calculation, and in silico cloning revealed robust inter-
action of the designed MVC with toll-like receptor 2 (TLR2) and efficient expression in E. Coli K12 strain. The
immune simulation results revealed that the antigen titer after the injection reached to the maximum level on the
5th day and an abrupt decline in the antigen titer was observed upon the production of IgM, IgG and IgM -+ IgG,
dendritic cells, IFN-gamma, and IL (interleukins), which suggested the potential of our designed vaccine
candidate for inducing an immune response against MPXV.

Immune simulation

1. Introduction

The Monkeypox virus, which was isolated from cynomolgus mon-
keys in 1958, can cause human Monkeypox, which somewhat looks like
smallpox [1-3]. There were several local outbreaks in the past few de-
cades, mostly within African countries and a few in other continents
[4-8]. However, in 2022, a new outbreak of this virus spreads much
more rapidly, and it has become a global threat [9,10]. Once infected,
patients not only get a rash but may experience other symptoms like
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fever, headache, cough, and fatigue. In extreme cases, this disease may
be fatal [11]. As of March 16, 2023, the current active cases are 86,494
in 110 localities while 111 deaths have been reported [12]. Since the
virus can be transmitted from human to human through multiple
pathways, especially body fluid, the number of people infected is ex-
pected to continue to rise [10,13]. As a consequence, it becomes
increasingly emergent to develop innovative strategies to treat or pre-
vent this disease.

Vaccination is one of the most effective methods to prevent
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infectious diseases [14]. Regarding the Monkeypox virus, it has been
identified that individuals vaccinated against smallpox are likely to have
the capability to protect against it [15-17]. However, there are limited
smallpox vaccines that are currently available, and they are not acces-
sible to all countries [14]. Moreover, since they are genetically distinct,
vaccines against the smallpox virus may lose their potency when dealing
with the Monkeypox virus. For instance, a patient vaccinated with the
ACAM2000 smallpox vaccine in the United States was still infected by
the Monkeypox virus [18]. Furthermore, globally, the number of pa-
tients has already become enormous, and there is significant diversity in
geographical regions, gender, race, age, and occupation. Therefore, the
effectiveness of smallpox vaccines against the Monkeypox virus may be
more questionable.

Since the goal of the vaccine is to protect against the Monkeypox
virus, one of the most straightforward approaches is to design it from
this virus directly. One of the traditional techniques is based on killed,
attenuated, or purified pathogens [19]. Although they can be highly
productive when properly designed, however large-scale manufacturing
may be challenging [20]. Another pathway that gradually became
popular in the past decade is the creation of nucleic acids based vaccines
such as DNA, viral vectors, or RNA [21]. Nuclei-acid-based vaccines can
emulate the immunization of inactivated vaccines safely and efficiently.
In addition the industrial production of such vaccines is cost-effective
and easy [22]. Among these mRNA vaccines have been more and
more widely used in recent years, especially when dealing with the
COVID-19 pandemic virus [23,24].

As a virus belonging to the orthopoxvirus genus, the Monkeypox
virus has been found to exist in two different clades [25,26]. The one
that spreads rapidly in 2022 belongs to the West African clade, whose
sequence overlaps mostly with another clade found in Central Africa but
has its unique genomic regions [26,27]. As its complete genome
sequence is available, antigens can be identified with bioinformatics
tools, and eventually, a multi-epitope mRNA vaccine can be constructed.

As two types of white blood cells, B and T cells can generate anti-
bodies and eliminate pathogens, respectively, endowing their predom-
inant position for anything related to vaccines [28-30]. The primary
goal of this work is to design such a Monkeypox vaccine by joining
several B cells and T cell epitopes. These epitopes are obtained by
filtering out all the proteins in the Monkeypox virus proteome based on
the immunization potential. Next, they were joined by using linkers to
generate the sequence of the MVC and mRNA vaccines, and the corre-
sponding structure was predicted. Once the structure is generated, its
effectiveness is further verified through various tools. This work will
provide a valuable guideline for producing a commercial vaccine against
the current Monkeypox virus.

