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Abstract

Brucellosis is one of the neglected endemic zoonoses in the world. Vaccination appears to be a promising health strategy to
prevent it. This study used advanced computational techniques to develop a potent multi-epitope vaccine for human brucel-
losis. Seven epitopes from four main brucella species that infect humans were selected. They had significant potential to
induce cellular and humoral responses. They showed high antigenic ability without the allergenic characteristic. In order to
improve its immunogenicity, suitable adjuvants were also added to the structure of the vaccine. The physicochemical and
immunological properties of the vaccine were evaluated. Then its two and three-dimensional structure was predicted. The
vaccine was docked with toll-like receptor4 to assess its ability to stimulate innate immune responses. For successful expres-
sion of the vaccine protein in Escherichia coli, in silico cloning, codon optimization, and mRNA stability were evaluated.
The immune simulation was performed to reveal the immune response profile of the vaccine after injection. The designed
vaccine showed the high ability to induce immune response, especially cellular responses to human brucellosis. It showed the
appropriate physicochemical properties, a high-quality structure, and a high potential for expression in a prokaryotic system.
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Introduction

Brucellosis also known as Malta fever is a worldwide
zoonotic disease. According to the World Health Organiza-
tion (WHO), it is one of the most neglected endemic zoon-
oses in the world [1]. It is one of the five zoonotic infections
caused by gram-negative aerobic non-motile facultative
intracellular coccobacillus brucella spp. Four species are the
main causes of infection in humans including B. abortus, B.
canis, B. melitensis, and B. suis. Among them, B. melitensis
is the main cause of human chronic brucellosis [2-4]. It
is transmitted to humans by consumption of unpasteurized
foods and dairy products, inhalation of infected aerosols, or
occupational contact [S5]. The disease causes clinical mani-
festations, including fever, weakness, malaise and weight
loss, lymphadenopathy, arthralgia/arthritis, hepatospleno-
megaly, and hearing loss [6]. Currently, there are no bru-
cella vaccines for humans, and the designed vaccines for
animals show many side effects, such as infection. In addi-
tion, since killed or attenuated bacterial vaccines have vari-
ous side effects, the use of subunit vaccines will be more
effective than a whole bacteria cell. Subunit vaccines are
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usually developed using laboratory techniques such as clon-
ing and expression of immune-stimulating antigens in vitro
and the ability to stimulate the immune system of living
organisms [2]. These experimental methods are often time-
consuming and highly expensive. Designing vaccines with
bioinformatic approaches is a very useful way because it
can identify effective epitopes and suggest more efficient
vaccines [7]. Several candidate vaccines have been reported
based on bioinformatics approaches such as the effective
vaccines for human papillomavirus (HPV) [8, 9], Ebola [10,
11], Zika [12, 13], SARS-COV-2 [7, 14-16], Helicobacter
pylori [17], and several types of cancer [18-22]. There were
a few reports of bioinformatics vaccines against brucellosis
[23-29]. They contained multiple cytotoxic T lymphocytes
(CTL) and B cell epitopes against several proteins of the
bacteria. However, these vaccines did not cover most of the
predominant immune proteins or they were not immuno-
genic against all pathogenic strains of brucellosis. In addi-
tion, some of these studies did not use all bioinformatics
approaches to design the vaccine. Therefore, we designed
a multi-epitope peptide-based vaccine against brucellosis
to overcome these limitations. To achieve this goal, we first
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selected all immunogenic antigens of B. melitensis, the
main cause of human brucellosis. Then, the final dominant
immune epitopes were selected by aligning the sequence
of the selected epitopes with all the antigenic epitopes of
other human pathogenic brucella species. Evaluating the
physicochemical, immunological, and structural quality of
the vaccine was performed. In addition, the ability of the
vaccine for inducing human immune system was assayed by
molecular docking, molecular dynamics (MD) stimulation,
and immune simulation. Although some identified epitopes
in this study are overlapping with those reported by Saadi
et al. [27], the quality of the three-dimensional (3D) vaccine
structure improved.

