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A B S T R A C T   

Background: On May 7, 2022, WHO reported a new monkeypox case. By May 2023 over 80,000 cases had been 
reported worldwide outside previously endemic nations. (This primarily affected the men who have sex with men 
(MSM) community in rich nations). The present research aims to develop a multi-epitope vaccine for the 
monkeypox virus (MPXV) using structural and cell surface proteins. 
Methods: The first part of the research involved retrieving protein sequences. The Immune Epitope Database 
(IEDB) was then used to analyze the B and T lymphocyte epitopes. After analyzing the sensitizing properties, 
toxicity, antigenicity, and molecular binding, appropriate linkers were utilized to connect selected epitopes to 
adjuvants, and the structure of the vaccine was formulated. Algorithms from the field of immunoinformatics 
predicted the secondary and tertiary structures of vaccines. The physical, chemical, and structural properties 
were refined and validated to achieve maximum stability. Molecular docking and molecular dynamic simulations 
were subsequently employed to assess the vaccine’s efficacy. Afterward, the ability of the vaccine to interact with 
toll-like receptors 3 and 4 (TLR3 and TLR4) was evaluated. Finally, the optimized sequence was then introduced 
into the Escherichia coli (E. coli) PET30A + vector. 
Results: An immunoinformatics evaluation suggested that such a vaccine might be safe revealed that this vaccine 
is safe, hydrophilic, temperature- and condition-stable, and can stimulate innate immunity by binding to TLR3 
and TLR4. 
Conclusion: Our findings suggest that the first step in MPXV pathogenesis is structural and cell surface epitopes. In 
this study, the most effective and promising epitopes were selected and designed through precision servers. 
Furthermore, through the utilization of multi-epitope structures and a combination of two established adjuvants, 
this research has the potential to be a landmark in developing an antiviral vaccine against MPXV. However, 
additional in vitro and in vivo tests are required to confirm these results.   

1. Introduction 

Newly recognized diseases have recently undergone epidemiological 
shifts, increasing incidences in various parts of the world [1,2]. These 
Emerging infectious diseases (EIDs) place a heavy financial strain on 
society and result in numerous public health complications [1,2]. EIDs 

can develop when previously harmless pathogens acquire new virulence 
factors or when infections spread to previously unaffected regions [1,2]. 
While the world is still grappling with the aftermath of the COVID-19 
pandemic, the emergence of the monkeypox virus (MPXV) as an infec
tious disease seems problematic [3]. 

Human monkeypox (MPX) is a zoonotic disease caused by the large 
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double-stranded DNA genome of the monkeypox virus [4]. MPXV is 
comparable to smallpox but less severe clinically [4]. MPXV symptoms 
(including fatigue, headache, fever, and myalgia) typically last two to 
three weeks [4]. In some sensitive populations, such as children, preg
nant women, and people with certain medical conditions (immunode
ficiency diseases and immunosuppressed patients), the progression of 
MPXV infection can vary [5]. Nevertheless, close contact with an 
infected person is typically considered a risk factor [5]. 

The mortality rate from MPXV is high, ranging from 1% to 11% [6]. 
Smallpox was eradicated due to a worldwide vaccination campaign 
organized by the World Health Organization (WHO), which saved mil
lions of lives. Therefore, most countries stopped vaccinating against this 
virus after WHO eradicated smallpox in 1980 [7]. After nearly 40 years, 
the world’s population still lacks effective protection against smallpox 
and only partially protects against other poxviruses (such as mon
keypox) induced by smallpox vaccines [8]. There has been a resurgence 
of MPXV due to newly reported cases of infection. Therefore, this virus 
was designated as an emerging disease in 2018 by the World Health 
Organization Research and Development (WHO R&D) Blueprint [9]. 

Although the world has not fully overcome the COVID-19 pandemic 

and its repercussions, the increasing number of human MPXV-positive 
cases in several non-endemic regions is cause for significant concern 
[7]. As a result of the devastating effects of previous pandemics (such as 
the COVID-19 pandemic) on the global health system and societies, we 
must prevent another raging EID from becoming a devastating pandemic 
[10]. 

Vaccination is an effective method for preventing EIDs like MPX. 
Several vaccines that induce immunization against MPXV have been 
developed; however, these vaccines are not designed specifically for 
MPXV and have low efficacy. Vaccines designed specifically against 
MPXV are still undergoing preliminary testing [11]. In addition, ac
cording to a report by the Centers for Disease Control and Prevention 
(CDC), no specific therapeutic method exists for MPXV [5]. Conse
quently, new treatment methods, including vaccination, are required to 
combat emerging MPXV strains. 

The immune system plays an important role in pathogenesis and the 
fight against viruses and cancer [12]. Vaccines must induce an immune 
response faster than the pathogen to be effective. Nevertheless, 
conventionally designed vaccines like Dryvax and Jynneos are expen
sive, time-consuming, allergenic, and have production safety concerns 

Table 1 
Multi-epitope vaccines against MPXV.  

Docking Adjuvant Number of 
Amino acids 

Selected genes/proteins Study 

TLR-2 TLR-3 
TLR-4 

Beta-defensin 3 Monkey pox 
vaccine- 1 306 

A21L, A30L, A43R, B8R, B9R, B20R, C22L, J2R [107] 

50S ribosomal protein 
L7/L12 

Monkey pox 
vaccine- 2 388 

Heparin binding 
hemagglutinin 

Monkey pox 
vaccine- 3 417 

TLR-4 HBHA protein Monkey pox 
vaccine- 1 511 

B5R, J3L, F8L, B17R, I8R, B5R, C1L, B1R, C2L, J6R, D3R, E8L, C19L, A25R, 
B4R, B12R, A48R, B14R, A46R, A40L, R1R, C4L, D18L, F3L 

[5] 

Beta defensin Monkey pox 
vaccine- 2 397 

HBHA conserved 
peptide 

Monkey pox 
vaccine- 3 502 

50S ribosomal protein 
L7/L12 

Monkey pox 
vaccine- 4 482 

TLR-2 TLR-3 Human beta-defensin 2 N/A L1R, B5R, A33R [16] 
TLR-2 TLR-4 

TLR-8 
Cholera-toxin B subunit 180 Cupin domain-containing protein 

ABC transporter ATP-binding protein 
DUF192 domain-containing protein 

[17] 

TLR-9 50S ribosomal protein 308 NP_536428.1, AAQ09810, AAM76335.1, AAM76334.1, URF91554.1, 
USS79525.1 

[18] 

TLR5 Flagellin protein and 
RS09 

390 AIE40790.1, AIE40786.1, AIE40780.1, AIE40778.1, AIE40774.1, AIE40766.1, 
AIE40764.1, AIE40763.1, AIE40759.1, AIE40758.1, AIE40739.1, AIE40738.1, 
AIE40737.1, AIE40733.1, AIE40718.1, AIE40702.1, AIE40669.1, AIE40657.1 

[19] 

TLR2 50S ribosomal protein 
L7/L12 

377 MPXVgp181 [20] 

TLR3 50S ribosomal L7/L12 Monkey pox V1 
494  

Monkey pox V2 
366 

COP-B7R 
COP-A44L 

[21] 

TLR4 CTxB 167 MV-6, MV-12, MV-13, MV-20, MV-28, MV-42, MV-147, MV-150, MV-158, MV- 
170 

[22] 

TLR3 
TLR4 

Cholera toxin b (CTB) 150 E8L [106] 

TLR4 HBHA 
HBHA conserved 
B -defensin 
L7/L12 ribosomal 
proteins (MPXV-V4) 

Monkey pox V4 
326 

L5L, A28, L5 [13] 

MHC I alleles (HLA-A*02:01, HLA- 
B*15:01), and MHC class II allele 
(HLA-DRB1) 

RS09 and PADRE 275 E8L [11] 

TLR4 CTxB 376 cell surface-binding protein 
envelope protein A28 homolog 

[13,14] 

TLR2 
TLR4 

CTB 207 Aligned sequences of different MPXV strains [15] 

TLR3 
TLR4 

β-defensin-3, 
protein LL-37 

749 A27L, A29L, B14R, E13L, A34L Our 
study  

M. Farzan et al.                                                                                                                                                                                                                                 



International Immunopharmacology 123 (2023) 110725

3

[11]. A fundamental component of humoral and cellular immune re
sponses is an epitope. Recent advances in immunoinformatics have 
allowed us to design multi-epitope vaccines that are extremely safe and 
cost-effective [13]. Table 1 summarizes the designed multi-epitope 
MPXV vaccines [13–22]. The A27L gene encodes a protein (A-type in
clusion body protein) that is associated with the intracellular mature 
virus (IMV) and plays a crucial role in the host immune response [23]. 
This protein is believed to play a role in poxvirus entry [24]. 

There are reports that monoclonal antibodies (MAbs) specific to 
A27L can be immunoprotective [25,26]. In brief, the virus invades the 
body and multiplies in lymphocytes during the pathogenesis of MPX 
[24]. A29L can promote viral membrane fusion with the host plasma 
membrane by binding to heparin on the cell surface [24]. B14R, also 
known as interleukin (IL)-1B binding protein, is believed to be one of the 
genes responsible for the increased virulence of certain MPXV strains 
[27]. The scaffold protein D13 (E13L gene) gives immature virions (IV) a 
rigid and curved convex membrane that rifampicin targets [28]. 
ATPase/DNA packaging protein (A34L protein) is a structural protein of 
enveloped virions that performs DNA packaging into virions and is NTP- 
binding motif A [29]. The MPXV life cycle is schematically depicted in 
Fig. 1. 

