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ABSTRACT

Background: TNBC is determined by the absence of ERBB2, estrogen and
progesterone receptors’ expression. Cancer vaccines, as the novel
immunotherapy strategies, have emerged as promising tools for treating the
advanced stage of TNBC. The aim of this study was to evaluate CEA, MTDH,
and MUC-1 proteins as vaccine candidates against TNBC.

Methods: In this research, a novel vaccine was designed against TNBC by
using different immunoinformatics and bioinformatics approaches. Effective
immunodominant epitopes were chosen from three antigenic proteins,
namely CEA, MTDH, and MUC-1. Recombinant TLR4 agonists were utilized as
an adjuvant to stimulate immune responses. Following the selection of
antigens and adjuvants, appropriate linkers were chosen to generate the final
recombinant protein. To achieve an excellent 3D model, the best predicted
3D model was required to be refined and validated. To demonstrate whether
the vaccine/TLR4 complex is stable or not, we performed docking analysis and
dynamic molecular simulation.

Result: Immunoinformatics and bioinformatics evaluations of the designed
construct demonstrated that this vaccine candidate could effectively be used
as a therapeutic armament against TNBC.

Conclusion: Bioinformatics studies revealed that the designed vaccine
has an acceptable quality. Investigating the effectiveness of this
vaccine can be confirmed by supplementary in vitro and in vivo studies.
DOI: 10.52547/ibj.26.2.160
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INTRODUCTION

expression of PR, ER, and human epidermal growth
factor receptor type 2% The overall outcome of TNBC

malignant tumor in women, has been known as
a major cause of female death™. Among the
various subtypes of breast cancer, TNBC is an
aggressive form of invasive and metastatic breast
cancer. This subtype is determined by the absence

Breast cancer disease, the utmost diagnosed

List of Abbreviations:

tumors is poor, mainly due to the lack of effective
targeted treatments for this type of cancer. TNBCs do
not respond to currently available targeted treatments
such as Herceptin or endocrine therapy™. On the other
hand, TNBC tends to be aggressive, and at present, the
cytotoxic chemotherapy is the only treatment option.

3D, three dimensional; ANN, artificial neural network; B cell, B lymphocytes; CEA, Carcinoembryonic antigen; CTL, cytotoxic T
lymphocytes; MD, molecular dynamic; MHC-1, MHC class I; MHC-II, MHC class II; MTDH, Metadherin; MUC-1, Mucin 1; NMA, normal
mode analysis; SVM, support vector machine; T cell, T lymphocyte; TLR, Toll-like receptor; TNBC, Triple-negative breast cancer
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For these reasons, new therapies are an urgent need for
the treatment of this unmet medical advanced
malignancy!®*!

Among the various novel treatments that have been
introduced in recent decades, subunit vaccines that
control cancer cells are consideredas the most
attractive armament against this malignancy®™. The
novel therapeutic vaccines are the next vaccine
generation for the exploitation of the immune system
against cancer. Antigen, epitope, adjuvant, and linker
selection are critical factors for multi-epitope vaccine
design, which can affect the clinical outcomes™®
Nowadays, bioinformatics reduces the cost, risks, and
time of drug design by introducing the best antigens
and identifying potential epitopes. Immunoinformatic,
as an attractive branch of bioinformatics, can assist
biologists to predict immunogenic epitopes of target
antigens!”!

Novel cancer vaccines usually consist of T-cell and
B-cell epitopes from tumor associated antigens or
tumor-specific antigenst®. The first step in designing a
multi-epitope vaccine is to find suitable antigens that
are overexpressed in breast cancer. After reviewing the
literature, three antigens were selected, and used for
vaccine design. The first selected antigen was CEA, a
glycoprotein with a molecular weight of 180 kDa. This
antigen has been shown to be overexpressed in most
types of cancers, including gastric, colorectal, non-
small cell lung, pancreatic, and breast cancers. CEA is
an adhesion molecule and its overexpression in tumor
cells caused metastasis'®. The second selected antigen
was MTDH, an important protein overexpressed in
different types of cancers, including esophageal
squamous cell carcinoma and prostate, liver, and breast
cancers. Previous studies have shown that the amino
acid sequence of 378 to 440 of this antigen is
responsible for metastasis and migration of breast
cancer tumor cells to the lung™. The last chosen
antigen was MUC-1, a glycoprotein expressed on the
surface of many types of malignant ductal epithelial
cells, including breast, gastrointestinal tract, pancreas,
and lung. This antigen overexpressed in approximately
70% of malignant cells and was sufficiently
immunogenic to induce strong antitumor immune
response as a tumor-associated antigens. These reasons
make this antigen potential target for vaccine designt™*.

