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ARTICLE INFO ABSTRACT
Keywords: Background: Melanoma is the most fatal kind of skin cancer. Among its various types, cutaneous melanoma is the
Cutaneous melanoma most prevalent one. Melanoma cells are thought to be highly immunogenic due to the presence of distinct tumor-
Tumor associated antigens associated antigens (TAAs), which includes carcinoembryonic antigen (CEA), cancer/testis antigens (CTAs) and
Chlm?ra vaccine neo-antigens. The CTA family is a group of antigens that are only expressed in malignancies and testicular germ
Machine learning
Vaccinomics cells.
Methods: We used integrative framework and systems-level analysis to predict potential vaccine candidates for
cutaneous melanoma involving epitopes prediction, molecular modeling and molecular docking to cross-validate
the binding affinity and interaction between potential vaccine agents and major histocompatibility molecules
(MHCs) followed by molecular dynamics simulation, immune simulation and in silico cloning.
Results: In this study, three cancer/testis antigens were targeted for immunotherapy of cutaneous melanoma.
Among many CTAs that were studied for their expression in primary and malignant melanoma, NY-ESO-1,
MAGEL and SSX2 antigens are most prevalent in cutaneous melanoma. Cytotoxic and Helper epitopes were
predicted, and the finest epitopes were shortlisted based on binding score. The vaccine construct was composed
of the four epitope-rich domains of antigenic proteins, an appropriate adjuvant, His tag and linkers. This po-
tential multi-epitope vaccine was further evaluated in terms of antigenicity, allergencity, toxicity and other
physicochemical properties. Molecular interaction estimated through protein-protein docking unveiled good
interactions characterized by favorable binding energies. Molecular dynamics simulation ensured the stability of
docked complex and the predicted immune response through immune simulation revealed elevated levels of
antibodies titer, cytokines, interleukins and immune cells (NK, DC and MA) population.
Conclusion: The findings indicate that the potential vaccine candidates could be effective immunotherapeutic
agents that modify the treatment strategies of cutaneous melanoma.
1. Introduction incidence of melanoma is not strongly related to age, and is most
frequent among people aged 20 to 35. Melanoma is a prime example of
Melanoma is the malignancy of melanocytes [1]. In the last few how genetic and environmental factors affect the cancer pathogenesis.
decades, occurrence of melanoma has expanded in developed, particu- Race and locality have a significant impact on its incidence [3]. Due to
larly fair-skinned nations and now melanoma is the fifth most common the lack of effective systemic medicines, there has been little progress in
cancer in the United States [2]. Unlike the majority of cancers, the the therapy of metastatic melanoma [4]. Over the last decade, we’'ve
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learned a lot more about the immunosuppressive tumor microenviron-
ment. To generate immunogenicity, cancer cells express antigens on
their surface which are capable of eliciting immune response [3]. For the
successful development of immunotherapy, the determination of perti-
nent tumor specific antigens is essential. Because of well-known
tumor-associated antigens (TAAs) like cancer-testis antigens (CTAs)
harboring novel self-antigen epitopes, melanoma cells are regarded as
being highly immunogenic. The cancer/testis antigen (CTA) family is
exclusively expressed in the germ cells of the testis and in different types
of cancer. According to their origin, function, or pattern of expression,
they are classified into few classes that are silent in normal cells aside
from germ cells but are aberrantly produced in tumor cells [5]. More
than 100 CTA gene families have been discovered thus far. The bulk of
these genes have a high degree of sequence homology and are found on
the X-chromosome. The expression of cancer-testis antigens (CTAs) has
been observed for the first time in melanoma. Many CTAs have been
observed in melanoma samples, particularly those that have the ability
to spread metastatically. Numerous of them have been demonstrated to
have oncogenic effects by altering crucial melanoma-related pathways.
CTAs are potential targets for immunotherapy due to their critical role in
the aetiology and prevalence of cutaneous melanoma. Several clinical
trials are currently being conducted to assess the benefits of
antigen-based immunotherapeutic on melanoma patients. The antigens
MAGE and NY-ESO-1 currently show the most promise affect [6]. MAGE
family has received the greatest research attention among any CTA to
yet [7,8]. Initially identified from melanoma, the melanoma antigen
(MAGE) genes exhibit tumor-specific expression pattern. Thus, MAGE
genes were consequently suggested as prospective targets and MAGE
peptide vaccine constructs are being tested in clinical trials as potential
immunizing agents [9]. Recently, it was discovered that the SSX2 gene
was expressed in melanomas when looking for melanoma tumor anti-
gens [10] as well as several more cancers. Additionally, it was shown
that a fraction of melanoma patients may respond humorally to the SSX2
protein, which is also known as HOM-MEL-40, as a tumor-associated
antigen [11]. A significant portion of individuals with advanced
NY-ESO-1-expressing cancer cells experience concurrent cellular medi-
ated and humoral immune responses in response to the highly immu-
nogenic CT antigen NY-ESO-1 [12].

