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A B S T R A C T   

Cystic echinococcosis (CE) is a near-cosmopolitan public health concern, especially in developing countries. 
Parasite ova shed via definitive host feces are responsible for livestock and occasionally human infection, leading 
to hydatid cysts. Immunization using proper antigens is a good immunoprophylactic strategy. This study was 
aimed to design a multi-epitope vaccine using EgA31 and EgG1Y162 antigens. Top high-ranked B-cell epitopes 
and major histocompatibility complex (MHC)-binding epitopes were predicted and selected to construct the 
vaccine model. Then, physico-chemical features, secondary and tertiary structures, refinement and validations 
were all evaluated using web servers for the multi-epitope vaccine construct. Finally, non-linear B-cell epitopes 
were determined for vaccine-antibody interactions. Moreover, the vaccine construct was subjected to disulfide 
engineering, molecular docking with human MHC-I and MHC-II molecules as well as codon adaptation and in 
silico cloning processes. In conclusion, this multimeric CE vaccine needs experimental and clinical confirmations 
to be considered as an actually immunogenic vaccine model.   

1. Introduction 

The cestodes are segmented flatworms with medical and/or veteri-
nary importance. The family Taeniidae is a representative, including 
two genera “Taenia” and “Echinococcus”, with two mammalian hosts in 
their life cycle with predator-prey association [1]. The Echinococcus 
granulosus sensu lato (E. granulosus s.l.) is a well-known zoonotic tape-
worm with near-cosmopolitan distribution, predominating the Medi-
terranean region, central Asia, South America and Northeast Africa [2]. 

Adult worms inhabit the intestinal tract of carnivores (canids and felids), 
while the metacestode stages mostly dwell in the liver and lungs of 
herbivore intermediate hosts (ungulates, lagomorphs and rodents) [3]. 
Humans are infected via accidental ingestion of infective ova, shed by 
the fecal material of definitive hosts [4]. Cystic echinococcosis (CE) or 
hydatid disease (HD) is the major consequence of infection in the in-
termediate hosts, manifesting as fluid-filled sacs containing thousands of 
protoscoleces (PSCs) and inflicting annual financial burden in the live-
stock section and human population [5,6]. The incidence of human CE 
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in endemic areas ranges from <1 to 200 per 100,000 individuals with 
low mortality rate (2–4%), though still causing significant impotency 
and disability in affected populations [3,7,8]. 

The CE is a life-threatening condition in spite of its latent, chronic 
nature, which substantially influences the appropriate diagnosis of 
actually diseased or seemingly healthy subjects; consequently, there 
may be underreported cases within a given population [9]. Treatment 
options against CE are not sufficiently effective and/or entail toxic 
consequences [10]. Moreover, cure by operational surgery is usually not 
adequate and requires long-standing clinical follow-up [11]. Accord-
ingly, employing immunoprophylaxis approach would be a pragmatic 
and reasonable tactic to prevent the infection [12]. The multi-host na-
ture of E. granulosus s.l. implicates precise antigen selection and vaccine 
design for enhanced immunization [13]. In this sense, targeting different 
crucial antigenic molecules in the life cycle of E. granulosus s.l. and/or 
their immunodominant epitopes would be a promising approach for 
vaccination against CE [14]. 

There are several antigens playing a critical role in helminth path-
ogenesis, disease onset and/or progress [13]. A crucial antigen involved 
in the dog and human infection is a 66 kDa fibrous protein called EgA31, 
having a single-copy gene. This antigen is expressed in the tegument, 
sub-tegumental parenchymal cells and subcutaneous muscles of PSCs. It 
is also found in pre-sucker areas during head development as well as 
tegument and sub-tegumental parenchyma of adult worms [15]. The 
EgG1Y162 is a surface antigen in adult worm, PSCs, germinal layer of 
hydatid cysts and egg which penetrates to the host cell membrane [16]. 

Developing a vaccine candidate is costly, complex and time- 
consuming in both pre-clinical and clinical stages, requiring in vitro 
and in vivo efficacy assessment against artificial infection and experi-
mental/natural disease conditions, formulation, safety for human use 
and good manufacturing practice standards. With the advent of bioin-
formatics, the computational methods have facilitated the in silico 
evaluations for a proposed vaccine candidate, considerably reducing the 
required time for above procedures [17,18]. In this study, we utilized 
bioinformatic methods to predict B- and T-cell-specific epitopes from 
four antigens of E. granulosus s.l. (EgA31 and EgG1Y162) and premised a 
foundation for designing a multi-epitope-based vaccine candidate 
against CE. 

