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Abstract Boophilus tick is a bloodsucking ectoparasite that transfers some pathogens, reduc-
ing production and thus leading to economical losses in the cattle industry. Tropomyosin
(TPM) protein is a salivary protein, has actin regulator activity, and plays an important role in
immune reactions against parasites. In the current study, besides developing a safe, effective,
and broad spectrum protective measure against Boophilus genus tick based on TPM protein,
we attempted to minimize possible problems occurring in the design of polytopic vaccines.
Briefly, the steps that were followed in the present study were as follows: retrieving sequences
and finding the mutational/conservative regions, selecting consensus and high immunogenic
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epitopes of B and CD4" T cells by different approaches, three-dimensional structure (3D
structure) prediction and representation of epitopes and highly variable/conserve regions,
designing vaccinal construct by fusion of B and T cell epitopes by special patterns and
improving immunogenicity, evaluation of the constructs’ primary structure and posttransla-
tional modification, calculation of hydrophobic regions, reverse translation, codon optimiza-
tion, open reading frame checking, insertion of start/end codon, Kozak sequence, and finally
constructing the DNA vaccine. Variation plot showed some shared epitopes among the ticks’
and mites’ species that some might be effective only in some species. Finally, by following the
steps mentioned above, two constructs for B and T cells were achieved. Checking constructs
revealed their reliability and efficacy for in vitro production and utilization. Successful in silico
modeling is an essential step of designing vigorous vaccines. We developed a novel protective
and therapeutic vaccine against Boophilus genus (based on TPM protein). At the next step,
constructed DNA vaccine would be produced in vitro and administrated to cattle, and its
potency to induction of immune response and protection against Boophilus genus as well as
other ticks and mites will be evaluated.
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Introduction

Ticks are bloodsucking ectoparasites of human and animals. Tick paralysis, weight loss,
anemia, damage to skin and leather, and reduction in animal production are the effects of host
tick infestation. They can also transmit viral, bacterial, and protozoan pathogens [1, 2].

Exposure of some cattle breeds to Boophilus (syn. Rhipicephalus) microplus results in
partial protective immunity. It has been shown that inoculating extracts of salivary glands,
intestine, interior organs, and cement materials of ticks to hosts induce a strong immunity
against some genera of ticks [3]. There are also several lines of evidence of immunity
induction against ticks using protein antigens. Vaccines such as Bm86 and Bm95 are available
in the market for the partial control of B. microplus; however, producing more effective
vaccines needs exploration of new antigens and making novel recombinants [3]. Using
Bm86 protein peptides’ parts as a peptidal vaccine has been studied [4, 5].

Tropomyosin (TPM) protein is among the antigens present in the ticks’ saliva. This protein
has interspecies conservation, binder, and actin regulator properties that are important in the
contraction of muscles. It has also actin regulator activity and plays an important role in
immune and allergic reactions [6]. TPM has been introduced as a vaccine candidate in several
parasites [7], which causes cross-reactivity due to conservation. Also, some of the epitopes of
this protein are produced due to posttranslational glycosylation [8, 9]. On the other hand,
immunity against this protein induces IL10 and increase in suppressor cells, so it can
be used as an effective antigenic vaccine against filarial nematodes by induction of
Thl responses [9, 10]. Wright showed that injecting a mixture of recombinant
proteinal paramyosin, tropomyosin, cathepsin L, cathepsin D, and a histamine-
releasing factor to birds, as well as a mixture of antitropomyosin and antiparamyosin
antibodies, caused an increase in the death of Dermanyssus gallinae mites; hence,
tropomyosin and paramyosin are potential vaccine candidates [10]. Also, Huntley and
colleagues showed that Psoroptes ovis tropomyosin produces IgG and IgE antibodies
in infested sheep [11]. Finally, injecting troponin-like P27/30 recombinant protein to
mouse and rat has induced immunity responses against Haemaphysalis longicornis;
therefore, muscular proteins can be used as tick vaccines [12].
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DNA vaccines are able to trigger both cellular and humoral immune responses. DNA
immunization based on polyepitope-based DNA immunization is powerful in the induction of
T cell responses as well as in B cells. T lymphocytes play a central role in the generation of a
protective immune response in many microbial infections; hence, the identification of peptides
that stimulate T cell responses is a critical requirement for the development of successful
epitopic vaccines [13, 14]. Polytope vaccine codes a series of T and/or B cells which induces
cytotoxic T cells (CTL), helper T cells (Th), or B to a specific epitope [15-19].