2. Methodology
2.1. Vaccinomics targets mining in Monkeypox virus proteome

The entire proteome of the Monkeypox virus strain responsible for
the recent epidemic in 2022 contains 198 proteins, which were down-
loaded from UniProt [31] (https://www.ncbi.nlm.nih.gov/genbank/)
under the accession number ON563414. For each protein in the prote-
ome, whether it can potentially be a protective viral antigen was pre-
dicted by the server VirVACPRED [32] (https://virvacpred.herokuapp.
com/). The result for each protein was either viral or non-viral anti-
gens with a probability score. Furthermore, proteins that are labeled as
viral antigens were submitted to the AllerTOP v.2 server [33]
(https://www.ddg-pharmfac.net/AllerTOP/) to predict the allerge-
nicity. Antigenic proteins that were also predicted as non-allergic were
filtered out for the subsequent designing of mRNA and MVC.

2.2. Prediction of immunogenic B cell and T cell epitopes

Among the proteins that are both antigenic and not allergenic in the
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Monkeypox virus proteome, only ten with the highest antigenic proba-
bility score were selected. In the next step, the appropriate B and T cell
epitopes were mapped. The B cell epitopes on each protein, which can
potentially recognize the B cell receptors, were predicted by the server
ABCpred [34,35] (https://webs.iiitd.edu.in/raghava/abcpred/index.ht
ml). A threshold of 0.51 was used. The length of each epitope was
kept at 16aa during the prediction. Equally important is the identifica-
tion of T cell epitopes that are recognized by the major histocompati-
bility complex-I (MHC-I), which is also called as the human leukocyte
antigen (HLA) system for human beings [36,37]. The cytotoxic T
lymphocyte (CTL) epitopes, fragments of intracellular antigens binding
to class I MHC molecules (MHC-I), were predicted by NetCTL-1.2 server
[38] (https://services.healthtech.dtu.dk/service.php?NetCTL-1.2). A
cutoff value of 0.75 for the prediction of potential CTL epitope was
applied.

2.3. Mapping of helper T lymphocyte (HTL) epitopes

The helper T lymphocyte (HTL) epitopes, extracellular antigenic pep-
tides linking to class II MHC (MHC-II), were evaluated by the IEDB web
server [39] (http://tools.iedb.org/mhcii/). The prediction was made
against the human HLAs considering 7-alleles as the reference set
(HLA-DRB1*%03:01; HLA-DRB1*07:01; HLA-DRB1*15:01; HLA-DRB3*
01:01; HLA-DRB3*02:02; HLA-DRB4*01:01; HLA-DRB5*01:01). The
length of each epitope was kept as 15aa. The server gives a list of HTL
epitopes against the specific HLAs, which can be ranked by using the
percentile rank parameter. The lower the percentile rank, the better the HTL
epitopes.

2.4. Prediction of interferon-y (IFN-y) inducing epitopes

A family of signaling proteins known as interferons (IFNs) is essential
for the immune system’s response instigation against viruses and other
pathogens. In response to viral infections and other forms of cellular
stress, immune system cells produce IFNs and released which then send
a signal to the nearby cells to enter an antiviral state, which conse-
quently helps to stop the virus from spreading. The overexpression of
several immune response-related genes, such as those involved in anti-
gen presentation, cytokine signaling, and apoptosis, is a signature of this
antiviral state. IFNs are also essential for the activation of immune cells
such as T cells, macrophages, and natural killer cells. They can augment
macrophage phagocytic activity, induce natural killer cell cytotoxicity,
and increase T cell proliferation and differentiation [40]. Since the
cytokine interferon-y (IFN-y) can lead to MHC II expression, it is
worthwhile to evaluate whether an epitope is IFN positive or negative.
Considering the HTL epitopes prediction results in the previous step,
ensuring minimal sequence overlap, five HTL epitopes with the lower
percentile rank from each protein were submitted to IFN-epitope pre-
dicting server [41] (http://crdd.osdd.net/raghava/ifnepitope/). For the
subsequent process, we only included IFN-positive HTL epitopes for
vaccine construct designing.