The protracted traditional methods of drug testing and vaccine
design demand perseverance, arduous effort, exorbitant expense, and
more staff. It has never been simple to test and experimentally validate
thousands of compounds for a particular medicinal feature. The delivery
of either a whole or attenuated pathogen during a standard immuniza-
tion poses toxicity and safety concerns. The concept of enhanced
vaccination based on epitopes—small peptides that can trigger a
particular immune response—was made possible by the development of
sequencing and recombinant DNA technologies. With the advent of
bioinformatics, creating vaccines and medications has benefited. In the
past two decades, a variety of in silico technologies have been created to
construct immunotherapy and peptide-based medications. These tools
proved to be a catalyst in drug and vaccine designing [13]. Cutting-edge
software tools and databases have become crucial in the designing of
vaccines. Advanced epitope prediction software, such as NetMHC and
BepiPred [14], facilitates the identification of T-cell and B-cell epitopes
within target antigens. Furthermore, structural analysis tools like
PyMOL [15] and UCSF Chimera [16], along with Al-driven approaches
like Alphafold [17], contribute to the accurate modeling of protein
structures, enabling a comprehensive understanding of the spatial
arrangement and interactions of epitopes. Immunoinformatics tools,
including C-Immsim [18] and NetVac [19], predict immunogenicity,
while databases like the Immune Epitope Database (IEDB) offer curated
epitope information. Overall, these state-of-the-art technologies collec-
tively empower researchers in the strategic and efficient design of
multi-epitope vaccines, advancing the frontier of vaccine development.

This study attempted to design a suitable, universally applicable
multi-epitope chimera vaccine candidate against cutaneous melanoma
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by targeting the melanoma-specific antigenic proteins. Epitopes were
predicted through the utilization of multiple well-established databases
(NetMHCpan-4.1a, IEDB, BepiPred 2.0) to facilitate cross-validation,
and subsequently, overlapping epitopes were chosen for further
consideration. Epitope-rich domains of selected CTAs were linked
together with linkers along with suitable molecular adjuvant. The sec-
ondary structure prediction relied on PSIPRED 4.0 [19] and GOR [20],
while the tertiary structure prediction was done through an Al program
Alphafold developed by DeepMind. Protein-protein docking analysis by
ClusPro server [15] elucidated the molecular interactions between our
vaccine construct and immune system receptors. Molecular Dynamic
Simulation conducted through GROMACS software [21] and Immune
simulation via C-Immsim elucidated the stability and theoretical im-
mune response of our vaccine candidate. We believed that our vaccine
construct can be a valuable therapy for cutaneous melanoma, however
immune response, efficacy and safety could be experimentally verified.

2. Materials and methods
2.1. Selection of tumor-associated CTAs

Three melanoma-specific Cancer/Testis antigens were selected i.e.,
NY-ESO-1 (Gene: CTAG1A; CTAG1B), Melanoma-associated antigen E1
(Gene: MAGEEL1) and Protein SSX2 (Gene: SSX2; SSX2B). These antigens
were selected based on their prevalence and high expression in primary
and malignant cutaneous melanoma [22]. Antigenicity of selected pro-
teins was predicted by VaxiJen (http://www.ddg-pharmfac.net/vax
ijen/VaxiJen/VaxiJen.html). VaxiJen is the firstly developed online
tool to predict probable antigens of bacteria, viruses and tumors [23].
ToxinPred was used to predict toxicity (http://crdd.osdd.net/raghava/t
oxinpred/). [24]. ProtParam was used to predict Molecular weight,
instability index, pI and half-life. (www.expasy.org/protparam/). Prot-
Param predicts proteins physicochemical properties. SOLPro was used
to check protein’s solubility (https://scratch.proteomics.ics.uci.edu/)
offered by Scratch Protein Predictor [25]. Prot p (www.protpi.ch/Calcul
ator/ProteinTool) was used for the calculation of net charge.

2.2. Sequence retrieval

To start with, amino acid sequences of our selected oncofetal pro-
teins NY-ESO-1 (CAA05908), MAGE-1 (NP_004979) and SSX2
(CAA60111) was fetched in FASTA format from NCBI database and were
subjected to further examination (www.ncbi.nlm.nih.gov/).

2.3. Cytotoxic T-cells (MHC-I) epitopes prediction

Cytotoxic T-cells recognizes antigen bound with MHC-I molecules.
Binding with CTLs was predicted by NetMHCpan-4.1a (www.services.
healthtech.dtu.dk/services/NetMHCpan-4.1a/) and also from IEDB
(http://tools.iedb.org/main/tcell/). NetMHCpan predict pan specific
binding of any peptide with known sequences [26]. Epitopes were
predicted using seven HLA alleles covering majority of human popula-
tion. Threshold for strong and weak binders were 0.5 % and 1 %
respectively. All strong binder epitopes of 9AA with high CTL scores
were selected.

2.4. Helper T-cells (MHC-II) epitopes prediction

MHC-II class molecules activates Helper T-lymphocytes which in
turn release cytokines that elicit other immune responses. Binding of our
selected protein with HTLs was predicted by NetMHClIIpan-4.0 (www.se
rvices.healthtech.dtu.dk/services/NetMHCIIpan-4.0/1) and IEDB (http
://tools.iedb.org/main/tcell/) [27]. Common HLA alleles were consid-
ered. All strong binders with were selected. This server uses artificial
neural network (ANN). All predicted binders of 9AA having high score
and with threshold 1 % were selected. High score indicated high affinity.
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2.5. Prediction of B-cell epitopes

BepiPred 2.0 and Kolaskar and Tongaonkar antigenicity methods by
IEDB (http://tools.iedb.org/bcell/) predicted peptide interaction with
B-cell to trigger a humoral immune response at 0.5 and 1.0, respectively.
BepiPred 2.0 sequentially predict antigenic determinants of amino acids
and Kolaskar and Tongaonkar Antigenicity predict B-cell epitopes on the
basis of their physicochemical properties and their occurrence in
recognized epitopes [28].