Despite the certain benefits of multi-epitope

vaccines, the weak immunogenicity is one of the main
drawbacks for their clinical applications. To overcome
this problem and enhance the protective immunity,
additional components termed adjuvants can be added
to strengthen the T-cell and B-cell immune
responses”. Using TLR agonists as adjutant is one of
the strategies for immune response enhancement.
These agonists are derived from different types of
microbes. It has been proved that TLR4 agonist from
Mycobacterium tuberculosis, among other known TLR
agonists, can be used as a strong adjuvant to multi-
epitope cancer vaccines. TLR4 agonist has strong
immune effects on tumors and can be applied as an
adjuvant in the treatment of cancer™?. In the present
study, we introduce a multi-epitope vaccine against
TNBC using immunoinformatics approaches. To
achieve the desired results, we focused on three
important antigens, namely MUC-1, CEA, and MTDH.
In addition, TLR-4 agonist was added to the novel
vaccine construct as an adjutant for stimulating the
immune system.

MATERIALS AND METHODS

Multi-epitope vaccine design
Figure 1 shows the schematic methodology and
overall procedures used in this research.

Retrieval of CEA, MTDH, MUC-1, and adjuvants
sequence

The complete amino acid sequence of three breast
cancer-associated antigens were retrieved from The
UniProt database (https://www.uniprot.org)™®. These
antigens include CEA (accession no. P06731), MTDH
(accession no. Q86UE4), MUC-1 (accession no.
P15941). The putative adjuvants, RpfB (accession no.
POWG29), and RpfE (accession no. 0O53177) were
also selected in FASTA format. The PDB database
(https://www.rcsh.org/pdb/home/home.do) was also
used for the retrieval of the TLR4/MD2 complex
structure &

Prediction of CTL epitope

The CTLPred server (http://crdd.osdd.net/raghava/
ctlpred/) was used to predict CTL peptides in
breast cancer antigens. The server method is based
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Fig. 1. Schematic procedure algorlthm for desugnmg the novel multl -epitope vaccine. Th|s schematlc procedure briefly describes

designing the multi-epitope vaccine.
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on machine learning techniques and a quantitative
matrix. This server uses a combined algorithm to
improve specificity and consensus prediction methods
for more sensitivity. The default cut-off score
performed for the prediction™. A PAComplex web
server (http://pacomplex.life.nctu.edu.tw) was
employed to investigate and visualize both TCR-
peptide/peptide-MHC interfaces™®.

Prediction of MHC-I and MHC-I11 epitopes

The following servers were utilized to predict MHC-
I and MHC-II epitopes. The Rankpep server at
http://imed.med.ucm.es/Tools/rankpep.html uses
position-specific scoring matrices to predict MHC-I
and MHC-II epitopes. The binding threshold for this
server was 2-3% for MHC-I and 4-66% for MHC-11",
The second server used for MHC-I was SYFPEITHI
(www.syfpeithi.de), which is a database for MHC
ligands and epitope motifs and contains a collection of
MHC-I Ii?ands and peptide motifs of humans and other
species™®. However, MHCPred server (http://www.
ddg-pharmfac.net/mhcpred/MHCPred/) was the second
server used for MHC-II prediction. This server
calculates ICsy by the QSAR stimulation method for
each epitope, representing the binding affinity of the
epitope to MHC-1I™®. Another server employed for
predicting MHC-11 was MHC2pred at http://crdd.osdd.
net/raghava/mhc2pred/. MHC2pred server uses the
vector machine method to predict MHC-II alleles and
is an appropriate tool in drug design, cancer
immunology, and immunotherapy, so forth®. At the
end, the IEDB server (https://tools.iedb.org/mhci/) was
used for both epitopes. The prediction was performed
using IEDB default recommended method™.

Prediction of B-cell epitopes

To predict B-cell epitopes, we applied three servers.
First, ABCpred (http://crdd.osdd.net/raghava//
abcpred/) server, which uses the ANN method, is based
on the use of fixed length patterns. This server had
65.93% accuracy in the default threshold of 05122,
The second server, BCpred (http://crdd.osdd.net/
raghava/ bcepred), was applied to predict B-cell
epitopes. Finally, BepiPred server (http://www.chs.dtu.
dk/services/BepiPred/) was employed for predicting B-
cell epitopes. This server uses a propensity scale
method and combines Hidden Markov Model to
predict the binding of B-cell épeptides and thresholds;
the score of this server is 0.351,

Designing recombinant vaccine sequence

First, a pool of sequences was extracted from the
above-mentioned servers to be used for vaccine design.
In the second step, epitopes with high score were
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selected. These epitopes possess high probability for
inducing the specific immune responses and
considered for efficient multi-epitope vaccine. Finally,
the selected segment joined together by appropriate
linkers. Linker sequences were chosen based on the
linkers reported in the multi-epitope peptide vaccines
in the linker databases and published literature. Linkers
increase the representation and proper separation of
the epitopes. On the other hand, glycine-rich linkers,
such as GSGSGS, can improve the flexibility and
solubility. GSGSGS and AAYKK sequences were
selected to join the final vaccine epitopes, and two
TLR4 agonists, including RPFB and RPFE, were
linked to each end of the vaccine construct by the
EAAAK linker.