Vaccines are usually made from killed pathogens or from their reduced pathogenic forms.
Desirable vaccines have properties such as safety, assured nondisease making, flexibility,
improvability and ability of choosing the type of immunity, stronger immunity response,
and covering a wider spectrum of pathogens. These vaccines can consist of peptides that
introduce B cell linear epitopes from a pathogen protein. With immunization of animals with
synthetic peptides containing linear B epitopes and CD8" T, we cause the production of an
antibody against a specific protein that can be used as a prevention tool [20-22]. Epitope-based
immunizations have shown significant results in animal models in clinical tests, as well as have
shown prevention and treatment properties [23].

Previous researches showed that immunogenicity of recombinant proteins or polytopic
vaccines is significantly lower than classical inactive or attenuated in clinical challenges [16,
24, 25] due to rapid clearance of recombinant protein, small size of synthetic peptides, and lack
of suitable and effective epitopes for Th cell [26-28].

Some defined approaches for improving the immunogenicity and effectiveness of antigenic
epitopes in DNA vaccines are increasing the number of antigenic epitopes (redundancy)
concerning multiple Th cell epitopes and enable the insertion of antigenic epitopes into
immunogenic adjuvants or a carrier protein [17, 25].

In the current study, besides designing and developing a safe and effective vaccine that
could help protect cattle against the Boophilus genus tick based on TPM protein, we attempted
to minimize possible problems that occur in designing peptide (polytopic) vaccines before,
which caused low effectiveness, by modification and innovation of the designing process to
create a broad spectrum vaccine that covers some ticks and mites.

Materials and Methods
Retrieving Sequences and Entropy Plot for Finding the Mutational/Conservative Regions

Complete protein sequences of TPM of B. microplus and TPM sequences of other ticks and
mites were retrieved from the UniProtKB (http://www.expasy.org/uniprot) database. Obtained
sequences were aligned, analyzed, and trimmed in BioEdit software version 7.7.9. Then,
Shannon entropy values were measured to define the conserved regions since the epitopes
from highly conserved regions are likely to elicit more immune responses [29, 30]. This
Shannon entropy analysis measures variation at each amino acid position in the set of aligned
sequences.

Prediction of B and CD4" T Epitopes
Recently, Ranjbar et al. [31] studied immunoinformatic features of the TPM protein in
B. microplus with respect to different physicochemical profiles and machine learning ap-

proaches for B and CD4" T cells. In the study, finally, six peptides were found to have a
consensus and used for in silico concatenation: AAgsr_go(NH,-
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EQLSQANSKLEEKDKALQA-COOH), AA;7o 155(NH;-AMVEADLERAEERAETG-
COOH), and AA, »13(NH,-VGNNLKSLEVSEEKALQKEET-COOH) for B cell and epi-
tope AA;9>_207(NH,-LEEELRVVGNNLKSL-COOH), AA, 5 233(ETYEMQIRQMTNRLQ),
and AAz ;1 236(EMQIRQMTNRLQEAE) for T cell. Epitope AA 9, 297 predicted for T cell
was shared between some alleles, so it was selected as a major epitope.

3D Structure Prediction Using Homology Modeling and Representation of Epitopes
and Highly Variable/Conserved Regions

Local alignment search using BLASTP was employed against Protein Data Bank (PDB) to
select a suitable template—homologous sequence—to create a putative 3D model of
Boophilus TPM protein [32]. Comparison of homology models with the template proteins
reveals similarities which allow biochemical and biological functions to be inferred. Homol-
ogy modeling was used to build a 3D model of the chosen sequence using Modeller software
version 9v8 [33]. The 3D structure of protein representation of the location of epitopes and
highly variable/conserved regions in this structure was visualized with CCP4mg software [34].