To design an efficient vaccine, nine antigens of B.
melitensis were evaluated. Seven antigens from them that
had MHC-I, MHC-II, and B cell epitopes were chosen.
Overlap T and B epitopes of these antigens were selected
and aligned with the other high-risk brucella species in
humans. Then, based on the present T and B cells epitopes
in these antigens, a multi-epitope vaccine against brucella
was predicted. Agonist of Toll-like receptor4 (TLR4), three
segments of TTRFC, and the Pan HLA DR-binding epitope
(PADRE) sequence were added to the structure. To verify
the availability of the vaccine, the secondary and 3D struc-
ture, physicochemical properties, antigenicity, and aller-
genicity of the vaccine construct were analyzed by various
bioinformatics software. Then, the interaction effect of the
candidate vaccine and TLR4 was analyzed. Gene expression
and in silico cloning of the vaccine were evaluated. Finally,
the role of the candidate vaccine in activating the human
immune response after injection was evaluated. The results
indicated that the final protein structure could be used as
a candidate multi-epitope peptide vaccine against human
brucellosis. It is expected to be capable to induce potent
immune responses against brucella antigens.

Materials and Methods

Selection of Antigens and Retrieval of Protein
Sequences

The protein antigens of the B. melitensis strain were accessed
by electronic databases Google Scholar, PubMed, EMBASE,
Scopus, and Web of Science and retrieved from the NCBI
database (https://www.ncbi.nlm.nih.gov/) (Tablel).

Prediction of T Cell Epitopes and Continuous B Cell
Epitopes

The prediction of CTL epitopes was done by an online server
CTL Pred (http://crdd.osdd.net/raghava/ctlpred/) with an
accuracy of 75.8%, and the IEDB database (www.iedb.org)

Table 1 Retrieved gene bank code of B. melitensis antigens at NCBI

Number Protein Gene bank code
1 immunogenic 39-kDa protein ABM67295.1

2 lumazine synthase AHW58136.1

3 superoxide dismutase QEX88777.1

4 ribosomal protein L7/L.12 AAA56790.1

5 BP26 AAB38523.1

6 Omp-16 AEF59023.1

7 Omp-25 AEF59022.1

8 Omp-31 ACS50328.1

9 Omp-28 AEF59021.1

through IEDB recommended 2.22 method and NetMHC pan
4.0 online server (http://www.cbs.dtu.dk/services/NetMHC/)
with an accuracy of 90%. Nine residue-long HTL epitopes
were recognized using these servers [30—49]. In addition, the
IEDB database (IEDB recommended 2.22 method) (www.
iedb.org) and RANKPEP online server (http://imed.med.
ucm.es/Tools/rankpep.html) (with an accuracy of 60.0%)
were employed to screen helper T cell (HTL) epitopes.
These servers predicted eleven amino acid residue-length
HTL epitopes [50-53]. As well as, the prediction of linear B
cell epitope was done using methods of Emini surface acces-
sibility and Linear Epitope Prediction 2.0 [54, 55].

Prediction of Interferon-Gamma (IFN-y) Inducing
Epitopes

The overlapped epitopes from previous steps were chosen to
investigate whether they can induce IFN-y immune response
by the IFN-gamma epitope server (http://crdd.osdd.net/ragha
va/ifnepitope/scan.php). The accuracy of this server is esti-
mated at 82.2%. Finally, the epitopes with positive results
for the IFN-y response were selected for the next steps [56].

Evaluating of Antigenicity, Allergenicity,
and Toxicity of the Predicted Epitopes

Used epitopes in the designated vaccine must have antigenic
properties. Antigenic properties of the predicted epitopes
were evaluated by VaxiJen v2.0 (http://www.ddg-pharmfac.
net/vaxijen/VaxiJen/VaxiJen.html) server with accuracy of
70% to 89%. Bacteria was selected as the target organism
and only probable antigen epitopes which have a threshold
value of > 0.4 were selected for the next step [57, 58]. In
addition, the allergenic characteristic of each epitope was
evaluated by Allergen FP v.1.0 (http://ddg-pharmfac.net/
AllergenFP/). The toxic probability of each epitope was
assayed by the ToxinPred server (https://webs.iiitd.edu.
in/raghava/toxinpred/multi_submit.php) with an accuracy
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of 94.50% [59-61]. Finally, non-allergen and non-toxic
epitopes were chosen for the final vaccine construct.