We developed novel vaccines against MPXV based on predicted T- 
and B-cell epitopes using reverse vaccinology and biophysical tech
niques in this study. This study aimed to examine the immu
noinformatics data of A34L, A29L, B14R, E13L, and A27L proteins to 
identify effective and immunogenic epitopes for the design of multi- 
epitope recombinant proteins in light of the obstacles above and the 
significance of the disease. Vaccines based on these proteins’ highly 
conserved regions can be used to protect against MPXV because they do 
not evolve. 

2. Methodology 

The systematic workflow used in this study to design a subunit multi- 
epitope vaccine construct against MPXV is depicted in Fig. 2. 

2.1. Protein target sequence retrieval 

We isolated the complete dsDNA sequence for MPXV and all proteins 
encoded by the virus’s genome. Approximately 180 MPXV proteins were 
isolated and characterized. Accessing the UniProt database (https 
://www.uniprot.org/) in the common FASTA format (accessed on 
04.2022), we were able to retrieve the full sequences of the MPXV target 
proteins and vaccine adjuvants, which we then verified with NCBI data 
entry (Table 2). 

Antigenicity predictions were made using the ANTIGENpro server (htt 
ps://scratch.proteomics.ics.uci.edu/) and the VaxiJen server (https:// 
www.ddgpharmfac.net/vaxijen/VaxiJen/VaxiJen.html) for the selected 
protein sequences. To determine whether or not the proteins mentioned 
above were allergenic, we used the online tool AllerTOP2.0 (https: 
//www.ddg pharmfac.net/AllerTOP/method.html) (Table 3). The 
human body’s immune cells must be able to identify the viral protein 
sequence because this recognition triggers allergic reactions [30,31]. 
Select proteins’ transmembrane helices were determined using TMHMM- 
2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0). Sub
cellular localization was performed using the CELLO2GO web server 
(https://cello.life.nctu.edu.tw/cello2go/) [32,33]. The virulence factors 
of the selected proteins were also predicted using the VirulentPred web 
server [34]. 

2.2. Prediction and selection of 9-mer and 15-mer T-cell epitopes 

Vaccine candidates were narrowed down to those proteins that could 

Fig. 1. Schematic overview of the monkeypox virus life cycle.  
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Fig. 2. The systematic workflow of this study.  
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cross the cell’s outer membrane. The surface topology of the target 
proteins was considered during the selection of immunogenic de
terminants (epitopes) for the subunit vaccine. Major histocompatibility 
complex (MHC) molecules, such as class I and II, represent T-cell epi
topes [5]. These molecules are recognized by two subsets of T-cells, CD8 
and CD4, respectively. Epitopes for cytotoxic T lymphocytes (CTLs) were 
identified in 12 MHC class I supertypes using the NetCTL 1.2 server 

(https://www.cbs.dtu.dk/services/NetCTL/) [35]. The server relies on 
artificial neural network (ANN) predictions of MHC class I peptide 
binding, ANN predictions of proteasomal C-terminal cleavage, and a 
weight matrix-based method of calculating TAP transfer efficiency 
[36–38]. The C-terminal cleavage efficiency, TAP transport effective
ness, and epitope detection thresholds were set as defaults (0.15, 0.05, 
and 0.75, respectively). 

In addition, we used the NetMHCII-2.3 server (https://services.hea 
lthtech.dtu.dk/service.php?NetMHCII-2.3) to predict the MCH class II- 
restricted CD4 + helper T lymphocyte (HTL) epitopes among the 
shortlisted proteins based on HLA-DR, HLA-DQ, and HLA-DP MHC class 
II alleles [39]. The thresholds for strong and weak binders were estab
lished at 2% and 10%, respectively [40,41]. MHC I alleles with an IC50 
binding affinity of 100 nM or less, binding to more supertypes, and 
covering most of the population were selected for further analysis [5]. 
For MHC II, epitopes binding to more alleles with IC50 values less than 
500 nM were selected for further examination [42]. Moreover, all epi
topes’ antigenicity, allergenicity, and toxicity were predicted. A higher 
antigenicity score indicates a more significant immune response. The 
toxicity of the predicted epitopes was evaluated using the Toxin-Pred 
server. Physiochemical properties of epitopes, including amphipa
thicity, hydrophilicity, molecular weight, pI, hydropathicity, and 
charge, were also calculated. 

Furthermore, Virulentpred (Cascaded SVM module with a threshold 
of 0.0) (https://203.92.44.117/virulent/submit.html) and the Innova
gen website (https://www.innovagen.com/proteomics-tools) were used 
to select virulent and soluble epitopes, respectively [31]; both were able 
to evaluate antigenic, non-allergenic, and non-toxic selected epitopes. 
To evaluate the immunogenicity of MHC-II epitopes, we used the MHC 
class I immunogenicity tool (https://tools.iedb.org/immunogenicity/) 

Table 2 
The parameters set for the C-ImmSim server.  

Parameter Value 

Random Seed 12,345 
Simulation Volume 30 
Simulation Steps 1000 (About 1 year) 
Injection N. 1 Time step of injection 

What to inject 
1 
Vaccine (No LPS) 

Injection N. 2 Time step of injection 
What to inject 

84 
Vaccine (No LPS) 

Injection N. 3 Time step of injection 
What to inject 

170 
Vaccine (No LPS)  

Table 3 
The accession number of the selected proteins for vaccine design.  

Accession number Protein/Gene name Length 
(Amino acids) 

Q8V4V1 A-type inclusion body protein (A27L) 696 
Q77HM6 IMV surface fusion protein (A29L) 110 
Q8V4R4 IL-beta-binding protein (B14R) 326 
Q8V4X5 Scaffold protein D13 (E13L) 551 
Q8V4U5 ATPase A32 /DNA packaging protein (A34L) 300  

Fig. 3. The three-dimensional model shows discontinuous B-cell epitopes of 41 residues in response to vaccine (A), discontinuous B-cell epitopes of 18 residues in 
response to vaccine (B), discontinuous B-cell epitopes of 30 residues in reaction to vaccine (C), discontinuous B-cell epitopes of 15 residues in response to vaccine (D), 
discontinuous B-cell epitopes of 7 residues in response to vaccine (E). 
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available through the IEDB server [43]. 
Producing cytokines is a major feature of selected HTL epitopes in 

vaccine construction [44]. To this end, we analyzed the HTL epitopes for 
cytokine-inducing properties (Interferon-gamma (IFN-γ), Interleukin 4 
(IL-4), and Interleukin 10 (IL-10)) employing IFNepitope (https://webs. 
iiitd.edu.in/raghava/ifnepitope/application.php), IL-4pred (https://c 
rdd.osdd.net/raghava/il4pred/), and IL-10pred (https://webs.iiitd. 
edu.in/raghava/il10pred/) [45–47]. 

2.3. B-cell linear and discontinuous epitope prediction 

B-cells are essential immune system components for the production 
of protective antibodies. B- cell epitopes were predicted using the 
ABCPred server (https://webs.iiitd.edu.in/raghava/abcpred/ABC sub
mission.html), IEDB B-Cell Epitope Prediction Tool (https://tools.iedb. 
org/main/bcell/), and BCPREDS server (https://crdd.osdd.net/ragha 
va/bcepred/). The optimal epitopes were chosen based on their high 
scores, and the cutoff value was established at 0.8. The discontinuous B- 
cell epitopes within the subunit vaccine construct were predicted using 
the ElliPro web server (https://tools.iedb.org/elliPro/) [48]. This server 
predicted epitopes with default parameters (minimum score of 0.5 and 
maximum score of 0.6). As the vaccine structure folds and a tertiary 
structure is formed, new discontinuous B-cell epitopes can be generated. 
Therefore, we predicted that the refined tertiary structure of the vaccine 
construct would contain these epitopes. 

2.4. Multi-epitope vaccine construct 

Subunit vaccines against MPXV were developed by combining 
carefully selected CTL, HTL, and B-cell epitopes with appropriate linkers 
and adjuvants (Fig. 3). Glycine-rich linkers (GPGPG) were used to fuse 
HTL epitopes to improve solubility and adjacent domain action, while 
alanine-rich linkers (AAY) were used to fuse CTL epitopes [49,50]. KK 
linkers were used to form a chain of linear B-cell epitopes [49]. Gener
ally, linkers improve the vaccine’s stability and allow each epitope to 
function independently after injection [5]. To improve immunogenicity 
and induce durable innate and adaptive immunity, the N-terminus of the 
subunit vaccine was fused to two potent immunostimulatory adjuvants 
(β-defensin-3 and antibacterial protein LL-37) via the EAAAK linker. 
Toll-like receptors (TLR)-1, TLR-2, and TLR-4 agonists, beta-defensin-3, 
contain around 40 amino acids [51]. Due to its chemotactic and 
modulatory activities in different immune cells, the human antimicro
bial peptide LL-37 shows promising potential as a vaccine adjuvant [52]. 
Fig. 3 shows a schematic structure of the subunit vaccine construct. 