2.6. Construction of final multi-epitope vaccine

Those peptide domains that were covering most of the MHC-I, MHC-
II, HTCs, CTCs and B-cell epitopes were selected manually and joined
with AAY(Alanine-Alanine-Tyrosine) linker. An adjuvant 50S ribosomal
protein L7/L12 (P9WHE3.1) was added at the ‘N’ terminus of fusion
protein by EAAAK linker. RVRR linker was used to attach a 6xHis tag to
the ‘C’ terminus for easy identification. To avoid any autoimmune
response, screening by BLASTp was done against the Uniprot database
(www.uniprot.org/blast) to check homology of our vaccine construct
with human proteome. Antigenicity of each subunit was predicted form
VaxiJen (www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html).

2.7. Antigenicity, allergenicity and other physicochemical analysis

Size, theoretical Pi, molecular weight, GRAVY (measure of hydro-
phobicity) and instability index were predicted from ProtParam by
ExPaSy (https://web.expasy.org/protparam/). The ProtParam tool com-
putes protein’s physicochemical properties. For idealized multi-epitope
vaccine candidates, size should be less than 100 kb [29], theoretical Pi
should be around 7 [30], molecular weight should be 30-100 kDa, a
balanced GRAVY score should be close to zero [31]. All these values were
kept in consideration during the screening process. ProtParam results
classified this fusion protein as stable protein. Antigenicity was predicted
from VaxiJen (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.
html) and AntigenPro offered by Scratch Protein Predictor (https://sc
ratch.proteomics.ics.uci.edu/). AntigenPro predict antigenicity based on
data from protein microarrays rather than conventional homology based
prediction [32]. ToxinPred predicted toxicity (http://crdd.osdd.net/ragh
ava/toxinpred/). and AllerTOP server 2.0 predicted allergenicity (www.
ddg-pharmfac.net/AllerTOP/). AllerTOP predict allergens and route of
allergens with the sensitivity of almost 94 % [33]. SOLPro was used form
the predicted of solubility (www.scratch.proteomics.ics.uci.edu/). The
solubility of proteins based on SVM method was predicted by SOLPro
with the estimated accuracy of 74 % [34].

2.8. Human population coverage analysis

Population coverage of our vaccine candidate was analyzed against
seven most common alleles of HLA class I and seven alleles of HLA class
11 by IEDB (http://tools.iedb.org/population/). The population coverage
analysis was done worldwide.

2.9. Prediction of secondary structure

PSIPRED 4.0 server predicted secondary structure(http://bioinf.cs.
ucl.ac.uk/psipred/) and GOR (https://npsa-prabi.ibcp.fr/cgi-bin/se
cpred_gor4.pl) PSIPRED is a reliable approach to predict the secondary
structure of proteins using PSI-BLAST. (Position Specific Altered BLAST)
[35].

2.10. Prediction and refinement of tertiary structure
Tertiary structure of vaccine construct was predicted from Alphafold

incorporated into ChimeraX (https://www.rbvi.ucsf.edu/chimerax/).
Alphafold is an Artificial Intelligence based Program developed by
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DeepMind that quite accurately predict the 3 dimensional structure of
protein [36]. GalaxyRefine enhanced this Alphafold predicted structure
(https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE). Among
5 models refined by GalaxyRefine, best quality model (MODEL 1) was
selected based on Molprobity, class score, GDT-HA score and RMSD
score.

2.11. Validation of tertiary structure

For the validation of refined vaccine structure, ProSA web server
(https://prosa.services.came.sbg.ac.at/prosa.php) was used for the
evaluation of overall model quality and Z-score. ProSA server (Protein
Structural Analysis) predict the errors in experimental structural models
of protein [37]. Ramachandran plot analysis and other features were
examined by MolProbity (http://molprobity.biochem.duke.edu/).
Hydrogen atoms were added and all-atoms contacts and geometry were
analyzed without the prediction of flip-errors. MolProbity server allows
the broad-spectrum validation and evaluation of model structural
quality. It relies on the optimized hydrogen placement and
covalent-geometry and angle criteria [38].

2.12. Prediction of conformational epitopes

ElliPro server predicted new conformational epitopes from a 3d
improved model (http://tools.iedb.org/ellipro/). 6 epitopes were
selected having score ranging from 0.8-0.7. ElliPro server relies on the
geometrical features of protein and allow the prediction of epitopes
either from protein sequence or structure [39]. The overlapping B and T
cell epitopes were then modeled on the surface chimera protein using
the ChimeraX software.

2.13. Molecular docking

Structures of human TLR4 (PDB ID: 4G8A) and HLA-A*11:01 with
GTS1 peptide (PDB ID: 5WJL) were downloaded from PDB database
[40]. Both these structures and our vaccine construct were prepared for
docking by Dockprep in UCSF chimera software. During Dockprep,
hydrogen atoms and charges were added. For protein-protein molecular
docking, ClusPro server (https://cluspro.org/home.php) was used for
the molecular docking of our multi-epitope vaccine construct as a re-
ceptor with TLR4 and HLA-A*11:01 as a ligand. Among 29 models
generated by ClusPro server, models having the lowest energy were
selected. ClusPro server is widely used for molecular docking and pro-
vide a number of advanced option for the modification of protein models
[41]. Pymol software (https://pymol.org/2/) was used to illustrate the
docked models. Pymol is a graphic tool for 3d visualization of proteins
[42].