2.5. Construction of mRNA vaccine

For the construction of an mRNA vaccine, five critical elements are
required in the Open Reading Frame for effective antigenic mRNA
vaccine construction.

. Kozak sequence;

. Linkers;

. Band T cell Epitopes;
. Stop codon; and

. Signal Peptide.

o AN T

A start codon (AUG) must be a part of the Kozak sequence, whereas
the stop codon can be optimized. Rigid, cleavable, and flexible linkers
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are critical in the development of a multi-epitope vaccine (MVC)
because it permits different parts of MVC to interact freely while pre-
venting self-contact. To enhance the epitopes/antigen presentation,
tissue Plasminogen Activator (tPA) (UniProt ID: PO0750) secretory
signal was chosen as a signal peptide that was added to the ORF region
[50]. The stability of the mRNA-based vaccine was enhanced by adding
poly(A) tail, 5'cap, and 5'-3' untranslated regions. A long poly (A) tail of
115-150 nucleotides was added for stable transmission and efficient
translation which is also used by various earlier studies. Poly (A) tails
have been discovered to work in tandem with 5’ m7G cap sequences. We
included the NCA-7d at the 5’ UTR and S27a + R3U as the 3’ UTR re-
gions in our vaccine sequence because they are known to stabilize the
mRNAs [42]. For the secondary structure of mRNA, the RNAFold web-
server (http://rna.tbi.univie.ac.at/) was used [43].

2.6. Designing of multi-epitopes vaccine (MVC)

In addition to the B and T cell and HTL epitopes, few other compo-
nents are indispensable for an efficient MVC, including an adjuvant and
a certain number of linkers. The candidate of the Monkeypox vaccine
designed in this work is composed of 20 epitopes. The sequence of the
adjuvant at the N-terminal is taken from human beta-defensin-2 (hDB-2)
which can stabilize the structure and improve its ability for innate im-
munity [44]. Starting from this adjuvant and an EAAAK linker, there are
nine CTL epitopes followed which are connected by eight AAY linkers.
Right after this region are five HTL epitopes coupled by GPGPG linkers.
At the end the vaccine construct is composed of six B cell epitopes, which
are joined together through KK linkers. These linkers attenuate the
immunogenicity of the vaccine, avoid self-folding of the epitopes and
finally improve the attachment of one epitope with another. These
building blocks collectively generate the sequence of the Monkeypox
vaccine.

2.7. Secondary structure (SS) and physiochemical properties of MVC

Protparam, a web-based physiochemical properties estimation
resource, was used to compute the estimated half-life, molecular weight,
pL, and other features of the MVC [45]. Moreover, for the secondary
structural component’s determination, PSIPRED webserver was used
[46].

2.8. Modeling the 3D-structure of MVC and evaluation

The Robetta server [47] (https://robetta.bakerlab.org/) and the
deep learning-based method RoseTTAFold were used to predict the 3D
structure of the MVC. The server-generated five predicted models, and
the first one which had the smallest estimated error was taken as the
final structure.

2.9. Molecular docking of vaccine-TLR2

The toll-like receptor (TLR) plays an essential role in recognizing
pathogens and is crucial for the appropriate development of immune
responses within the cells [48]. To analyze the binding of the designed
vaccine to immune cell receptors, it is docked to TLR2 (PDB ID: 6NIU)
[49]. The docking is completed on the HawkDock server [50], and the
default MM/GBSA scoring function was applied when finding the
docking positions. The MM/GBSA is also responsible for the free energy
decomposition analysis.