Designing and Modeling Vaccinal Construct, Fusion of B and T Cell Epitopes by Special
Patterns, and Improving Immunogenicity

To obtain maximum yield in immunization, it is crucial to understand and respect immunology
system response rules. Besides, it is important to consider placing patterns of epitopes in the
right positions near each other, their antigenicity scores, and way of their composition, number
of each epitope in the construct, spatial limitation, and immunodominancy of epitopes. To
overcome these challenges, we incorporated two repeats of each epitope in construct, linkers,
and more distances between epitopes by insertion of two more amino acids to the termini of B
cell epitope so that these strategies have several benefits.

Also, in the NH, and COOH termini, different epitopes are considered to improve the
immunogenicity of the construct. For noninterfering and immunodominancy reasons of
epitopes or even the formation of a new epitope, we inserted a linker sequence of NH,-
GGSSGG-COOH. For releasing of construct from cells in the host body (signal peptide),
controlling metabolism, and rapid removal of B cell construct from the body due to small size,
a constant heavy chain region of cattle immunoglobulin G (scIgG) (secretory signals) was
fused to B cell RE from NH, end to obtain RE-sclgG.

In case of CD4" T epitopes, specific motifs were inserted within the optimized protein
sequences to provide target-specific cleavage in proteasomal and lysosomal degradation
machineries. NH,-KFERQ-COOH sequence was placed at both the -NH, and -COOH termini
of each CD4" T epitope [35, 36]. Epitopes were arranged randomly in the construct except
epitope AAj9p 207 that was shared a epitope between some alleles. Also, one of these repeats
was located in the center region of the construct. DNA vaccines have multiple proteins in-
frame on a single construct. The addition of an antigenic segment—the sequences related to
the adjuvant—can also be added to enhance vaccine potency and efficacy [37].

PADRE (universal T helper Pan DR epitope) is a synthetic immunogenic Th epitope,
engineered by introducing anchor residues for the different DR motifs of MHC II into a
polyalanine backbone [38] resulting peptide to bind a variety of DR molecules (pan DR-
binding epitope) [39]. This sequence (AKFVAAWTLKAAA) was added to the C-terminal of
the designed T cell construct. Challenge studies revealed that the parasite load was signifi-
cantly decreased by Poly/hsp/vector vaccination in comparison to other forms of vaccines [40].
For enhancing T cell construct activity and improving immunogenicity of our DNA vaccine,
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polytope fused with small heat shock protein (HSP) (Poly/hsp/pVAX1) of Boophilus
annulatus (accession number: EOYPCO) was also added to the C-terminal of Th construct
after PADRE sequence [41]. This HSP sequence contains a complete coding region of this
protein with a length of 180 AA and separated by three lysine spacers (AAA) from PADRE.

Primary Structure Prediction of Constructs and Posttranslational Modification

Protein sequence statistics for B and T constructs including length, molecular weight, isoelec-
tric point (IEP), total number of positive and negative residues, instability index, grand average
hydropathicity (GRAVY), aliphatic index, and amino acids distribution was computed using
the EXPASy ProtParam server (http://expasy.org/cgi-bin/protpraram). ProtParam results exhibit
the physicochemical parameters of uncharacterized proteins. For posttranslational
modification analysis, NetNGlyc 1.0 (Gupta et al., in preparation), NetCGlyc 1.0
[42], NetOGlyc 4.0 [43], DictyOGlycl.1 [44], NetAcet 1.0 [45], and NetPhos 2.0
[46] were applied. The NetNGlyc server (Gupta et al., in preparation) predicts N-
glycosylation sites in human proteins using artificial neural networks that examine the
sequence context of Asn-Xaa-Ser/Thr sequons. NetCGlyc 1.0 [42] produces neural
network predictions of C-mannosylation sites in mammalian proteins. The NetOglyc
server [43] generates neural network predictions of mucin-type GalNAc O-
glycosylation sites in mammalian proteins. The DictyOGlyc server [44] provides
neural network predictions for GIcNAc O-glycosylation sites based on processes
known for Dictyostelium discoideum proteins. The NetAcet 1.0 server [45] predicts
substrates of N-acetyltransferase A (NatA). The method was trained on yeast data, but
it obtains similar performance values on other substrates acetylated by NatA orthologs. The
NetPhos 2.0 server [46] produces neural network predictions for serine, threonine, and
tyrosine phosphorylation sites in eukaryotic proteins. All these services can be accessed at
http://www.cbs.dtu.dk/services/.