2.14. Molecular dynamics simulation

Molecular Dynamic simulations utilized the docked complexes
generated by the Cluspro server. Given the protein-protein nature of the
complexes, characterized by multiple chains, the MD simulations were
computationally executed on the High-Performance Computing (HPC)
cluster using the Gromacs 2020.4 MD simulation package [31]. The
preparation of protein chain topologies involved the utilization of the
CHARMMS-36 force field parameters [43]. Each receptor system, in
conjunction with the associated bound vaccine, underwent solvation
using the single point charge water model within dodecahedron unit
cells. The system was further neutralized through the incorporation of
Na + or Cl— counter-ions. The solvated systems underwent an initial
energy minimization process to alleviate potential steric clashes, uti-
lizing the steepest descent criteria until the threshold (Fmax <10
kJ/mol) was attained. Following energy minimization, the systems un-
derwent equilibration under constant volume and temperature condi-
tions at 300 K, employing a modified Berendsen thermostat.


http://tools.iedb.org/bcell/
http://tools.iedb.org/bcell/help
http://www.uniprot.org/blast
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://web.expasy.org/protparam/
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://scratch.proteomics.ics.uci.edu/
https://scratch.proteomics.ics.uci.edu/
http://crdd.osdd.net/raghava/toxinpred/
http://crdd.osdd.net/raghava/toxinpred/
http://www.ddg-pharmfac.net/AllerTOP/
http://www.ddg-pharmfac.net/AllerTOP/
http://www.scratch.proteomics.ics.uci.edu/
http://tools.iedb.org/population/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
https://npsa-prabi.ibcp.fr/cgi-bin/secpred_gor4.pl
https://npsa-prabi.ibcp.fr/cgi-bin/secpred_gor4.pl
https://www.rbvi.ucsf.edu/chimerax/
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://prosa.services.came.sbg.ac.at/prosa.php
http://molprobity.biochem.duke.edu/
http://tools.iedb.org/ellipro/
https://cluspro.org/home.php
https://pymol.org/2/

S. Khalid et al.

Table 1

Amino Acid sequences of selected antigenic proteins retrieved from NCBL

Sequence

UniProt ID

Accession Number

Protein

>CAA05908.1 NY-ESO-1 protein [Homo sapiens]

P78358 - CTG1B_HUMAN

CAA05908

Cancer/testis antigen 1 (NY-ESO-1)

MQAEGRGTGGSTGDADGPGGPGIPDGPGGNAGGPGEAGATGGRGPRGAGAARASGPGGGAPRGPHGGAASGLNGCCRCGARGPESRL
LEFYLAMPFATPMEAELARRSLAQDAPPLPVPGVLLKEFTVSGNILTIRLTAADHRQLQLSISSCLQQLSLLMWITQCFLPVFLAQPPSGQRR

>AAA03229.1 MAGE-1 [Homo sapiens]

| Q9HCI5 - MAGE1_HUMAN

NP_004979

Melanoma-associated antigen

MSLEQRSLHCKPEEALEAQQEALGLVCVQAATSSSSPLVLGTLEEVPTAGSTDPPQSPQGASAFPTTINFTRQRQPSEGSSSREEEGPSTSCI

E1 (MAGE-1)

LESLFRAVITKKVADLVGFLLLKYRAREPVTKAEMLESVIKNYKHCFPEIFGKASESLQLVFGIDVKEADPTGHSYVLVTCLGLSYDGLLGDN

QIMPKTGFLIIVLVMIAMEGGHAPEEEIWEELSVMEVYDGREHSAYGEPRKLLTQDLVQEKYLEYRQVPDSDPARYEFLWGPRALAETSY

VKVLEYVIKVSARVRFFFPSLREAALREEEEGV

>CAA60111.1 SSX2 [Homo sapiens]

Q16385 - SSX2 HUMAN

CAA60111

Protein SSX2

MNGDDAFARRPTVGAQIPEKIQKAFDDIAKYFSKEEWEKMKASEKIFYVYMKRKYEAMTKLGFKATLPPFMCNKRAEDFQGNDLDNDP
NRGNQVERPQMTFGRLQGISPKIMPKKPAEEGNDSEEVPEASGPQNDGKELCPPGKPTTSEKIHERSGPKRGEHAWTHRLRERKQLVI

YEEISDPEEDE
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Subsequently, an additional equilibration step was conducted under
constant volume and pressure, employing the Berendsen barostat, each
for a duration of 100 ps. The equilibrated systems were subsequently
subjected to a 50 ns production phase of molecular dynamics (MD)
simulations. The resultant trajectories were subjected to analysis,
including assessments of root mean square deviations (RMSD) in protein
backbone atoms, root mean square fluctuations (RMSF) in the side chain
atoms of individual chains within each protein complex and the radius
of gyration (Rg) [44].