Allergenicity prediction of the multi-epitope vaccine

The following servers were selected to predict
allergenicity. AlgPred web server (https://webs.iiitd.
edu.in/raghava/algpred2/batch.html) predict allergenic
and non-allergenic protein from their primary
sequence. Machine learning models like Random
Forest based on amino-acid composition and hybrid
approach (RF+BLAST+MERCI) have been
implemented in this server®!. AllerTOP (https://www.
ddg-pharmfac.net/AllerTOP/) is the second server used
for allergenicity prediction. AllerTOP works based on
auto cross-covariance transformation of protein
sequences into uniform equal length vectors®®.
Another  server, AllergenFP  (https://www.ddg-
pharmfac.net/AllergenFP/),  predict  allergenicity
between non-allergens and allergens. This server uses a
prediction method based on the novel descriptive
fingerprint®"],

Antigenicity prediction of the multi-epitope vaccine
The  first  server used was  Vaxilen
v2.0 (https://www.ddg-pharmfac.net/vaxijen/Vaxilen/
VaxiJen.html), which is based on auto cross-
covariance. For predicting the protective antigens, we
used principal chemical properties of proteins. The
accuracy of this server ranges from 70% to 89%
according to the organism®®. ANTIGENpro was the
second server for antigenicity prediction. The server
uses machine learning algorithms to predict the results
obtained by analyzing protein microarray data
(http://scratch.proteomics.ics.uci.edu/)?%.

Solubility and physiochemical properties of the
multi-epitope vaccine

SOLpro  server  (https://scratch.proteomics.ics.
uci.edu/) uses a two-stage SVM architecture to
calculate solubility predictions®. The ProtParam
server (http://web.expasy.org/protparam/) was

Iran. Biomed. J. 26 (2): 160-174


http://pacomplex.life.nctu.edu.tw/
http://imed.med.ucm.es/Tools/rankpep.html
http://www.syfpeithi.de/
http://crdd.osdd.net/raghava/%20abcpred/
http://crdd.osdd.net/raghava/%20abcpred/
http://crdd.osdd.net/
https://webs.iiitd/
https://www.ddg-pharmfac.net/AllergenFP/
https://www.ddg-pharmfac.net/AllergenFP/
https://www.ddg-pharmfac.net/vaxijen/VaxiJen/%20VaxiJen.html
https://www.ddg-pharmfac.net/vaxijen/VaxiJen/%20VaxiJen.html
http://web.expasy.org/protparam/
http://dx.doi.org/10.52547/ibj.26.2.160
https://dor.isc.ac/dor/20.1001.1.1028852.2022.26.2.4.7
http://ibj.pasteur.ac.ir/article-1-3447-en.html

[ Downloaded from ibj.pasteur.ac.ir on 2025-07-03 ]

[ DOR: 20.1001.1.1028852.2022.26.2.4.7 ]

[ DOI: 10.52547/ibj.26.2.160 ]

Dariushnejad et al.

Novel Multi-Epitope Vaccine Design against TNBC

employed to compute various physical and chemical
parameters for recombinant vaccine sequence®.

Prediction of the secondary structure

Online web server PSIPRED (http://bioinf.cs.ucl.
ac.uk/psipred/) used for protein secondary structure
prediction. PSIPRED is capable of achieving a Q3
score of 81.6%. For the secondary structure prediction,
this server uses two feed forward neural networks
based on PSI-BLAST (Position-Specific Iterated
BLAST) output ¥,

Prediction of the tertiary structure

We used the RaptorX server (http://raptorx.uchicago.
edu/) to predict the 3D structure of the novel vaccine.
This server is powered by deep learning and is
appropriate for protein sequences without close
homologs in the PDB. It also uses confidence scores to
indicate the quality of a predicted 3D model. RaptorX
server possesses appropriate confidence scores from
the global distance test in the absolute global quality,
and this confidence score makes this server a powerful
tool for tertiary structure prediction. 5%,

Refinement of the 3D structure

Galaxy Refine server (http://galaxy.seoklab.org/) was
used to improve the 3D structure of the recombinant
vaccine. The method of server for relaxing the
structure is the CASP10-based refining method,;
therefore, it is one of the most appropriate servers for
enhancing the local structural quality®™*.

Validation of the 3D structure

The following web servers were used to validate and
evaluate the recombinant construction. ProSA-web
server (https://prosa.services.came.shg.ac.at/prosa.php)
scores the overall quality of a specific input structure
and determines possible errors in the predicted
structure. This server depicts an overall quality score
plot that helps to realize the correctness of our
prediction™!. ERRAT server (http://services.mbi.ucla.
edu/ERRATY/) was the next server exploited for model
validation®. RAMPAGE server https://warwick.ac.
uk/fac/sci/moac/people/students/peter_cock/python/ra
machandran/other/ was employed for Ramachandran
plot analysis®").

Molecular docking

The CASTp server at http://sts.bioe.uic.edu/
castp/was selected to predict the TLR-4 receptor
cavities or binding pocket. The main goal of CASTp
server is providing comprehensive and detailed
quantitative characterization of  topographic
characteristics of proteins®®. Molecular docking of the
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recombinant vaccine and TLR4 (PDB ID: 4G8A) was
performed using ZDOCK server (http://zdock.
umassmed.edu/). ZDOCK searches and calculates
docking in all possible binding modes in rotation and
translation®?.