2.10. In silico cloning

To make sure that host-based expression is effective, the vaccine
created was cloned in Escherichia coli (strain K12). To evaluate whether
the Monkeypox virus can respond specifically in such a system, codon
optimization via reverse translation was performed on JCat (Java Codon
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Adaptation tool) [51]. To ensure the expected results can be obtained,
three additional alternatives are selected: the prokaryote ribosome
binding site, rho-independent transcript termination, and cleavage limit
enzymes. Those exhibited codon adaptation index (CAI) and GC (Gua-
nine-Cytosine) content by the JCat program were considered to guar-
antee the possibility of high levels of protein expression. The generated
final vaccine is then cloned in protein expression specific E. coli pET-28a
vector with certain restriction sites including Ndel and XhoI located at C
and N terminals. Also, the pET-28a (B) plasmid maps with adapted
vaccine sequences were constructed for optimized vaccine expression
having futility in further experimental designs.

2.11. Immune simulation

To simulate the impact of foreign peptides as an antigen on the im-
mune system, modeling based on agents (discrete entities) was per-
formed on the C-ImmSim server (https://kraken.iac.rm.cnr.it/C-IMMSI
M/index.php?page=1) [52,53]. It utilizes the PSSM (Position-specific
score matrices) method to assess the antigen-specific immune response,
including cytokines, interferon, and the production of antibodies for the
injected Monkeypox vaccine. Since it is recommended that there is a gap
of four weeks between the first and second doses for most of the vaccines
nowadays, the default parameters of the simulation are maintained. It
also predicts the Th1 and Th2 (T Helper Cell Type 1 & 2) responses. Also,
the Simpson Index D is plotted with the default parameters.

3. Results and discussion
3.1. Vaccinomics targets annotation and antigenic profiling

There are 202 genes in total for the entire genome of the Monkeypox
virus. Among the translated proteins, 61 are predicted to be potentially
eligible to serve as antigens, in which 46 of which are not likely to have
allergic side effects. Ten of them that have the highest antigenicity
scores are selected for extracting epitopes to build up the vaccine. The
basic information about these ten proteins is summarized in Table 1.

3.2. Prediction of B cell epitopes

As an effective antigen, one of the fundamental requirements is that
it can be recognized by the binding region of at least one type of B cell
receptors. This receptor, which is a tester antibody, recognizes the an-
tigen of the Monkeypox virus with its Fab region and makes the B cell
with this specific antibody multiply. Since in reality, the B cell receptor
binds only to a small region of the antigen, the vaccine with a number of
these epitopes is more likely to make B cells produce antibodies that take
the virus to the phagocytes [54,55]. This was the primary motivation to
find such epitopes on the protein sequences of the Monkeypox virus.
Within those ten protein sequences, due to the variation of the lengths,

Table 1
Components of the monkeypox virus that are most antigenic and are non-
allergic.

UniProt Protein Name Length  Antigenicity
D Score
Q31814 BI3R 149 0.98
Q3I18W2 Abundant component of virosome 67 0.97
Q5QC90 Bifunctional zinc finger-like protein/E 242 0.97
Q31911 Ankyrin 56 0.94
Q5IXT7 DNA-directed RNA polymerase subunit 185 0.93
Q3I8NS A18L 204 0.93
Q8AZ47 Bifunctional hemagglutinin/type-I 313 0.93
membrane
QS5IXUS IMV membrane protein 250 0.90
Q31907 Interleukin-1 receptor antagonist-like 83 0.89
protein
Q6YLY9 CC-type chemokine binding protein 246 0.89
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the number of epitopes predicted to be recognizable by B cell receptors
also varies. Keeping the length of to the B cell epitopes as 16, there were
a total of 157 epitopes that are qualified. Since it is difficult for an an-
tigen to accommodate a large number of epitopes, we selected the one
with the highest prediction score from each protein, and the relevant
information is summarized in Table 2.

