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ARTICLE INFO ABSTRACT

Keywords: Toxoplasmosis is a zoonotic disease caused by the protozoan parasite, Toxoplasma gondii known to infect almost
Toxoplasma gondii all animals, including birds and humans globally. This disease has impacted the livestock industry and public
Immunoinformatics health, where infection of domestic animals increases the zoonotic risk of transmission of infection to humans,
:}I:g;ry threatening public health. Hence the need to discover novel and safe vaccines to fight against toxoplasmosis. In
GRA7 the current study, a novel multiepitope vaccine was designed using immunoinformatics techniques targeting
Vaccine T. gondii AMA1, GRA7 and ROP16 antigens, consisting of antigenic, immunogenic, non-allergenic and cytokine
inducing T-cell (9 CD8" and 15 CD4™) epitopes and four (4) B-cell epitopes fused together using AAY, KK and
GPGPG linkers. The tertiary model of the proposed vaccine was predicted and validated to confirm the structural
quality of the vaccine. The designed vaccine was highly antigenic (antigenicity = 0.6645), immunogenic (score
= 2.89998), with molecular weight of 73.35 kDa, instability and aliphatic index of 28.70 and 64.10, respectively;
and GRAVY of —0.363. The binding interaction, stability and flexibility were assessed with molecular docking
and dynamics simulation, which revealed the proposed vaccine to have good structural interaction (binding
affinity = —106.882 kcal/mol) and stability when docked with Toll like receptor-4 (TLR4). The results revealed
that the Profilin-adjuvanted vaccine is promising, as it predicted induction of enhanced immune responses
through the production of cytokines and antibodies critical in blocking host invasion.
Introduction health and welfare.

Toxoplasma gondii (T. gondii) is a protozoan parasite known to infect
almost all warm-blooded animals and a causative agent of toxoplasmosis
[1,2]. This parasite comprises a genome of ~ 80 Mb in size and 11
chromosomes [3,4]. T.gondii is an obligate intracellular parasite
belonging to the Apicomplexan family, which harbours a great portion
of infectious disease-causing parasites that are of medical and veterinary
significance, such as causative agents of coccidiosis (Eimeria spp.), ma-
laria (Plasmodium falciparum) and babesiosis (Babesia spp.) [5-7]. These
parasites survive within the host through cycle series of parasite inva-
sion, replication, and damage to host cells that greatly impact animal
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Chicken meat is the main primary source of protein for human
consumption globally, and the presence of T. gondii infection in chickens
would indicate contamination of the environment and an increasing
zoonotic risk for humans since chicken meat is a source of infection for
humans when cooked poorly [8]. Studies indicate that the majority of
human T. gondii infections (approximately 50%) are foodborne and
result from consumption of contaminated meat [9,10]. This encourages
the search for alternative strategies, such as antiparasitic drugs and
developing vaccines to treat and prevent the spread of toxoplasmosis,
which is of public health importance. With increasing studies focusing
on prevalence and characterisation of T. gondii in chickens globally to
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confirm the importance of chicken as a source of toxoplasmasis for other
warm-blooded animals [10-12], it is imperative to find alternative
measures to mitigate the spread of the parasite from intermediate hosts.
Developing vaccine against T. gondii in chickens is critical in hindering
parasite infection transmission from chickens to other livestock or
humans [13,14].

Vaccination approaches against T. gondii infection, including live
attenuated, DNA, protein and multiepitope vaccines, have been previ-
ously evaluated in animal models (mice) to regulate and alleviate the
parasite burden. The currently available prevention strategies against
toxoplasmosis in domestic animals include Toxovax, the only approved
live attenuated vaccine recommended to prevent Toxoplasma infection
in sheep but its efficacy against chronic tissue cysts protection is still
unknown [15]. Several drawbacks highlighted about Toxovax include
short shelf life, possible parasite reversion to its virulent state and
administration limitations [16]. This emphasises the basic criteria of an
ideal vaccine that includes safety, stability, and cost-effectivity, with the
ability to exert protection against infections or diseases by initiating
immune responses. Various research has focused on different antigens
found in the parasite to develop a peptide-based vaccine against
T. gondii, namely, dense granule proteins, microneme proteins, rhoptry
proteins and surface antigens and apical membrane antigens [17-20].
Research works focusing on T. gondii antigens as alternative control
strategies through vaccination have been previously implemented,
verifying the importance of improved control measures to alleviate
toxoplasmosis [17,21-24].