Alignment of Selected Epitopes Between B.
melitensis Strain and Other Species of Brucella

To understand the conservation of selected epitopes in high-
risk brucella strains, the alignment of the selected epitopes
in antigens of B. melitensis and the same antigens in other
Brucella species (B. abortus, B. canis, B. suis) was per-
formed. The amino acid sequences of proteins of other spe-
cies were retrieved from the NCBI (https://www.ncbi.nlm.
nih.gov/) database and aligned with the selected epitopes
using the CLC sequence viewer [62].

Mapping of Multi-epitope Peptide Vaccine
Candidate and Evaluating of the Physiochemical
Properties, Solubility Prediction, Antigenicity,
and Allergenicity

According to the results of the previous steps, the seven
epitopes from each protein of immunogenic 39 kDa, luma-
zine synthase, superoxide dismutase, ribosomal protein L7/
L12, BP26, outer membrane protein (OMP) -31, OMP-
16, and OMP-28 were selected to be incorporated in the
vaccine construction. The whole construct was designed
using joining these epitopes to three adjuvant sequences
of Heparin Binding Hemagglutinin (HBHA), PADRE, and
the identified epitopes from the Tetanus toxin fragment C
(TTFrC). Various segments of the designed vaccine were
connected by proper linkers of EAAAK, KK, and GPGPG.
After designing the vaccine, its physicochemical proper-
ties were computed using Expasy'sProtParam at http://us.
expasy.org/tools/protparam.html [63]. The antigenicity of
the final vaccine construct was predicted by Vaxijen v2.0
(http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.
html) and ANTIGENpro (http://scratch.proteomics.ics.uci.
edu/) servers. In addition, the allergenicity of the vaccine
construct was evaluated using the AllergenFP v.1.0 (http://
ddg-pharmfac.net/AllergenFP/) and AllerTOP v. 2.0 (https://
www.ddg-pharmfac.net/AllerTOP/) servers with accuracies
of 0.879, and 0.828, respectively. The propensity of pro-
tein solubility upon overexpression in E. coli was assayed
using SOLpro (http://scratch.proteomics.ics.uci.edu/) with
an accuracy of 74.15.

Prediction, and Refinement of the Vaccine
Secondary and 3D Structures

The SOMPA online analysis server (https://npsa-prabi.ibcp.
fr/cgibin/npsa_automat.pl?) was used for the prediction of
the protein secondary structure. This includes the distribu-
tion and proportion of three secondary structures of the
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alpha helix, extended strand, beta turn, and random coil.
I-TASSER (https://zhanggroup.org/[-TASSER/) was used
for the prediction of the protein 3D structure (https://npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_
gor4.html) [64—66]. The amino acid sequence of the pro-
tein was introduced into this server to construct and analyze
the 3D structure of the protein. Then, The 3D structure of
the protein was refined by the Galaxy Refine server (http://
galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) [67].

Validation of 3D Structure and Prediction
of Discontinuous Bcell Epitopes

The 3D structure of the vaccine was validated by ERRAT
(https://saves.mbi.ucla.edu/) and Zlab (https://zlab.umass
med.edu/bu/rama/index.pl) [68, 69]. Then discontinuous
epitopes of the protein were predicted using the ElliPro
server (http://tools.iedb.org/ellipro/). Discontinuous B cell
epitopes are the most exposed epitopes that are recognized
by antibodies [70].

Evaluating of the Vaccine Interaction with Human
Toll-Like Receptord

Initially, the 3D structure of the human toll-like receptor
4(hTLR4) was obtained from the PDB database (www.
rcsb.org) with a code of 3FXI. Next, protein—protein dock-
ing of the vaccine structure (as a ligand) and hTLR4 (as a
receptor) was performed by HDOCK online server (http://
hdock.phys.hust.edu.cn/) [71]. Finally, the complex model
had been visualized via Discovery studio 4.5 software [72].
The molecular dynamics simulation was performed to evalu-
ate the stability of docking complexes. The iMODS (http://
imods.chaconlab.org/) web server calculated the B-factor (a
disorder of atoms), structural deformability, and eigenvalue
of the vaccine- hTLR4 complex.

