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ABSTRACT

Monkeypox is a viral zoonotic disease that is caused by the monkeypox virus (MPXV) and is mainly
transmitted to human through close contact with an infected person, animal, or fomites which is con-
taminated by the virus. In the present research work, reverse vaccinology and several other bioinfor-
matics and immunoinformatics tools were utilized to design multi-epitopes-based vaccine against
MPXV by exploring three probable antigenic extracellular proteins: cupin domain-containing protein,
ABC transporter ATP-binding protein and DUF192 domain-containing protein. Both cellular and
humoral immunity induction were the main concerning qualities of the vaccine construct, hence from
selected proteins both B and T-cells epitopes were predicted. Antigenicity, allergenicity, toxicity, and
water solubility of the predicted epitopes were assessed and only probable antigenic, non-allergic,
non-toxic and good water-soluble epitopes were used in the multi-epitopes vaccine construct. The
developed vaccine was found to be potentially effective against MPXV and to be highly immunogenic,
cytokine-producing, antigenic, non-toxic, non-allergenic, and stable. Additionally, to increase stability
and expression efficiency in the host E. coli, disulfide engineering, codon adaptation, and in silico clon-
ing were employed. Molecular docking and other biophysical approaches were utilized to evaluate the
binding mode and dynamic behavior of the vaccine construct with TLR-2, TLR-4, and TLR-8. The out-
comes of the immune simulation demonstrated that both B and T cells responded more strongly to
the vaccination component. The detailed in silico analysis concludes that the proposed vaccine will
induce a strong immune response against MPXV infection, making it a promising target for additional
experimental trials.
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Monkeypox is a viral zoonotic disease with symptoms similar
to those seen in previous cases of smallpox, though it is
physiologically less severe. It is caused by the monkeypox
virus (MPXV), a member of the Orthopoxvirus genus in the
Poxviridae family. While humanity is still coping with
the COVID-19 pandemic, a case of MPXV was reported to the
WHO on May 7, 2022 (Bunge et al,, 2022; Beer & Rao, 2019;
Chastel, 2009; Ullah et al., 2021). Since the worldwide eradi-
cation of smallpox in 1977, much attention has been focused
on monkeypox as a smallpox-like disease and potential bio-
terrorism agent because it is clinically almost identical to
conventional smallpox. This virus drew a lot of attention
when it first appeared in the Western Hemisphere in the
spring of 2003, causing several cases in the United
StatesMidwest. Despite this, there are approximately a

Kingdom, United States, and several other European coun-
tries as of June 4, 2022 (Weinstein et al.,, 2005; Cunha, 2004).

Monkeypox has a wide range of clinical symptoms, includ-
ing fever, flu-like symptoms, back pain, malaise, distinctive
rash, and headache (Weinstein et al., 2005). The MPXV cause
smallpox like clinical symptoms in human such as fever,
weight loss, lesion development, and death. The pathogen-
esis of MPXV is very similar to orthopoxviruses, like variola
virus, and counters the response against this infectious dis-
ease. The exposure of non-human primates to MPXV may
occur through inhalation of the aerosolized virus (Zaucha
et al, 2001), nasal route (Saijo et al., 2006), tracheal route
(Stittelaar et al., 2005; Stittelaar et al., 2006), and intravenous
route. Special respiratory protective equipment and facilities
have been demanding against aerosols transmission route
whereas the earliest known route is intravenous inoculation
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which successfully asses the immunogenicity (Johnson et al.,
2011; Hooper et al., 2004). Vaccination against smallpox is
known to be effective against monkeypox virus infection in
non-human primates (Hooper et al., 2004; Heraud et al.,
2006; Control & Cf.D. & Prevention, 2001).

MPXV can be detected using real-time polymerase chain
reaction (PCR) on samples collected via dry swabs of
unroofed lesions or ulcers (Li et al., 2006; Li et al., 2010; Saijo
et al., 2008). According to data, smallpox vaccination may
have a protective effect against the MPXV and may amelior-
ate the clinical symptoms of the illness. The US Strategic
National Stockpile (SNS) currently contains three smallpox
vaccines: JYNNEOSTM (also known as IMVANEX, IMVAMUNE,
MVA-BN), ACAM2000®, and the Aventis Pasteur Smallpox
Vaccine (APSV), which might be used for smallpox under an
IND (investigational new drug) protocol (Heymann et al.,
1998; Hammarlund et al., 2005; Rizk et al., 2022). JYNNEOSTM
is an attenuated, non-replicating orthopoxvirus vaccine cre-
ated from the modified vaccinia Ankara-Bavarian Nordic
(MVA-BN strain) (Petersen et al., 2022). According to historical
data, smallpox vaccine with the vaccinia virus was about
85% effective against MPXV (Fine et al., 1988). The vaccine is
licensed for smallpox in Europe as IMVANEX®, but the UK
has been using it off-label to treat MPXV (Kupferschmidt,
2022). ACAM2000® contains live vaccinia virus as well. It was
approved by the FDA in August 2007, replacing the previ-
ously licensed orthopoxvirus vaccine Dryvax®, whose maker
had withdrawn it (Nalca & Zumbrun, 2010). During an out-
break, the CDC’s emergency access IND protocol permits the
use of ACAM2000® to treat non-variola orthopoxvirus infec-
tions (e.g. MPXV) (Rizk et al., 2022). When the licensed vac-
cines are not accessible or are not advised, APSV, a
replication-competent vaccinia vaccine, may be used under
an IND or Emergency Use Authorization (EUA). However, it is
unknown if this vaccine can prevent MPXV (Rizk et al., 2022;
Parrino & Graham, 2006).