Molecular dynamic simulation

The iIMODS server (http://imods.chaconlab.org/) was
utilized for MD study. The structural dynamics of
recombinant vaccine complex were checked by using
this tool due to its very rapid and efficient evaluation
than other MD simulation servers*”. The iMODS
server provides the elastic network, covariance map,
Bfactor (mobility profiles), variance, eigenvalues, and
values of deformability. The server is also a simple and
fast tool for measuring and determining the
recombinant protein flexibility. This server with NAM
explains the collective motion of proteins in the
internal coordinates*"*%.

In silico cloning and codon optimization

After performing vaccine structure design, the SMS
server (https://www.bioinformatics.org/sms2/rev_trans.
html) was exploited for reverse translation, and the
JCAT server (https://www.jcat.de/Start.jsp) for both
codon optimization and quantitative codon analysis.
JCAT server calculates essential parameters for
cloning, including codon adaptation index and GC
content'®®. The mentioned parameters play crucial
roles in achieving a high quantity and quality
expression of multi-epitope vaccine in the E. coli host.
Ultimately, restriction enzyme sites, called BamHI and
Hindlll, to both terminals of the recombinant
construction were used to clone DNA sequences in the
pET-28b (+) vector.

RESULTS

Prediction of T-cell epitopes

CTLpred and PAComplex servers predicted high
scoring epitopes. Selected epitopes with the highest
binding affinity score are shown in Table 1. MHC-I
epitopes were tested using Rankpep, SYFPEITHI, and
IEDB servers. The effective epitopes on human major
histocompatibility complex Class-1 alleles (HLA-
A0102 and HLA-B0702) were predicted, as well.
Thereafter, the highest-ranked epitopes  with
overlapping areas were selected (Tables 2, 3, and 4).
Also, the effective epitopes on human major
histocompatibility complex Class-1l alleles (HLA-
DRB) were identified. Next, the sequence of epitopes
with overlapping regions was selected as the final
MHC-I1I epitopes. The selected epitopes are shown in
Tables 5, 6, and 7.
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Table 1. Prediction of CTL epitopes from antigens by two different servers

Antigen Servers Start position Sequence Score
Score (ANN/SVM)
CTLpred 216 ETQNPVSAR 1.000
605 YLSGANLNL 1.000
é 87 QQATPGPAY 0.990
Best joint Z-value in the region
PAComplex 554 RTLTLFNV 4.96
376 RTLTLLSV 4.4
Score (ANN/SVM)
CTLpred 1122 NQYKTEAAS 1.000
I 45 VPSSTEKNA 0.990
e 126 PAPGSTAPP 0.990
=
Best joint Z-value in the region
PAComplex 1050 SNLQFNSS 4.64
Score (ANN/SVM)
CTLpred 1122 NQYKTEAAS 1.000
45 VPSSTEKNA 0.990
3 126 PAPGSTAPP 0.990
o)
= Best joint Z-value in the region
PAComplex 1050 SNLQFNSS 4.64
1207 SEYPTYHT 4.17
1119 TQFNQYKT 4.01

B-cell epitope prediction

B-cell epitopes are a major player in humoral
responses; therefore, ABCpred, BCpred, and BepiPred
servers were used to identify potential B-cell epitopes.
Table 8 shows the linear B-cell epitopes selected from

the antigens.

Table 2. Prediction of MHC-I epitopes from CEA by three different servers

Vaccine construct

Based on the highly ranked and overlapped MHC-I,
MHC-II, CTL, and B-cell epitopes (Table 9), of the
three antigens selected for breast cancer, 10 sections
were selected as final areas. The ultimate epitopes were

joined by GSGSGS and AAYKK linkers. Finally,
the EAAAK linker was added as RpfE and RpfB
adjuvants to the beginning and end of the vaccine
construct (Fig. 2).

s Start Best ranked epitope
ervers - Sequences - .
position in the region
Score?
467 ITEKNSGLY 26.094
Rankpep 205 VTRNDTASY 17.906
241 TISPLNTSY 16.692
645 ITPNNNGTY 16.283
Score”
467 ITEKNSGLY 30
168 EPETQDAT 24
SYFPEITHI 346 EPEIQNTTY 24
524 EPEAQNTTY 24
Percentile rank®
40 NRSDPVTLDVLY 0.05
5 YLSGANLNL 0.05
38 SANRSDPVTLDVLY 0.05
8 SPRLQLSNGNRTL 0.05

“High, "high Log, and low percentile¥sgood binder
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Table 3. Prediction of MHC-I1 epitopes from MTDH by three different servers

Server Start position Sequences Best ranked epitope in the region
Score?
517 STEPSVILS 15.738
Rankpep 211 LTDSGSLDS 125
495 TSDPAEVLV 11.929
356 VSQSTTSDY 11.762
Score”
211 LTDSGSLDS 21
SYFPEITHI 61 LLLLFLLGY 20
356 VSQSTTSDY 20
517 STEPSVILS 18
Percentile rank®
IEBD 1 TSDYQWDVSRNQPY 0.04
47 YPGWVILVGTGALG 0.52

®High, "high log, and low percentile¥sgood binder

Allergenicity and antigenicity evaluation

and 28,

respectively. The instability index was

The results of the servers mentioned above showed
that the recombinant vaccine is not allergenic. Vaxigen
and ANTIGENpro servers demonstrated the
probability of recombinant construction antigenicity
prediction of 0.5866 and 0.93, respectively; the scores
indicate that our recombinant construction can produce
an effective immune response.