2.15. Codon optimization and cloning

Java Codon Optimization Tool was used to optimize the codons
(http://www.jcat.de/). JCat is a novel and rapid method that uses the
most common sequenced prokaryotic and eukaryotic hosts for recom-
binant protein expression [45]. Two common restriction sites were
added at both ends of codon and was cloned in pET28a(+) vector using
Snapgene software available at https://www.snapgene.com/.

2.16. Immune simulation

To check the interaction of our vaccine candidate with the compo-
nents of immune system of humans, computational immune simulation
was done. C-ImmSim server was used (https://kraken.iac.rm.cnr.it/
C-IMMSIMY/). Three injections were administrated at the time step of 1
and 63 (each time step is about 8h). 1000 antigens were given with no
LPS. Simulation steps were set at 1050 while all other parameters were
at their default [46].

3. Results
3.1. Sequence retrieval and antigenicity prediction

Our selected tumor antigens i.e., Cancer/testis antigen 1 or NY-ESO-
1 (CTAG1A; CTAG1B), Melanoma-associated antigen E1 (MAGE1) and
Protein SSX2 (SSX2; SSX2B) have their role in the prognosis of different
carcinomas and can be used as a potential aim for immunotherapy of
cancer. The FASTA sequences of selected oncofetal proteins were
extracted from GenBank database of NCBI (Table 1). These proteins,
among the other cancer testis antigens, were shortlisted on the basis of
their antigenicity, allergenicity and other physical and chemical prop-
erties. Antigenicity of selected proteins predicted by VaxiJen indicated
the significant outcomes. VaxiJen uses sequence alignment for the pre-
diction of probable antigens [47]. Toxicity analysis showed that these
potential vaccine candidates are non-toxin. Other physical and chemical
properties showed the compatible results at standard cut off parameters
(Table 2).

3.2. Cytotoxic T-cell epitopes prediction

Cytotoxic T-lymphocytes binds with the MHC class I and contributes
to immunogenic administration of the endogenous and exogenous an-
tigens [48]. T cell epitope prediction is considered as the most selected
step in vaccine designing. IEDB and NetMHCpan-4.1a server were uti-
lized for predicting cytotoxic T-cell epitopes and all ranked 9AA epitopes
were selected with wide spectral alleles of HLA_A0201, HLA_A0204,
HLA_A0206, HLA_B0702, HLA_B51, HLA_B5301 and HLA_B5401. Total
84 epitopes of three selected oncofetal proteins were identified by IEDB
server (Supplementary Table 1) and 67 epitopes (Supplementary
Table 2) were selected from NetMHCpan- 4.1a. Among these, over-
lapping epitopes were designed as the part of final vaccine construct.

3.3. Helper T-cell epitopes prediction

Helper T lymphocytes recognize complex of foreign antigens bind
with MHC-II and release a series of signaling molecules called cytokines
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Table 2
Physicochemical properties of ranked antigenic proteins predicted using VaxiJen, ToxinPred, UniProt, Protparam, Pro pl, and SolPro servers.
Protein Gene Size MW (Da)  Antigenicity  Toxicity Solubility  pI Half-life Instability Charge (pH
index 7.4)
Cancer/testis antigen 1 (NY- CTAGI1A; 180aa 17,992 0.6774 Non- 0.94429 8.79 >30 h 43 1.787
ESO-1) CTAG1B toxin
Melanoma-associated antigen MAGEE1 957aa 103,254 0.4032 Non- 0.7737 4.83 >30 51.58 —18.128
El toxin years
Protein SSX2 SSX2; SSX2B 188aa 21,620 0.3929 Non- 0.88164 5.59 >30 53.7 —4.885
toxin years

MAKLSTDELLDAFKEMTLLELSDFVKKFEETFEVTAAAPVAVAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIGVIKVVREIV
1[ ' 10] ' 201 T 301 ' 401 y 501 i 60 ! 70] i 80 T

[ Adjuvant

SGLGLKEAKDLVDGAPKPLLEKVAKEAADEAKAKLEAAGATVTVKEAAAKMQAEGRGTGGSTGDADGPGGPGIPDGPGGNAGGPG
90] ¥ 100] Y 110[ & 1201 ! 1301 . 140] ’ 1501 ¥ 1601 : 1701

Adjuvant |m [ B-cell epitopes
T-cell epitopes

EAGATGGRGPRGAGAARASGPGGGAPRGPHGGAASGLNGCCRCGARGPESRLLEFYLAMPFATPMEAELARRSLAQDAPPLPVPG

: 1801 d 1901 ! 2001 ! 2101 t 2201 ! 2301 T 240] i 2501 it
B-cell epitopes | B-cell epitopes
T-cell epitopes I:I | T-cell epitopes

T-cell epitopes

VLLKEFTVSGNILTIRLTAADHRQLAAYARYEFLWGPRALAETSYVKVLEYVIKVSARVRFFFPSLREAAAYMNGDDAFARRPTV

2601 i 2701 i 2801 T 290] . 300] . 310] : 320] . 330] . 340
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Fig. 1. Sequence of 441AA multi-epitope vaccine candidate. Features showing the B and T cell epitopes, adjuvant and 6x his tag. Diagram was created by Snap-
gene software.

which eventually elicit a series of immune response [49]. We predicted Prediction 2.0 and Kolaskar and Tongaonkar Antigenicity methods
Helper T-cell epitopes by Immune Epitope Database (IEDB) and server was used for the prediction of linear B-cells epitopes. Almost 15
NetMHClIIpan- 4.0. All 9AA epitopes having high binding score were epitopes were shortlisted and are part of the final vaccine construct
selected with the most common HLA alleles in the worldwide population (Supplementary Table 5).

i.e., HLA_ DRB1*0101, HLA DRB1*0401, HLADRB1*0402, HLA DRB1*
0701, HLA_DRB1*0801, HLA_DRB1*1101 and HLA_DRB1*1501. Total
67 IEDB predicted epitopes and 58 NetMHCIIpan-4.0 predicted epitopes
were considered (Supplementary Tables 3 and 4).