The fundamental tenet of all vaccinations is that the vac-
cine can elicit an immune response more quickly than the
virus can. Although animals immunized with traditional vac-
cines elicited powerful neutralizing and protective antibodies,
these vaccines are allergic, costly, and time-consuming, and
they involve the in vitro cultivation of dangerous viruses,
raising significant safety concerns (Lo et al, 2013; Li et al.,
2014). Hence, a safe and effective vaccine should be devel-
oped for the prevention of MPXV. In comparison to trad-
itional vaccinations, peptide-based vaccine production is
extremely safe and cost-effective. One approach that has
been thought about in this regard is the use of epitope vac-
cines that use immunogenic epitopes specific to CD8+ and
CD4+ cells and stimulate the immune system against these
epitopes simultaneously and completely. Through the use of
artificial peptide epitopes, the immune system can identify
foreign invaders and respond to any viral or microbial con-
tamination (Amer et al., 2018; Tahir Ul Qamar et al., 2020). A
comprehensive map of virus epitopes and their immunogen-
icity is necessary to develop an MPXV virus disease vaccine.
Furthermore, due to the presence of T cell and B cell epito-
pes, a multi-epitope vaccine significantly stimulates both

humoral and cellular immune responses. Adjuvants are used
in the construction of multi-epitope vaccines, and as a result,
high immunogenicity and long-lasting immune responses are
anticipated (Dey et al., 2022). Consequently, the goal of this
study was to develop a multi-epitope vaccine from MPXV
proteins using immunoinformatic and molecular dock-
ing studies.

2. Materials and methods

The overall methodology followed for the designing of
multi-epitopes-based vaccine construct was described in the
following Figure 1.

2.1. Proteome extraction and vaccine target selection

This research work commenced with the retrieval of 39 fully
sequenced genomes of monkeypox from NCBI Genbank
(https://www.ncbi.nlm.nih.gov/genbank/) followed by core
proteome analysis (Benson et al., 1993). In core proteome
analysis, only core proteome was retrieved and processed for
redundancy analysis in which redundant proteins were dis-
carded and non-redundant proteins were selected using a
CD-hit online webserver with a cut-off value of 0.8 (80%)
(http://weizhong-lab.ucsd.edu/cd-hit/) (Huang et al, 2010;
Ismail et al., 2021). Subsequently, antigenicity analysis was
performed to determine the antigenicity of the sequences
using Vaxilen 2.0 at the 0.4 threshold(http://www.ddg-
pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) (Doytchinova &
Flower, 2007). The ability to predict an antigenicity in a pro-
tein sequence is crucial because it tells us whether a viral
protein sequence is likely to be recognized by immune cells
in the human body. The antigenic sequences were further
processed for physiochemical properties analysis using prot-
param expassy (https://web.expasy.org/protparam/) (Garg
et al.,, 2016). Further, transmembrane helices were checked
using TMHMM —2.0 (http://www.cbs.dtu.dk/services/TMHMM-
2.0/) (Krogh et al., 2001). Subcellular localization analysis was
also done through CELLO2GO online webserver (http://cello.
life.nctu.edu.tw/cello2go/) (Yu et al., 2014).

2.2. Epitopes selection phase

In the epitope selection phase, both B and T-cells epitopes
were predicted using an online IEDB webserver (Vita et al.,
2015). The B-cell epitopes with a score of 0.5 in the Bepipred
linear epitope prediction method were selected. The T-cell
epitopes both in MHC-I and MHC-Il were opted based on the
lowest percentile score. Similarly, a reference set of alleles
were considered for predicting T-cell epitopes. Only a com-
mon set of epitopes were processed for additional analysis.
The predicted epitopes were further checked for antigenicity,
allergenicity, toxicity, and water solubility through vaxijen.2.0
(Doytchinova & Flower, 2007), AllerTOP v. 2.0 (Dimitrov et al.,
2013), ToxinPred (Gupta et al., 2013), and INNOVAGEN online
web servers, respectively and based on acceptable results,
epitopes for multi-epitopes vaccine designing were selected.
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Figure 1. Schematic representation of research methodology used herein.

