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ABSTRACT

Background: Bioinformatic approaches for designing vaccines have become a promising alternative
to conventional methods. We herein designed a multi-epitope-based vaccine against colorectal cancer
(CRC).

Materials and Methods: The peptides in the CRC vaccines were retrieved from PubMed, Google
Scholar, Web of Science databases, and Clinical trials. The adjuvants of mycobacterial heparin-
binding hemagglutinin and pan DR epitope were inserted in the vaccine sequence. Physicochemical
properties, immunological characteristics, and projections of the vaccine’s 2- and 3-dimensional
structures were evaluated. Linear and conformational B-cells were predicted by IEDB (the Immune
Epitope Database). Docking and molecular dynamics simulations were performed between the
vaccine and toll-like receptor of 4 (TLR4). In silico cloning and mRNA stability were predicted to
evaluate the expression of the vaccine in Escherichia coli (E. coli).

Results: The vaccine comprises 368 amino acids from peptides of OGT, FTO, CASPS, CASPS,
U2SURP, MED25, FMOS, CEA, and TGFBIIR CRC antigens. It has a high-quality structure and
suitable physicochemical and immunological properties. Also, it contains large and accessible B-cell
epitopes. The interaction of the vaccine with TLR4 represented an appropriate and stable one between
the vaccine and immune receptors. In silico cloning displayed that the vaccine can transcribe and
translate in E. coli as a host.

Conclusion: The CRC vaccine is immunogen, non-allergen, and structurally stable. This vaccine will
be verified in vitro and in vivo studies in the next step.
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Introduction

olorectal cancer (CRC) accounts for nearly

8.5% of all cancer deaths. It is one of the

most prevalent cancers worldwide [1]. The

main treatments for this cancer include

surgery, radiotherapy, and chemotherapy,
which may cause severe side effects [2]. Immunotherapy
is another approach for CRC treatment in recent years
[3]. However, this treatment is only effective in 15% of
patients with mutations of mismatch repair deficiency
or high microsatellite instability [4]. This issue may be
related to tumor-infiltrating lymphocytes (TILs) in these
patients due to tumor mutational load (TMB) and higher
immunogenicity. In contrast, other patients were not af-
fected due to mild immunogenicity [5].

Cancer vaccines constitute the best approaches for
treating cancer. They can stimulate a strong immune
response to one or more specific tumor antigens and
consequently kill the cancer cells producing these an-
tigens. Also, vaccines lack side effects [3, 5] and can
be used as a targeted cancer treatment [6]. CRC tumor
antigens that are recognized by immune elements are
classified according to their function or origin into one
of the following groups: tumor-specific antigens which
expressed in tumor tissues, not normal tissues such as
YE-NEO-001, P53, and KRAS [7-9]; and the second
group is associated with tumor antigens such as MAGE-
1, CEA, MUC-1, VEGFRI1, and VEGFR2 [10-12]. The
simultaneous use of tumor-specific antigens and tumor-
associated antigens can be useful in treating CRC [13].
However, procurement of a vaccine through traditional
methods is time-consuming and expensive. Recently,
bioinformatics tools and experimental studies have been
used for biological studies. This approach can help us to
select targets in a shorter time with a few sources [14,
15]. Multi-epitope vaccines have been designed against
several pathogenic microorganisms such as Shigella spp.
[16, 17], Helicobacter pylori [18-20], COVID-19 [21,
22], Brucellosis [23], and Mpox [24]. Also, several vac-
cines have been designed against some types of cancer
[13,25].