3.5. Final multi-epitope vaccine construction

Epitope rich domains of three selected antigenic proteins were

merged to create a multi-epitope vaccine candidate by AAY linker. A

3.4. B-cells epitopes prediction Molecular adjuvant (MAKLSTDELLDAFKE MTLLELSDFVKKFEETFEV
TAAAPVAVAAAGAAPAGAAVEAAEEQSEFDVILEAAGDKKIGVIKVVREI

B-cell induce humoral immunity by producing antibodies and have VSGLGLKEAKDLVDGAPKPLLEKVAKEAADEAKAKLEAAGATVTVK) was

important role in tumor microenvironment. BepiPred Linear Epitope joined to intensify the magnitude of immune response. The final vaccine
Table 3
Four epitope rich domains were selected. These subunits cover most of the T cell and B cell epitopes. Antigenicity of Individual domains was predicted by VaxiJen.
Subunits Antigen Position Sequence Antigenicity
Subunit A NY-ESO-1 1-145 MQAEGRGTGGSTGDADGPGGPGIPDGPGGNAGGPGEAGATGGRGPRGAGAARASGPG 0.7565
GAPRGPHGGAASGLNGCCRCGARGPESRLLEFYLAMPFATPMEAELARRSLAQDAPPLPVPGVLLKEFTVSGNILTIRLTAADHRQL
Subunit B MAGE-1 260-300 ARYEFLWGPRALAETSYVKVLEYVIKVSARVRFFFPSLREA 0.4484
Subunit C SSX-2 1-60 MNGDDAFARRPTVGAQIPEKIQKAFDDIAKYFSKEEWEKMKASEKIFYVYMKRKYEAMTK 0.371
Subunit D SSX-2 100-140 TFGRLQGISPKIMPKKPAEEGNDSEEVPEASGPQNDGKELC 0.7706
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Fig. 2. Population coverage analysis of our vaccine candidate.

construct was 441AA containing one NY-ESO-1 protein subunit, one
subunit from MAGE-1, two subunits from SSX protein joined by AYY
linker, an adjuvant joined by EAAAK and a histidine tag joined with
RVRR linker (Fig. 1). All the selected subunits were probable antigenic
(Table 3).

3.6. Antigenicity, allergenicity and other physicochemical properties
analysis

Our vaccine candidate was 441AA, having molecular weight of about
46575.98 Da. Vaccine candidate was probable antigen having antige-
nicity 0.6139 and 0.752170 predicted by VaxiJen 2.0 and AntigenPro
respectively. Vaccine construct was probable antigen and non-allergen.
ToxinPred was used for the prediction of toxicity and is non-toxic. Other
physical and chemical parameters were evaluated by ProtParam. Solu-
bility was calculated to be 0.973. Theoretical pI, instability index and
GRAVY value was reported as 6.5, 35.39 and —0.314.

3.7. Population coverage analysis

Vaccine candidate should cover a wide population of human. IEDB
population coverage analysis tool was used to calculate the coverage of
our vaccine candidate in worldwide population against 14 Class-I and
class-II combined HLA alleles. Graphical results suggested that our vac-
cine candidate covers 72.48 % of human population worldwide (Fig. 2).

3.8. Prediction of secondary structure

PsiPred and GOR by Prabi are used for predicting secondary struc-
ture. The predicted results suggested that our vaccine construct con-
tained 47.39 % alpha helix,0.0 % beta turns and bent regions,46.26 %
random coils and 6.35 % extended strand. Graphical depiction of our
vaccine construct’s secondary structure predicted by PsiPred are
exhibited (Fig. 3).
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3.9. Prediction, refinement and validation of tertiary sturcture