2.5. Vaccine physiochemical properties, antigenicity, allergenicity, 
toxicity, and solubility evaluation 

We used the ExPASy server’s ProtParam tool (https://web.expasy.or 
g/cgi-bin/protparam/protparam) to predict the physiochemical prop
erties of the constructed subunit vaccine. These properties included the 
grand average of hydropathicity (GRAVY), number of amino acids, 
amino acid composition, molecular weight (MW), theoretical pI, half- 
life, instability index, and aliphatic index [53]. Various web-based 
tools were used to predict the modeled vaccine’s antigenicity, allerge
nicity, and solubility [54]. 

2.6. Population coverage evaluation 

Immune responses to pathogens in humans are highly correlated 
with the host’s immunogenetic constitution. Variants in genes involved 
in the immune response can influence susceptibility to infection and set 
the stage for either a favorable or unfavorable immunopathologic 
outcome [55–57]. Polymorphisms in HLA-encoding genes have been 
found to have the strongest correlations with both infection outcomes 
and the efficacy of vaccines [56,57]. Since HLA variants have been 

found in numerous populations across the globe, it is now imperative 
that HLA variant distribution analysis be incorporated into the vaccine 
development process. To predict the distribution of certain MHC-I and 
MHC-II epitopes (HLA-I/II alleles) across the world’s population, we 
used the IEDB population coverage tool (https://tools.immuneepitope. 
org/population/) [58]. The HLA allele frequencies of 78 populations 
across 16 regions are available on this server. 

2.7. Vaccine construct secondary and tertiary structure prediction 

We used the PSIPRED server (http:// bioinf.cs.ucl.ac.ukpsipred/) to 
construct the secondary structures of the vaccine [59]. PSIPRED eval
uates the PSI-BLAST output using two feed-forward neural networks to 
provide simple and accurate 2D homology modeling [60]. The second
ary structural patterns of the peptides were determined via SOPMA (htt 
ps://npsa-prabi.ibcp.fr/cgi-bin/npsaautomat.plpage=/NPSA/npsas 
opma.html) [61]. Subsequently, the Prabi server was utilized to predict 
the proportion of secondary structural elements in the multi-epitope 
vaccine (https://npsa-prabi.ibcp.fr/cgi-bin/npsa automat.pl?page=/ 
NPSA/npsa gor4.html). Through GOR IV, the server predicted an ac
curacy of 64.4% [62]. The I-TASSER server (https://zhanggroup.org/ 
I-TASSER/) enables the prediction of high-quality tertiary structure 
models from amino acid sequences. 

The confidence score (C-score) (range: − 5 to 2) was employed to 
evaluate the predictive model’s quality [63]. A model with a higher C- 
score is estimated to be more reliable than one with a lower C-score. The 
protein’s structure was predicted using the (PS) 2 server (https://ps2. 
life.nctu.edu.tw/). The Galaxy refined server (https://zhanggroup.or 
g/ModRefiner/) was utilized to refine the model prediction [64]. Af
terward, the refined 3D model was validated via Ramachandran plot 
analysis, different quality factors, and error plot analysis via the PDBsum 
server (https://www.ebi.ac.uk/thorntonsrv/databases/pdbsum/Gene 
rate.html) [65]. 

ProSA-web (serverhttps://prosa.services.came.sbg.ac.at/prosa.php) 
shows Z-scores, X-ray, NMR, and local quality plots relative to the 
overall model quality. In addition, ERRAT (https://servicesn.mbi.ucla. 
edu/ERRAT) was used to determine non-bonded interactions between 
atoms in protein structures [66]. Estimates of the agreement between 
the tertiary structure and the amino acid sequence were computed 
through Verify 3D (https://www.doe-mbi.ucla.edu/verify3d/) [67]. 
Additionally, the vaccine construct was validated using PROCHECK 
(https://saves.mbi.ucla.edu/). PROCHECK generates Ramachandran 
plots, which display the percentages of the most favored, allowed, and 
prohibited amino acids [68]. 

2.8. Vaccine molecular docking with TLRs 

We used molecular docking, a type of bioinformatics modeling, to 
evaluate the interaction between two or more molecules/sequences. 
This method relies on the three-dimensional structure of any complex 
and the binding properties of the ligand and target. Therefore, we 
evaluated the binding affinity of the designed vaccine and immune re
ceptors (TLR3; PDB ID: 1ZIW and TLR4; PDB ID: 4g8a) by employing 
molecular docking approaches with the ClusPro v2 server (https://clusp 
ro.bu.edu/login.php) [69,70]. ClusPro was utilized to calculate the 
center-weighted score [71,72]. Docked complexes with high binding 
affinities were subjected to molecular docking simulations. TLRs play a 
significant role in the virus detection and activation pathways of potent 
and prompt innate immune systems. Consequently, they may be prom
ising vaccine development targets [73]. 

2.9. Molecular dynamic (MD) simulation 

Molecular dynamics (MD) simulations were used to evaluate the 
TLR-vaccine structures derived from docking simulations. GROMACS 
4.6.5 was utilized to determine the structural stability of the vaccine- 

M. Farzan et al.                                                                                                                                                                                                                                 

https://webs.iiitd.edu.in/raghava/ifnepitope/application.php
https://webs.iiitd.edu.in/raghava/ifnepitope/application.php
https://crdd.osdd.net/raghava/il4pred/
https://crdd.osdd.net/raghava/il4pred/
https://webs.iiitd.edu.in/raghava/il10pred/
https://webs.iiitd.edu.in/raghava/il10pred/
https://webs.iiitd.edu.in/raghava/abcpred/ABC
https://tools.iedb.org/main/bcell/
https://tools.iedb.org/main/bcell/
https://crdd.osdd.net/raghava/bcepred/
https://crdd.osdd.net/raghava/bcepred/
https://tools.iedb.org/elliPro/
https://web.expasy.org/cgi-bin/protparam/protparam
https://web.expasy.org/cgi-bin/protparam/protparam
https://tools.immuneepitope.org/population/
https://tools.immuneepitope.org/population/
http://bioinf.cs.ucl.ac
https://npsa-prabi.ibcp.fr/cgi-bin/npsaautomat.plpage=/NPSA/npsasopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsaautomat.plpage=/NPSA/npsasopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsaautomat.plpage=/NPSA/npsasopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa
http://automat.pl
https://zhanggroup.org/I-TASSER/
https://zhanggroup.org/I-TASSER/
https://ps2.life.nctu.edu.tw/
https://ps2.life.nctu.edu.tw/
https://zhanggroup.org/ModRefiner/
https://zhanggroup.org/ModRefiner/
https://www.ebi.ac.uk/thorntonsrv/databases/pdbsum/Generate.html
https://www.ebi.ac.uk/thorntonsrv/databases/pdbsum/Generate.html
http://prosa.services.came.sbg.ac.at/prosa.php
https://servicesn.mbi.ucla.edu/ERRAT
https://servicesn.mbi.ucla.edu/ERRAT
https://www.doe-mbi.ucla.edu/verify3d/
https://saves.mbi.ucla.edu/
https://cluspro.bu.edu/login.php
https://cluspro.bu.edu/login.php
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receptor complex. The complexes were positioned in the center of a box 
and filled with water using the tip3 water model. For neutralization, 
random water molecules were substituted with ions. The systems were 
simulated using NPT and NVT ensembles under periodic boundary 
conditions. A pressure of 1 bar was set under isotropic conditions using 
the Parrinello-Rahman algorithm. PME [74] was used to compute 
electrostatic interactions, and the LINCS procedure [75] was utilized to 
constrain all hydrogen-atom bonds. 

The essential dynamics method constructs a covariance matrix to 
observe protein coordinate fluctuations. MD trajectories demonstrate 
correlations between motions found in the eigenvectors of the non-mass 
covariance matrix [76,77]. After neutralization, the steepest descent 
algorithm was employed for energy minimization. 100 ps of MD equil
ibration was performed with positional restraints on protein-heavy 
atoms with a spring constant of 1000 kcal.mol− 1nm− 2 to prevent non- 
physical conformational changes in the solvated protein. The final MD 
simulation ran for 100 ns without restriction. 

The root-mean-square deviation (RMSD) is a standard distance 
measure between coordinates. This diagram illustrates the charge in 
protein conformation during MD simulation. The root-mean-square 
fluctuation (RMSF) indicates the variation of protein residues over 
time relative to a reference position during simulation. The H-bond plot 
demonstrates the number of H-bond interactions between the protein 
and ligand during simulation. 

2.10. Codon optimization and in silico cloning 

We obtained the engineered vaccine’s cDNA using the GenScript 
server (https://www.genscript.com/tools.html). Java Codon Adapta
tion Tool (JCat) was utilized to optimize codon usage by Escherichia coli 
(E. coli) [78], which computes the proportion of GC content and codon 
adaptation index (CAI) to estimate the expression ability of the cloned 
sequence. In addition, E. coli K12 was employed to evaluate vaccine 

expression efficiency. The optimized vaccine was cloned using restric
tion enzymes and the Snapgene (https://www.snapgene.com/) soft
ware. The E. coli pET 30A + plasmid was obtained using the Addgene 
server (https://www.addgene.org/). 