2. Materials and methods 

2.1. Protein sequence selection for vaccine construction 

We selected four out of a number of 18 protein sequences of 
E. granulosus s.l. antigens for further epitope-mapping and multi-epitope 
vaccine construction. For this aim, the amino acid sequences of Echi-
nococcus granulosus s.l. EgA31 (Accession No: O76379) and EgG1Y162 
(Accession No: B9ZZQ3) were collected via UniProtKB server (https 
://www.uniprot.org/). Also, a server equipped with the deep neural 
network, i.e. DeepLoc 1.0 was employed predict subcellular localization 
of the proteins (http://www.cbs.dtu.dk/services/DeepLoc/) [19]. 

2.2. Linear B-cell epitope prediction and screening 

Three web servers were employed for linear B-cell epitope predic-
tion, including BCPREDS, ABCpred and SVMTriP. The BCPREDS server 
(http://ailab.ist.psu.edu/bcpred/predict.html) predicts continuous B- 
cell epitopes on the basis of support vector machine (SVM) combined 
with the subsequence kernel (SSK) attitude, having a 74.57% accuracy 
in prediction. For this study, the fixed-length epitope (20 amino acids) 
prediction method was selected with a specificity of 80%. Furthermore, 
cross-validation of the predicted epitopes were checked through other 
web servers. The ABCpred server (http://crdd.osdd.net/raghava/ 
abcpred/ABC_submission.html) was used with fixed-length patterns 
prediction based on an artificial neural network (ANN) algorithm, with 
65–93% accuracy [20]. In SVMTriP server (http://sysbio.unl.edu/ 

SVMTriP/index.php), the SVM has been utilized by combining the 
Tri-peptide similarity and Propensity scores (SVMTriP) in order to 
achieve the better prediction performance. Later, high-ranked and 
shared B-cell epitopes were selected and further assessed in term of 
antigenicity, allergenicity and solubility using VaxiJen v2.0 (http:// 
www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html), Allergen FP 
v1.0 (http://ddg-pharmfac.net/AllergenFP/) and PepCalc (https://pep 
calc.com/). Finally, those epitopes with appropriate characteristics 
were chosen for the vaccine construction. 

2.3. Estimation of major histocompatibility complex (MHC)-binding 
epitopes 

For this purpose, the multi-functional Immune Epitope Database 
(IEDB) online server was utilized to reveal specific MHC-I (http://tools. 
iedb.org/mhci/) and MHC-II (http://tools.immuneepitope.org/mhcii) 
epitopes of examined protein sequences, using a recommended method 
2.22. This web server extrapolates IC50 values assigned to a particular 
epitope, yielding the possible outcomes: high affinity epitope (<50 nM), 
intermediate affinity epitope (<500 nM) and low affinity epitope 
(<5000 nM). Furthermore, predicted epitopes are given a percentile 
rank with inverse correlation to the epitope affinity. Here, we consid-
ered two human leukocyte antigen (HLA) molecules, including HLA- 
A*02:01 and HLA-DRB1*03:01, for the prediction of specific epitopes 
with binding capacity to T CD8

+ (MHC-I) and T CD4
+ (MHC-II), respec-

tively. Prediction of MHC-I (10-mer) and MHC-II (15-mer) epitopes was 
done according to IEDB recommended 2020.04 (NetMHCpan EL 4.0) 
and IEDB recommended 2.22 methods, respectively. Those selected 
high-rank epitopes were further screened by the antigenicity and aller-
genicity using VaxiJen v2.0 and AllerTOP v2.0 (https://www.ddg-pha 
rmfac.net/AllerTOP/) servers. 

2.4. Engineering and assemblage of multimeric vaccine candidate 
sequence 

Following epitope prediction and screening using bioinformatics 
servers, top-scored immunodominant epitopes were chosen to organize 
and assemble the putative multimeric vaccine candidate sequence. To 
enhance the immunogenicity of the protein vaccine, the heparin-binding 
hemagglutinin (HBHA) of Mycobacterium tuberculosis was preferred as a 
potent immune adjuvant, whose sequence was inferred from UniProtKB 
server (Accession No: P9WIP9). The adjuvant sequence was joined to the 
first B-cell epitope via an EAAAK linker at the N-terminal of the vaccine 
sequence. Also, B-cell and T CD8

+ epitopes were linked together via 
GPGPG linkers, whereas T CD4

+ epitopes were connected together 
through AAY linkers. 

2.5. Physico-chemical features of the vaccine construct 

Physico-chemical properties of the vaccine construct were deter-
mined by ExPASy-ProtParam server, available at (http://web.expasy. 
org/protparam/). Several parameters are estimated by this web tool, 
including grand average hydropathicity (GRAVY), aliphatic index, 
instability index, half-life, isoelectric point (pI), molecular weight and 
atomic composition. The protein half-life indicates to the time of 
molecule disappearance in the cell after its synthesis. Instability index 
demonstrates the consistency of a protein molecule in a test tube. The 
approximated occupied mass by aliphatic side chains signifies the 
aliphatic index, while GRAVY is average hydropathy values of amino 
acids in a particular protein. The pH at which a molecule doesn’t bear 
any net electrical charge is called pI [21]. 