3.3. Prediction of CTL epitopes

Antibodies produced by B cells can label the viruses to make them be
devoured by phagocytes such as macrophages, but this process cannot
take place if the viruses have already entered the cells. In such a case, the
killer T cell, that is, the cytotoxic T lymphocyte (CTL) is required to
destroy the infected cells. To make this process happen, a fragment of
antigen needs to be loaded onto the surface of the infected cell so that it
can be recognized by CTL. In the human body, it is the major histo-
compatibility complex (MHC) that presents the antigen to the T cells,
and class I MHC proteins are responsible specifically for sending the
signal to the CTL. It loads this fragment of antigen, that is, the CTL
epitope, to the surface of the infected cells [54]. To make the vaccine
more effective, it is necessary to include a certain number of this type of
epitope on the antigen. NetCTL-1.2 server makes such a prediction.
Since the groove of class I MHC proteins is closed and can fit a peptide
with almost exactly nine amino acid residues, the predicted CTL epi-
topes are restricted to this length. There are overall 51 peptide chains
eligible to match the groove of class I MHC for the ten proteins. How-
ever, no qualified epitope is found on the protein Q31911 (Ankyrin).
Among the rest of the nine protein sequences, only one epitope from
each protein with the highest prediction score was selected, which
represents its binding affinity with class I MHC. The results are listed in
Table 3.

3.4. Prediction of HTL epitopes

Besides the killer T cells (CTLs), it is equally essential to pass the
signal of infection to the helper T cells (helper T lymphocytes, HTLSs),
who can then secrete cytokines during an immune response. The epi-
topes which can be recognized by HTLs are displayed on the surface of
antigen-presenting cells, and it is the class Il MHC molecules, encoded by
genes in the HLA-D region, that present these epitopes. Since there are
alleles of HLA-D on a chromosome, the IEDB server considers various
possibilities and predicts whether an epitope can fit into the groove of
the class II MHC molecule concerning a specific allele. As the groove of
the class II MHC molecule is open, it can accommodate longer peptide
chains. By keeping the length of each epitope to 15, the server predicts
its affinity to class Il MCH and compares it to other sequences with equal
size in the database, and the final result is printed as a percentile rank.
Similar to the previous two predictions, the epitope with the smallest
rank is selected, and the relevant information is summarized in Table 4.

Table 2

Predicted B cell epitopes with their respective prediction scores.
UniProt ID Start position Epitope sequence Score
Q31814 114 YWGGEDHPTSNSLNAL 0.90
Q3I8W2 52 ICLEMTIDSFVIECIQ 0.80
Q5QC90 78 TGIQQSKLTETIRNCQ 0.94
Q31911 2 YSQIIKDITTELINNE 0.82
Q5IXT7 79 GEPIIITSYLQKGHNK 0.92
Q3I8N5 45 YGGIMNDYLGIFKNND 0.93
Q8AZ47 237 KSTTDDADLYDTYNDN 0.95
Q5IXUS 15 SERISSKLEQEANASA 0.90
Q31907 66 CVDIDNIITFMKYDPN 0.93
Q6YLY9 107 ISESSDGNTVNTRLSS 0.92
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Table 3
Predicted CTL epitopes with their respective prediction score.

UniProt ID Residue number CTL Epitope sequence Prediction score
Q31814 1 MTANFSTHV 1.63
Q3I8W2 25 FSDISVIGK 1.21
Q5QC90 157 ILDKYEDMY 2.63
QS5IXT7 16 KTEIARDPY 2.12
Q3I8N5 25 FTEEQQQSF 1.63
Q8AZ47 238 STTDDADLY 3.00
Q5IXU5 68 VLSAATETY 1.88
Q31907 33 VTDSYSIQL 1.83
Q6YLY9 160 DSDIKTHPV 1.27
Table 4

Predicted HTL epitopes with their respective allele information and percentile
ranks.