In this study, we developed a multi-epitope peptide
vaccine against CRC. The vaccine used peptides in the
CRC patients’ treatment in clinical trials and appropri-
ate adjuvants. The physicochemical and immunologi-
cal characteristics and structural stability of the vaccine
were evaluated. In silico cloning was done to show the
DNA of the vaccine could be transcribed and translated
into a prokaryote host.
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Materials and Methods

Vaccine engineering, analysis of physicochemical
characteristics, antigenicity, and allergenicity

Based on the results of the studies from databases of
Web of Science, Google Scholar, PubMed, and Clini-
cal trials, 9 peptides from OGT, FTO, CASP5, CASPS,
U2SURP, MED25, FMOS, CEA, and TGFIIR that are
incorporated in the CRC vaccines were chosen to be
integrated within the vaccine construction. Mycobacte-
rial heparin-binding hemagglutinin (HBHA) and pan
DR epitope (PADRE) adjuvants were integrated at the
vaccine’s N- and C-terminus. Different parts of the de-
signed vaccine were joined using suitable linkers. Physi-
cochemical parameters of the vaccine, such as molecular
weight (MW), theoretical isoelectric point (pI), and total
average hydrophobicity, were evaluated using online
tools from Expasy ProtParam [26]. The proteins’ antige-
nicity was assayed by VaxiJen software, version 2.0 and
Antigen Pro servers [27, 28]. Allergenicity and solubility
were evaluated using Allergen FP and SOLpro servers
[29-31].

Prediction of 2- and 3-dimensional (3D) structures

Prediction of the 2-D structure was carried out by the
SOPMA online server [32]. The 3-D structure of the vac-
cine was projected using the GalaxyTBM server [33].
It displayed 5 models as the predicted structures. All
models were analyzed using the ERRAT server, and the
highest score was chosen as the vaccine structure. The
GalaxyRefine web services were used to improve the
predicted model by GalaxyTBM [30]. Five structures
were finally displayed by GalaxyRefine as improved
models of vaccine structure. The refined 3D structures
were verified using the RMSD GalaxyRefine results and
servers of ERRAT, PROCHECK, and ProSA [34-36].
Finally, PyMOL software version 2.1.1 was used to view
the high-quality 3-D structure of the vaccine [37].

Prediction of linear and discontinuous B-cell

epitopes

Linear B-cell epitopes in the vaccine sequence were
predicted by methods of BepiPred 2.0 and Emini sur-
face accessibility in the IEDB database. The BepiPred
2.0 predicts B cell epitopes by a random forest algorithm
trained on epitopes and non-epitope amino acids detect-
ed from crystal structures. Emini surface accessibility
predicted accessible B-cell epitopes [38, 39]. Discontin-
uous B-cell epitopes of the vaccine were predicted using
ElliPro in this server [40].

Res Mol Med, 2022; 10(3):179-192
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In silico docking calculation and normal mode
analysis (NMA) of the complex

The human toll-like receptor 4 (TLR4) tertiary struc-
ture was found in the PDB database with a PDB code
of 3FXI. The HDOCK server carried out protein-protein
docking of TLR4 as a receptor and the vaccine as a li-
gand [41, 42]. Discovery Studio software, version 4.5
was used to show the interaction between molecules.
Normal mode analysis of the complex was evaluated by
the iMODS server [43].

In silico cloning and expression of the designed
vaccine DNA

The sequence manipulation suite reverse-translated the
gene sequence of the designed vaccine [44]. Utilizing
the GenScript online server, the properties of sequence
genes, such as the codon adaptation index (CAI), codon
frequency and distribution (CFD), and GC content were
evaluated. These properties play crucial roles in achiev-
ing a high protein expression level in the host. The se-
quence of DNA was transformed to a potential sequence
of RNA by the DNA->RNA->Protein tool to estimate
the mRNA folding and secondary structure of the vac-
cine. Then, the secondary structure of the mRNA was
predicted using the RNAfold web server [45]. This web-
site offers minimal free energy (G kcal/mol) for structure
and thermodynamically predicts the mRNA secondary
Structure.
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Results

Selection of immunodominant epitopes and de-
signing the vaccine structure

Using searching in Google Scholar, PubMed, Web of
Science, and Clinical trials databases, 9 epitopes were
selected (Table 1). These peptides were joined by repeat-
ed sequences of GPGPG, KK, and EAAAK as linkers in
the vaccine sequence. After that, HBHA and PADRE se-
quences were added to the N and C ending of the vaccine
sequence to increase the immunogenicity of the vaccine.
The designed vaccine is shown in Figure 1A.