AlphaFold incorporated in ChimeraX was used for predicting tertiary
structure of vaccine candidate which was further validated and refined.
Predicted Alphafold structure was refined by GlaxyRefine server. Gal-
axyRefine proposed 5 models with different parameters i.e., GDT-HA,
RMSD, MolProbity, Clashscore, Poor rotamers and RAMA favored
score (Table 4). Model 1 was selected because it had the best quality
scores and had the most stability. GDT-HA (Global Distance Test-High
Accuracy) calculates the deviation of predicted refined structure from
the reference structure. The refined Model 1 had the lowest GDT-HA as it
was least distant from the initial model. RMSD (Root Mean Square De-
viation) calculates the atomic distance in the protein chain. Model 1 had
the lowest RMSD value. Lowest the RMSD value, most stable the tertiary
structure. MolProbity score suggests the crystallographic clarification of
the structure. Our selected model had the MolProbity score of 1.372
which was less than the initial predicted model, thus representing higher
resolution of refined model. Clashscore indicates the number of unfa-
vorable clashes in the protein structure [50]. Our selected model had the
lowest class score i.e., 3.9 much lower than the class score of initial
structure i.e., 37.7. RAMA favored reflects the clustered secondary
structures in the protein tertiary structure. Model 1 had 96.8 % RAMA
favored regions, much more than of initial region. These quality scores
represent overall good quality of Model 1 (Fig. 4A). Tertiary structure
was then validated by evaluating Z-score, Ramachandran plot and
Molprobity score. ProSA server was used for the determination of overall
model quality and Z-score (Fig. 4B). Z-score of our refined model was
—7.12 which is within the extend for stable proteins of the same mo-
lecular weight. Ramachandran plot was generated by Molprobity server.
Ramachandran plot shows that 96.8 % residues were in the favored
regions and 99.1 % of residues were in the allowed regions reflecting
high stability of the structure. 4 outliers (phi, psi) were observed 100 Ala
(49.3, —103.6), 146 Ser (83.8, 129.1), 198 Gly (173.6, 82.9), 251 Leu
(74.2, 140.8). Molprobity score was 1.18 and class score of 2.14
(Fig. 4C).

3.10. Prediction of conformational epitopes
Conformational epitopes were predicted using the tertiary structure

of vaccine by ElliPro server. Six discontinuous B-cell epitopes with a
significant score of 0.7-0.8 were determined. We found 92 residues with

Table 4
Quality score of refined models predicted by GalaxyRefine.

Model GDT-HA RMSD MolProbity Clash score Rama favored
Initial 1 0 3.487 37.7 59.2
MODEL 1 0.8628 0.733 1.372 3.9 96.8
MODEL 2 0.8617 0.736 1.434 4.3 96.6
MODEL 3 0.8571 0.744 1.407 5.1 97.3
MODEL 4 0.8634 0.723 1.531 4.3 95.4
MODEL 5 0.8594 0.749 1.49 4 95.7
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Fig. 3. Secondary structure of our vaccine candidate predicted by PsiPred.
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Fig. 4. (A)Tertiary structure of vaccine candidate predicted by AlphaFold and refined by GalaxyRefine; (B) Z-score refined structure predicted by ProSA server; (C)
Ramachandran plot generated by Molprobity server showing majority of the residues in favored regions.
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Fig. 5. 3D models of B and T cell epitopes on the surface of chimera protein.

substantial score of 0.8 and eight residues with score of 0.7. These 6 B-
cell conformational epitopes and 7 T-cell conformational epitopes were
mapped on the 3D structure of multi-epitope vaccine candidate (Fig. 5).

3.11. Molecular docking

Toll like receptors are mediators of inflammatory pathway that have
extracellular regions that recognize parts of endogenous and exogenous
antigens [51]. TLR4 has a significant role in inducing an immune
response. Huma leukocyte antigen (HLA) encode antigenic

peptide-presenting surface molecules on them and thus have a role in
induction and regulation of immune response. Binding of our vaccine
construct with TLR4 and HLA-A*11:01 is graphically represented
(Fig. 6). ClusPro generated 29 Vaccine-TLR4 and Vaccine-HLA docked
models [52].The models with the lowest binding energy were chosen.
Low energy represents the stability and integrity of docked complexes.
UCSF Chimera Software was used for the illustration of docked com-
plexes. Vaccine-TLR4 complex has the-1184.8 kcal/mol lowest energy
and vaccine-HLA complex had —1255.8 kcal/mol energy.
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Fig. 6. (a) Docked complexes of our vaccine construct with TLR4; (b) Docked complexes of our vaccine construct with HLA-A*11:01 generated by ClusPro and

visualized by ChimeraX.
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Fig. 7. The graphical representation Molecular Dynamics Simulations of Vaccine construct-TLR complex and Vaccine construct-HLA complex done through GRO-
MACS software (a) Root Mean Square Deviation (RMSD) of docked complexes; (b) Root Mean Square Fluctuation (RMSF); (c) Rate of gyration of docked complexes.

3.12. Molecular dynamics simulation

Molecular dynamics (MD) simulation stands as a potent method for
the analysis of biological systems, offering valuable mechanistic insights
into the potential behavior of the system within a simulated biological
environment. This computational technique allows for the dynamic
exploration of biomolecular structures over time, providing a detailed
understanding of molecular interactions, conformational changes, and
the overall dynamics [53]. The production phase of molecular dynamics
(MD) simulations was conducted using Gromacs 2020.4, and subsequent
trajectory analysis was performed to elucidate the structural properties
and interactions at a molecular level among immune receptors and the
predicted vaccine protein.

Root mean square deviations (RMSD) analysis elucidate how the
backbone atoms evolve in relation to their initial equilibrated positions.
A lower Root Mean Square Deviation (RMSD) value indicates better
stability in the corresponding system [54]. In the current study, we
quantified the Root Mean Square Deviation (RMSD) in backbone atoms
across the entirety of protein-protein complexes. Fig. 7A illustrates the
Root Mean Square Deviation (RMSD) observed in the analyzed systems.
The assessment of Root Mean Square Fluctuations (RMSF) offers valu-
able insights into potential variations in the secondary structure of the

investigated protein [55]. In the current study, the Root Mean Square
Fluctuations (RMSF) in the side chain atoms of residues within each
system were quantified. Fig. 7B depicts the Root Mean Square Fluctua-
tions (RMSF) observed in the simulated systems. The examination of the
Radius of Gyration (Rg) serves as a comprehensive measure of the
overall compactness of the system [56]. Fig. 7C displays the outcomes of
the total Rg analysis.