Codon Optimization and In Silico Cloning

The efficiency of the multi-epitope vaccine construct in
cloning and expression in E. coli as a host is an important
step in vaccine designing. For codon optimization, the final
amino acid sequence of multi-epitope vaccine was submit-
ted to the Sequence Manipulation Suite (https://www.bioin
formatics.org/sms2/rev_trans.html) and its DNA sequence
was submitted in the GenScript online server (https://www.
genscript.com/tools/rare-codon-analysis). The output of
this server provided the codon adaptation index (CAI), GC
content, and codon frequency and distribution (CFD) of the
optimized sequence. Next, RNA structure server (https://
rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predi
ctl/ResultsPages/20220101.152332-6e24fd60/Results.
html) predicted the mRNA secondary structure of vaccine
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thermodynamically and provides minimum free energy (AG
Kcal/mol) for structure. The restriction sites of Clal and
EcoRYV were, respectively, added to the N- and C-terminals
of the vaccine DNA sequence using CLC Sequence viewer
v8.0 (http://www.cacbio.com) to facilitate the cloning of the
vaccine in the E. coli expression system using pBA D24
[73]. Finally, the restriction sites of BmgBI and BamHI
were, respectively, added to the N- and C-terminals of the
vaccine DNA sequence using CLC Sequence viewer v8.0
(http://www.cacbio.com) to facilitate the expression of the
vaccine in the E. coli expression system by the PMT-puro
vector.

Immune Simulation

The C-ImmSim server was used to characterize the profile of
the stimulated immune response by the multi-epitope peptide
vaccine [74]. To produce immune stimulation in humans, an
injection was administered with 1000 vaccine molecules per
injection for a period of four months. The parameters like a
random seed, simulation volume, and simulation step were
kept as 12,345, 10 pl, and 1050, respectively.

Results
Selection of Epitopes

Nine antigenic proteins were selected from B. melitensis to
predict HLA-I binding epitopes (HLA-A, B, and C) using
IEDB database and NetMHC 4 online server. CTL Pred
server was used to predict the CTL epitopes of the proteins.
RANKERP server and IEDB database predicted HLA-II bind-
ing epitopes (DP, DQ, and DR) from these proteins. Linear
Bcell epitopes were predicted by the Emini surface acces-
sibility Linear Epitope Prediction 2.0 in the IEDB database.
All selected peptides that have the same regions in HLA-I,
HLA-II, CTL, and linear B cell epitopes were submitted to
the IFN epitope server for evaluating their ability to induce
IFN-y. The antigenicity of epitopes was assayed by VaxiJen
v2.0. The allergenic and toxic probability of each epitope
were evaluated by AllergenFP and ToxinPred servers. The
alignment of the selected epitopes between B. melitensis, B.
abortus, B. canis, and B. suis species showed the selected
epitopes were conserved between all species. The seven
peptides in the vaccine structure were selected based on our
selected criteria from proteins of immunogenic 39-kDa,
Superoxide dismutase, Ribosomal protein L7/L.12, BP26,
OMP-31, OMP-16, and OMP-28. The proteins of luma-
zine synthase and OMP-25 have no efficient peptides. The
selected peptides had the highest ability in IFN-y induc-
tion, low allergenicity, and potent antigenic ability and were

conserved among the most important pathogenic brucella
species (Table 2 and Supplementary Fig. 1).

Vaccine Engineering, Evaluating of Physicochemical
Properties, Antigenicity, and Allergenicity

To increase the immunogenicity of the vaccine, adjuvants of
HBHA, PADRE, and identified epitopes from TTFrC were
joined to the selected peptides from the seven brucella pro-
teins (Fig. 1A). Results showed the designed human brucella
vaccine has physicochemical and immunological properties.
According to the results of the ProtParam server, the vac-
cine was stable with an instability index of 29.69 (the stable
molecules have an instability index of less than 30). It hada
molecular weight of 54.138 KDa and 500 amino acids lenth.
In addition, it had an isoelectric point of 7.19, a gravy of
— 0.465, and an aliphatic index of 79.52. The vaccine half-
life was 30 h (h) in mammalian reticulocytes, 20 h in yeast,
and 10 h in E. coli. Based on the prediction of the Solpro
server, the vaccine was soluble upon expression in E. coli
with a Solpro index of 0.955871. To evaluate the antigenic-
ity of the vaccine by vaxijen server, the “bacteria” option
was chosen as a target organism. The threshold for antigenic-
ity was chosen 0.5. The result showed this protein showed
appropriate antigenicity (the index equal to or more than 0.5
shows the antigenicity for a protein). In addition, an assess-
ment of antigenicity by Antigen pro showed this vaccine
was an antigenic protein with an antigenicity of 0.833277.
AllergenFP v.1.0 and AllerTOP v. 2.0 showed the vaccine
was non-allergen.