2.3. Population coverage

Population coverage of predicted epitopes was conducted
using the web-based population coverage analysis tool from
Immune Epitope Database (IEDB) (http://tools.immuneepi-
tope.org/tools/population/) (Bui et al., 2006; Dhanda et al.,
2019). This tool provides human leukocytes antigens (HLA)
allele frequencies of 78 population groups in 11 different
geographical areas.

2.4. Vaccine construction and refinement

Epitopes are frequently non-immunogenic when used alone
as a vaccine because of their small size (Li et al., 2014). They
require a carrier that has strong immunostimulatory adju-
vants to activate the innate and adaptive immune systems.
Linkers are essential in replicating the vaccine construct’s
ability to function as an independent immunogen and gener-
ate higher antibody concentrations than a single immunogen
(Dong et al., 2020). The adjuvant was attached to the vac-
cine’s N terminal end using an EAAAK linker. The EAAAK
linker promotes the separation of the domains of a bifunc-
tional fusion protein, which is utilized to incorporate the first
CTL epitope and the adjuvant. Linking two epitopes together
is necessary for the epitope to function successfully. GPGPG
linker was employed to integrate HTL and CTL epitopes,
respectively, to efficiently detect epitopes inside the vaccine
(Nezafat et al., 2014). Different studies have used these link-
ers and adjuvants for the designing of multi-epitope vaccine
(Noor et al., 2022; Mahmood et al., 2021). The designed vac-
cine construct was subjected to the 3Dpro tool available in
the SCRATCH suite for 3D structure prediction (https:/
scratch.proteomics.ics.uci.edu/) (Cheng et al., 2005). 3Dpro is
currently a de novo method. The amino acid sequence of the
vaccine is given as input. The structure was further subjected
to loops refinement using an online galaxy server (https://
usegalaxy.org/) (Cheung & Sundram, 2017).
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2.5. Structural and physiochemical properties

The structure of a vaccine’s potential to cause allergies and
allergic reactions can be predicted by an assessment of its
allergenicity. Hence, the AllerTop server was employed
(https://www.ddg-pharmfac.net/AllerTOP/) (Garg et al.,, 2016).
Using VaxilJen v2.0, structural antigenicity was evaluated
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen). The SOLpro
server available in the SCRATCH suite was used to predict
the solubility of the vaccine construct (https://scratch.proteo-
mics.ics.uci.edu/) (Magnan et al., 2010). Stereochemical prop-
erties were predicted using the ProtParam server (https://
web.expasy.org/protparam/) to check the nature and stability
of the vaccine (Garg et al.,, 2016). SOPMA server was used to
identify the secondary structure of the vaccine construct
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_sopma.html) (Geourjon & Deleage, 1995).

2.6. Molecular docking analysis

Molecular docking is a type of bioinformatics modeling that
involves the interaction of two or more molecules to produce a
stable adduct. It predicts the three-dimensional structure of any
complex based on the binding characteristics of the ligand and
target (Dar & Mir, 2017; Borkotoky et al., 2021; Rajkumari et al.,
2018; Jain et al.,, 2021). To assess the binding potency of vaccine
construct with immune cell receptors docking analysis was per-
formed. Cluspro 2.0 online webserver (https://cluspro.bu.edu/
login.php) was utilized for molecular docking (Desta et al,
2020). Toll-like receptors (TLR) play a key role in viral particle
identification and innate immune system activation. TLRs could
be a promising target for early disease control and vaccine
development (Khanmohammadi & Rezaei, 2021). Different
immune mediators toll-like receptors (TLR-2, TLR4- and TLR-8)
were used as receptors molecules to determine the binding
affinity of the vaccine construct with target immune cells recep-
tors as it is crucial for immune cell activation. The three
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Table 1. Final selected antigenic proteins with their transmembrane helices
and subcellular localization.

Transmembrane  Subcellular
Name Antigenicity helices localization
Cupin domain-containing protein 0.48 0 Extracellular
ABC transporter ATP-binding 0.63 0
protein
DUF192 domain-containing 0.62 0
protein
Complete Sequence Proteome '39
Core Proteins ﬁ 18405
Redundant Proteins — 18255

Non-Redundant Proteins P1s0

Antigenic Proteins '95

Category of Proteins

Physiochemically Stable Is2
Transmembrane §47
Extracellular '3

0 5000 10000 15000
Number of Proteins

20000

Figure 2. The number of proteins obtained at each step of subtract-
ive proteomics.

receptors are important in generating protectiveimmunity
against the virus. Docked complexes having high binding affin-
ities were further subjected to molecular dynamics simulations.