Physicochemical  characteristics and
evaluation of the target vaccine
Theoretical pl and molecular weight of the designed
protein were calculated as 5.43 and 33.9 kDa,
respectively. The pl value implies that the designed
vaccine is acidic. The overall numbers of positively
and negatively charged amino acid residues were 25

solubility

calculated to be 27.56. This result classifies the vaccine
construct as stable. The aliphatic index was computed
to be 80.42 by the SOLpro server. This alphabetical
index explains that the protein structure of vaccine is
stable in a varied range of temperatures. In addition,
the GRAVY amount of the multi-epitope construct
calculated as -0.073. The negative scores of GRAVY
index display that the construct is hydrophilic and
possess better interaction with surrounding water
molecules. Vaccine solubility was predicted by
SOLpro server. The probability of vaccine solubility
was calculated to be 0.86. This result explains that the
vaccine protein is possibly soluble, and when it is
overexpressed in the E. coli host.

Table 4. Prediction of MHC-I epitopes from MUC-1 by three different servers

Server Start position Sequences Best ranked epitope in the region
Score?
940 SAPDNRPAL 22.273
Rankpep 971 TLVHNGTSA 10.903
1171 VALAIVYLI 9.398
1186 CRRKNYGQL 9.074
Score”
940 SAPDN PAL 29
SYFPEITHI 48 STEKNAVSM 25
1186 CRRKNYGQL 20
120 SAPDNKPAP 19
Percentile rank®
35 NSSLEDPSTDYY 0.04
IEBD 5 PMSEYPTYHTHGRY 0.31
17 RYVPPSSTDRSPY 0.4

3High, "high log, and “low percentileYgood binder
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Table 5. Prediction of MHC-I11 epitopes from CEA by four different servers

Server Start position Sequences Rank
Score®
15 WQRLLLTAS 12.274
Rankpep 81 GYVIGTQQA 9.862
546 RLQLSNGNR 9.103
453 GNIQQHTQE 6.885
Predicted 1Cs value (NM)°
691 IMIGVLVGV 16.18
MHCpred 519 VAFTCEPEA 22.23
341 VALTCEPEI 26.67
589 VLYGPDTPI 29.51
Score®
533 LWWVNGQSL 1.587
MHC2pred 688 TVGIMIGVL 1.453
75 GNRQIIGYV 1.425
467 ITEKNSGLY 1.424
Percentile rank®
12 CIPWQRLLLTASLLT 0.91
IEDB 27 ATVGIMIGVLVGVAL 4.20
37 GREIIYPNASLLIQN 11.00

*High score¥sgood binder; low predicted 1Cs, value¥igood binder; high score = good
binder; “low percentile rank = good binder

Table 6. Prediction of MHC-I11 epitopes from MTDH by four different servers

Server Start position Sequences Rank
Score?
79 RKKRRSPPR 11.409
25 LSVGLGFLR 10.851
Rankpep 119 RKKLSEKPK 9.069
343 RSIFSGIGS 8.897
137 EGEAVRTPQ 8.408
Predicted IC50
value (nM)°
374 YIDDEWSGL 111
6 WQDELAQQA 1.38
MHCpred 233 EQLTTASFP 1.82
144 PQSVTAKQP 2.97
Score®
278 NLTVNGGGW 1.870
218 DSTIPGIEN 1.717
MHC2pred 516 TSTEPSVIL 1.497
283 GGGWNEKSV 1.464
Percentile rank®
41 DDLALLKNLRSEEQK 1.80
IEDB 2 LLLFLLGYGWAAACA 2.40
9 NSQPIKTLPPATSTE 2.80

3High scoreYagood binder; °Low predicted 1Cs, value¥agood binder; ®high score = good
binder; “low percentile rank = good binder
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Table 7. Prediction of MHC-I11 epitopes from MUC-1 by ,four different servers

Server Start position Sequences Rank
Rankpep Score®
11 LLLLLTVLT 10.731
1040 VSFFFLSFH 8.514
1156 VPGWGIALL 6.456
1105 LAFREGTIN 6.027
MHCpred Predicted 1C50 value (nM)°
102 PVTRPALGS 0.98
10 FLLLLLTVL 1.09
82 PATEPASGS 2.01
75 GQDVTLAPA 2.74
MHC2pred Score®
1083 QGGFLGLSN 1.716
70 SSTTQGQDV 1.545
1079 QIYKQGGFL 1.506
14 LLTVLTVVT 1.491
IEDB Percentile rank®
29 VLVALAIVYLIALAV 0.10
8 PFFLLLLLTVLTVVT 0.16