Secondary and 3D Structure Modeling, Refinement,
and Validation and Prediction of Discontinuous B
Cell Epitopes

The secondary structure of the vaccine was predicted using
SOPMA online server. From the 500 amino acids of the pro-
tein, 229 (45.8%) were alpha helix, 95 (19%) were extended
strands, 31 (6.2%) were beta turn, and 145 amino acids
(29%) composed the structure of the coils (Fig. 1B). Then
I-Tasser predicted the primary 3D model of the human bru-
cellosis vaccine (Supplementary Fig. 2). Next, the selected
I-Taser model was refined by Galaxy Refine software
(Fig. 1C). The quality of the designed vaccine was evalu-
ated using the Ramachandran plot in the Zlab server and
the characteristic atomic interaction in the ERRAT server.
The Ramachandran results of the final model showed that
the majority of residues (96.487%) are located in the favored
region and 2.81% are allowed, and only 0.703% of residues
are the outlier. The ERRAT result showed that the refined
model had an ERRAT score of 90.890. The results of the
Ramachandran plot and ERRAT indicated that the refined
3D structure had the appropriate structure and therefore,
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Table 2 The final immunodominant peptides were selected from antigenic proteins of B. melitensis and B. abortus, B. canis, and B. suisspecies

&

Toxicity

Allergenicity

HLA-I HLA-II CTL Linear B Cell IFN-y stimulation Antigenicity

of amino

Number
acids

Selected sequence

Protein

Springer

0.48 (Probable antigen) Probable non-allergen — 1.26

+1

22

EDKVPAQLEMASAIES-

Immunogenic 39-kDa

Non-Toxin

0.7326 (Probable antigen) Probable non-allergen — 0.65

PAFQ SA
HFHESKEHHDFFHAH-

+0.89601504

20

Lumazine synthase

Non-Toxin

0.5878 (Probable antigen) Probable non-allergen — 1.30

FKVK
VNMEKLTPGYHGFH-

+0.62054204

17

Superoxide dismutase

Non-Toxin

0.9480 (Probable antigen) Probable non-allergen — 1.41

VHE

Ribosomal protein L7/LL12 AAPVAVAAA

Non-Toxin

+3.7447441

28

GGAAPAAAAEE

KTEFDVVL
VYPDDKNNLKEPTIT-

0.7802 (Probable antigen) Probable non-allergen — 1.07

+4.2764394

28

BP26

Non-Toxin

GYSVSTSLTVRVR
0.4765 (Probable antigen) Probable non-allergen — 1.21

REYNLALGQRRAAAT

+5.3587172

30

OMP-16

Non-Toxin

0.7927 (Probable antigen) Probable non-allergen — 1.63

RDFLASRGVPTNRMR
IQPIYVYPDDKNN-

+3.7836601

28

OMP-28

Non-Toxin

LKEPTITGYSVSTSL

Fig.1 A Schematic representation of the designed multi-epitope »
peptide vaccine against human Brucellosis. The vaccine consists of
twenty-six parts: Epitopes from antigenic proteins of immunogenic
39-kDa, lumazine synthase, superoxide dismutase, ribosomal protein
L7/L12, BP26, OMP-16, and OMP-28, adjuvants of HBHA, PADRE,
and identified epitopes from TTFrC which join to each other by link-
ers of KK, EAAAK, and GPGPG. B The secondary structure of the
modeled multi-epitope vaccine was predicted by SOPMA server, C
The 3D structure of the designed vaccine was predicted via homology
modeling by I-Tasser, then the best-predicted model was refined by
GalaxyRefine and visualized using Pymol. HBHA is shown in green,
TTFrC segments in cyan, predicted epitopes in purple, PADRE in
pink, EAAAK linkers in blue, KK linkers in gray, and GPGPG link-
ers are shown in yellow

could be utilized as a reliable model for further evaluations
(Supplementary Fig. 2). The prediction of discontinuous B
cell epitopes by Ellipro server revealed the presence of 262
total residues in the vaccine structure that had the potential
of discontinuous B cell epitopes. Their scores were varying
from 0.513 to 0.788. The sequences of selected epitopes
from lumazine synthase, superoxide dismutase, BP26, OMP-
16, and OMP-28 were the same in the linear and discontinu-
ous B cells epitopes of the vaccine (Table 3 and Fig. 2).