Calculation of Hydrophobic Regions

By using the algorithm of Kyte and Doolittle [47], we evaluated the B and T cell TPM
constructs for hydrophobic and hydrophilic regions. Peak and down regions represent hydro-
phobicity and hydrophilicity, respectively.

Reverse Translation and Codon Optimization

The B and T cell TPM protein construct was backtranslated into nucleotide sequences using
backtranseq program of mEMBOSS 6.0.1 (http://www.ebi.ac.uk/Tools/st/emboss_
backtranseq/). The degeneracy of the genetic code makes backtranslation potentially
ambiguous because most amino acids are encoded by multiple codons. Backtranseq was
limited to codon uses within the Bos taurus [48]. Codon optimization is a technique for
higher gene expression of vectors used in DNA vaccination to achieve optimum expression of
a foreign gene in the host cells’ body [49]. Large numbers of C-G sequences in the messenger
RNA (mRNA) can inhibit protein translation from increased formation of secondary structures
[50] and, therefore, increase mRNA stability that significantly improves immune responses
[51]. Codon optimization has improved the production of constructs leading to higher yields of
antibodies [51]. Constructs were optimized by the codon adaptation tool server (http:/www.
jeat.de/Start.jsp). The optimization generates enhanced T cell response [52, 53] and antibody
induction [54, 55].
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Insertion of Start/End Codon and Kozak Sequence

At the -NH, and -COOH terminus of each construct, an initiation codon ATG and a
termination codon TAA were added. Furthermore, to enhance in vitro expression and mRNA
stability, the Kozak consensus sequence was inserted upstream of the constructs [56].

Prediction of Open Reading Frame (ORF)

For assurance of correct open reading frame, we used the gorftool available at the NCBI server
(http://www.ncbi.nlm.nih.gov/gorf/). This tool identifies all open reading frames using the
standard or alternative genetic codes.

Constructing DNA Vaccine

We selected the commercially available vector pVAX1 approved for clinical use as an expres-
sion system to design a DNA vaccine. The plasmid backbone and the transcriptional unit are
two main parts of a DNA vaccine plasmid. The transcriptional unit contains the promoter and
our inserted construct. pVAX1 contains apUC Escherichia coli origin of replication. As the
pVAXI1 vector is a nonfusion vector, it requires insertion genes, so we added Kozak translation
initiation sequence (ACC sequence), start codon (ATG), and a termination codon (TAA) to our
optimized constructs. pVAX1 is a pUC-based vector that is designed to stimulate cellular as
well as humoral immune responses [57]. Kozak sequence is a sequence flanking the initiator
codon within the mRNA that helps its recognition by eukaryotic ribosomes and increases the
expression level of constructs [58]; therefore, we inserted it to the upstream of our construct.

Results
Entropy Plot

Based on the entropy plot, five highly variable regions (38 and 39, 45, 65-67, 227, and 229—
231) were observed along the TPM protein (Fig. 1). Among the abovementioned sites, position
229-231 was observed to be more highly variable. Besides, highly conserved TPM sequence
(NH,-KIVELEEELRVVGNNLKSLEVSEEK-COOH) in ticks and mites was observed (Res-
idue no. 189-213). This conserved sequence was part of epitope AAjno »1g that was selected
for B cell. Also, AAgs_g7 located in the epitope AAg, g0 Was predicted for B cell, and
concerning near complete similarity of this protein in ticks [31], the mentioned high variability
is very low for ticks and the result of the antropy plot reflects mite cases. Therefore, this
epitope may be less effective in some genera of mites. Besides, epitope AAjgp 297 for
stimulation of CD4" T covers a highly conserved region along the TPM sequence. Epitopes
218-233 and 221-236 for stimulation of CD4™ T cell have highly variable regions in their
termini, and this case is a subject mentioned about B cell epitope (AAg, go) before.