2.7. Molecular dynamic simulation and free binding
energies estimation

Biophysical approach, a molecular dynamic simulation of 200 ns
was performed to evaluate the dynamic behavior of the docked
complexes (Ismail et al., 2021). Pre-processed and parameters
generation was accomplished using an antechamber module of
AMBER 20 (https://ambermd.org/AmberMD.php) (Salomon-Ferrer
et al.,, 2013). Each docked complex was placed in a solvation box
of 12A through a built-in Leap module. Protein force field
Fd14SB was used to define both vaccine construct and receptors.
Subsequently, Na + ions were added to the system to neutralize
the charge density. Moreover, energy minimization, hydrogen
atoms energy minimization for 500 steps, water molecules
energy minimization for 1000 steps with restraining of 200 kcal/
mol - A? on the remaining system, 1000 steps of energy mini-
mization of all atoms exception to 5 kcal/mol — A? restrain on
alpha carbon atoms and 300 steps energy minimization on non-
heavy atoms with the restrain of 100 kcal/mol — A% on rest of the
system, was performed during preprocessing. Systems were
heated to 300K (NVT ensemble), the temperature was main-
tained and hydrogen bond restriction was done using Langevin
dynamics and SHAKE algorithm, respectively (Pastor et al.,, 1988;
Krautler et al,, 2001). The complex systems were equilibrated for
1000ps and the system was compressed with an NPT ensemble
constraining Co. atoms of 5 kcal/mol energy A2, Lastly the produc-
tion of 200ns was executed and trajectory analysis was done
using the CPPTRAJ module (Roe & Cheatham, 2013)

MMPBSA.py module of AMBER 20 was used to estimate
the binding free energy and solvation free energies for the
vaccine, receptors, and complexes. Estimation of binding

energy for all three components was made either by
Generalized Born (MMGBSA) or Poisson Boltzman (MMPBSA)
equation (Genheden & Ryde, 2015). Mathematical interpret-
ation of binding energy can be done as:

AGbind, solv = AGbind, vaccum
+ AGsolv, receptors— (AGsolv, vaccine

+ AGsolv, receptors)

2.8. In silico cloning and codon optimization

The higher expression rates may be the result of a unique
codon adaptation technique that was developed for E. coli
K12, the most sequenced prokaryotic organism. The method
was used in the host organism E. coli K12 to boost the expres-
sion of the subunit vaccination protein’s primary sequence,
which was then sent to the JAVA Codon Adaptation Tool
(http://www.prodoric.de/JCat) (Grote et al., 2005). RHO inde-
pendent transcription termination, the prokaryote ribosome
binding site, and the restriction enzyme cleavage site were all
avoided. The altered nucleotide sequences of the created
multi-subunit vaccine were further cloned into the E. coli pET-
28a (+) vector between restriction sites using the restriction
cloning module of the SnapGene program (https://www.snap-
gene.com/). SnapGene provides a simple and safe method for
visualizing, planning, and documenting routine molecular biol-
ogy processes. The software allows for the viewing of DNA
sequences, sequence editing, sequence annotation, protein
visualization, cloning, and simulation of typical cloning techni-
ques, all with a simple user interface (Biotech, 2020).

2.9. Disulfide engineering

Disulfide engineering is a unique method of introducing
disulfide bonds into the target protein structure. Disulfide
bonds are covalent interactions that contribute to the
enhancement of protein stability and the study of protein
interactions and dynamics (Khatoon et al., 2017; Pandey
et al, 2018). The vaccine structure was submitted to the
Disulfide by Design (DbD) 2.12 tool (http://cptweb.cpt.wayne.
edu/DbD2/) to increase stability (Craig & Dombkowski, 2013).
A set of parameters (87 to + 97 chi3 value and 2.2 energy
value) was used to select potential residue pairings, which
were then mutated with a cysteine residue.

2.10. Immune simulation

Using the C-ImmSim server (https://150.146.2.1/C-IMMSIM/
index.php), in silico immune simulations were carried out to
assess the immunogenicity and immune response of the
MPXV vaccine (Rapin et al., 2010). This immune trigger uses
machine learning techniques and a position-specific scoring
matrix (PSSM) to estimate immune interactivities and epitope
prediction, respectively. The server’s prediction includes the
simulation of three unique anatomical locations associated
with immune responses in mammals: the thymus, the bone
marrow, and a tertiary lymphatic organ such as a tonsil,
lymph node, or spleen (Rapin et al., 2010).
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Table 2. Predicted B-cells epitopes from three surface proteins to design MPXV vaccine.