Molecular Docking and MD Simulation
of the Vaccine Structure with TLR4 Receptor
and Refinement of the Interaction

H-Dock server predicted several models for the interaction
complex of vaccine and TLR4. Among predicted models,
model 1 was selected as the best-docked complex with the
lowest energy score (—290.25) (Fig. 3). In this complex
model, the HBHA segment in the vaccine interacted with
TLRA4, and the myeloid differentiation factor 2 (MD-2). Mol-
ecule stability and physical movements of the vaccine-recep-
tor docked complex were evaluated by the iMODS server.
The deformability graph was illustrated in Fig. 4A, hinges
were highlighting the deformability regions in the complex.
It showed some deflection in the O to 1°A range. The B-fac-
tor calculates the root mean square value and represents the
uncertainty of each atom in the docking complex (Fig. 4B).
The eigenvalues of the vaccine and TLR4 docking complex
were 2.042744 x 10>(Fig. 4C). The variance matrix graph of
residues displayed in Fig. 4D. The covariance matrix showed
a correlation between pairs of residue experience (corre-
lated (red), uncorrelated (white), and anti-correlated (blue))
(Fig. 4E). The elastic network model indicated the connec-
tion between atoms and springs. Therefore, stiffer springs
were shown in the darker regions. (Fig. 4F). The results of
these graphs approved that the amino acids in the complex
of vaccine and TLR4 had stable connections.
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Fig.2 Discontinuous B cell epitopes predicted by the ElliPro are represented in Table 3. The epitopes are represented by yellow surface, and the

bulk of the protein is represented in grey stick

In Silico Cloning, Vaccine Optimization,
and Prediction of the mRNA Secondary Structure

The reverse translation of the protein vaccine into a nucle-
otide sequence was performed simultaneously using the
Sequence Manipulation Suite server to express a high-level
protein in E. coli. The gene expression in the E. coli as a host

@ Springer

cell was evaluated using the Genscript server. The codon
adaptation index (CAI) of the optimized sequences was
1.00, the GC content was 60.01%, and the codon frequency
and distribution (CFD) was 0%. These results ensured the
potential of the vaccine expression in E. coli. To clone the
gene into E. coli, Clal, and EcoRV restriction sites were
added into the N- and C-terminals of the sequence using
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Table 3 Discontinuous B cell epitopes identified in the refined 3D structure of the multi-epitope vaccine using ElliPro server

Residues

Number of residues Score

A A:M1, A:E2, A:A3, A:A4, A:AS, A:K6, A:M7, A:A8, A:E9, A:N10, A:S11, A:N12,

72 0.788

A:I13, A:D14, A:D15, A:116, A:K17, A:A18, A:P19, A:L20, A:L21, A:A22, A:A23,
A:L24, A:G25, A:A26, A:ESS8, A:S59, A:A61, A:R62, A:T64, A:K65, A:E68, A:D69,
A:P71, A:E72, A:Q73, A:L74, A:T75, A:E76, A:L77, A:R78, A:E79, A:K80, A:F81,

A:T82, A:A83, A:E84, A:E85, A:L86, A:R87, A:K88, A:A89, A:E91, A:G92,
A:L138, A:T139, A:Q140, A:E141, A:A142, A:L143, A:G144, A:T145, A:V146,
A:A147, A:S148, A:Q149, A:T150, A:R151, A:A152, A:G154, A:E155