Representation of Epitopes and Highly Variable/Conserve Regions in the 3D Structure of TPM
Protein

The predicted 3D structure of the modeled protein was visualized by PyMOL software. The
positions of highly conserve/variable regions in B and T cell epitopes are depicted graphically

in Fig. 2.
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Entropy (Hx)
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Fig. 1 Variation plot of residues along ticks’ and mites’ TPM sequence. Regions above threshold 1 (shown by
arrows) are parts with high variations playing an important role in vaccine designing

B Cell Construct

The final pattern and location of selected epitopes in the B cell construct is demon-
strated in Fig. 3; the 3’ terminus was fused to cattle IgG heavy chain constant region.
For improving efficacy and convenient antibody bindings to epitopes, two more amino
acids in each terminus of epitopes (white color) were inserted from the intact protein
of TPM.

Highly Conserve Region

Selected TCD4+cell Epitopes
NH2

Highly Variable Regions

Selected B cell Epitopes

COOH

AMVEADLERA ABT

Fig. 2 Graphical representation of conserve/variable regions of B and T cell epitopes in 3D ribbon structure of
TPM protein. Amine (-NH,) and carboxylic acid (-COOH) termini of TPM protein are shown
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Linker Sequence

NH2 COOH

) RE Construct ( The tandem-repeat multiple epitope);

E1: Epitope AAq, g0

E2: Epitope AA;7.185

E3: Epitope AA 50.215

scIgG: Cattle immunoglobulin G heavy-chain constant region

Fig. 3 Schematic diagram depicting the modeled construct for B cell. Sequence of sclgG and its linker is also
shown below the construct where the black color shows the epitopes’ sequences, green the linker, and white the
inserted amino acids

T Cell Construct

Special pattern and redundancy used for fusion of peptide is illustrated in Fig. 4.
El, E2, and E3 are epitopes that were linked to each other by a linker. PADRE and
HSP improving immunogenicity and IgG k work as the Leader sequence (signal
peptide).

Leader sequence

@ m N2

= EDEDED--C OI( DD

E1: Epitope AAg; 507 Center region of epitopic
E2: Epitope AA, .33 part of construct

E3 : Epitope AA ;536

PADRE : universal T helper pan DR epitope sequence

HSP : Small heat shock protein (HSP) of Boophilus annulatus

IgG k : leader sequence used as a signal peptide

KFERQLEEELRVVGNNLKSLKFERQETYEMQIRQMTNRLQK FERQEMQIRQMTNRLQE

EKFERQLEEELRVVGNNLKSLKFERQETYEMQIRQMTNRLQKFERQEMQIRQMTNRLQE
AKFERQLEEELRVVGNNLKSLKFERQ

Linker Sequence

Fig. 4 Schematic illustration for the designed and modeled construct for T cell TPM constructs. In the
shown sequence, black letters show amino sequence of the construct and green letters represent
linkers. It should be noticed that PADRE to HSP and HPS to IgG k are linked together with a three
alanine linker (AAA)
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Evaluation of the Primary Structure of Designed Constructs and Posttranslational
Modifications

In this study, the primary structure of B and T cell TPM construct was predicted using the ExPASy
ProtParam server (http://expasy.org/cgi-bin/protparam). The input sequence and the obtained
results are shown in Table 1. The average length of the protein sequence and the molecular
weight of the constructs are mentioned as well. IEP is the pH point that the surface of protein is
covered with charge, but the net charge of protein is zero. IEP is important for the evaluation of
solubility and the mobility in an electric field. The calculated IEPs were computed to be 9.47 and
4.51 for Tand B cell TPM constructs, respectively. The computed value for T cell TPM construct
is more than 7 indicating that the protein is basic, but for the B cell TPM construct, it is lower than
7, therefore acidic in nature. The high aliphatic index of 67.64 (T construct) and 65.12 (B
construct) indicates that these constructs are stable for a wide range of temperature, while the
instability index (45.47 and 43.57) provides the estimation of the stability of protein in vitro, and
the results classified the constructs with moderate stability. The GRAVY values were negative (—
1.317 for T construct and —0.925 for B construct), which indicate hydrophilicity and better
interaction of the constructs with the surrounding water molecules. Also, physicochemical
analysis revealed that the most abundant amino acid residues were glutamic acid and glycine.