High scoreYagood binder; low predicted 1Cs, valuevgood
binder; Ylow percentile rank = good binder

Table 8. Prediction of B cell epitopes by BCpred, ABCpred, and BepiPred servers

binder; ‘high score = good

Start-end

Best ranked epitope

Proteins position Sequence in the region
Score?
175 GREIIYPNASLLIQNI 0.96
247 PETQDATYLWWVNNQS 0.93
CEA 676 ISPPDSSYLSGANLNL 0.91
395 TVYAEPPKPFITSNNS 0.91
424 EPEIQNTTYLWWVNNQ 0.89
55 ESHMSAPIENSXGNCE 0.87
Score?
366 AWSQDTGDANTNGKDW 0.94
MTDH 403 QSTTSDYQWDVSRNQP 0.93
197 PPEIDKKNEKSKKNKK 0.93
428 NGLSSADPNSDWNAPA 0.92
48 ARSWQDELAQQAEEGS 0.88
Score?
1236 HPMSEYPTYHTHGRYV 0.95
1008 GTSARATTTPASKSTP 0.94
MUC-1 948 HGVTSAPDTRPAPGST 0.92
15 PPAHDVTSAPDNKPAP 0.85
91 SVLSSHSPGSGSSTTQ 0.81
109 DVTLAPATEPASGSAA 0.64

®High score = good binder
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Table 9. The final immunodominant epitope sequences selected from CEA,

MTDH, and MUC-1 antigens

Protein  Start position End position Epitopes
20 35 LTASLLTFWNPPTTAK
CEA 165 175 FTCEPETQDAT
467 476 ITEKNSGLYT
60 70 GLLLLFLLGYG
MTDH 225 235 ENTITVTTEQL
495 505 TSDPAEVLVKN
10 20 FLLLLLTVLTV
MUC-1 75 85 GQDVTLAPAT
940 955 SAPDNRPALGSTAPPV
1164 1180 LVLVCVLVALAIVYLIA

Homology modeling

We used the RaptorX server for the homology
modeling. Raptor X server calculated p value, at 6.64e-
10. Also, overall uGDT was equal to 144. These values
display that 3D modeled structure is acceptable (Fig.
3).

secondary structure Prediction

The secondary structure of the designed vaccine
contains 26.19% extended strand, 19.64% alpha helix,
and 54.17% coil structural elements, as predicted by
the PSIPRED server (Fig. 4).

Refinement of 3D structure

Five 3D refined models were introduced by
GalaxyRefine server, and all models entered to model
validation step. According to potential errors, the best
model was selected based on the z-score and the
overall quality factor.

Refined tertiary structure validation
ProSA-web, ERRAT, and RAMPAGE servers were

(A)

YDINN
vad
V3D

utilized for calculating potential errors in the initial
best model. ProSA-web computes z-score as -5.2 for
the refined model. This calculated score is in the range
of native proteins with similar size scores (Fig. 5). The
ERRAT server was employed for the quality
assessment of the modeled construct. ERRAT outputs
indicate that the quality factor of the predicted 3D
model was 95.65% (Fig. 6). The RAMPAGE server
analysis revealed that residues in the outlier region
were 1 (0.6%), residues in the allowed region were 1
(0.6 %), and the number of residues in favored region
was 164 (98.8%), as depicted in Figure 7.

Molecular docking of subunit vaccine with TLR-4
Hydrophobic interaction and protein binding site on
protein surface were determined by CASTp server. The
server identified a possible binding to the TLR4
receptor in the binding pocket in amino acids 32-616.
134.4 A? was calculated as the size of the molecular
surface pocket, and the molecular surface volume was
calculated as 188.96 A3. The ZDOCK server used a

IKKVTERLPLPPNARRVEDPEMNMSREVVEDPGVPGTQDVTFAVAEVNGVETGRLPVA

NVVVTPAHEAVVRVGTKPEAAAKLTASLLTFWNPPTTAK
GLLLLFLLGYGAAYKKENTITVTTEQL
GQDVTLAPATAAYEKKSAPDNRPALGSTAPPV

ITEKNSGLYT
VKN

(B)

FLLLLLTVLTV

FTCEPETQDAT
TSDPAEVL

LVLVCVLVALAIVYLIAEAAAKVAYSVNWDAIAQCESGGNWSINTGNGYYGGLR
FTAGTWRANGGSGSAANASREEQIRVAENVLRSQGIRAWPVC

Fig. 2. (A) schematic illustration of the final multi-epitope vaccine construct. (B) The chimera sequence of final novel vaccine

construct.
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Fig. 3. The 3D structure of designed vaccine generated by
Raptor X server. This server uses deep learning and provides a
powerful tool for 3D structure prediction of proteins that do
have not any close homologs in the PDB.

recombinant vaccine against TLR4 to predict the
binding pocket (Fig. 8). This server generates top 10
models based on all possible binding modes in the
translational and rotational space between the two
proteins and evaluates each pose using an energy-based
scoring function. The best docking model was then
selected according to reaction and action sites and
visualized by using YASARA software.