A:V195, A:V196, A:G197, A:G198, A:P199, A:G200, A:D204, A:P207, A:K225,
A:K226, A:N228, A:N229, A:N230, A:W231, A:T232, A:L233, A:P258, A:L259,
A:Y260, A:K261, A:K262, A:M263, A:E264, A:A265, A:V266, A:K267, A:L268,
A:R269, A:D270, A:K272, A:K273, A:D276, A:G283, A:S286, A:S287, A:V288,
A:T290, A:Y291, A:P292, A:D293, A:A294, A:Q295, A:L296, A:V297, A:P298,
A:G299, A:I300, A:N301, A:G302, A:K303, A:A304, A:1305, A:H306, A:L307,
A:V308, A:N309, A:N310, A:K312, A:K313, A:H314, A:H316, A:E317, A:S318,
A:K319, A:E320, A:H321, A:H322, A:D323, A:F324, A:F325, A:H326, A:A327,
A:H328, A:F329, A:K330, A:V331, A:K332, A:G333, A:P334, A:G335, A:P336,
A:G337, A:R338, A:E339, A:Y340, A:L342, A:A343, A:L344, A:G345, A:Q346,
A:R347, A:A349, A:A350, A:A351, A:T352, A:R353, A:D354, A:F355, A:L356,
A:A357, A:S358, A:R359, A:G360, A:V361, A:P362, A:T363, A:N364, A:R365,
A:M366, A:R367, A:G368, A:P369, A:G370, A:P371, A:G372, A:1373, A:Q374,
A:P375, A:1376, A:Y377, A:V378, A:Y379, A:P380, A:D381, A:D382, A:K383,
A:N384, A:N385, A:L386, A:P389, A: T390, A:G393, A:Y394, A:S397, A:T398,
A:L400, A:G401, A:G403, A:P404, A:G405, A:V406, A:N407, A:M408, A:E409,
A:K410, A:L411, A:T412, A:P413, A:G414, A:Y415, A:H416, A:G417, A:F418,
A:H419, A:K423, A:A426, A:V430, A:A439, A:T446, A:E447, A:F448, A:D449,
A:V450, A:V451, A:L452, A:G453, A:P454, A:G455, A:P456, A:V473, A:Y474,
A:P475, A:D476, A:D477, A:K478, A:N479, A:N480, A:K482, A:E483, A:1486,

182 0.694

A:V499, A:R500
C A:A169, A:K170, A:F171, A:T172, A:V173
D A:R53, A:S54, A:R55, A:E113

5 0.558
0.513

CLC Sequence viewer v.8. The vaccine gene was inserted
into the pPBAD24 vector (Fig. 5A). To express the gene into
E. coli, BmgBI, and BamHI restriction sites were added into
the N- and C-terminals of the sequence using CLC Sequence
viewer v.8, and the vaccine gene was inserted into the pMT-
puro vector (Fig. 5B). The minimum free energy of the vac-
cine was determined using RNAstructure server. The opti-
mized mRNA construct showed a AG value of —371.4 kcal/
mol. Supplementary Fig. 3 illustrates the predicted second-
ary structure of vaccine mRNA.

Immune Simulation by the Vaccine Structure

In silico simulation results suggested that the administration
of the vaccine had the potential for inducing various immune
responses. The humoral response was characterized by an
increase in the levels of antibodies and B cell populations.
T cell populations (CTL and Th cells) developed increased
responses corresponding to the memory cells. The activity
of macrophages, dendritic cells, and NK cells were observed
consistently throughout the period time of 120 days. A sig-
nificant increase in the levels of IFN-y, IL-2, and TGF-f was

also found at subsequent exposure. This signifies that the
vaccine generated robust immune responses (Fig. 6).

Discussion

Brucellosis is one of the world’s neglected zoonotic dis-
eases. It occurs as a debilitating acute infection that can
become chronic and has many complications. Control and
vaccination of human brucellosis is the first challenge to
eradicating this disease. However, none of the available
vaccines are perfect and they may cause brucellosis in
humans [75]. Therefore, we should develop a new vac-
cine to prevent this disease. Identification of immuno-
genic peptides is an essential step in vaccine design. With
helping of bioinformatics approaches, we can recognize
immunodominant T- and Bcell epitopes and design poten-
tial vaccines for the control of brucellosis. These methods
are effective and can reduce the time and cost of experi-
mental methods in the lab [7]. Therefore, in this study, we
designed a bioinformatics vaccine against human brucel-
losis. The vaccine includes 500 amino acid lengths con-
structed from seven specific epitopes of antigenic proteins