UniProt Alleles Start HTL epitope sequence Percentile

D position rank

Q31814 HLA- 61 AESVFIDVRELVKNM 0.71
DRB1%03:01

Q3I8W2 HLA- 20 KTYKLFSDISVIGKA 5.70
DRB3*02:02

Q5QC90 HLA- 226 RTRFRKITMSKFYKL 0.22
DRB1*07:01

Q31911 HLA- 35 DNNIRMMRTRIDRKK 0.77
DRB4+%01:01

Q5IXT7 HLA- 161 IVRFFRNNMVTGVEI 0.01
DRB3*02:02

Q3I8NS5 HLA- 68 ILFVLALYSPPLISI 0.08
DRB1*15:01

Q8AZ47 HLA- 37 NNTNYYVVMSAWYKE 0.06
DRB5%01:01

Q5IXU5 HLA- 230 TYMDTFFRTSPMIIA 0.27
DRB1*07:01

Q31907 HLA- 21 CIRNDIRELFKHVTD 0.12
DRB1%03:01

Q6YLY9 HLA- 74 EEVVKGDPTTYYNIV 0.91
DRB3*01:01

3.5. Construction of multi-epitope vaccine

Based on the information above, we constructed a peptide by joining
a certain number of epitopes that can be recognized by B cells or fit into
class I and Il MHC molecules together. This polypeptide is expected to be
powerful to prevent the Monkeypox virus. In other words, it should be
able to activate the adaptive immune system in various pathways so that
the virus invaded can either be consumed by phagocytes or be destroyed
by killer T cells. An adjuvant, which was constituted by a fragment of
hDB-2 with 37 amino acid residues, was connected with nine CTL epi-
topes, five HTL epitopes, and six B cell epitopes reported in Tables 2-4
using specific linkers (Fig. 1A). The selection of the epitopes was based
on their scores or percentile ranks in Tables 2-4. The specific choice also
obeys the defined molecular weight and experimental feasibility rules.
The length of the designed vaccine is 355, and the entire sequence is
displayed in Fig. 1B.

3.6. Construction of mRNA vaccine for MPXV

mRNA vaccines function by delivering a portion of mRNA that
matches to a viral protein, often a short fragment of a protein present on
the virus’s outer membrane. Cells can manufacture the viral protein by
utilizing this mRNA. The immune system identifies that the protein is
foreign and creates specific proteins known as antibodies as part of a
normal immunological response. To design the mRNA vaccine from
these selected proteins and mapped epitopes, we only considered CTL
and B cell epitopes joined by specific linkers. Nine CTL epitopes and 6 B
cell epitopes were joined together to construct the mRNA vaccine.
Moreover, essential elements required for the stability of mRNA,
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Fig. 1. Construction of the multi-epitope vaccine. (A) General representation of designed multi-epitope vaccine against the Monkeypox virus and (B) Detailed

sequence of the vaccine.

protection from degradation, and transportation were added. The
designed mRNA vaccine for MPXV is shown in Fig. 2. The secondary
structure of mRNA was predicted which revealed the free energy of the
thermodynamic ensemble as —1047.81 kcal/mol. The frequency of the
MEFE structure in the ensemble was calculated to be 0.00% while the
ensemble diversity was calculated to be 667.12. The secondary structure
of the mRNA is given in Fig. 3.