2.11. Immune stimulation 

The C-ImmSim server (https://150.146.2.1/C-IMMSIM/index.php) 
was used to illustrate the cellular and humoral responses of the 
mammalian immune system, as well as the immunogenic potential of 
the multi-epitope vaccine [79]. This server stimulates the immunolog
ical interactions of the predicted epitopes using a position-specific score 
matrix (PSSM), the Celada-Seide model, and several other machine- 
learning techniques. After vaccination injection, the C-ImmSim server 
estimates the levels of various factors, including T-cell 1 (Th1), helper T- 
cell 2 (Th2), interferon, cytokines, and antibodies. The stimulation of 
this server corresponds to three major anatomical locations in the 
mammalian immune system: 1) the bone marrow, 2) the thymus, and 3) 
tertiary lymphatic organs, including the tonsil, spleen, and lymph nodes 
[79]. The literature recommends a minimum interval of four weeks 
between vaccinations, but this interval can be extended to three to six 
months [19,80]. Consequently, we analyzed the vaccine’s immune 
response by administering three injections at a 4-week interval. 

3. Results 

3.1. Protein target sequence retrieval 

In this study, five protein sequences, A34L, A29L, B14R, E13L, and 
A27L, were obtained from the UniProt server (Table 3) and used to 
create a multi-epitope vaccine against MPXV. The specified parameters 
are shown in Table 2. Other parameters were set as the server’s defaults. 
After examining the studied sequences, the selected epitopes were 

Table 4 
Predicted Antigenicity and allergenicity of the selected proteins sequences.  

Protein Vaxijen 
score 

Antigenicity 
(VAXIJEN) 

Antigenicity 
(ANTIGENpro) 

Antigen pro 
score 

Allergenicity Virulence based on amino acid 
sequence 

Transmembrane helices 
count 

A27L  0.3371 Non-Antigen Antigen  0.850592 Non- 
allergen 

Virulent (1.0079) 1 

A29L  0.3128 Non-Antigen Antigen  0.621101 Non- 
allergen 

Virulent (0.3392) 0 

B14R  0.5796 Antigen Antigen  0.771612 Non- 
allergen 

Virulent (0.9820) 0 

E13L  0.5269 Antigen Antigen  0.763067 Non- 
allergen 

Virulent (0.9927) 0 

A34L  0.3589 Non-Antigen Antigen  0.696202 Non- 
allergen 

Virulent (1.0766) 2  

Fig. 4. The final design of the monkey virus multi-epitope vaccine (from left to right). The basic structure of the designed vaccine in the form of single-letter amino 
acid, including adjuvants, linkers and epitopes, respectively. 
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examined. Antigenicity scores obtained from the VaxiJen v2.0 and 
ANTIGENpro servers indicated that the chosen proteins were antigenic. 
AllerTOP v. 2.0 and the Toxinpred server confirmed the non-allergenic 
and non-toxic nature of the proteins, respectively. The VirulentPred 
web server revealed that all sequences were involved in virulence 
(Table 4). 

3.2. T-cell epitope prediction and selection 

The NetCTL 1.2 server analysis predicted 9-mer CTL lymphocytes 
epitopes, identifying 148 epitopes for A27L, 88 epitopes for A29L, 71 
epitopes for B14R, 126 epitopes for B13L, and 84 epitopes for A34L. 
Similarly, the NetMHCII 2.3 server was used to predict HTL lymphocytes 
epitopes (15-mer), yielding 41 epitopes for A29L, 57 for B14R, 119 for 
E13L, 121 for A34L, and 325 for A27L. Antigenicity, allergenicity, 
toxicity, IFN-γ, IL-4, and IL-10 induction were screened for in human 
MHC II alleles. The epitopes were subjected to the prediction of 
interferon-gamma (IFN), a cytokine that can stimulate the host’s innate 
and acquired immune responses, including macrophages and natural 
killer cells. IFNepitope prediction server utilizes motif and support 
vector machine (SVM) hybrid and IFN versus other cytokines as pre
diction models. This server uses a dataset that activates T helper cells 

through inducing and non-inducing MHC class II binders. In addition, 
we forecasted the solubility and virulence of CTL and HTL epitopes 
(Fig. 4). The epitopes were selected per the characteristics listed in Ta
bles 5 and 6. 

3.3. Prediction of linear and discontinuous B-cell epitopes 

Predicting linear B-cell epitopes yielded 12 -mer B-cell epitopes for 
the targeted proteins. We obtained 72B-cell epitopes for A27L, 14B-cell 
epitopes for A29L, 28B-cell epitopes for B14R, 47B-cell epitopes for 
E13L, and 20B-cell epitopes for A34L (Table 7). After three-dimensional 
structural refinement, the ElliPro server predicted five discontinuous B- 
cell epitopes with a range of 7 to 41 amino acids for the designed vaccine 
(Fig. 5). The scores ranged from 0.719 to 0.797. The minimum score was 
set at 0.5, and the maximum distance was set at 6 Å (Table 8). 

3.4. Vaccine structure design 

The vaccine construct was designed using 13 linear B-cell epitopes 
(Table 7), 23 MHC-I epitopes (Table 5), and 11 MHC-II epitopes 
(Table 6). GPGPG linkers for HTL epitopes, AAY linkers for CTL epi
topes, and KK linkers for B lymphocytes were used to connect a subset of 

Table 5 
Predicted CTL epitopes with high safety and suitable conditions for designing multi-epitope vaccine constructs.  

CTL Epitope Alleles Vaxigen Antigenicity Allergenicity Immunogenicity Toxicity Combined score Virulence potential Solubility 

FLFLNINHY 
(A27L) 

A1, A3, A26, B62  1.1282 Antigen Non-allergen  0.15926 Non-toxin  1.1307 Virulent PWS* 

KSGDLKYTY 
(A27L) 

A1, B58, B62  1.6991 Antigen Non-allergen  − 0.16092 Non-toxin  1.3972 Virulent GWS* 

LTRKTRNVI 
(A27L) 

B7, B8  1.2115 Antigen Non-allergen  − 0.09502 Non-toxin  0.7785 Virulent GWS 

RTVIGIADY 
(A27L) 

A1, A3, A26, B58, B62  1.0792 Antigen Non-allergen  0.35158 Non-toxin  1.2649 Virulent GWS 

SRLQSRISD 
(A27L) 

B27  1.1119 Antigen Non-allergen  − 0.21688 Non-toxin  0.7531 Virulent GWS 

KWPLLNIGI 
(A29L) 

A24  1.3057 Antigen Non-allergen  0.10047 Non-toxin  1.2143 Virulent PWS 

TIIDPDFVF 
(A29L) 

A26, B58, B62  1.5033 Antigen Non-allergen  0.19852 Non-toxin  1.1342 Virulent PWS 

TREMGFLVY 
(A29L) 

A1, B27, B39  1.0515 Antigen Non-allergen  0.01376 Non-toxin  0.9198 Virulent PWS 

ARSNNRLAI 
(A34L) 

B7, B27, B39  1.0338 Antigen Non-allergen  − 0.00429 Non-toxin  0.7516 Virulent GWS 

FTPVYNPDY 
(A34L) 

A1, A26, B62  0.5907 Antigen Non-allergen  0.03185 Non-toxin  2.6108 Virulent PWS 

LIYYQINLV 
(A34L) 

A2  1.0381 Antigen Non-allergen  − 0.00438 Non-toxin  1.0204 Virulent GWS 

YIWPNHINF 
(A34L) 

A26, B58, B62  0.9089 Antigen Non-allergen  0.19343 Non-toxin  0.8542 Virulent PWS 

DMMSLNLTI 
(B14R) 

A2, A24  1.3725 Antigen Non-allergen  − 0.22704 Non-toxin  0.7989 Virulent GWS 

ITCRVSLRL 
(B14R) 

B58  1.6378 Antigen Non-allergen  − 0.06007 Non-toxin  1.0678 Virulent GWS 

LEVRDRIIP 
(B14R) 

B44  2.1541 Antigen Non-allergen  0.32588 Non-toxin  0.7818  Virulent GWS 

SLNLTIVSV 
(B14R) 

A2  1.9014 Antigen Non-allergen  0.088 Non-toxin  1.1232  Virulent PWS 

ELNDISIGL 
(E13L) 

A2, A26  2.5692 Antigen Non-allergen  0.12621  Non-toxin  0.9126  Virulent GWS 

FEIRDQYIT 
(E13L) 

B44  2.2067 Antigen Non-allergen  0.08248 Non-toxin  0.7921 Virulent GWS 

GTRKNSFIY 
(E13L) 

A1, A3, A26, B62  0.6851 Antigen Non-allergen  − 0.18567 Non-toxin  1.4676 Virulent GWS 

KNVQIKPSF 
(E13L) 

B58  1.5698 Antigen Non-allergen  − 0.28258 Non-toxin  0.8214 Virulent GWS 

LTFNFTPKI 
(E13L) 

A2  2.1767 Antigen Non-allergen  0.04667 Non-toxin  0.94 Virulent PWS 

TIALKHSGY 
(E13L) 

A1, A3, A26, B62  1.1727 Antigen Non-allergen  − 0.29783 Non-toxin  1.3052 Virulent PWS 

VPYVGYKCI 
(E13L) 

B7  1.2837 Antigen Non-allergen  − 0.14364 Non-toxin  0.8028 Virulent PWS 

*PWS: poor water solubility, *GWS: good water solubility. 
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Table 6 
Predicted HTL epitopes with high safety and suitable conditions for designing multi-epitope vaccine constructs.  