2.6. Antigenicity, allergenicity and solubility profiles of designed sequence 

A proper vaccine construct should not induce allergenic reactions. 
Hence, vaccine allergenicity was evaluated using AllerTOP v2.0 (http:// 
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www.ddg-pharmfac.net/AllerTOP) and AllergenFP v1.0 (http://ddgph 
armfac.net/AllergenFP/). The freely-accessible AllerTOP v2.0 server 
employs machine learning techniques to sort the allergens, like k nearest 
neighbors, auto and cross-variance transformation and amino acid E- 
descriptors. The accuracy of this server is 85.3% at five-fold cross vali-
dation [22]. Another online server, AllergenFP v1.0, makes differenti-
ation between allergens and antigens on the basis of a four-step, 
alignment-free, descriptor-based fingerprint approach, with the accu-
racy of 88.9% using Mathews correlation coefficient of 0.759 [23]. In 
order to predict antigenicity index of the construct, ANTIGENpro (htt 
p://scratch.proteomics.ics.uci.edu/) and VaxiJen v2.0 (http://www. 
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) web servers were 
used. ANTIGENpro performs alignment- and pathogen-free, based on 
specific microarray analysis data. Cross-validation experiments have 
demonstrated the prediction accuracy of this server as 76% [24]. The 
VaxiJen v2.0 server “functions on the auto and cross variance (ACC) 
transformation of proteins and convert them into uniform vectors of 
principal amino acid properties. It generates the antigenicity of the 
proteins without involving any alignment and focuses on the physi-
ochemical properties of the selected candidate” [25]. In addition, we 
exploited SOLpro online tool for the prediction of solubility upon 
overexpression of the protein construct in the Escherichia coli (E. coli) 
host (http://scratch.proteomics.ics.uci.edu/), with 74% accurate pre-
diction and 10-fold, cross-validation method [26]. 

2.7. Extrapolation of secondary and tertiary structures of the vaccine 
candidate 

The secondary structure of the multi-epitope vaccine candidate was 
predicted using two web servers, including Garnier-Osguthorpe-Robson 
(GOR IV) online server (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_ 
automat.pl?page=npsa_gor4.html) with mean accuracy of 64.4% [27] 
and position specific iterated prediction (PSIPRED) analysis on outputs 
from PSI-BLAST (http://bioinf.cs.ucl.ac.uk/psipred/) [28]. In the next 
step, the multi-epitopic vaccine construct was subjected to I-TASSER 
server for homology modelling (https://zhanglab.ccmb.med.umich. 
edu/I-TASSER/). “I-TASSER (Iterative Treading ASSEmbly Refnement) 
is a best-ranked server which is used for the generation of automated 
protein structures and prediction. Upon submission of an amino acid 
sequence, I-TASSER works to design a 3D atomic model by utilizing the 
multiple threading alignments and iterative structural assembly simu-
lations” [25,29]. 

2.8. Tertiary model refinement and subsequent validations 

The tertiary protein model obtained via the I-TASSER server was 
further rehashed and improved using GalaxyRefine server (http://gala 
xy.seoklab.org/cgi-bin/subunit.cgi?type=REFINE). This server re-
places amino acids with high-probability rotamers and applies molec-
ular dynamic simulation for overall structural relaxation. The output 
usually includes five refined models, with different parameter scores, 
comprising GDT-HA, RMSD, MolProbity, Clash score, Poor rotamers and 
Rama favored [30,31]. In the following, the refined model required 
subsequent validations using various servers. The ERRAT server ex-
plores the statistics of non-bonded atom to atom interactions and depicts 
the error function value versus position of a 9-residue sliding window, 
estimated by a comparison with statistics from high resolution crystal-
lography structures (https://servicesn.mbi.ucla.edu/ERRAT/) [32]. 
Generation of Ramachandran plots provides visualization of the ener-
getically allowed and disallowed dihedral angles constituting an amino 
acid psi (ψ) and phi (φ). This estimation is primarily based on the van 
der Waal radius of the side chains [25]. In present investigation, the 
MolProbity server was used for all atom structure validation offering 
Ramachandran analysis (http://molprobity.biochem.duke.edu/). 

2.9. Conformational B-cell epitope prediction 

The ElliPro online tool of the IEDB server, being available at 
http://tools.iedb.org/ellipro/, was employed to predict discontinuous 
B-cell epitopes in the multi-epitope sequence, by means of default set-
tings, i.e. 6 Å max-distance and 0.5-min score. This prediction method 
works in a three-step process: neighbor residue clustering, residual 
protrusion index (PI) and estimation of protein shape. There is a possible 
link between residues with high scores and improved solvent accessi-
bility. This is one of the best servers with a remarkable AUC score of 
0.732 for prediction [33]. 