Molecular dynamic simulation of recombinant
vaccine molecule

The best rating collection between TLR-4 and
recombinant vaccine molecules was selected for the
analysis through NMA. Figure 9A exhibits the
MD simulation and NMA of docked complex. The

Coart w—

w: CEEEEEEECCCCCCEEEECCCCCCCCEEEECCCCCCEEEEEEEEEEECCE
2«1 KKVTERLPLPPNARRVEDPEMNMSREVVEDPGVPGTQDVTFAVAEVNGYV

I ‘.

« EEEEEEEEEEEEECCCCEEEEECCCCCCCCCCCCCCCcCcCcccccccccccc
= ETGRLPVANVVVTPAHEAVVRVGTKPEAAAKLTASLLTFWNPPTTAKGSG

.CCCCCCCCCcCcCcCccCccCccCcccccCcccccccccCccCcCcCCcCCCCCCHHHHHHCCCCCCCC

»« SGSFTCEPETQDATGSGSGSI TEKNSGLYTGSGSGSGLLLLFLLGYGAAY

|

wi: CCCCCCCCCCCCCCCCCCCCCCCCCCEEECCCCCCCEEEEEEEEEECCCC
4 KKENTI TVTTEQLGSGSGSTSDPAEVLVKNGSGSGSFLLLLLTVLTVGSG

2«1 GSGSGSEAAAKVAYSVNWDAI AQCESGGNWSI NTGNGYYGGLRFTAGTW

2w

vt HHHCCCCCHHHCCHHHHHHHHHHHHHHCCCCCCCCC

=« RANGGSGSAANASREEQI RVAENVLRSQGI RAWPVC

Legend:

Strand Conf: - Confidence of prediction
B Helix Cart: 2-state assignment cartoon
— Coil Pred: 2-siste prediction

AA: Target Sequence

Fig. 4. PSIPRED graphical output from secondary structure prediction of the novel vaccine. The blue bars show the confidence of

prediction.
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Fig. 5. The z-score plot for 3D structure of constructs. The z-
score of a model stability processes is -5.3, which is in the range
of native protein conformation.

deformability diagrams of the docked complex and
peaks in the diagrams indicate the areas of the designed
vaccine with deformability (Fig. 9B). The B-factor
diagram of the complexes provides visualization and
simple understanding of the comparison among the
PDB field and the NMA of the docked complex (Fig.
9C). Figure 8D shows the dedicated values of the
docked complex. TLR4 and recombinant vaccine
docked complex produced eigenvalue of 2.783233e-05.

Overall quality factor: 95.652

99%

95% |

Error value

20 40 60 80
Residue # (window center)

Fig. 6. Errat plot for the designed multi-epitope vaccine
model. The overall quality factor plot (ERRAT) of the model
stability was calculated at 96.154%. Gray bars demonstrate the
error region between 95% and 99%, and white bars indicate the
region with a lower error rate for protein folding.
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As depicted in Figure 9E the covariance map of the
docked complex reveals the uncorrelated motion by
white, anticorrelated motion by blue, and correlated
motion between a pair of residues by red colors (Fig.
9C). The elastic network diagram of the docked
complex distinguishes pairs of atoms associated with
helixes and shows the hardness of connection between
the atoms (Fig. 9F).

180

LI General/Pre-Pro/Proline Favoured General/Pre-Pro/Proline Allowed

x Glycine Favoured Glycine Allowed

Number of residues in favoured region (~98.0% expected) : 82 (97.6%)
Number of residues in allowed region (~2.0% expected) 1 2 (2.4%)
Number of residues in outlier region : 0 (0.0%)

Fig. 7. Calculation of model stability based on Ramachandran
plot.

In Silico optimization for molecular cloning

The designed novel vaccine was translated into DNA
sequence by using the SMS web server. In the next
step, to obtain a maximal protein expression in E. coli,
JCAT web server was applied for codon optimization.
Following the optimization of the nucleotide sequence,
codon adaptation index with a score of 1.0 and a GC
content of 53.17% was achieved. Based on the
obtained data, a high-level expression of the designed
construct would be expected in E. coli K12strain.

DISCUSSION

One of the severe forms of breast cancer is TNBC.
This subtype is known for poor prognosis and difficult
treatment. Also, this type of breast cancer displays
short overall survival, strong invasive nature, and
a high degree of malignancy. The disease is always

Iran. Biomed. J. 26 (2): 160-174
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(A)

Fig. 8. Docking model of recombinant vaccine and TLR4 complex achieved by CASTp and ZDOCK servers. (A) Hydrophobic
interaction and protein binding site on protein surface determined by CASTp server; (B) recombinant vaccine-mediated targeted
docking against TLR4 performed by ZDOCK server at the predicted binding pocket.

recognized in advanced phases with extensive
metastasis****!. These characteristics of TNBC, along
with the limited therapy options, have made
immunotherapy an attractive option for TNBC
treatment.