Also, we investigated the presence and patterns of posttranslational modification in constructs
after their expression in mammal cells to improve our understanding of changes undergoing in the
host’s body (Table 2). Machine learning methods showed promising results, and our constructs
are mostly free of much posttranslational modification that could be effective on immunogenicity.
Besides, predicted phosphorylation sites by the NetPhos 2.0 server are depicted in Fig. 5.

Experiments provided lines of evidence that glycosylated proteins may be useful as tick
vaccine antigens enhancing the protective capacity of tick vaccine, and this fact was demon-
strated in recombinant Bm86 and Bm95 proteins as the only commercially available tick
vaccines [3, 59-62]. The GalNAc O-glycosylation was only the type of glycosylation post-
translational modification that was predicted in constructs.

Hydrophobicity is one of the major physicochemical characteristics of epitopes, and
besides, it is an important challenge in cloning and expression of concerned constructs and
helps to evaluate the effectiveness of vaccines. To explore hydrophobic behavior, we used
BioEdit software version 7.7.9, and the results are shown in Fig. 6.

Also, the B and T cell TPM construct had a 100 % chance of solubility using logistic
regression when overexpressed in E. coli. The logistic regression model is a machine learning

Table 1 Calculated parameters for constructs by using the ExXPASy ProtParam

Parameters T cell construct B cell construct

Number of amino acids 144 168

Mol. wt. 18,048.6 17,520.8

p/ 9.47 451

Overall —R and +R 30, 26 20, 36

Inst. 45.47 43.57

GRAVY, Al -1.317, 67.64 —0.925, 65.12

Amino acid frequency Glutamic acid, glycine, and arginine ~ Glutamic acid, glycine, and alanine-serine

Mol. wt. molecular weight, pI theoretical isoelectric point, —R number of negative-charged residues (Arg+Lys),
+R number of positive-charged residues (Asp+Glu), EC extinction coefficient at 280 nm, /nst. II instability
index, A/ aliphatic index, GRAV'Y grand average hydropathicity
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Table 2 Posttranslational modification (PTM) results

PTM type Construct Number

Sites/positions

N-glycosylation sites B and T cell TPM construct

(by NetNGlyc 1.0 server)
GalNAc O-glycosylation sites
(by NetOGlyc 4.0 server)

B and T cell TPM construct 2

C-mannosylation B and T cell TPM construct No
(by NetCGlyc 1.0 server)

GlcNAc O-glycosylation sites by B and T cell TPM construct  No
(DictyOGlyc 1.1 Prediction)

Acetylation sites B and T cell TPM construct No

(by NetAcet 1.0 server)

Phosphorylation sites
(NetPhos 2.0 server)

B and T cell TPM construct 15 for B cell and

9 for T cell

No

B cell TPM construct :
residue 50 and 54

T cell TPM construct:
residue 113

B cell construct: Ser: 13,
Thr: 0, Tyr: 2

T cell construct: Ser: 3,
Thr: 4, Tyr: 2

approach which uses parameters such as molecular weight, amino acid fractions, aliphatic
index, alpha-helix propensity, beta-sheet propensity, average p/, approximate charge average,
and hydrophilicity index for prediction of solubility of recombinant protein [63].

NetPhos 2.0:

predicted phosphorylation sites in Sequence

1 =

| |

Phosphorylation potential

o . | r ‘ || . | | . Il
a 2a 40 =1 E=1%) 100
Sequence position

120

NetPhos 2.0:

1 1 1 I 1

l!
1490

predicted phosphorylation sites in Sequence

Phosphorylation potential

o T T T T T
=} 2e 40 60 =1 100
Sequence position

120 140

Fig. 5 Prediction of phosphorylation sites in B cell (a) and T cell (b) constructs. Each color represents one

phosphorylation site and also related to one amino acid
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Kyte & Docltte S<ale Mean Hydrophoticty Protde.
se o =7

3
Z

0 7 4 € 8 %012 1 % 18 2022 24 26 28 % 32 3 % 39 40 42 44 46 48 10 62 64 46 0 0 62 6

Fig. 6 Hydrophobic profile diagram by using the algorithm of Kyte and Doolittle for TPM constructs. Size of
window was 7. In diagram a (B cell construct) and b (T cell construct), well regions represent hydrophilicity and
are antigenic regions. Regions above threshold (0) are predicted to be hydrophobic regions. Usually hydrophobic
and hydrophilic regions are near to each other