HTL epitope Alleles Vaxigen Antigenicity Allergenicity Toxicity Hydrophobicity Hydropathicity Hydrophilicity Charge IFN- 
gamma 

IL-10 IL-4 Virulent 
potential 

Solubility 

SGGGNLTEISRLQSR 
(A27Lb: 662 a) 

DRB1_0801, 
DRB1_0803, 
DRB1_1101, 
DRB1_1104, 
DRB1_1301, 
DRB1_1302, 
DRB1_1303, 
DRB1_1401, 
DRB1_1402, 
DRB1_1454 

0.769  Antigen  Non- 
allergen  

Non- 
toxin  

− 0.28  − 0.78  0.3  1 Positive  IL10 
Inducer  

IL4 
Inducer  

Virulent GWS 

HRELEEERRHVRDLE 
(A27L: 612) 

DRB1_0301, 
DRB1_1301, 
DRB1_1302 

0.7635  Antigen  Non- 
allergen  

Non- 
toxin  

− 0.67  − 2.24  1.59  − 1  Positive  IL10 
Inducer  

IL4 
Inducer  

Virulent GWS 

LKMPFRMVLTGGSGS 
(A34L: 45) 

DRB1_0401, 
DRB1_0402, 
DRB1_0403, 
DRB1_0404, 
DRB1_0405, 
DRB1_0408, 
DRB1_0801, 
DRB1_1001, 
DRB1_1101, 
DRB1_1601, 
DRB5_0101 

0.7976  Antigen  Non- 
allergen  

Non- 
toxin  

− 0.03  0.33  − 0.27  2  Positive  IL10 
Inducer  

IL4 
Inducer  

Virulent PWS 

SFNISISDAENMLRS 
(A34L: 189) 

DRB1_0701, 
DRB1_0901 

0.7266  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.15  − 0.16  0.06  − 1  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

SKCNTLIEFLNFGRH 
(A34L: 147) 

DRB5_0202  0.7238  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.16  − 0.25  − 0.17  1.5  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent PWS 

CSFNISISDAENMLR 
(A34L: 188) 

DRB1_0701  0.5080  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.13  0.06  − 0.03  − 1  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

NEETLKQRLTNLEKK 
(A29L: 43) 

DRB1_0402, 
DRB1_0801, 
DRB1_0803 

0.5607  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.51  − 1.81  1.03  1  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

RLEVRFGNDVLYSEN 
(E13L: 442) 

DRB1_1201  1.0386  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.27  − 0.68  0.29  − 1  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

TDIISRLEVRFGNDV 
(E13L: 437) 

DRB1_0404,DRB1_0402  0.7819  Antigen  Non- 
allergen 

Non- 
toxin 

− 0.19  − 0.06  0.28  − 1  Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

VFAHISHTINIIDTS 
(E13L: 380) 

DRB1_0405  0.8974  Antigen  Non- 
allergen 

Non- 
toxin 

0.09  0.69  − 0.65  0 Positive  IL10 
Inducer 

IL4 
Inducer 

Virulent PWS 

KTDIISRLEVRFGND 
(E13L: 436) 

DRB1_1201, 
DRB1_1301, 
DRB4_0101, 
DRB4_0103 

0.8985 Antigen Non- 
allergen 

Non- 
toxin 

− 0.3 − 0.6 0.58 0 Positive IL10 
Inducer 

IL4 
Inducer 

Virulent GWS 

a: Position, b: Gene name. 
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epitopes from the previous step. The adjuvants used were β-defensin-3: 
hBD-2 (PDB ID: 1FD3), sequence: (GIGDPVTCLKSGAICHPVFCPRRYK
QIGTCGLPGTKCCKKP), and C205H340N60O53: LL-37, antimicrobial 
peptides (AMPs) with human sequence: (LLGDFFRKSKE
KIGKEFKRIVQRIKDFLRNLVPRTES) were attached to the N-terminal of 
the vaccine sequence through EAAAK linker (Fig. 3 and Fig. 4). A 
sequence of 749 amino acids was obtained after epitope and adjuvant 
fusion. 

3.5. Physiochemical properties, antigenicity, allergenicity, toxic, and 
interferon-g activation potential of the designed vaccine 

The results from the Protparam server indicated that the molecular 
weight of the vaccine structure was 82.15 kDa and that its theoretical pI 
was 9.66, rendering it an alkaline and stable structure with an instability 
index of 31.40 (an index below 40 is considered stable) [81]. The 
aliphatic index of the vaccine sequence was 83.55, and the GRAVY rate 
was − 0.307, indicating that the vaccine construct exhibited excellent 
thermostability and hydrophilicity. The structure had a half-life of 30 h 
in mammals, estimated to be over 20 h in yeast and over 10 h in E. coli. 
The highly soluble nature of the vaccine construct was determined by 
the solubility scores of 0.791263 and 0.7729 for SOLpro and SoluProt v1 
servers, respectively. The antigenicity and allergenicity of the final 
sequence of the candidate vaccine structure determined the vaccine’s 
antigenic (0.7974; Vaxijen score and 0.7636; ANTIGENpro score) and 
non-allergenic behavior (Table 9). 

3.6. Population coverage 

The population coverage rate of the anticipated epitopes of A27L, 
A29L, B14R, E13L, and A34L proteins was analyzed by providing the 
MHC I and MHC II class of selected epitopes with their respective HLA 
alleles (listed in Table 10 and Table 11). 

3.7. Vaccine construct secondary and tertiary structure prediction 

The Prabi servers facilitated the prediction of the second structure of 
the vaccine construct by PSIPRED and SOPMA tools. In contrast, the 
PSIPRED server predicted 41.25% alpha helices, 16.95% extended 
strands, and 41.25% random coils (Fig. 6A). SOPMA predicted that the 
second structure of the vaccine would be composed of 34.58% alpha 
helix, 22.56% extended strands, and 35.38% random coils (Fig. 6B). The 
Prabi server additionally predicted 39.12% alpha helices, 17.49% 
extended strands, and 43.39% random coils (Fig. 6C). A high percentage 
of random coils indicated the greater flexibility of the vaccine structure. 

Based on I-TASSER, PS2 servers, and the C score, the predicted ter
tiary structure is between − 2 and − 5. The results revealed ten threading 
templates with five top models (c-scores: − 2.06, − 1.33, − 2.66, − 4.81, 
and − 4.78), whereas a C-score with a high value indicated a model with 
high confidence [82]. The top model (model 1) with the highest score 
(-2.06) was selected and optimized by GalaxyRefine (Fig. 7 ). The esti
mated TM-score and RMSD for the selected model were 0.47 ± 0.15 and 
13.3 ± 4.1 Å, respectively. Galaxy web server was used to refine model 1 
obtained from I-TASSER and PS2 protein predictor servers. 

Ramachandran plot analysis, ProSA-web (Fig. 9A, 9B, 10B), ERRAT 

Table 7 
Linear B-cell epitopes selected for multi-epitope vaccine design.  

Protein Position Name Linear B cell 
epitope 

Predictive server Vaxigen Antigenicity Allergenicity Toxicity Molecular 
weight 

Virulent 
potential 

Solubility 

A27L 223–234 B Cell 1 
A27L 

LAPTDLGLALSK ABCpred Prediction 
server  

1.8896 Antigen Non- 
allergen 

Non- 
toxin  

1198.6 Virulent Soluble 

A27L 30–41 B Cell 2 
A27L 

SSESGLTRKTRN IEDB Analysis 
Resource Chou & 
Fasman Beta-Turn 
Prediction  

1.0134 Antigen Non- 
allergen 

Non- 
toxin  

1335.6 Virulent Soluble 

A27L 658–669 B Cell 3 
A27L 

DCIESGGGNLTE IEDB Analysis 
Resource Chou & 
Fasman Beta-Turn 
Prediction  

0.5232 Antigen Non- 
allergen 

Non- 
toxin  

1194.41 Virulent Soluble 

A34L 221–233 B Cell 1 
A34L 

QRQVPVVGINGK ABCpred Prediction 
server  

1.2055 Antigen Non- 
allergen 

Non- 
toxin  

1294.71 Virulent Soluble 

A34L 234–246 B Cell 2 
A34L 

SEYHAAVGHALL ABCpred Prediction 
server  

0.4587 Antigen Non- 
allergen 

Non- 
toxin  

1267.58 Virulent Soluble 

A29L 56–67 B Cell 1 
A29L  

NNSNSTTPTTKS ABCpred Prediction 
server  

0.6341 Antigen Non- 
allergen 

Non- 
toxin  

1251.43 Virulent Soluble 

B14R 47–58 B Cell 1 
B14R  

AMQVADRCHVIA ABCpred Prediction 
server  

1.0779 Antigen Non- 
allergen 

Non- 
toxin  

1313.72 Virulent Soluble 

B14R 87–98 B Cell 2 
B14R 

LNPTQSDSGIYI IEDB Analysis 
Resource Chou & 
Fasman Beta-Turn 
Prediction  

0.7545 Antigen Non- 
allergen 

Non- 
toxin  

1307.6 Virulent Soluble 

B14R 151–162 B Cell 3 
B14R  

SSNVNADIIWSG IEDB Analysis 
Resource Chou & 
Fasman Beta-Turn 
Prediction  

0.4229 Antigen Non- 
allergen 

Non- 
toxin  

1262.51 Virulent Soluble 

E13L 137–148 B Cell 1 
E13L 

DISIGLTPNDTI ABCpred Prediction 
server  

1.8776 Antigen Non- 
allergen 

Non- 
toxin  

1258.57 Virulent Soluble 

E13L 377–388 B Cell 2 
E13L 

KRTVFAHISHTI ABCpred Prediction 
server  

0.7198 Antigen Non- 
allergen 

Non- 
toxin  

1409.83 Virulent Soluble 

E13L 498–507 B Cell 3 
E13L 

RGKDKLSVRVVY BCPREDS Server, 
AAP (Chen et al., 
2007)  