Apical membrane antigen 1 (AMA1) is a crucial, highly conserved
and immunogenic type 1 protein, expressed during the early stages of
the T. gondii life cycle and secreted in the tachyzoite by the micronemes
to facilitate attachment of the parasite to host cells [25]. With cooper-
ation with other antigens, AMA1 facilitates the movement of T. gondii
during initial host invasion by connecting the parasite and host cell
membrane using rhoptry neck proteins (RONs) such as RON2, anchoring
the parasite for invasion [7]. AMALI as a candidate for DNA vaccine has
been shown to stimulate strong cellular and humoral responses [25-28].

The dense granule protein (GRA) has been reported as the main
component of T. gondii vacuoles, protecting tachyzoites, bradyzoites and
the cyst wall [29]. These proteins play a serious role in the survival and
the nutrient/waste exchange mechanism between host cells and para-
sites [30]. Some investigations involving the use of T. gondii antigens
like dense granules (GRA) as vaccine candidates have shown great po-
tential of inducing partial protection against T. gondii strains vaccine,
with some drawbacks revealed as unstable, with the lowest degree of
antigenicity [17,31,32].

The complexity of Toxoplasma’s life cycle resulting in tachyzoites,
bradyzoites, and sporozoites currently drives the search for parasite
stage-specific antigens with the potential of protecting infected hosts
through the discovery of multiepitope-based vaccines, which is an
attractive alternative for the prevention of toxoplasmosis [18]. Hence,
the present study aimed to identify antigenic T-cell and B-cell epitopes
through immunoinformatics techniques and design a potentially cost-
efficient peptide-based vaccine by exploring the T. gondii antigens of
warm-blooded animals, which serves as a base for experimental studies.

Methods and materials
Protein sequences availability and conserved sequences identification

The amino acid sequences of T. gondii apical membrane antigen-1
(AMA1), rhoptry protein-8, 16, and 18 (ROP8,16 and 18), and dense
granule protein-7 (GRA7) isolated from the chicken host were identified
and recovered from the National Centre for Biotechnology Information-
NCBI (https://www.ncbi.nlm.nih.gov/protein/). The sequences were
obtained in FASTA format and aligned through multiple sequence
alignment (MSA) to generate conserved [33] sequences with a minimum
of 15 amino acid residues. The MSA was performed using default
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parameters from the CLUSTALW online server (https://www.genome.
jp/tools-bin/clustalw/) [34-37].

Antigenicity and transmembrane structural analysis

The identified conserved sequences were exposed to antigenicity
testing using VaxiJen v2.0 Server (http://www.ddg-pharmfac.net/vax
ijen/VaxiJen/VaxiJen.html), where selection criteria were set to a
threshold of 0.4 and the target organism was a parasite. The sequences
with a threshold =>0.4 were selected and identified as probable anti-
gens. These antigens were further assessed for transmembrane helix
properties using TMHMM v2.0 server (http://www.cbs.dtu.dk/servic
es/TMHMM)).