Proteins number/Accession number

Predicted B-cells epitopes

>core/2187/2/0rg2_Gene165
(cupin domain-containing protein)
(Accession ID: WP_038760017)

>core/85/1/0rg1_Gene78
(ABC transporter ATP-binding protein)
(Accession ID: WP_004184889)

>core/139/1/0rg1_Gene141
(DUF192 domain-containing protein)
(Accession ID: WP_038780458)

SPQTSKKIGDD
SRNNT
NYTKDKISYDSPYDD
LTAGDA
TNDTDKVDYE

STPETISEKPEDIDNSNCSSVFEIATPEPITDNVEDHTDTVTYTSDSINTVNASSGESTTDETPEPITDKEEDHT

VTDTVSYTTVSTSS

TKSTTDDADLYDTYNDNDTVPPTTVGGSTTSISNYKTK

KHPRKYKTE
EQEANASAQT
FYIRQNHG
SADADA
LTPEQKAY

TAALNIQTSVNTVVRDFENYVKQTCN

CYGAPG
KATTQIAPRQVAGTG
KENVH

YGNIKEFNATHAAFEYSKSIGGTPALDRRVQDVNDTISDVKQK

AEVGPNNTISIRKFNTMRQC
TFSDVIN

IAPNINNTE

TFSDVIN

Table 3. Predicted T-cells (MHC-I and MHC-II) epitopes from MPXV proteins

Table 4. Physicochemical properties of selected epitopes.

with their corresponding percentile rank. DRB*0101

MHC- Percentile rank MHC-II Percentile rank  Selected Predicted Water

NYTKDKISY 0.86 NYTKDKISYDSPYDD 58 epitopes |C50 Value (nM) Solublllty TOXICIty AIIergenICIty
ISYDSPYDD 10 SSVFEIATPEPITD 0.95 NYTKDKISY 10.26 Good water Non-toxic Non-allergic
FEIATPEPI 0.18 ISYDSPYDD 36.64 soluble

DIDNSNCSSV 34 SEKPEDIDNSNCSSV 36 KEFNATHAA 55.85

SEKPEDIDNS 6.4 KSIGGTPAL 19.82

VEDHTDTVTY 0.15 NVEDHTDTVTYTSDS 30

NTVNASSGE 6.2 INTVNASSGESTTDE 8.2

ASSGESTTDE 14 Core proteins are mainly involved in several major structures
ITTVDTlE)ETEVDSI;(T 01;542 PITDKEEDHTVTDTV 27 and functions for example important for virion assembly, inter-
SYTTVSTSS 6.7 TVIDTVSYTTVSTSS 14 action between several host proteins (Maxwell & Frappier,
TTVGGSTTSI 0.26 PPTTVGGSTTSISN 29 2007). Core proteins were further considered for redundancy
DTYNDNDTV 0.09 DDADLYDTYNDNDTV 17 o .

DDADLYDTY 0.92 TKSTTDDADLYDTY 88 analy'5|s in which 1.8255 redundant and 1'50 non-redun'dant
STTDDADLY 0.02 TAALNIQTSVNTWV 1.8 proteins were predicted. Redundant proteins are very highly
AALNIQTSV 0.2 TVVRDFENYVKQTCN 6.2 similar to existing in the same species while the non-redun-
TVVRDFENY 0.06 KATTQIAPRQVAGT 12 dant tei i ingle ti in th let

ENYVKQTCN 29 GNIKEFNATHAAFE 19 ant proteins were present a single time in the complete
KATTQIAPR 0.16 YSKSIGGTPALDRRV 12 proteome (Sikic & Carugo, 2010). Hence, non-redundant pro-
KEFNATHAAF 0.09 RVQDVNDTISDVKQK 16 teins were considered for further analysis. Among 150 non-
KSIGGTPAL 0.2 AEVGPNNTISIRKF 26 A . .

DTISDVKQK 0.03 NTISIRKENTMRQC 27 redundant proteins, 95 proteins were found as probable anti-

Clinically, a month is the minimum amount of time that is
advised between two doses of a vaccine (Jain et al., 2021). The
immune simulation was carried out using the same protocol
as that described in earlier studies (Chauhan & Singh, 2020;
Tahir Ul Qamar et al., 2020). As one-time step is equivalent to
8 hours of daily life, 1, 84, and 168-time steps variables were
prepared for a total of three inoculations, which were given
with the recommended time intervals of 1 month. The default
values for all other triggering parameters were maintained.