Analysis of the physicochemical features, anti-
genic and allergenic ability of the CRC vaccine

The physicochemical features of this vaccine were ana-
lyzed by ProtParam and SOLpro servers. Its antigenic
ability was evaluated by ANTIGENpro and VaxiJen
software, version 2.0. Also, the allergenic probability
was assayed by AllergenFP (Table 2).

Prediction of 2 and 3-D structure and validation of
the designed vaccine

Secondary structure of the vaccine was analyzed us-
ing the SOPMA online server. It comprised 62.77%
helices, 8.15% strands, and 27.45% coils (Figure 1B).
The GalaxyTBM was utilized to predict the 3D structure
of the vaccine. The predicted models were validated by
the ERRAT server. Finally, model 4, with the best score,
was selected to refine using GalaxiRefine (Supplemen-

Table 1. Retrieved epitopes from PubMed, Google Scholar, Web of Science databases, and Clinical Trials selected to

assemble in the CRC vaccine

No. Protein Peptide

1 0-GlcNAc transferase (OGT) SLYKFSPFPL

2 Fat mass and obesity-associated (FTO) TLSPGWSAV GGS RLSSCVPVA
3 Caspase5 (CASP5) FLIWQNTM

4 Caspase8 (CASP8) ELLVRINRL

5 U2 snRNP-associated SURP motif-containing protein (U2SURP) IQEERDERHKR

6 Mediator of RNA polymerase Il transcription subunit 25 )MED25( SVDANTTL

7 Flavin containing dimethylaniline monoxygenase 5 )FMO5( RYVENQRHTI

8 Carcinoembryonic antigen (CEA) YLSGANLNL

9 Transforming growth factor B TGFBII receptor (TGFBIIR) RLSSCVPVA

Res Mol Med, 2022; 10(3):179-192
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Table 2. Evaluation of the physicochemical properties, antigenic, and allergenic ability of the colorectal cancer vaccine

Physicochemical Feature Value
Molecular weight (Da) 38450.42
Instability index 39.76 Stable
Gravy -0.450
Aliphatic index 77.39
Theoretical pl 7.68
Number of amino acids 368
Total number of negatively charged residues (Asp+Glu) 48
Total number of positively charged residues (Arg+Lys) 49
Number of atoms 5435

Solubility/SOLpro

Upon overexpression (0.975116)

Antigenicity
Antigenicity/ANTIGENpro 0.789076

Antigenicity/Vaxilen version 2.0 0.5858 (antigenicity over 0.5 is probable antigen)

Allergenicity/AllergenFP version 1.0 Probable non-allergen
2/mm
Table 3. Predicted epitopes in the colorectal cancer vaccine using the bepipred 2 method in IEDB
No. Start End Peptide Length
1 5 14 AKMAENSNID 10
2 45 92 AEETRTDTRSRVEESRARLTKLQEDLPEQLTELREKFTAEELRKAAEG 48
3 94 107 LEAATSRYNELVER 14
4 109 110 EA 2
5 113 123 ERLRSQQSFEE 11
6 130 141 GYVDQAVELTQE 12
7 152 156 AVGER 5
8 165 212 LGPGPGGPGPGSLYKFSPFPLEAAAKEAAAKTLSPGWSAVGGSRLSSC 48
9 214 223 PVAGPGPGGP 10
10 235 245 MGPGPGGPGPG 11
11 255 259 EAAAK 5
12 263 291 AKIQEERDERHKRKKKKKKSVDANTTLEA 29
13 294 333 KEAAKRYVENQRHTIGPGPGGPGPGYLSGANLNLEAAAKE 40
14 335 354 AKRLSSCVPVAGPGPGGPGP 20
2[MM