2.10. Vaccine protein disulfide engineering 

Disulfide engineering is a significant biotechnological tool to design 
new disulfide bonds in the target protein via cysteine mutation of those 
residues in the highly mobile region of the sequence. Disulfide bonds 
provide substantial stability and reinforce the protein geometric 
conformation. For this purpose, DbD2 online server was used, available 
at http://cptweb.cpt.wayne.edu/DbD2/index.php. The pair of residues 
capable to form a disulfide bond, if each amino acid residue mutated to 
cysteine, can be detected by this web server [34]. 

2.11. Molecular docking 

The molecular docking process was done between the validated 
candidate vaccine construct and HLA-A0201 (PDB entry: 4UQ3) and 
HLADRB1*03:01 (Accession No: 2Q6W) in order to evaluate the binding 
affinity of the vaccine to MHC-I and MHC-II molecules, respectively. 
This bioinformatic prediction was carried out using ClusPro 2.0 server 
and the default settings were used accordingly [35]. The best docking 
pose in the top rank cluster was used for visualization using PyMol v2.4 
software and the results were interpreted. 

2.12. Reverse translation, codon optimization and in silico cloning 

Evaluation of cloning and expression of the vaccine model in a 
suitable expression vector was performed using in silico cloning tool of 
the SnapGene© v5.1.7 software. For this aim, the vaccine amino acid 
sequence was initially back translated into nucleotide sequence by 
reverse translate tool of Sequence Manipulation Suite server, available 
at https://www.bioinformatics.org/sms2/rev_trans.html. Next, the 
sequence was subjected to JCat online software for the purpose of codon 
adaptation (http://www.jcat.de). This web server adapts codon usage of 
a target DNA/protein to its potential expression host, yielding an opti-
mized sequence along with codon adaptive index (CAI) and GC content 
percent (GC %). For CAI a score range between 0.8 and 1 is considered as 
an optimum value, suggesting improved gene expression in the respec-
tive organism. Also, the GC % should be 30%–70%; otherwise, it may 
result in transcriptional and translational deficiencies. Subsequently, 
NEBcutter v2.0 was used to explore the likely cutting sites for a wide 
variety of commercial restriction enzymes in the codon-optimized 
sequence (http://nc2.neb.com/NEBcutter2). Then, suitable restriction 
sites were embedded in the 5′ and 3′-OH of the optimized DNA sequence 
of the vaccine candidate. 

3. Results 

3.1. Amino acid sequence retrieval and subcellular localization 

The UniProtKB database was used to retrieve EgA31 and EgG1Y162 
antigen sequences. DeepLoc 1.0 output revealed that EgA31 and 
EgG1Y162 antigens are mostly dedicated to the Golgi apparatus and cell 
membrane, respectively. 
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3.2. Continuous B-cell epitope prediction and screening 

A cross-checking procedure was applied for better identification of 
linear B-cell epitopes. Firstly, BCPREDS server was used to predict linear 
B-cell epitopes with fixed lengths and 80% threshold. In the following, to 
discern the shared epitopes and increasing the confidence, the outputs of 
BCPREDS were cross-validated to the epitopes found using ABCpred and 
SVMTriP web servers. After selecting shared epitopes, the final evalua-
tion was performed regarding antigenicity, allergenicity and solubility 
features. The results demonstrated that one linear B-cell epitope from 
each antigen possesses appropriate characteristics to be included in the 
final multimeric vaccine sequence (Supplementary Table 1). 

3.3. T-cell epitope prediction and selection 

Initially, epitopes with binding capacity to MHC-I (HLA-A*02:01) 
and MHC-II (HLA-DRB1*03:01) molecules were predicted and sorted 
according to their percentile ranks in IEDB database. Next, the antige-
nicity and allergenicity of predicted epitopic regions were analyzed by 
VaxiJen v2.0 and AllerTOP v2.0 servers. Accordingly, epitopes with 
high MHC-binding and antigenic properties and without allergenicity 
were selected. Regarding each antigen, two epitopes were chosen for 
each examined MHC molecule and qualified to be included in the final 
vaccine construct (Supplementary Table 2). 