1.1793 Antigen Non- 
allergen 

Non- 
toxin  

1419.86 Virulent Soluble 

E13L 57–68 B Cell 4 
E13L 

EIRDQYITALNH BCPREDS Server, 
AAP (Chen et al., 
2007)  

1.1303 Antigen Non- 
allergen 

Non- 
toxin  

1472.8 Virulent Soluble  
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(Fig. 10A), and Verify 3D were utilized in the structural validation 
process by comparing the potential errors and quality of the initial ter
tiary structure model before (Fig. 8A) and after (Fig. 8B) structural 
validation (Fig. 10C). In the initial model, the PROCHECKER server’s 
Ramachandran plot analysis revealed that 1,497 (78.391%) of the res
idues were in the most favored region, 88 (13.880%) were in additional 
allowed regions, and 49 (7.729%) were in generously allowed regions. 
Following refinement, the recombinant vaccine contained 597 
(94.164%) residues in the most favored region, 28 (4.416%) residues in 
additional allowed regions, and 9 (1.420%) residues in generously 
allowed regions. 

According to the ERRRAT server, the initial model had an overall 
quality factor of 79.063, whereas the final model had an overall quality 
factor of 81.983. The ProSA-web server was utilized to assess the po
tential and quality errors in the 3D crude model. This server performed 
Z-score prediction, which was determined to be − 5 in the initial model 
(Fig. 9A) and − 5.6 after refinement (Fig. 9B). The low Z-score ensures 
the model’s superior quality. 

3.8. Molecular docking with TLRs 

Considering the significance of the molecular association between 
each vaccine candidate and the host immune receptor in inducing a 
protective immune response, the ClusPro v2 server was used to inves
tigate the binding affinity of this multi-epitope vaccine with TLR-3 and 
TLR-4 receptors. Cluster 0 of TLR3 was selected for molecular dynamics 
simulation analysis due to its lowest energy structure (-1098.9 kcal/mol) 
and highest member count (88). Cluster 0 of TLR4 was selected for 
molecular dynamics simulation analysis due to its lowest energy struc
ture (-1100.07 kcal/mol) and the highest number of members, 45, 
indicating the highest binding affinity (Fig. 11). 

3.9. MD simulation 

The TLR-vaccine structures resulting from molecular docking were 
evaluated through MD simulation. GROMACS 4.6.5 was used to per
form structural refinement. Complexes were centered in a box and filled 
with water using the tip3 water model. For neutralization, some water 
molecules were randomly replaced with ions. The systems were simu
lated using an ensemble of NPT and NVT with periodic boundary 

Fig. 5. Schematic representation of the subunit vaccine construct design.  

M. Farzan et al.                                                                                                                                                                                                                                 



International Immunopharmacology 123 (2023) 110725

12

conditions. Using the Parrinello-Rahman algorithm, 1 pressure bar was 
set under isotropic conditions. PME [74] computed electrostatic in
teractions, and the LINCS procedure [75] was used to constrain all 
hydrogen-atom-bonding bonds. 

After neutralization, the steepest descent algorithm was employed 
for energy minimization. 100 ps of MD equilibration was performed 
with positional restraints on protein-heavy atoms with a spring constant 
of 1000 kcal.mol− 1nm− 2 to prevent non-physical conformational 
changes in the solvated protein. The final MD simulation ran for 100 ns 
without restriction. RMSD is a standard measure of the distance between 
coordinates. During the MD simulation, the conformational change of 
the protein is depicted in this plot. 

In the RMSD plot of TLR4, an upward trend was established at 
approximately 0.4 nm from 65 ns at the start of the simulation and 

persisted until the end. The RMSD plot of the vaccine increased at the 
start of the simulation period, reaching 1.2 nm after 10 ns and 1.43 nm 
after 34 ns. Following this, the distance decreased to 1.1 nm in 71 ns. 
After this point, the RMSD value increased continuously at a rate of 1.8 
nm per 92 ns and remained constant until the conclusion of the simu
lation (Fig. 12A). From 67 ns until the end of the simulation, the RMSD 
plot of TLR3 displayed an upward trend of approximately 0.4 nm 
beginning at the beginning of the simulation. The vaccine’s RMSD plot 
established an increasing trend at approximately 1.1 nm from 25 ns and 
then decreased to 0.8 nm at 30 ns. The RMSD value increased contin
uously at 1.3 nm in 37 ns and remained constant until the end of the 
simulation (Fig. 12B). 

The RMSF represents the fluctuation of protein residues over time, 
relative to a position of reference, during simulation. Fluctuations in the 
RMSF diagram of TLR4 were very mild (Fig. 12C). In contrast, the RMSF 
diagram of the vaccine exhibited severe fluctuations, with the highest 
peaks having a value of 0.6 nm, indicating a highly flexible region 
(amino acids 707–713) in the structure of the vaccine (Fig. 11D). Fluc
tuations in the RMSF diagram of TLR3 were very mild (Fig. 12E); 
however, fluctuations in the RMSF diagram of the vaccine were rela
tively strong, with the highest peaks with a value of 0.64 nm indicating 
the highly flexible region (amino acids 704–710, and 711–715) in the 
vaccine structure (Fig. 12F). During MD simulations, hydrogen bonds 
were analyzed between TLR4 and the vaccine complex (Fig. 12G) and 
between TLR3 and the vaccine complex (Fig. 12H). 

Table 8 
Discontinuous B-cell epitopes selected for multi-epitope vaccine design.  

Residues Number of 
residues 

Score 

A:G1, A:I2, A:G3, A:D4, A:P5, A:V6, A:T7, A:I143, A: 
S144, A:A147, A:Y148, A:P151, A:L152, A:L153, A: 
N154, A:I155, A:I157, A:A158, A:A159, A:Y160, A: 
T161, A:I162, A:I163, A:D164, A:P165, A:D166, A: 
Y211, A:Y212, A:Q213, A:I214, A:N215, A:L216, A: 
V217, A:A218, A:A219, A:Y220, A:Y221, A:I222, A: 
I227, A:N228, A:I264 

41  0.755 

A:A679, A:K680, A:V733, A:V734, A:Y735, A:K736, A: 
K737, A:E738, A:I739, A:R740, A:D741, A:Q742, A: 
I744, A:T745, A:A746, A:L747, A:N748, A:H749 

18  0.797 

A:G590, A:L591, A:A592, A:L593, A:S594, A:K595, A: 
K596, A:K597, A:S598, A:S599, A:E600, A:S601, A: 
G602, A:L603, A:T604, A:R613, A:Q614, A:V615, A: 
P616, A:V617, A:V618, A:G619, A:I620, A:N621, A: 
S656, A:S658, A:T660, A:P661, A:T662, A:T663 

30  0.773 

A:A185, A:R186, A:S187, A:N188, A:N189, A:R190, A: 
L191, A:A192, A:I193, A:A194, A:L237, A:N238, A: 
L239, A:V259, A:R260 

15  0.719  

A:P586, A:K606, A:T607, A:R608, A:N609, A:K610, A: 
K611 

7  0.797  

Table 9 
Basic characteristics of the vaccine structure designed against monkey pox.  

Population/Area MHC I epitope Coveragea Average_hitb Pc90c 

World FLFLNINHY  39.95%  0.43  0.17 
World KSGDLKYTY  22.98%  0.24  0.13 
World LTRKTRNVI  24.48%  0.25  0.13 
World RTVIGIADY  43.49%  0.49  0.18 
World SRLQSRISD  8.05%  0.08  0.11 
World KWPLLNIGI  26.14%  0.27  0.14 
World TIIDPDFVF  12.71%  0.13  0.11 
World TREMGFLVY  39.73%  0.46  0.17 
World ARSNNRLAI  38.5%  0.42  0.16 
World FTPVYNPDY  28.77%  0.3  0.14 
World LIYYQINLV  45.08%  0.47  0.18 
World YIWPNHINF  12.71%  0.13  0.11 
World DMMSLNLTI  63.94%  0.74  0.28 
World ITCRVSLRL  5.9%  0.06  0.11 
World LEVRDRIIP  15.38%  0.16  0.12 
World SLNLTIVSV  45.08%  0.47  0.18 
World ELNDISIGL  53.71%  0.59  0.22 
World FEIRDQYIT  15.38%  0.16  0.12 
World GTRKNSFIY  53.58%  0.61  0.22 
World KNVQIKPSF  5.9%  0.06  0.11 
World LTFNFTPKI  45.08%  0.47  0.18 
World TIALKHSGY  39.95%  0.43  0.17 
World VPYVGYKCI  14.23%  0.14  0.12  

a Projected population coverage. 
b Average number of epitope hits / HLA combinations recognized by the 

population. 
c Minimum number of epitope hits / HLA combinations recognized by 90% of 

the population. 