3. Results and discussion

3.1. Complete proteome extraction and selection of
vaccine target

In the study, 39 fully sequence proteomes were extracted
(Table S1), and these proteomes were subjected to core pro-
teins analysis in which 18405 core proteins were predicted.

genic with a threshold 0.4. Antigenic proteins are mostly
involved in the pathogenicity of the pathogens and can
induce the immune system properly. In previous studies, the
researcher also considered antigenic proteins as good vaccine
candidates and processed them for epitope prediction (Ullah
et al.,, 2021). Further, the antigenic proteins were assessed for
physiochemical properties analysis in which 43 proteins were
found as unstable having an in-stability index greater than 40
(Guruprasad et al., 1990) . So these unstable proteins were dis-
carded and 52 stable proteins were further examined for trans-
membrane helices. Too many helices in the structure can
make the structure unstable (Noor et al.,, 2022). In 52 proteins
3 proteins were predicted to have more than one transmem-
brane helices so those 3 proteins were discarded and the
remaining 47 proteins were processed for extracellular mem-
brane analysis. In extracellular membrane analysis, only 3 pro-
teins were predicted in extracellular region. Extracellular
membrane proteins are present on the surface and can mostly
interact with host immune cells as the interaction is vital for


https://doi.org/10.1080/07391102.2022.2125441

6 A. ULLAH ET AL.

E G G G
p P p
NYTKDKISY @€ ISYDSPYDD (@S G M
p P p
K G G G

Figure 3. Schematic view of MPXV vaccine construct that shows 180 amino acids long and containing selected epitopes and adjuvant linked in the construct via

EAAAK linker at N- terminal.
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Figure 4. 3D structure of MPXV vaccine construct. Black color represents
selected epitopes, red color represents EAAAK linker, yellow color represents
GPGPG linkers and blue color represents adjuvant.

inducing an immune response. So these 3 extracellular pro-
teins are considered a good candidates for vaccines.
Extracellular and membrane proteins were preferred to choose
epitopes and create a successful vaccine because of their role
in pathogenic adhesion and virulence to host cells. The details
of 3 selected proteins are described in Table 1. The overall
number and categories of subtractive proteins are described
in following Figure 2.

3.2. Epitopes prediction and prioritization phase

Both B and T-cells epitopes were predicted from target pro-
teins. B- cells epitopes were predicted to generate humoral
immune response while for cellular immune responses, T-cells
epitopes were predicted (Zheng et al., 2017). The predicted B-
cells epitopes are tabulated in the following Table 2.

In T-cells epitopes selection both MHC-I and MHC-II epito-
pes were predicted, and the predicted epitopes were priori-
tized on the base of least percentile score. MHC-I and MHC-II
predicted epitopes with their least percentile score are tabu-
lated in the following Table 3.

3.3. Epitopes targeting phase

In epitopes targeting phase the predicted MHC-I1 and MHC-II
epitopes were subjected for DRB*0101 binding, water-solu-
bility, toxicity and allergenicity analysis, and good DRB*0101
binder, good water-soluble, non-toxic and non-allergic

proteins were shortlisted for vaccine construction Table 4.
Toxicity analysis was checked in order to remove toxic pro-
teins, as the toxic proteins may cause toxic response in host.

3.4. Multi-epitopes vaccine construction and
processing phase

Humoral and cellular immune responses play important role
in tackling the pathogens, as multi-epitopes based vaccine
construct consist of several different types of B and T-cells
epitopes which can induce both cellular and humoral
immunity in host (Zhang, 2018). Multi-epitopes based vac-
cine construct was designed using the shortlisted epitopes,
the epitopes were joined with each other via ‘GPGPG’ linkers
and joined with cholera-toxin B subunit adjuvant through
another EAAAK linker, as mentioned in Figure 3. The non-
toxic cholera toxin B subunit is an effective adjuvant for
DC-targeted vaccination. Humans can safely use the nontoxic
cholera B subunit (CTB), which has the potential to activate
CD4+ T cell responses (Antonio-Herrera et al., 2018).

Three-dimensional structure of the designed vaccine con-
struct was predicted by the 3DPro tool and is represented in
the following Figure 4. To retain the structural stability, all
the loops were refined using the galaxyweb server.

3.5. Population coverage analysis

The Population coverage analysis was done on selected epit-
opes that have been used in designing of multi-epitopes
vaccine constructs with their both MHC-I and MHC-II. The
results predicted that the selected epitopes cover 99.78%
world population followed by 97.93% Chinese population
and 97.36% Indian population. Overall the different countries
wise populations are mentioned in the following Figure 5.

3.6. Physiochemical properties and water
solubility analysis

Physiochemical properties analysis is important to deliver data
for experimentalists to assist them in the experimental testing
of the vaccine. Examining the stereo-chemical properties of the
designed structure with the ProtParam program revealed that
the vaccine structure has a molecular weight of 19450.09
Daltons and an isoelectric point of 8.43, indicating the basic
nature of the designed vaccine structure. There are 17 nega-
tively charged amino acids (aspartic acid, glutamic acid) and 19
positively charged amino acids (lysine, arginine). The aliphatic
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Figure 5. Population coverage map of MPXV vaccine covering 99.78% of the world population.

Table 5. Weighted score of the MPXV vaccine docked with immune
cells receptors.