—
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Figure 1. Refinement and validation of the final vaccine 2[mm

A) Schematic showing of the CRC vaccine, B) Secondary structure of the CRC vaccine, C) 3D model of the CRC
vaccine, Construct validation by D) PROCHECK, E) ERRAT, and F) ProSA web servers

tary Table 1). GalaxiRefine produced 5 models. (95.33%) were located in the highly preferred observa-
The model with the best scores in the validation servers tions region, 3.0% in additional allowed regions, 0.7%
was chosen for the next analysis (Figure 1C). The PRO- in generously allowed regions, and 1% in the disallowed
CHECK results of this model showed that most residues regions (Figure 1D). The ERRAT result indicated that

Table 4. Predicted epitopes in the colorectal cancer vaccine using emini surface accessibility method in IEDB

No. Start End Peptide Length
1 41 62 LRERAEETRTDTRSRVEESRAR 22
2 77 82 LREKFT 6
3 114 120 RLRSQQS 7
4 265 282 IQEERDERHKRKKKKKKS 18
5 299 305 RYVENQR 7
Z/Mm

Res Mol Med, 2022; 10(3):179-192
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Figure 2. Conformational B-cell epitopes specified in the 3-D structure of the multi-epitope-based vaccine by ElliPro server

the vaccine model scored 92.7326 (Figure 1E). Also,
the RMSD and Z-Score of the structure were 0.322 and
-3.65 based on the GalaxiRefine and ProSA web servers
(Figure 1F).

Identification of B-cell epitopes

The B-cell epitopes were predicted by IEDB. The
Emini surface accessibility method showed the CRC
vaccine has 14 accessible epitopes. Bepipred2 methods
showed the vaccine has 5 linear B-cell epitopes (Table
3 and 4 and Supplementary Figure 1). The results of El-
liPro showed that from 368 amino acid residues of the
vaccine, 187 were specified as the conformational B-cell
epitope (Figure 2).

Molecular docking and NMA analysis of the vac-
cine with immune cell receptors

To find the potential interactions between the CRC vac-
cine and immune cell receptors, molecular docking, and
NMA analysis were carried out between the vaccine and
TLR4. HDOCK server performed the docking of the
vaccine with TLR4. This server produced 10 models for
each interaction. The docked models with the maximum
number of atoms interacting in the ligand and each of the

receptors, the lowest docking score (-320.26), and the
highest confidence score (0.9679) were chosen and ob-
served by Discovery Studio 4.5 software (Figure 3). The
iMODS server was utilized to calculate the NMA analy-
sis of the interaction. iMODS assays the stability of a
complex. It showed the interactions between the residues
by lower RMSD values and areas with higher correla-
tion. The complex of CRC vaccine-TLR4 produced an
eigenvalue of 7.383627x10°. The results of this server
revealed that the interacted residues in each docked com-
plex were stable (Figure 4).

TLR4 protein is shown in blue, and the vaccine is in
red. The final docked model has been observed using
Discovery Studio software, version 4.5.

In silico cloning and expression of the vaccine
DNA

The reverse translation of the sequence of the protein
vaccine into a DNA sequence was done by the sequence
manipulation suite server. CAL, CFD, and GC content
for the expression of the vaccine in E. coli were analyzed
by GenScript online server. A CAI of the DNA vaccine
was 1. The GC content is 58.73% (the GC content of

Res Mol Med, 2022; 10(3):179-192
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Figure 3. The interaction of TLR4-vaccine complex obtained by HDOCK server

30%—-70% is ideal), and the CFD of the vaccine is 0.
These results approved the effective transcription of the
DNA vaccine in the host. The minimum free energy of
the mRNA of the vaccine was evaluated by the RNA
fold server. The optimized mRNA structure indicated an
AG value of —573 kcal/mol (Supplementary Figure 2).