Table 10 
Population coverage of selected MHC I epitopes for overall world population.  

Proprety Result 

Allergenicity (AllerTOP v. 2.0) Non-allergic 
Allergenicity (AllergenFP v.1.0) Non-allergic 
Antigenecity (VaxiJen v2.0), score Antigen, 0.7974 
Antigenecity (ANTIGENpro), score Antigen, 0.7636 
Predicted solubility upon overexpression 

(scratch), score 
Soluble, 0.791263 

Solubility (Soluprot), score Soluble, 0.773 
Codon optimization index GenScrip/ JCat 0.84/1 
Aliphatic index 83.55 
Stability index (II) Stable, 31.40 
Expression vector E. coli pET 30A+
Theoretical pI 9.66 (alkaline) 
Number of Amino acids 749 
Half-Life 30 h (mammalian reticulocytes, in 

vitro) 
>20 h (yeast, in vivo) 
>10 h (Escherichia coli, in vivo) 

Formula C3687H5831N1027O1060S20 

GRAVY − 0.307  

Table 11 
Population coverage of selected MHC II epitopes for overall world population.  

Population/Area MHC II epitope Coveragea Average_hitb Pc90c 

World SGGGNLTEISRLQSR  45.4%  0.51  0.18 
[97] HRELEEERRHVRDLE  31.53%  0.33  0.15 
World LKMPFRMVLTGGSGS  41.06%  0.46  0.17 
World SFNISISDAENMLRS  24.01%  0.25  0.13 
World SKCNTLIEFLNFGRH  43.56%  0.48  0.18 
World CSFNISISDAENMLR  18.23%  0.18  0.12 
World NEETLKQRLTNLEKK  7.97%  0.08  0.11 
World RLEVRFGNDVLYSEN  4.47%  0.04  0.1 
World TDIISRLEVRFGNDV  6.54%  0.07  0.11 
World VFAHISHTINIIDTS  7.71%  0.08  0.11 
World KTDIISRLEVRFGND  27.59%  0.29  0.14  

a Projected population coverage. 
b Average number of epitope hits / HLA combinations recognized by the 

population. 
c Minimum number of epitope hits / HLA combinations recognized by 90% of 

the population. 
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3.10. Immune stimulation 

The C-ImmSim server performed in silico immune stimulation of the 
potential vaccine candidate via primary and secondary immune re
sponses by activating immune system components, including HTL, CTL, 
viable memory cells, and other associated immune cells (Natural killer 
[NK] cells and dendritic cells [DCs], among others). Immunoglobulin 
levels (IgM + IgG) increased significantly following administration of 
the subunit vaccine. Through the high titers of IgM and IgG, significant 
immune responses were observed against the monkeypox virus 
(Fig. 12A). 

During the acting and resting phases, the innate immunity of the host 

and B-cell population was enhanced by 650–700 IgM, B isotype, and B- 
memory cells (Fig. 13A–C). Similarly, CTL cells were increased and 
reached a maximum of 1103 cells/next ~ 8 days of immunization with 
vaccine before decreasing gradually over the following 20 days 
(Fig. 13D). In addition, during the resting and active phases, the T-cell 
population displayed a high degree of diversity (Fig. 13E). 

In addition, it was observed that the raised HTL cells (during the 
resting and active phases) played a crucial role in developing adaptive 
immunity against the MPXV infection. The raised cells generated the 
most memory cells (Fig. 13F–G). Memory cells significantly prevent and 
regulate viral infection and reinfection during self-memorization 
following pathogen exposure. The vaccine candidate’s successful 

Fig. 6. Predicted schematic image of the secondary structure of the multi-epitope vaccine by: (A) PSIPRED server, (B) SOPMA server, (C) Prabi server.  
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administration increased the immune system’s added regulatory com
ponents (e.g., interleukins, cytokines, and NK cells) (Fig. 13F-L). These 
findings suggest that the designed MPXV subunit vaccine is a potent 
multi-epitope peptide-based next-generation vaccine for inducing a 
robust immune response against MPXV infection. 

3.11. Codon optimization and in silico cloning 

The length of the cDNA sequence with an optimized codon of 2247 
nucleotides was estimated using GenScript and JCat. The codon opti
mization of the vaccine structure utilizing the JCat server revealed the 
percentage of GC (the standard range is 30 to 70%) and the percentage 
of the codon compatibility index (the standard value of the compatibility 
index is 1). The results of codon optimization with the GenScript server 
revealed that the CAI values of the optimized sequences had a score of 
0.84, and the GC content was 50.17 percent, indicating the high 
expression of vaccine antigens. E. coli K12 was utilized to enhance the 
efficiency of vaccine production. Finally, The optimized sequence was 
inserted using the SnapGene software into the expression vector pET 
30A+ (Fig. 14). 

4. Discussion 

In several regions worldwide, the dsDNA orthopoxvirus MPXV has 
caused outbreaks and increased mortality rates in children and those 
with compromised immune systems. Since existing vaccines only offer 
partial protection against MPXV, developing more effective vaccines 
against the virus will necessitate using immunoinformatics approaches 
to design epitope-based subunits, which are becoming standard practice 
in first-line vaccine development [83]. Therefore, cutting-edge bioin
formatics and therapeutic methods must be applied to the recently 
discovered MPXV infection. The availability of genetic and proteomic 
data and recent advances in reverse vaccinology can be used to develop 
multi-epitope vaccines for this purpose [84]. Therefore, a multi-epitope 
subunit vaccine was developed in this study to stimulate an immune 
response against MPXV by targeting the cell surface-binding protein. 

Although smallpox and monkeypox are physiologically distinct dis
eases, they share many of the same characteristics as viral zoonotic 
diseases. The monkeypox virus, which causes the disease, is a major 
cause of public health concern in Africa [85]. Epitope-based vaccines 
represent a novel strategy for vaccine development due to their 
increased safety, effectiveness, and practicality. Vaccines using live or 
attenuated viruses have historically been effective but have also been 

Fig. 7. The 3D figure of the multi-epitope of the newly designed vaccine before and after refinement.  
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Fig. 8. (A) Ramachandran plot of vaccine before the refinement. The green crosses (78.391%) are the amino acid residues in most favored/allowed region, the brown 
triangles (13.88%) are the amino acid residues in favored region and the red dots (7.72%) are the residues in disallowed region. (B) Ramachandran plot of refined 
model of vaccine shows 94.164% of the amino acid residues in highly preferred region with green crosses. The brown triangles and red dots were 4.416% and 1.42%, 
respectively. 

Fig. 9. This graph is generated by ProSAweb for vacccine showing the quality of 3D model on the basis of z-score for vaccine construct (A) before and (B) 
after refinement. 
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associated with adverse immune responses. These biosafety concerns 
can be resolved with immunoinformatics methods without additional 
expense or delay. Vaccines that target multiple conserved epitopes 
within an antigenic sequence can elicit a protective immune response. 
The immune system can ignore potentially harmful antigens known as 
“unfavorable epitopes” that would otherwise trigger an immune 
response that could harm the host [86,87]. 

Detection of helper T-cell (HTL), CTL, and B-cell epitopes is essential 
for developing multi-epitope vaccines [88]. GPGPG, KK, and AAY 
Linkers were used to join HTL, CTL, and BCEs. Linkers were required to 
enhance the final vaccine’s stability, folding, and expression [89]. In 

addition, an adjuvant can augment the immune response elicited by a 
subunit vaccine by activating TLRs on antigen-presenting cells, which 
may improve antibody recognition [90]. The “combination adjuvant” 
[91] is created by combining β-defensin-3 and LL37 to produce an 
adjuvant that is more antigenic without causing allergy symptoms and 
also induces a T helper-1-based adaptive immune response. T helper-1 
lymphocytes are responsible for phagocyte activation and antibody- 
dependent cellular cytotoxicity, eliminating intracellular pathogens 
such as viruses [92]. Furthermore, the EAAAK linker was used between 
human β-defensin-3 and LL-37 and between LL-37 and the rest of the 
multi-epitope vaccine construct [93]. Moreover, β-defensin was 

Fig. 10. The results of other several tertiary structure validation tools before and after refinement confirmed the modeled multi-epitope vaccine structure to be quite 
reliable and accurate. (A) ERRAT, (B) ProSA-web, and (C) verify3D. 
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employed as an adjuvant due to its ability to function as both an anti
microbial and immunomodulatory agent. 