3.13. Codon optimization and cloning

For the cloning and expression of our vaccine candidate in pro-
karyotic systems, codon was improved for recombinant gene expression
by Java Codon Optimization Tool using the FASTA sequence of vaccine.
Total sequence after optimization were 1323 nucleotides. GC content of
refined sequence was 73.02 and Codon Adaptation Index value was
0.96. After the optimization, Snapgene software was used for the
insertional cloning. Two common restriction sites EcoR1 and Ndel were
attached at the both ends of optimized codon sequence and then inserted
into pET28a (+) expression vector. The codon sequence was inserted
into EcoR1 and Ndel sites, forming a recombinant vector of 6626bp.
Inserted vaccine sequence is shown in red in recombinant vector
(Fig. 8A). Further, for the validation of cloning, agarose gel simulation
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Electrophoresis to confirm the cloning of our vaccine construct. Lane #1 showing the cloned pET28a (+) vector (6626), Lane#2 showing the pET28a (+) without the
insert (5369bp) and Lane#3 showing the band of our vaccine construct (1335bp). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Fig. 9. (a) Concentration of antigen, immunoglobins and their complexes; (b) Concentration of cytokines and interleukins; (c) Natural killer, Macrophages and

Dendritic cellular population during the course of immunization.

was performed using the Snapgene software. 1 % agarose gel simulation
was done, and as a buffer solution, Tris-Borate-EDTA was selected. The
outcomes show that the vector was successfully cloned with our vaccine
design (Fig. 8B).

3.14. Immune simulation

Theoretical immune response of our vaccine candidate was gener-
ated by C-ImmSim server. The generated graphical results show that
immune response was exponentially increased after 3rd dose followed
by a drop in antigen concentration (Fig. 9). The significant level of IFNy
and IL-2 after trigging immune response was observed followed by the
increased concentration of natural killer cells, macrophages and den-
dritic cell after inducing immune response.

4. Discussion

Cutaneous melanoma (CM), the most challenging and lethal type of
skin cancer, is a multifactorial disease [57] with ongoing treatment
challenges involving rapid progression to metastatic cutaneous mela-
noma, which results in numerous recurrences even after surgery and,
most remarkably, the low response rates and resistance to the available
treatments, especially when it comes to incurable metastatic CM.
Therefore, different innovative therapeutic procedures for CM are need
to be implemented [58]. Reverse vaccinology, incepted in 2000 as a
plethora of computational processes allowing the analysis of pathogen
genomics and identification of potential proteins and peptides but now,
twenty-two years later, reverse vaccinology has revolutionized in
computational vaccinology, drug discovery and subtractive proteomics



S. Khalid et al.

[59]. In this study, Melanoma-associated Cancer/Testis antigens (CTAs)
were targeted for designing multi-epitope vaccine candidate. CTAs are
onco-fetal proteins and their expression is restricted in male germ cells
and re-expression in several malignancies [60]. Among 48 CTAs that
were identified and studied in melanoma, NY-ESO-1, MAGE-1 and SSX2
were the most antigenic and expressive in primary and malignant mel-
anoma [22].

After epitope prediction of our target antigens, four epitope rich
domains were selected and fused together with linkers along with a
molecular adjuvant. Selection of adjuvant and linkers is a critical step in
multi-epitope vaccine development. 50S ribosomal protein L7/L12 is
extracted from Mycobacterium tuberculosis and have role in the
enhancement of dendritic cells, and polarization of CD4" and CD8" cells
[61], and can effectively provoke the function vaccine candidate. AAY
linker improve antigenic presentation [62], EAAAK linker improve
stability of the construct [63], and RVRR improve epitope separation
[64].

Our vaccine construct was 441AA. Size was about 46 kDa which is
reasonable because proteins less than 110 kb is easier for expression and
purification [65]. Our vaccine construct was non-allergen and non-toxic
indicating that vaccine will elicit a suitable immune response without
any potential side effect. Theoretical pI was calculated as 6.5, which
show that vaccine construct is acidic in nature [66]. Instability index
was 35.39, and proteins that have an instability score below 40 are
considered to be stable in nature. GRAVY was —0.314 and this value
indicates that vaccine construct is hydrophilic [67]. After the secondary
and tertiary structures are predicted, tertiary structure was validated by
evaluating Z-score and Ramachandran plots. Z-score calculates the en-
ergy deviation of the structure with respect to random conformations
and indicates the overall model quality [68]. Ramachandran plots
indicated that 96.8 % residues were in the favored regions and 99.1 % of
residues were in the allowed regions reflecting high stability of the
structure [69]. Vaccine construct was docked with HLA and TLR4 and
result indicates the fine interaction between the ligand and the re-
ceptors. Then Vaccine-TLR4 and Vaccine-HLA complexes were sub-
jected to MD simulation. MD simulation through GROMACS shows that
our docked complexes are stable. For insilico cloning in pET28a (+)
vector, codons were optimized. GC content of refined sequence was
73.019 and Codon Adaptation Index value was 0.96. CAI value should be
higher than 0.8 for the effective cloning and expression in the vector
system [70]. All the results obtained were satisfactory.
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