3.7. Structural modeling and validation of MVC

The complete sequence of the designed MVC was then submitted to
the Robetta server to predict the three-dimensional structure by
RoseTTAFold algorithm. The generated geometry successfully adapted
most of the secondary structural elements by the MVC, especially the
fragment composed of CTL epitopes. The structure contains 2 beta-
strands, 17 helices, and loops which connect these elements with each
other. This shows that the structure modeled by Robetta contains
enough secondary structural elements thus attaining proper folding and
consequently causing proper functionality. The geometry of this vaccine
plotted using the PyMOL program is demonstrated in Fig. 4a. Various
structure-based validation tools revealed that the 3D structure of MPXV-
MVC has excellent structural folding with no deformities. For instance,
ERRAT predicted an overall quality factor of 94%, which shows the
correct folding, and bonding of atoms in the structure. VERIFY-3D
demonstrated that 84.51% of the residues have averaged 3D-1D score
> 0.2 which further validates the accurate folding of the structure.
Similarly, WHATCHECK PROVES and PROCHECK validated the 3D
structure of the vaccine candidate. Ramachandran plot analysis as given
in Fig. 4b, revealed that only 1% of the residues are in the disallowed
region while the rest are in the favoured, additionally allowed, and
generously allowed regions. On the other hand, the ProSA-web server

Fig. 3. Secondary structure of the designed mRNA vaccine construct using
RNAFold webserver.
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Fig. 2. Topographical organization of mRNA vaccine constructed for MPXV. The different elements of the mRNA vaccine such as 5’ capping, poly-A tail, and

Kozak sequences are tagged at a particular point.
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represent the Z-scores for available NMR and X-ray structures respectively).
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predicted a Z-score of —8.34 which further validates the overall accurate
folding of MVC. The ProSA-web results are shown in Fig. 4c.

3.8. Secondary structure (SS) analysis and physiochemical properties
calculation

Analysis of the secondary structural elements i.e., alpha helices, beta-
sheets, and loops regions demonstrate the functionality of a protein and
determine the accurate folding. Determination of key secondary struc-
ture elements could be helpful in predicting the function of a protein. We
herein predicted different SS elements in the structure of MVC. It was
observed that 60% of the residues lie in the helices, 2.54% are beta-
strands and the rest 37.46% are loops that connect different helices
and beta-sheets. The SS distribution is shown in Fig. 5. This shows that
the designed MVC has proper SS and folding and can be used for further
processing. Physiochemical properties of the MVC revealed an optimum
molecular weight of 43.70 kDa, enough expression for downstream
processing and good GRAVY (—0.410), and pI value of 9.10. Moreover,
the estimated half-life was more than 20 h which is appropriate for
downstream recovery.

3.9. Molecular docking and binding free energy calculation for TLR2-
MVC complex

After invading the host, MPXV attacks dendritic cells (DCs) and
macrophages and inhibits the stimulation of the host’s innate immunity.
TLRs are essential inflammatory pathway regulators that play critical
roles in modulating immunogenicity against infections. TLRs identify
pathogen-associated molecular patterns (PAMPs), causing gene expres-
sion to alter the intracellular cascades. The host’s innate immune system
recognizes the invaders and responds appropriately via TLR recognition.
TLRs have a vital role in identifying different components of Monkeypox
viruses, such as nucleic acids and envelope glycoproteins, which trigger
several cascades that include the creation of IFN-I, inflammatory cyto-
kines, and chemokines. Furthermore, when TLRs stimulate dendritic cell
maturation, adaptive immune responses are triggered (DCs) [48]. Thus,
considering the interaction between TLRs and the designed vaccine is

TLR2-A

(b)

3D interaction pattern of
MVC-TLR2
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essential to forecast the immune response. Docking of the MVC designed
in this work to TLR2 revealed a docking score of —274.68 kcal/mol
which shows that the designed MVC in this work can robustly instigate
the immune response more than our previously designed MVC [48]. The
interaction pattern of MVC with TLR2 in 3D is shown in Fig. 6a and b.
Analysis of the interaction pattern revealed that the complex established
11 hydrogen bonds including Val2-Ser85, Thr86-Asn44, Tyr87-Ser40,
Tyr87-Ser40, Asp93-Arg63, Ile145-Ser45, Pro209-Ser68, Ile319--
Tyr376, Arg321-Asn379, Glu375-Lys347, and Asn379-Arg321, and
three salt bridges including Asp93-Arg63, Lys347-Glu375, and
Lys347-Glu375. The MVC designed in this work showed more in-
teractions with TLR2 than our prevised designed MVC, implying its
higher efficiency in instigating immune response. The 2D interaction
pattern of TLR2-MVC is presented in Fig. 6¢. Furthermore, the HAWK-
DOCK server also used MMPBSA.py module of AMBER package to
calculate the binding free energy, which revealed a vdW of —250.56
kcal/mol, electrostatic energy of —180.34 kcal/mol, and total binding
energy of —77.0 kcal/mol respectively. This shows robust stabilized
binding of MVC with TLR2 and thus may produce a stronger immune
response upon the interaction.