@ Springer
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Fig.3 Docking model (cartoon representation) of human TLR4 in points, some of the interacting residues of the vaccine and TLR4 are
complex with the vaccine obtained using HDOCK server. As it shows magnified. The docked model has been visualized via Discovery stu-
HBHA interacted with 4 and MD-2.To more visualized interaction dio 4.5 software
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Fig.5 A Cloning the gene into E. coli by Clal, EcoRV restriction
sites, and the pBAD24 vector and using CLC Sequence viewer Vv.8.
The vaccine gene was inserted into the pPBAD24 vector. B Expression

of B. melitensis. These epitopes could stimulate both cel-
lular and humoral immunity. In addition, they had not
allergenic and toxic properties and are conserved in four
main infectious species of humans brucella including B.
abortus, B. canis, B. melitensis, and B. suis. The amino
acid sequences of three adjuvants of HBHA, PADRE,
and three segments of TTFRC were added to the vaccine
mapping of human brucella. HBHA is a virulence factor
from Mycobacterium tuberculosis that has no systemic
toxicity [76, 77]. It possesses a strong immunostimu-
latory potential such as inducing DC maturation in a
TLR 4-dependent manner [77, 78]. PADRE and TTFRC
fragments can induce T-helper cell responses and may
be useful in the development of vaccines [19, 27, 79].
Therefore, these segments may represent powerful adju-
vants for our vaccines. For designing of vaccine with
reduced junctional immunogenicity, the linkers of KK
and GPGPG were integrated between the epitopes and
adjuvants. They increased the stability and quality of the
3D structure of the vaccine and induced neutral theoreti-
cal pl. The EAAAK linker was also inserted into the N
and C-terminals of HBHA to reduce its interaction of it
with other regions and cause more efficient separation

56555

BRUCELLAIN PUT-PURO
45350

of the gene into E. coli by BmgBI, and BamH]1 restriction sites, pMT-
puro vector, and using CLC Sequence viewer v.8

[19, 22, 80]. The designed vaccine had high antigenic
ability and a lack of allergenic function. An efficient vac-
cine should possess good physicochemical properties dur-
ing production, formulation, storage, and consumption.
According to the results of bioinformatic predictions,
the designed vaccine was stable with a stability index
of 29.69. It had a pI of 7.19 and a molecular weight of
54.138 kDa. Analyses of the secondary structure revealed
that the vaccine contained mainly alpha helix (45.8%) and
random coil (29%). The refinement of the 3D structure
of the designed vaccine displayed appropriate charac-
teristics based on the Ramachandran plots and ERRAT
results. The result of the Ramachandran plot indicates
that 96.487% of the residues are initiated in the favored
regions, 2.81% are allowed and only 0.703% of residues
are the outlier. In addition, the quality of the 3D structure
was 90.890 based on the ERRAT results. The accessibility
of a significant number of amino acids in the vaccine as B
cell epitopes indicates the high ability of this structure for
stimulation of the humoral immune response. For assess-
ment of the ability of the designed vaccine to bind with
TLRs on immune cells, the TLR4 was docked with the
vaccine. The results showed that the HBHA segment of
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the vaccine can bind to TLR4 and MD-2. Nezafat et al.
demonstrated that the binding of HBHA to TLR4 may
be mediated by MD-2 [18]. The interface of the vaccine
with TLR4 and MD-2 was signifying that the vaccine
may produce both innate and adaptive immune responses.
In addition, the iMODS server indicated the interaction
was stable. In the production of vaccines, protein must
be expressed in a suitable host. The codon optimization,
in silico cloning, and evaluating mRNA stability showed
that the vaccine can efficiently transcript and translate in
E. coli.The immune stimulation showed results consistent
with typical immune responses. Following the injection
of the vaccine, there was a general increase in the gen-
erated immune responses. The development of memory
Band Tcells were lasting for several months. Helper T
cells were particularly stimulated. In addition, the popu-
lation of DC, macrophage, and NK cells were increased
periodically. Another interesting observation was the ris-
ing levels of IFN-y and IL-2 after the first injection in
twenty days period. This showed high levels of TH cells
and consequently efficient Ig production. Although, ris-
ing in TGF-p in this period may be a little worrying. The
next step is planning experimental studies for conforming
to the immunogenicity and safety profile of the designed
vaccine.

Conclusion

In the current study, using a variety of bioinformatics
tools, a multi-epitope peptide vaccine against human bru-
cellosis was designed. The results of this study showed
that this vaccine could be possible as a candidate vaccine
against all subspecies of brucella which infect humans.
It stimulated the profile of immune response, especially
humoral and cellular immunity. It had appropriate physico-
chemical properties, high-quality structure, and the ability
for expression in E. coli as a host. However, these results
need to be verified by experimental methods.
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