3.4. Vaccine engineering and physico-chemical properties 

The final vaccine composed of 369 amino acids, being organized in 
three domains joining together by appropriate linkers: HBHA as adju-
vant, Linear B-cell epitopes and T-cell epitopes (Fig. 1). The ExPASy 
ProtParam web server determined the physico-chemical features of our 
vaccine model, as depicted in Table 1. Initial estimations demonstrated 
the multi-epitope vaccine construct as stable (instability index < 40), 
hydrophilic (negative GRAVY score) and moderately acidic (theoretical 
pI = 5.33), with calculated molecular weight of 39143.61 Dalton (39.14 
kDa). The assembled vaccine sequence contained higher number of 
negatively-charged residues (58) with very high thermostable feature 
(aliphatic index of 90.11). The protein half-life was approximated to be 
about 30 h in mammalian reticulocytes (in vitro), >20 h in yeast (in vivo) 
and >10 h in E. coli (in vivo). 

3.5. Allergenicity, antigenicity and solubility profiles 

The vaccine protein sequence was proven to be non-allergenic in 
nature using both AllerTOP v2.0 and AllergenFP v1.0 web servers, with 
or without the presence of adjuvant sequence. Also, the antigenicity of 
the whole vaccine construct was evaluated using VaxiJen v2.0 and 
ANTIGENpro servers as 0.6655 and 0.9377, respectively, indicating 
antigenic properties of the construct. Moreover, in the absence of HBHA 
adjuvant, the VaxiJen v2.0 (0.7191) and ANTIGENpro (0.8227) outputs 
demonstrated that the vaccine construct is antigenic in nature. Also, 
predicted solubility upon overexpression by SOLpro server showed the 

vaccine sequence as soluble with probability of 0.788149. 

3.6. Prediction of secondary and tertiary structures 

The secondary structure of the multimeric vaccine was graphically 
predicted by GOR IV web server to discern alpha helix, extended strand 
and random coil. Accordingly, the output was as follows: 261 (70.73%) 
alpha helix, 89 (24.12%) random coil and 19 (5.15%) extended strand. 
Graphical details of the GOR IV server along with the output of sec-
ondary structure by PSIPRED server are illustrated in Fig. 2. Based on I- 
TASSER server, top 10 threading templates identified by LOMETS meta- 
server threading approach were employed to predict five tertiary 
structure models of the chimeric vaccine construct. Three out of ten 
models including, 5×g2a, 5h7cA and 6h2xA were the best ones having 
good alignment, according to their Z-score. The five models being pro-
vided by the server possessed C-scores ranging from 1.49 to − 4.09. C- 
score, as an index of confidence for each model, typically ranges be-
tween − 5 and 2, where a higher value suggests a higher model confi-
dence. In present study, the model with highest C-score was picked for 
future refinement procedure. This model had a C-score of 1.49, esti-
mated TM-score of 0.52 ± 0.15 and estimated RMSD of 10.1 ± 4.6 Å 
(Fig. 3, A). TM-score helps for analyzing the similarities between two 
protein structures dissolving all the fluctuations associated with the 
RMSD values. TM-scores above 0.5 or less than 0.17 show accurate to-
pology or non-specific similarity, respectively. 

3.7. Refinement and validation of the tertiary model 

GalaxyRefine output provided five refined models for the chimeric 
construct. Model number one was the best refined structure in Galax-
yRefine server, with qualifying parameters such as GDT-HA of 0.9614, 
RMSD of 0.381, MolProbity of 1.963, Clash score of 12.4, Poor rotamers 
of 0.7 and Rama favored of 94.8. Thus, this model was finally selected as 
the chimeric model for furtherinvestigations. Next, the quality of the 
refined model was assessed using two web servers. The total quality of 
crude model in ERRAT server was estimated as 94.44, which was 
increased to 98.85 in the refined vaccine model. According to 

Fig. 1. The conformation of selected B-cell and MHC-binding epitopes in multi-epitope vaccine construct. The final chimeric protein constituted 369 amino 
acid residues. 

Table 1 
Physico-chemical assessment of the vaccine construct.  

Parameter Result 

Number of amino acids 369 
Molecular weight (MW) 39.14 kDa 
Positive residues (Arg + Lys) 52 
Negative residues (Asp + Glu) 58 
Theoretical isoelectric point (pI) 5.33 
Extinction coefficient (at 280 nm in H2O) 10430 M− 1 cm− 1 

Estimated half-life (mammalian reticulocytes, in vitro) 30 h 
Estimated half-life (Yeast cells, in vivo) >20 h 
Estimated half-life (Escherichia coli, in vivo) >10 h 
Instability index 39.29 
Aliphatic index 90.11 
Grand average of hydropathicity (GRAVY) − 0.355  
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MolProbity Ramachandran plot analysis of the refined model, 94.8% 
(348) were found in the favored region, with 99.5% (365) and 7.38% [2] 
in the allowed and outlier regions, respectively. On the other hand, 
crude model demonstrated 84.7% (311) of the residues in the favored 
region (Fig. 3B and C). 