Discussion

Although surgical techniques, chemotherapy, radio-
therapy, and immunotherapy have been improved to cure
CRC, some challenges, including efficiency and adverse
effects, still exist [2]. Cancer vaccines are new Strategies
for the treatment of cancer patients. However, they are in
the developing stages and have not been approved [3].
Bioinformatics approaches can help design and develop
vaccines promptly and safely. Several researchers, such
as Nezafat et al. [46], Yazdani et al. [13], Mahdevar et al.
[47], and Palladini et al. [48] have already designed bio-
informatics cancer vaccines and evaluated their safety.
In this study, we used an in silico analysis to design a

MM

suitable multi-epitope peptide vaccine for treating CRC
patients. The vaccine consists of 368 amino acids using
peptides from multiple databases. These peptides are
obtained from CRC antigens of OGT, FTO, CASPS5,
CASP8, U2SURP, MED25, FMOS, CEA, and TGFIIR.
Therefore, the vaccine is expected to strongly activate
adaptive immune systems against CRC cells that have
these antigens.

Adjuvants are among the main parts of the vaccines.
They heighten the immunological properties of the vac-
cine. The N-terminus of HBHA and the PADRE se-
quence are used in the N and C endings of the vaccine
sequence. The N-terminus of HBHA is a TLR4 agonist,
which has been approved as a potent adjuvant in sev-
eral infectious diseases and cancer vaccines [13, 49].
PADRE is another potent adjuvant. It can connect to dif-
ferent types of MHC-II alleles. It is used in the vaccine
constructs [13, 50].

Res Mol Med, 2022; 10(3):179-192
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A) Main-chain deformability simulation, B) B-factor values that are calculated using normal mode analysis, and quantify-
ing the uncertainty of each atom, C) The eigenvalue of the docked complex that indicates the energy required to deform the
structure, D) Variance between pairs of residues, E) The covariance matrix between pairs of residues (red: Correlated, white:
Uncorrelated, blue: Anti-correlated), F) The elastic network model indicates the connection between atoms and springs. The

darker springs are more rigid.

The good physicochemical properties, high-quality
2-D and 3-D structure, and ability to express in E. coli
are characteristics of an efficient vaccine. The results of
our study showed that the CRC vaccine was stable, with
a stability index of 39.76. It had a pl of nearly natural,
non allergenicity, and antigenicity charasterictic. Also,
the vaccine is soluble if it is overexpressed in E. coli.
In addition, the results of ERRAT, PROCHECK, and
ProSA servers approved the high-quality structure of

the vaccine. B-cell epitopes have an important function
in the stimulation of immune responses. The CRC vac-
cine has a large number of accessible B-cell epitopes.
Therefore, it can stimulate B lymphocytes. The binding
affinity of the vaccine with the TLR4 showed the vac-
cine can provoke antigen-presenting cells and activate
T-cells against CRC tumor antigens. The expression of a
vaccine in the prokaryote host is a pivotal step in design-
ing a vaccine. GenScript was used to optimize codons

Res Mol Med, 2022; 10(3):179-192
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and evaluate the expression of the vaccine in E. coli. CAI
ofthe DNA vaccine was 1, the average GC content of the
sequence was 66.88%, and its CFD was 0. Therefore, the
CRC vaccine can be expressed in E. coli. The secondary
structure of vaccine mRNA is stable thermodynamically.
The present study indicated that the CRC vaccine is im-
munogen, non-allergen, and has high-quality structure
and physicochemical properties. However, this vaccine
needs to be confirmed by laboratory and animal models.
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Supplementary Table 1. The ERRAT scores of the predicted models with Galaxi TBM server

Model ERRAT
Modell 93.7853
Model2 86.5546
Mode3 89.548

Model4 92.2636
Model5 89.8017
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Supplementary Figurel. The results of prediction linear B cell epitopes in the CRC vaccine by Bepipread 2 and Emini surface
accessibility methods.

The exposed regions are shown in yellow and unexposed regions are shown in green colors.
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Supplementary Figure 2. Secondary structure mRNA of the CRC vaccine 2mm
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