The immune system plays an important role in
cancer management and recognizes malignant cells that
display tumor antigens through MHC complexes.®”!
Multi-epitope vaccines are designed to induce or
intensify a population of T Ilymphocytes and can
recognize and eradicate cancer cells. Therefore,
choosing appropriate antigens is important for vaccine

(B)

design. Previous studies and trials have demonstrated
that tumor antigens, Her-2, CEA, and MUC-1, are safe
and can induce immune system responses®l. As the
present study aimed to design a novel vaccine against
TNBC, we selected MTDH in addition to CEA and
MUC-1 antigens.

Since using epitopes, which activate B-cell and CTL,
as well as MHC-I and MHC-1I molecules, help us to
fight TNBC tumor cells, we applied in silico tools to
find the most immunogenic sequence from TNBC
antigens that are involved in tumor progression and
metastasis.

(®)

= NMA

Eigenvalue(l)= 2.783233e-05

Eigenvalue/Eigenvalue(1)

08
06
04
02

0

Bfactor

Deformability

0 200 400 600 800 1000 1200 1400 1600

Atom index "0 200 400 600 60

Residue index

000 1200 1400 1600

6 18 2 0 200 400 600 800 1000 1200 1400 1600
Aom index

)
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Fig. 9. A schematic displaying the findings of MD simulation study of TLR-4 and recombinant vaccine docked complex. (A) NMA
mobility; (B) deformability; (C) B-factor; (D) eigenvalues; (E) covariance; (F) elastic network analysis.
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Besides the importance of antigen selection in cancer
vaccine design, choosing appropriate adjuvant plays a
crucial role in recombinant vaccine efficiency.
Researchers have introduced different adjuvants, such
as aluminum salt, Montanide, and TLR agonists, in
various investigations [***?. In this research, to create a
powerful immune response, we used TLR4 agonist,
which has powerful stimulatory characteristics, to
improve the immunogenicity of the novel designed
construct. TLR4 possesses unique properties between
other TLRs and stimulates both cellular and humoral
immune system at the same timel®!.

After the selection of antigens and adjuvants,
appropriate linkers are important to produce a protein
with optimal performance. Herein, we used several
linkers, namely GSGSGS, EAAAK, and AYYKK.
GSGSGS flexible linkers do not alter the properties of
the peptide epitopes and are applied to attach
functional domains. EAAAK rigid linkers have been
selected to ensure stability in the vaccine structure at a
fixed distance between the epitopes and the
adjuvants®**!. AAYKK cleavable linker also used in
this construct. This linker is cleaved by cathepsin B
and makes double lysine (KK) site and AAY motif®®.
AAY motif after linker cleavage is suitable for binding
to TAP transporter, which has a significant role in
epitope offering to the immune system®",

Physicochemical, structural and immunological
features of the designed recombinant construction were
evaluated by several immunoinformatics servers. These
results indicated the instability index of 34.63, and it
categorized this protein as resistant. Immunological
analysis showed that the designed vaccine is not
allergen. Predicting the secondary structure has a
crucial function in the performance and 3D model of
the recombinant vaccine structure. PSIPRED server is
a very useful and very accurate approach used in this
study to analyze the secondary structure of the novel
vaccine. The 3D structure of the novel vaccine affects
its biological function®®. In the present study, the
RaptorX server was selected to model the 3D structure.
ProSA-web, RAMPAGE, and ERRAT servers were
chosen to identify possible errors and to improve the
overall quality of the predicted 3D model. Then the
final model was used to evaluate docking with TLR4.
The two servers were utilized for the docking study.
CastP server is based on theoretical and algorithmic
results of computational geometry and calculates
topological possibilities for protein interactions. The Z-
DOCK server evaluates any protein using an energy-
based scoring function.

The designed vaccine in complex with TLR-4 was
subjected to MD simulation. The MD simulation study
revealed that the TLR-4-TNBC vaccine docked

172

complex is needed to be stable with a strong
eigenvalue. On the other hand, this complex needs
quite stability in the biological environment, because
of less chance of deformation. As shown in Figure 9E,
the complex possesses a good number of amino acids
that were in the correlated motion.

Codon optimization was performed to obtain the

high expression level of novel vaccine in E. coli®.
The results indicated that the percentage of solubility
score for designed construct is 0.86%, which
demonstrates the high probability for overexpressing
multi-epitope vaccine in a soluble form after
overexpression in E. coli.
In summary, the present study was carried out to
design a recombinant multi-epitope vaccine construct
for cancer immunotherapy. The designed multi-epitope
vaccine includes B-cell, MHC-I, MHC-II, and CTL
epitopes that were fused with suitable linkers to
stimulate both humoral and cellular immunity.
Following bioinformatics assessments, the designed
vaccine showed a potential therapeutic feature against
TNBC. However, further in vitro and in vivo
investigations are required to confirm its biological
activity.
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