3.8. Conformational B-cell epitope prediction 

There were five conformational B-cell epitopes in the engineered 
refined vaccine model, according to the ElliPro tool of the IEDB server. 
The details of identified epitopes and respective scores in parentheses 
were as follows: I) 32 residues (0.811); II) 57 residues (0.744); III) 43 
residues (0.737), IV) 40 residues (0.673); and V) 14 residues (0.607). 
Details of the conformational B-cell epitopes are illustrated in Fig. 4. 

3.9. Vaccine protein disulfide engineering 

A total number of 27 pairs of amino acid residues were predicted 
having potential to form disulfide bond by DbD2 server. Following 
residue evaluation by chi3 and B-factor energy parameters, only four 
residues were found to satisfy the disulfide bond formation, including 
ALA 83 - ARG 94, VAL 118 – PRO 177, PRO 218 - PRO 254 and GLY 253 
– PRO 284, which were replaced by cysteine residue (Fig. 5). Residue 
screening was done on the basis of − 87 to +97 chi3 value and <2.5 
energy value. 

3.10. Molecular docking 

The best docking position and orientation, successfully predicted by 
ClusPro 2.0 server, was selected from the top ranked cluster based on the 
cluster size with the highest number of members 75 and 55 and the 
lowest energy for the accession numbers of 4UQ3 (HLA-A0201) and 
2Q6W (HLADRB1*03:01), respectively. The weighted score for these 
clusters was found to be − 1079.3 and − 965.4, which is a balanced 
weight of the electrostatic, hydrophobic and van der Waals energies 
computed for the PDB IDs of 4UQ3 and 2Q6W, respectively (Fig. 6). 

3.11. Reverse translation, codon optimization and in-silico cloning 

In order to perform codon adaptation and in silico cloning, the vac-
cine candidate protein sequence was reverse transcribed into the 
nucleotide sequence. Subsequently, the codon adaptation was per-
formed as per the Escherichia coli (E. coli) K12 strain. The CAI-value and 
GC% of the initial sequence were 0.63 and 61.51%, respectively, 
whereas these were improved in the codon adapted sequence as per 1.0 
and 52.03%, respectively. The restriction sites of Eco53KI and EcoRV 
enzymes were not found in the vaccine sequence, so it was safe to use 
these enzymes for in silico cloning purposes. For this purpose, the cutting 
sequence of each enzyme was embedded in the vaccine sequence along 
with Shine-Dalgarno (AGGAGG), H6-tag and start/stop codon se-
quences. Finally, a successful clone of 5133 bp was obtained following 
insertion of the fragment into the pET28a(+) vector (Fig. 7). 

Fig. 2. The predicted secondary structure of the vaccine model. (A) GOR IV server results indicated that 70.73%, 24.12% and 5.15% of the multi-epitope sequence 
are dedicated to the alpha helix (blue H), random coil (yellow C) and extended strand (red E), respectively. (B) Graphical illustration of the secondary structure by 
PSIPRED server. (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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4. Discussion 

The association between human being and HD dates back to antiq-
uity, when ancient researchers implied to hepatic fluid-filled sacs [36]. 
This zoonotic threat is still prevalent around the world, particularly in 

underdeveloped countries, where there exists a close relationship be-
tween human population, livestock and domestic dogs [2]. Thus, 
implementation of immunization approaches would be an expedient 
cornerstone to prevent CE transmission. So far, three vaccination stra-
tegies have been utilized to combat CE, including crude antigens or live 

Fig. 3. Protein modelling and validation. (A) The final 3D model of the multi-epitope vaccine gathered following homology modelling on I-TASSER web server, as 
shown in ribbon and surface. (B) Ramachandran plot analysis of the initial model by MolProbity, 84.7% and 96.2% of the residues in favored and allowed areas, 
respectively. (C) MolProbity results for the refined model showed 94.8% and 99.5% of the residues in favored and allowed regions, respectively. 

Fig. 4. Predicted conformational B-cell epitopes by ElliPro tool of IEDB analysis Resource.  
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vaccines, DNA vaccination and recombinant protein vaccines [13]. 
Regarding vaccination using live organism or crude antigens, various 
inoculums were used such as whole-body homogenate of E. granulosus s. 
l., carbohydrate-rich fraction and hydatid cyst fluid [37,38]. However, 
there was some fundamental drawbacks in such protocols, comprising: 
1) inconsistency in achieved immunity, 2) lack of sufficient and sus-
tained specific antibody production and 3) short shelf-life and safety 
issues of live vaccines [39,40]. Further, DNA vaccines emerged with 
improved characteristics such as durable immune responses, priming 
both humoral and cell-mediate immunity, mass producible using 
biotechnologically-engineered procedures as well as the production of 
the native state of a particular candidate antigen [41,42]. Moreover, a 
number of vaccine candidates were previously constructed by making 
use of some immunoprotective E. granulosus s.l. antigens in recombinant 
forms [43–45]. A vaccine against E. granulosus, EG95, is already on the 
market to be applied in sheep, with proven reliability during experi-
mental trials in Argentina, New Zealand, Australia, China, Chile, 