Determination of T-cell binding epitopes

The conserved protein sequences that passed the transmembrane
selection criteria were subjected to the NetCTL v1.2 tool (https://ser
vices.healthtech.dtu.dk/service.php?NetCTL-1.2), which is a server
utilised to predict cytotoxic T lymphocytes (CTL) epitopes by generating
potential nonamers using neural networks. The nonamers were identi-
fied using the server’s default parameters, including epitope identifi-
cation threshold of 0.75 and Al supertype. The identified nonamers
were used to predict CD8" epitopes from the IEDB online resources
(http://tools.iedb.org/mhci). The prediction of CD8" epitopes was
achieved using the Stabilized Matrix Base Method (SMM) and parame-
ters including amino acid length of 9.0 residues, and ICsy values of
epitopes < 250 [33]. The helper T-cell (HTL/CD4") epitopes were
identified using the SMM-align (stabilisation matrix alignment) predic-
tion method, allele length of 15 residues, and ICso value < 250 from the
IEDB online server (http://tools.iedb.org/mhcii/). Due to limited data
focusing on chicken MHC alleles in the currently available immu-
noinformatic tools used for MHC -epitope predictions, human HLA al-
leles were chosen and used as an alternative for both epitope
predictions. It has been reported that BF haplotypes of chicken consist of
anchor residues similar to anchor residues found in mammalian MHC,
supporting consideration and use of MHC B locus and human alleles for
epitope predictions in this study [38,39].

The predicted T-cell epitopes were evaluated for antigenicity under a
threshold of 0.5, to identify T-cell epitopes that were probable antigens.
The identified CD8" T-cell epitopes were further tested for immunoge-
nicity and conservancy using the IEDB online resources (http://tools.iedb.
org/immunogenicity/, http://tools.iedb.org/conservancy/) [40,41] and
allergenicity using AllerTop v2.0 tool to filter out allergenic sequences
[42]. The identified HTL epitopes were further subjected to the IFNepi-
tope and IL4pred servers (http://crdd.osdd.net/raghava/ifnepitope/,
http://crdd.osdd.net/raghava/il4pred/) to predict epitopes that could
induce cytokine interferon-gamma (IFN-y) and interleukin-4 (IL-4).

Prediction of B-cell epitopes

The prediction of B-cell epitopes was achieved using the ABCpred
online service (https://webs.iiitd.edu.in/raghava/abcpred/ABC_s
ubmission.html/), which employs an artificial neural network to iden-
tify B-cell regions in a protein sequence. The default parameters of the
server were used in the prediction. The resulting shortlisted epitopes
were inspected using similar immunoinformatics tools as the T-cell
epitopes to determine their antigenicity, conservancy, and allergenicity.

Design of multiepitope vaccine

The final T- and B-cell epitopes identified from all the three antigens
during the prediction stage and were regarded as potential vaccine
candidates were joined together using AAY linkers for CD8" epitopes,
GPGPG linkers for CD4™ epitope, and KK linkers for the B-cell epitope.
The Profilin adjuvant (accession number: KYF40283.1) was also
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attached to the N-terminal of the vaccine with an EAAK linker. The
addition of T. gondii profilin to the vaccine serves a crucial role since
profilin is a protein known to function as a critical ligand recognised by
receptors such as TLR11 and TLR2, crucial for activating host immune
response via Th1 adaptive response during a parasite-host invasion [2].
Adding these linkers and an adjuvant to the vaccine construct aided in
the flexibility and improved stability of the tertiary structure or model of
the proposed vaccine, while the adjuvant enhanced the immunogenicity
of the designed vaccine [22].

Assessment of antigenicity, allergenicity, solubility, and physicochemical
properties of vaccine construct

The designed multiepitope vaccine construct sequence was exposed
to Vaxijen v2.0, AllergenFP 1.0 server (https://ddg-pharm fac.net/All
ergenFP/), and AllerTop v2.0 servers to predict the antigenicity and
allergenicity of the construct [43]. These allergenicity classifier servers
are based on E-descriptors and auto-cross covariance (ACC) trans-
formations. Determining the allergenicity of the vaccine provides insight
into the potential capability of the designed vaccine to induce an allergic
reaction. The solubility of the vaccine construct was further evaluated
by the SolPro server (https://scratch.proteomics.ics.uci.edu), which is
an SVM-based tool used to accurately (~74% accuracy) predict the
solubility of protein sequence through tenfold cross-validation [42]. The
physicochemical properties of the vaccine were assessed via the Prot-
Param53 web server (https://web.expasy.org/protparam/) of the
Expert Protein Analysis System (EXPASY), where the server was able to
calculate parameters such as the amino acid composition of the vaccine,
molecular weight, theoretical isoelectric point (pl), estimated half-life,
instability, and aliphatic index and hydropathicity (GRAVY) [44].