3.10. Insilico cloning and expression

The maximum expression of the vaccine construct was achieved
through codon optimization using in silico JCat codon optimization tool.
Our results revealed that the vaccine construct sequence optimized for
E. Coli K12 strain had a GC content of 52% (optimum range = 30-70%)
and a CAI value of 0.96, which indicated reasonable stability and high
expression of our designed MVC. Moreover, these values are better than
our previous in silico designed vaccine candidates for MPXV [48].
Furthermore, Xhol and EcoR1 restriction sites were added to the opti-
mized MVC sequence and cloned into the pET-28a (+) expression vector
(Fig. 7). These results demonstrate stable and high expression in the
experimental model.
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3.11. In silico immune simulation

Investigation of whether or not the designed vaccine will instigate
the immune response is a critical step in defining the immune potential
of such agents against the pathogen. In order to validate our MVC, we
employed an agent-based modeling approach to determine the immune
potential and see which immune components are released immediately.
Specifically, we used C-ImmSim to simulate the immune reaction as a
consequence of a single injection of our designed MVC. As given in
Fig. 8a, the antigen titer after the injection reached to a maximum level
on the 5th day however, after the antigen recognition, primary and
secondary immune response factors were released as a response to the
invader. After the instigation of immune response abrupt decline in the

@).... (b)

B cell population per state (celis per mm?)
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antigen titer was observed. On the 20th day, a complete clearance of the
antigen can be seen with an increase of the primary and secondary an-
tibodies. The B cell population count can also be seen in Fig. 8b and c,
where time neutralization of the Ag was observed. The production of
primary immune factors i.e., IgM, IgG, and IgM + IgG together can be
seen to have a maximum level after the 10th day of injection. The results
of IgM, IgG, IgM + IgG, and dendritic cell production are shown in
Fig. 8d and e. We also investigated the level of secondary immune
response factors i.e., IFN, IL and other types of IL (s) to further evaluate
the potential of MVC. IFN-gamma and IL (interleukins) levels reached to
a maximum after the 10th day. (Fig. 8f). The levels of the aforemen-
tioned immune factors were significantly higher, which shows the
vigorous and steady immune triggering response upon injection. The
above data showed that the constructed vaccines can robustly induce
immune responses against the invading Monkeypox virus.

4. Conclusions

When compared to traditional vaccine development, computation-
ally developed vaccines are thermodynamically stable, efficacious,
specific, and affordable in cost. We employed immunoinformatics
techniques to design highly immunogenic, thermostable, and non-
allergenic MVC and mRNA-based vaccines against the Monkeypox
virus in this study. The whole proteome of MPXV was analyzed and
potential vaccine targets were obtained which were then used for
epitope mapping. We generated MVC and mRNA-based vaccines that
possess a highly stable nature, efficient expression properties, and
immunogenic. The designed vaccines were validated through in silico
immune simulation which instigated vigorous immune response by
releasing higher titers of primary and secondary antibodies. The current
study lacks experimental validation and optimization of the vaccine
construct through different linkers and adjuvant attachment may further
increase the immune response against MPXV. In conclusion, the current
work developed dynamic and effective vaccines against the Monkeypox
virus that are built of highly antigenic and non-allergenic peptides,
prompting additional experimental testing.
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