Docked compounds Representative Weighted Score
Vaccine-TLR-2 Center —669.8

Lowest energy —829.5
Vaccine-TLR-4 Center —701.2

Lowest energy —869.1
Vaccine-TLR-8 Center —634.0

Lowest energy —735.1

index is 72.78, and the instability of the designed structure is
31.76, indicating that the vaccine structure designed in the host
is stable. The GRAVY index was —0.351, and it was reported that
a negative value indicates that the vaccine structure is hydro-
philic and could interact well with water molecules. This vaccine
construct’s half-life was predicted to be 30hours in mammals
(in vivo), more than 20 hours in yeast (in vivo), and more than
10 hours in E. coli (in vivo). Based on the SOLpro server results,
the designed vaccine structure was predicted soluble with a
probability of 0.9, ensuring easy access to the host. Vaccine
structures were also predicted to be non-toxic, non-allergenic,
and antigenic. According to AntigenPro, the result of its antige-
nicity was 0.890876.

3.7. Molecular docking analysis

Interaction of vaccine with immune cell receptors is import-
ant to induce an immune response in the host body. The
binding affinity of the designed vaccine molecules with

selected immune cell receptors (TLR-2, 4, and 8) was ana-
lyzed through molecular docking. The server- generated
docked complexes on the base of the complementary score,
interface area, and atomic contact energy. Based on the low-
est binding energy Top-1 complexes in the case of each
receptor were subjected to molecular dynamic simulation
analysis. The binding energy score of the Top-1 docked com-
plex in the case of Vaccine-TLR-2, Vaccine-TLR-4 and Vaccine-
TLR-8 is tabulated in the following Table 5 and is repre-
sented in Figure 6A-C.

3.8. Molecular dynamic simulation

Molecular dynamic simulation analysis is based on computer
simulation which is mainly assessed the dynamic behavior of
the docked molecules in a specific time. For analysis of
dynamic behavior and structural stability moleuar dynamic
simulation of 200 nano second was conducted. The MD
simulation was performed for TLR-2 - vaccine, TLR-4 - vac-
cine and TLR-8 - vaccine complexes. The trajectories of MD
simulation was consisted of root mean square deviation and
(RMSD) and root mean square fluctuation (RMSF). The RMSD
backbone atom of the TLR-2 docked complex revealed that
the initial deviation was between 0.2- 0.3 nm around upto 70
nano secnond but after 160 nano second the plot of RMSD
got stabalized as presenetd in Figure 7A by black color.
Followed by the TLR-2 vaccine TLR-4 showed proper stability
as shown by the green color line in the RMSD graph.
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Figure 6. Docked confirmation of immune cells receptors with vaccine. (A) Docked structure of TLR-2 with MPXV, (B) Docked structure of TLR-4 with MPXV, (C)
Docked structure of TLR-8 with MPXV. Purple color represent MPXV vaccine, while brown, pink, and red color represents TLR-2, TLR-4, and TLR-8, respectively.

The maximum devaition is observed in the TLR-8 vaccine
complex but that was due to loops present in the structure.
The RMSD analysis found that the interaction between
docked complexes isstabilized . Consequently, root mean
square fluctuation (RMSF) for the atom of the backbone of
the residues, the average fluctuation residues to be 0.05nm.
The RMSF analysis found lower fluctuation between docked
complexes as presented in the following Figure 7B. Overall in
the whole period of simulation, there are no drastic changes
were observed in docked complexes. In order to ensure com-
plexes stability, the simulation is repeated with different ini-
tial velocity and found to have stable dynamics reported in
the first run (S-Fig.1). The number of hydrogen bonds in
each complex is given in Figure 8. As can be seen in the fig-
ure that the vaccine formed robust hydrogen bonds with the
receptors demonstrating stable complexes formation and
stronger affinity of the vaccine for the receptors. In case of
vaccine-TLR-4 complex, ~ 75 hydrogen bonds were formed
in each snapshot of the simulation trajectories. Likewise, the
average number of hydrogen bonds for vaccine-TLR-2 and

vaccine-TLR-8 is 50 and 45, respectively. In all three com-
plexes, the hydrogen bond network is consistent throughout
the simulation time. This analysis demonstrated that the vac-
cine showed strong binding affinity with the receptors and
ensure efficient representation of the vaccine to host
immune cells for activation of prompt immune resposnes.