Reverse Translation and Codon Optimization

Expression is typically higher if the gene is codon optimized to match that of the target
organism. Protein sequences of constructs were reverse translated into nucleotide sequences
using the backtranseq program. The codon frequency table for cattle was used to replace each
amino acid of input sequence with the corresponding most frequently occurring codon [48].
Degeneracy of the genetic code makes backtranslation potentially ambiguous as most amino
acids are encoded by multiple codons. From different ways of optimizing the efficiency of a
DNA vaccine, one of the most effective is codon optimization which can enhance the
efficiency of gene expression. It helps to achieve optimum expression of a foreign gene in
the host’s cell system [49]. All codons in sequences of B and T cell TPM construct were
adapted to cattle codon usage to evaluate the optimal codon for each amino acid encoded by
the stretch of DNA. The codons were replaced with the most optimal codon according to the
codon usage tables exploited from the Kazusa Codon Usage Database (http://kazusa.or.jp/
codon). A graphical view of codon optimization before and after optimization is shown in
Figs. 7 and 8.

Final Constructs and ORF Checking

A schematic view of the designed constructs is shown in Fig. 9. ORF examination revealed no
errors, hence showing the possible optimal expression of the construct.
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Reverse translation B cell TPM construct Reverse translation T cell TPM construct

Optimized Codons Optimized

Fig. 7 Reverse translation and codon optimization of constructs in schematic view. GC content of the B cell
construct sequence (antigenic part) before and after adaption was evaluated to be 70 and 76.4, respectively. For T
cell sequence, GC content before and after adaption was 46.5 and 62.2, respectively

Overall Considerations and Steps Followed in This Study

A flowchart for the creation of new synthetic vaccinal construct base on TPM
protein, combining rationale design with immunoinformatics is presented in

Sequence before adaptation Sequence after adaptation

= ! | ~ Bcell construct B cell construct
> [ T T N R T TRt i TR T T} T T T R T R T T TR T TP R T
Codons Codons
[ Relatve adastheness (WD — MeanCodonusage] [ Relative agaptiveness Wb — WeanCodonUsage]
i Sequence before adaptation Sequence after adaptation

| | [ 111
1 ‘ ‘ | H ‘ ‘ | ‘ [ )us
ol
e
|
g
=
B
Sioss|
2o
oo
: ‘-H\‘H‘-~ J;|.\|.H; i) >
s 4 ‘ f
v W LA
| ) T cell construct T cell construct
L) 0 » » @ ) @ ™ " % 10 10 19 19 1@ " 0 £ M r M @ 7o M PR T )
Codons Codons

Fig. 8 Graphical view of codon optimization by J CAT server. The codons’ statuses before (leff) and after (right)
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Fig. 9 The graphical representation summarizes the final T and B cell TPM construct

Fig. 10. The different main steps performed in the complete methodology are

shown.

Discussion

Vaccines are the most efficacious and cost-effective approaches for reducing morbidity and
mortality caused by infectious diseases. Nowadays, it is possible to use a rational step-by-step
approach to DNA vaccine design. By evolution of immunoinformatics methods that utilize a
wide array of bioinformatics applications, rapid progresses occurred in the field of vaccinology
enabling rational design approaches of DNA vaccines [23, 64, 65]. Different advances and

Collection and grouping of TPM protein
Sequences of ticks and mites

Analysis of TPM sequence Variation and conservation
(by multiple alignment, variation plots, phylogeny, pairwise

distance matrix)

T

Prediction and analysis of
secondary structure of protein

Identification of variation
and conserve regions

Prediction of B and T cell epitopes based
on machine learning and physico-

chemical approaches

Modeling of 3D structure of protein

(Fusion of epitopes by special patterns and addition

designing constructs

Evaluation of epitopes and highly
variable/conserve regions in 3D structure

of specific cleavage motifs and linkers)

Improving immunogenicity
(scIgG, PADRE, HSP and etc.)