Romania and Iran [46]. Nevertheless, the whole amino acid sequence of 
a given antigen may not bear immunogenic features, hence, it is highly 
recommended to consider multiple antigens for improved immune re-
sponses. With the progress in the computer sciences and the advent of 
bioinformatics, as an inter-disciplinary branch, identification of immu-
nodominant epitope regions has been simplified, which inevitably en-
hances the design and evaluation of vaccination strategies against CE. 
Employing immunoinformatics algorithms in the context of web-based 
servers and standalone software programs would boost this kind of 
vaccinology approach [13,47]. 

Much of our knowledge about the immunological mechanisms of 
E. granulosus s.l. infection has been gained in the last two decades, with 
progressive “omics” data [48,49]. Regarding humoral responses, IgM, 
IgE and IgG levels, in particular IgG1 and IgG4 subtypes, would increase 
against CE, whereas the cellular immunity include a dichotomy between 
T helper 1 (Th1) and Th2 responses. A Th2/T regulatory profiles and 
increased IL-10 levels represent active, chronic cysts with possible 

Fig. 5. Disulfide engineering of the vaccine protein. (A) Initial model; (B) Mutant model.  

Fig. 6. Docked complex of the vaccine construct with human MHC-I (HLA-A0201) and MHC-II (HLADRB1*03:01) molecules. (A) Designed vaccine peptide (cyan) 
has interaction with chains A (blue) and C (red) of the MHC-I molecule; (B) Designed peptide (cyan) has interaction with chains A (green), B (red), D (magenta) and E 
(blue) of the MHC-II molecule. (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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resistance to treatment, while Th1 is protective and benefits the host. 
Therefore, the type and composition of the immune response against the 
parasite would remarkably impact disease progression and outcome, 
from self-cure (resistant) to rapid host fatality (high-susceptible) [50, 
51]. Thus, control of CE immunopathogenesis is significantly associated 
with the balance between Th1/Th2 responses. Hence, it is of utmost 
importance to design novel vaccine candidates against this infection. 
Current study was aimed to explore the potent immunostimulant epi-
topes of EgA31 and EgG1Y162 antigens of E. granulosus s.l. for engi-
neering a multi-epitope vaccine model to better prevent CE. 

At first, both antigens were selected among a number of E. granulosus 
s.l. molecular candidates, represented in a review article by Pourseif et al 
(2018). Before, these antigens were shown as potential vaccine candi-
dates against the infection [52], but without any available information 
about their immunodominant epitopes to engineer a 
multi-epitope-based immunization approach. 

From a biochemical viewpoint, a number of four structural levels 
exist for a protein molecule, including: I) primary structure representing 
the amino acid sequence, II) a native spatial form due to main chain 
atoms (α-helix and β-fold) called secondary structure, III) protein model 
in space as a 3D model or tertiary structure, and IV) number and position 
of multi-fold subunits in a multisubunit collection of a protein as qua-
ternary structure [52]. Here, we appraised the physico-chemical prop-
erties of the designed multi-epitope vaccine candidate using ProtParam 
server. Based on the results, the protein molecular weight was 39.14 
kDa, being used as an indicator in the protein SDS-PAGE electrophoresis 
and western blot analysis. Another useful parameter was the theoretical 
pI, estimated to be rather acidic in nature (5.33), being advantageous for 
protein purification by ion-exchange chromatography and isoelectric 
focusing. The multimeric vaccine model was classified as stable, with 
instability index of 39.29. A negative GRAVY value (- 0.355) was 
calculated for the protein construct, suggesting hydrophilic nature of the 
molecule. Based on the aliphatic index (90.11), the molecule possessed 

very high thermotolerance. Altogether, such biochemical factors are of 
utmost significance for further extraction/purification procedures in 
future experimental studies. 