3.9. Binding free energies estimation

For further validation of docking results, we carried out binding
free energy calculation. The ‘molecular mechanics the general-
ized born model and solvent accessibility MMGBSA’' method was
adopted for energy calculation. The delta total net free binding
energy for receptors TLR-2 vaccine construct was —328.29 kcal/
mol, while with the TLR-4 and vaccine construct —397.39 kcal/
mol and TLR-8 vaccine construct —404.06 kcal/mol, overall the
VDWAALS energies was the most favorable region in the con-
struct formation. Overall, the energy parameters and their value
are presented in the following Table 6.
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3.10. In-silico cloning and codon optimization

Codon adaptation is the best method to increase transla-
tional efficiency because variations in codon use limit the
translation of foreign genes. The JCat tool was used to
enhance the codon use of our developed vaccine concerning

the E. coli K12 strain. The optimized sequence had a codon
adaptation index (CAI) of 1, indicating effective expression in
the E. coli host with a GC content of 50.18%. Following adap-
tation, the prokaryotic ribosome binding site, restriction
enzyme cleavable sites, and rho independent transcription
terminators were all eliminated, according to the results. The
modified codon sequence from the vaccine construct was
then inserted between the Xhol and BamHI restriction sites
of the E. coli expression vector PET28a (+), as shown in
Figure 9. The size of the clone was 5877 bp.

3.11. Disulfide engineering

Disulfide by Design 2.13 tool was used to analyze the vaccine
sequence, and a total of 10 potential residue pairings (Tyr39-lle45,
Ser51-Ala59, Gly66-Leu93, Ala67-Lys90, Ser76-GIn82, lle95-
Ala119, Val108-Ala116, Thr132-Gly141, Ser145-Pro154 and
Gly168-Pro171) that could form a disulfide bond were discovered.
Four pairs of residues were chosen after accounting for the bond
energy and the y3 parameters because their results met the
requirements outlined in previous studies, which stipulated that
the bond energy should be less than 2.2 kcal/mol and the %3
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Table 6. Binding free energies of
cell receptors.

MPXV vaccine docked

with immune

Energy TLR-2-vaccine TLR-4-vaccine TLR-8-vaccine
parameter complex complex complex
MM-GBSA
VDWAALS —211.52 —309.67 —325.00
EEL —150.00 —105.33 —111.65
EGB 52.36 38.82 51.59
ESURF —-19.13 —-21.21 —19.00
Delta G gas —361.52 —415 —436.65
Delta G solv 33.23 17.61 32.59
Delta Total —328.29 —397.39 —404.06
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angle should be between 87° and +97°. The mutated residues
were described in the following Figure 10B by a yellow color stick
while the original structure was presented in Figure 10A.

3.12. Immune simulation

The C-IMMSIM server was used to obtain the immunogenic
profile of the MPXV vaccine candidates. The results of the
simulation showed that high IgM concentrations were
detected during the initial response. The typical elevated
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Figure 9. In silico restriction cloning of the final multi-epitope vaccine using the pET28a (+) expression vector. The black circle represents the vector, and the blue
portion is where the vaccine is inserted.

Figure 10. (A)Wild and (B) mutated structure of designed vaccine. Yellow color represents the mutated residues.
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levels of immunoglobulin activities (i.e. IgG1 +19G2, IgM, and
IgG + IgM antibodies) were noticeable in both secondary and
tertiary responses with corresponding antigen depletion
(Figure 11A). High levels of cytokines, such as IFN- and IL-2,
which are important for suppressing viral replication and cel-
lular immunity, were also discovered (Figure 11B). The
immune elicit characteristics mentioned above ensured that
the MPXV vaccine would be effective in human subjects.

MPXV vaccine has excellent features that make it superior
to traditional vaccinations. Different multi-epitope vaccines
have reported in previous studies (Dey, Mahapatra, Raj et al.,
2022; Mahapatra et al, 2021; Dey et al., 2022; Dey et al.,
2022; Dey et al., 2021; Chatterjee et al.,, 2021; Narang et al.,
2021; Narang et al,, 2021; Mahapatra et al., 2021). MPXV vac-
cine comprises B-cell and T-cell epitopes, and may thus be
capable of eliciting humoral or cellular immunity within the
host. Because it is connected to adjuvant, this vaccine can
provide long-term protection to hosts. When administered
orally, intranasally, or sublingually, MPXV vaccine may induce
mucosal immunological responses, preventing pathogen
entry into the host by stimulating the production of host-
defensive B and T lymphocytes in the systemic and mucosal
environments. The MPXV vaccine developed in this study will
pave the way for future vaccinology research. Since the cur-
rent work relies on an integrated computation pipeline; add-
itional laboratory testing is required to prove the MPXV
vaccine’s safety and efficacy

4. Conclusions

The main objective of the current work was to design and
create a multi-epitope vaccine that can trigger an immune
response against MPXV using three probable antigenic extra-
cellular proteins as a target in order to create a novel vaccine
that is risk-free and almost symptom-free. The most promis-
ing epitopes were subsequently chosen through a meticu-
lous process and used for vaccine development. However,
experimental validation and immunological base tests are
strongly recommended to approve and validate the suitabil-
ity of proposed constructed vaccine against MPXV. Hence,

our research will support the creation of suitable therapeu-
tics and encourage the creation of potential MPXV vaccines,
which could mark a significant advancement in the develop-
ment of an antiviral vaccine against MPXV.
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