Reverse translation and codon
optimization of constructs

=)

Hydrophobicity analysis, evaluation
of general characteristics and PTM of
Constructs

=

Checking all steps

Insertion of Kozak/Start/Stop ACC/ATG/TAA

Chemical synthesis of
—> constructs on Vector by

company

Fig. 10 Flowchart of epitope-driven vaccine design followed in this study. It represents key steps of complete

methodology
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strategies were considered for the preparation of tick vaccine [3, 61, 66, 67]. Candidate
proteins for vaccine against ticks are categorized into two groups as cryptic and exposed
antigens. Cryptic antigens predominantly are intestinal, and exposed antigens encompass
salivary glands proteins [59]. TPM is one of the exposed antigens and candidates for vaccine
development [7, 68, 69]. Identification of the immunogenicity and potency of these proteins
for use as a vaccine by bioinformatics methods is one of the major approaches for designing
effective antitick vaccines [70]. The antigen for a polytopic DNA vaccine should be selected
very carefully since it provokes the production of the protecting antibodies and, thus, affects
the quality of the vaccine [71]. With defining a “consensus immunogen,” a term used for
immunogens that overcome the limitation of serotypes or amino acid variation of a pathogen
that causes antibodies only to be effective against some or only one serotype/s or pathogen/s
[71], we used tropomyosin as a broad spectrum candidate antigen for constructing a DNA
vaccine.

There are several bioinformatics and immunoinformatic researches on immunogenic pro-
tein in parasites such as TSOLI18 protein in Taenia solium worm [72], apical membrane
antigen 1 (AMA-1) in Plasmodium vivax parasite [73], oncosphere protein of EG95 in
Echinococcus granulosus cestod [74, 75], and on Echinococcus multilocularis proteins [76].

Here, we have attempted to engineer a suitable epitope-driven vaccine by various bioinfor-
matics approaches. An important topic in vaccination is the improvement of immune responses
by increasing immunogenicity. Multiple approaches exist to enhance the immunogenicity of
DNA vaccines at every level of designing [77], and we used some of these methods such as
selection of consensus highly immunogenic peptides based on physicochemical properties and
machine learning methods, their pattern of arranging and redundancy in constructs, codon
optimization and biased backtranslation, tags such as fragment of cattle antibody, PADRE
sequence, HSP, size of construct, or evaluation of posttranslational modification.

There are numerous reports on the significant enhancement of the immune reaction of T and
B cells by HSP from different pathways in parasites and nonparasites [39, 78, 79]. On the other
side, for the prevention of rapid construct clearance from the host body [27, 28] as the
construct may have a small size, sizes increased by redundancy of epitopes and tags such as
antibody fragments.

Another major goal followed in this study was defining roles for CD4" T cell and a special
construct for this cell to increase effectiveness and achievement of a vaccine, because one of
the important considerations in the stimulation of humeral immunity and outcome immune
responses is the interplay of these cells with B cells [16, 27, 28].

Improved polytope expression through the use of optimization of regulatory elements,
Kozak sequences, and codon usage [80—82] was the other side of the coin that is mentioned in
this study. An essential consideration when optimizing the efficacy and expression of DNA
vaccines is the appropriate choice of a plasmid vector [26]; therefore, we selected pVAX1
which is a commercial vector [57].

TPM protein is highly conserved between species and a cross-reactive allergen between
mites and other invertebrates. Therefore, it may serve as a wide range vaccine candidate
antigen [83]. Thus, vaccine based on TPM of Boophilus genus (B. annulatus or B. microplus)
will cover the Haemaphysalis genus and Ixodes genus and also cross-react with some mites
such as Dermanyssus gallinae, P. ovis, and Sarcoptes scabiei although they might have
different hosts [83, 84]. These conclusions are helpful in the evaluation of the range of
effectiveness of the designed constructs against different parasites.

Taken together, successful in silico designing and modeling is an initial and important step
to design a vigorous vaccine, and furthermore, through increased knowledge of the proteins’
antigenic nature, it is now possible to produce novel protective and therapeutic vaccines
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against parasites. In the current case, at the next step, the constructed DNA vaccine would be
produced in vitro and then administrated to cattle for evaluation of its potency toward the
induction of immune responses and protection against Boophilus tick as well as other ticks and
mites.
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