The antigenicity of the vaccine model was assessed by ANTIGENpro 
and VaxiJen v2.0 servers. The servers output showed that the multi- 
epitope protein is antigenic in nature, with calculated probability of 
0.9377 and 0.6655, respectively. Next, no allergic reactions should be 
elicited by the vaccine candidate; for this purpose, we utilized two web 
servers, AllerTOP v2.0 and AllergenFP v1.0. Both of these web servers 
showed that the protein is a non-allergen molecule. Also, the predicted 
solubility upon protein overexpression in E. coli host demonstrated the 
protein as soluble with probability of 0.788149. In the following, GOR 
IV and PSIPRED web server were used to represent the contribution of 
amino acids in alpha helix, extended strand, beta turn and random coil, 
as the protein secondary structure. Consequently, GOR IV server output 
was as follows: 70.73% alpha helix, 24.12% random coil and 5.15% 
extended strand. The stringent hydrogen bonds, mostly located inside 
the protein, would maintain the alpha helix and β-sheets of the protein 
secondary structure. Random coil and β-turns are frequently protruding 
structures on the protein surface [53]. The potent homology modelling 
online server, I-TASSER, was used for the prediction of tertiary structure 
of the vaccine model. The model built by this server was further sub-
jected to the refining process, by GalaxyRefine online software, to yield a 
high-quality 3D structure. The best refined model possessed the 
following quality scores: GDT-HA of 0.9614, RMSD of 0.381, MolProbity 
of 1.963, Clash score of 12.4, Poor rotamers of 0.7 and Rama favored of 
94.8. Subsequently, the refinement quality was validated by two web 
servers including ERRAT quality actor and MolProbity, which showed 
relative improvement in the vaccine sequence, comparable to the crude 
model. Induction of B-cells and subsequent humoral responses are sub-
stantial for neutralizing-antibody responses against CE, particularly in 
early infection. For this aim, we predicted the conformational B-cell 
epitopes of the multi-epitope vaccine sequence via ElliPro tool of the 

Fig. 7. In silico restriction cloning of the gene sequence of the vaccine construct into pET28a(+) expression vector.  
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IEDB server. The results determined five immunodominant non-linear 
B-cell epitopes in the sequence with 32, 57, 43, 40 and 14 amino acid 
residues, respectively and qualifying scores of 0.811, 0.744, 0.737, 
0.673 and 0.607. Inevitably, such epitopes play a crucial role in the 
quality of antibody-vaccine interactions. 

There is lack of convincing evidence on the protective role of toll-like 
receptors (TLRs) against CE, even it has been remarked that TLR an-
tagonists and/or negative regulator agonists could have a critical func-
tion to increase the immunity against the parasite [54,55]; hence we 
performed the molecular docking study by using the human MHC al-
leles. The results confirmed that our designed multi-epitope vaccine 
possessed affinity to both HLA-A0201 (MHC-I) and HLADRB1*03:01 
(MHC-II) molecules, with lowest energy scores of − 1079.3 and − 965.4, 
respectively. Empirically, CAI and GC% values are significant parame-
ters for efficient protein expression in E. coli prokaryotic host. In general, 
a DNA sequence having 30%–70% GC content and CAI value of 0.8–1 is 
appointed as good for expression in the respective host. The codon 
adaptation results on the multi-epitope vaccine sequence showed 1.0 
and 55.38% CAI value and GC%, respectively, suggesting improved 
expression in the E. coli K12 strain expression system. Finally, the 
designed, codon-adapted vaccine construct was successfully ligated into 
the pET28a(+) vector for heterologous cloning and expression. 

E. granulosus s.l. demonstrates high antigenic potentials, which could 
be directed towards several approaches including immunoprophylaxis 
purposes. Also, due to the complexity of the parasite life cycle, it is 
highly recommended to employ several antigens, involved in different 
life stages, in the context of a multi-epitope vaccine candidate using 
immunoinformatics methods. Due to encouraging outputs of this study, 
this vaccine candidate could be expressed in various prokaryotic and/or 
eukaryotic hosts for further in vitro and in vivo evaluations. The edible 
and nucleic acid-based vaccine delivery systems could be readily used 
comparable to the injectable recombinant protein vaccines, which 
require additional in-vitro steps. Moreover, the stability and cellular 
uptake efficacy of the vaccine candidates could be enhanced using non- 
viral delivery systems (e.g., polymeric and lipid nanoparticles) as well as 
in vivo transfection systems (e.g., gene gun and electroporation) [56]. 

5. Conclusion 

Considerable parts of the world still suffer from the HD and its 
consequences. This zoonotic infection mostly happens in underdevel-
oped nations, where traditional animal husbandry, particularly in rural 
areas, provides a basis for facilitated transmission of the infection be-
tween, domestic/stray dogs, livestock or occasionally humans. There-
fore, vaccination strategies would be beneficial in such areas of the 
world. Current computer-aided study was directed to identify immu-
nodominant B-cell and MHC-binding epitopes of EgA31 and EgG1Y162 
antigens of E. granulosus s.l., and to characterize the biochemical fea-
tures of the subsequently-engineered multi-epitope vaccine construct 
using bioinformatics approaches. In the following, it is mandatory to 
further validate the proposed vaccine regarding cross-reactivity, effec-
tive dose determination, total antibody titers, lymphocyte proliferation 
and cytokine production assays as well as potential toxicity in the 
context of proper animal model challenges. Actually, the findings of this 
investigation could theoretically assist for future immunization against 
CE in the context of in vivo experiments. 
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