β-defensin has been utilized in numerous studies on developing 
multi-epitope vaccines [94–96]. Recent research has demonstrated that 
the human antimicrobial peptide LL-37 is an effective adjuvant for an 
intranasal vaccine candidate against MERS-CoV infection [52,97]. In 
our research, two adjuvants significantly increased predicted antige
nicity without causing allergic reactions. However, few viral vaccines 
employ peptide adjuvants or peptide combinations. In addition, pre
dictions of cytokine response profiles induced by the combination of LL- 
37 and human β-defensin-3 and subsequent TLR3/TLR4 synergy have 
not been investigated. Therefore, additional research is required to 
determine the effect of the combination of these two adjuvants on 
immunogenicity. 

This study also included five structural proteins of the monkeypox 
virus to develop a multi-epitope vaccine. Conserved T-cell epitopes were 
predicted using multiple sequence analysis, followed by IFN-γ, IL-10, IL- 
4, and B-cell epitopes. The antigenicity, allergenicity, and toxicity of 
these epitopes were evaluated subsequently. The vaccine could also in
crease the IFN-γ response, stimulating T helper cells to produce more 
robust immune responses [98]. Combining adjuvants enhanced the 
immunogenicity of multiple adaptive and innate immune mechanisms 
[99]. Regarding population coverage, the predicted T-lymphocyte- 
reactive epitopes were evaluated. Globally, epitopes may effectively 
interact with human alleles and cover a substantial population. A pep
tide must possess various physicochemical properties to operate effec
tively as a vaccine. 

Based on the findings of this study, it was determined that the multi- 
epitope vaccine construct was hydrophobic and stable. It was deter
mined that the multi-epitope vaccine has a basic pI, ensuring a stable 
interaction with the physiological pH. According to the aliphatic and 
instability indices, the protein of the vaccine may be thermostable and 
stable. The positive score for GRAVY indicates hydrophobicity. There
fore, the multi-epitope vaccine was immunogenic, non-allergenic, and 
antigenic to a high degree. 

This concludes that the epitopic vaccine can elicit a robust immune 
response without triggering allergy symptoms. Analysis of vaccine 
constructs’ secondary structure revealed alpha helices, extended 
strands, beta turns, and random coils. Using 3D structural predictions, 
the spatial arrangement of essential protein components can be better 
comprehended; this is an excellent tool for examining protein functions, 

other protein components, ligand–protein interactions, and protein dy
namics. After refinement, the structure of the multi-epitope vaccine
significantly enhanced its desirable characteristics. 

Ramachandran’s plot analysis demonstrated that most residues were 
present in favored and allowed areas. Simultaneously, a negligible 
number was found in the disregarded sector, demonstrating the model’s 
general accuracy. In addition to having poor rotamers, a low RMSD 
value, a high MolProbity, and a low clash score, the constructed multi- 
epitope vaccine was of high quality. Consequently, the ProSA program 
predicted model and structural errors. ProSA is utilized to evaluate the 
quality of input structures. Furthermore, amino acid scores were plotted, 
and negative values indicate the absence of structural model errors to 
evaluate the local model quality [100]. Based on the Z-score of the 
study, the proposed vaccine design against MPXV is satisfactory. 

The interaction between antigens and immune receptors is required 
for immune activation [101]. Docking analysis was conducted between 
immune receptor molecules and epitopes to determine probable in
teractions, binding energy, and poses. The docking analysis was carried 
out using the ClusPro v2 server, which evaluates molecular surfaces, 
including solid molecular surfaces. TLR receptors play a crucial role in 
innate immunity by stimulating immune cells to induce adaptive im
mune responses. The final structure was docked against TLR3 to deter
mine if appropriate binding to the immediate immune response was 
achieved. TLR3 enhances the infection’s antiviral mechanism and lo
cates infected cells that have died [102]. TLR4 is known to be involved 
in generating immune responses following viral infection, as its 
expression increases within a day of infection [103]. A TLR4 stimulation 
can also induce an immune response protective against Coronaviruses 
[104,105]. The TLR4 receptor was chosen based on studies with similar 
findings [106,107]. 

Because MEMPV combines multiple B- and T-cell epitopes, it should 
elicit substantial cellular and humoral immune responses. In addition, 
the immune system’s response may vary depending on several variables, 
such as the pathogen’s mechanism [41]. Therefore, the vaccine formu
lation was subjected to an analysis simulating the host’s immune 
response [108]. The intended vaccine triggered all primary and sec
ondary immune responses. The highest concentrations of antibodies 
were IgM + IgG, followed by IgM, IgG1 + IgG2, IgG1, and IgG2. Inter
leukin and cytokine induction was also analyzed and predicted. 

We found that the proposed MEMPV construct was highly immu
nogenic. Still, monkeypox experiments must be conducted to determine 

Fig. 11. Molecular docking of the vaccine with TLR3 and TLR4.  
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its efficacy and safety. E. coli codon optimization was performed to 
achieve the maximum expression of the designed vaccine (strain K12). 
As a result, the CAI was 0.84, and the GC content was within an 
acceptable range at 50.17%, indicating a higher expression level in 
E. coli K-12. Multiple researchers have applied immunoinformatics to 
develop multi-epitope vaccine candidates [40,41,109]; epitope-based 
vaccines appear to activate immune cells, which may activate other 
immune cells via a complex signaling cascade [40,109]. 

Based on the discussion above, we believe the current study and 
similar multi-epitope vaccine design studies will improve the 

vaccination application against MPXV (and similar pathogens) and 
encourage extensive in vitro and in vivo research. 

5. Conclusion 

Following successive reports of monkeypox cases in the United 
Kingdom, United States, France, Spain, Brazil, and other countries in 
May 2022, the number of cases took a steady rise. However, few effec
tive treatments or vaccines for MPXV are currently available on the 
market. This study aimed to investigate the immunoinformatics data of 

Fig. 12. MD simulation of the vaccine complex designed with TLR4 and TLR3. (A) An increasing trend has been observed in the RMSD plot for TLR4 and Vaccine 
since the simulation began. (B) An increasing trend has been observed in the RMSD plot for TLR3 and Vaccine since the simulation began. (C) Peaks represent regions 
of TLR4 with a high level of flexibility in the RMSF plot (D) RMSF plot in Vaccine (E) Peaks represent regions of TLR3 with a high level of flexibility in the RMSF plot 
(F) RMSF plot in Vaccine (G) Hydrogen bonds analysis between TLR4 and vaccine complex during MD simulations, (H) Hydrogen bonds analysis between TLR3 and 
vaccine complex during MD simulations. 
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Fig. 13. The study observed contrasting outcomes between the in silico simulation and machine learning approaches when examining the immune response of 
humans following the administration of our MPXV vaccine construct. (A) The simulation indicates that the injection can increase immunoglobulin levels. The 
observed elevation of immunoglobulins varies depending on the concentration of the antigen, (B) The study reveals the presence of B lymphocytes (specifically IgM, 
IgG1, and IgG2) in the population after administering three doses of our vaccine construct (C) The figure illustrates the analysis results of the population per entity- 
state, representing different states such as active, presenting on class-II, internalized antigen, duplicating, and antigenic. Each state is depicted using a distinct color 
variant, (D) The data illustrates the changes in the population of cytotoxic T lymphocytes over a period of time (measured in days) following the administration of our 
MPXV vaccine formulation (E) The diagram depicts the population of Cytotoxic T lymphocytes in various conditions (resting and active) at different time intervals 
(days) following the administration of our MPXV vaccine design. (F) The diagram displays the overall count of TH cell population, including memory cells, cate
gorized into different isotypes (IgM, IgG1, and IgG2) following the administration of our MPXV vaccine, (G) The figure demonstrates the count of Helper T cells 
categorized by entity-state, specifically the resting and active states, subsequent to the administration of our vaccine, (H) The behavior of the Population of Natural 
Killer cells. (I) The behavior of the population of Dendritic cells in the active and resting states after injection of our vaccine, (J) It shows the population of mac
rophages after MPXV vaccination, (K) Concentration of cytokines and interleukins with Simpson index [D], (L) The total number of EC cells is divided into three 
categories: active cells, virus-infected cells, and cells presenting on class-I MHC molecule. (Please refer to the Web version of this article for a better understanding of 
the color references mentioned in the figure legend). 
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A34L, A29L, B14R, E13L, and A27L proteins to identify effective and 
immunogenic B and T lymphocyte epitopes. After analyzing the sensi
tizing, toxicity, antigenic, and molecular binding properties, suitable 
links were used to connect the selected epitopes to the adjuvants, and 
the structure of the vaccine was formulated. Algorithms from the field of 
immunoinformatics predicted the secondary and tertiary structures of 
vaccines. Physical, chemical, and structural properties were refined and 
confirmed to achieve maximum stability. Molecular docking and mo
lecular dynamics simulations were subsequently used to evaluate vac
cine efficacy. After that, the ability of the vaccine to interact with toll- 
like receptors 3 and 4 (TLR3 and TLR4) was evaluated. Finally, the 
optimized sequence was then introduced into the Escherichia coli (E. 
coli) PET30A + vector. The predicted vaccine can theoretically be used 
against MPXV, and all these findings indicate that further research and 
development are needed to make it more effective. However, clinical 
studies and experimental validation are recommended to fully evaluate 
the efficacy of this multi-epitope vaccine. 
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