Prediction of tertiary (3D) model, refinement, and validation of vaccine
construct

The designed multiepitope vaccine sequence was subjected to the
RaptorX server (http://raptorx.uchicago.edu) to predict and generate
the vaccine tertiary structure. The resulting 3D structures underwent
molecular refinement, where they were input into the GalaxyRefine
server  (http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE)
[45,46]. Refinement of the tertiary structure resulted in five refined
vaccine construct models from a series of structural perturbations and
relaxations by molecular dynamic simulation[47]. The tertiary struc-
tures were further assessed in reference to residues located in the outlier
and favoured regions of the Ramachandran plot, generated from the
online server PROCHECK [48]. ProSA-web (https://prosa.services.
came.sbg.ac.at/prosa.php) was also employed to evaluate the overall
quality of the designed 3D structure by generating a Z-score for
confirmation.

Molecular docking of multiepitope vaccine with toll-like receptor

The molecular docking of the designed multiepitope vaccine (MEV)
and toll-like receptor (TLR4) was achieved using an online server
(AttractPep: http://www.attract.ph.tum.de/services/ATTRACT/attract.
html) [49] and attract package locally installed from the Centre of High-
Performance Computing (CHPC) Lengau cluster. Before molecular
docking, the active and passive residues that served as the binding site of
the TLR4 and MEV were identified by calculating solvent accessibility
using the Naccess 2.1.1 package (http://wolf.bms.umist.ac.uk/naccess/
) as described by Adeleke et al. [50]. The obtained residues/binding sites
were then submitted to ATTRACT software (http://www.attract.ph.
tum.de/services/ATTRACT /peptide.html) to perform docking of TLR4
and MEV [49]. The results obtained from the online ATTRACT docking
were further submitted to CHPC to complete the molecular docking,
where 50 structures were generated and assessed for binding energies.
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The docked model with the lowest binding energy, regarded as the best,
was visualised using VMD and Chimera v1.14 software [51,52].

Molecular dynamics simulation of the vaccine construct

The tertiary models of the designed vaccine construct and Toll-like
receptor-4 (TLR4) complex were introduced to an AMBER 14 package
[53] to assess the stability of the MEV unbound and when docked to
TLR4 through the molecular dynamics (MD) simulation technique. Both
structures introduced to the AMBER 14 package underwent energy
minimisation, where the input proteins were described using FF14SB
[54]. The topologies of the vaccine structure and the addition of the
missing ions (Cl') and hydrogen atoms to the orthorhombic solvation
box filled with water molecules to neutralise the system were generated
using the LEAP module of AMBER 14 [55]. The energy minimisation
step was performed with 10,000 steps (steepest descents reached at 500
steps and 9500 conjugate gradients) followed by full minimisation at
2000 steps. The final MD simulation was run for 60 ns of NVT (constant
number N, volume V and temperature T). Post MD analysis, parameters
Root Mean Square Deviation (RMSD), Root Mean Square Fluctuations
(RMSEF), principal component analysis (PCA) plot, and dynamical cross-
relational matrix (DCCM) analysis were performed, and the obtained
results were documented graphically.

In silico codon optimisation, cloning, and expression of vaccine construct

Codon optimisation of the designed vaccine was performed using an
online server, Java Codon Adaptation Tool (JCat: http://www.jcat.de/),
where the MEV sequence was subjected to the server to estimate the
codon adaptation index (CAI) and percentage GC content of the
construct and an improved sequence of the construct with optimal
expression probability when introduced to expression vector [56,57]. To
analyse the JCat results, the SnapGene tool (https://www.snapgene.
com/) was used to clone and express the optimised nucleotide vaccine
sequence in the E. coli (strain K12) host. The restriction sites- HindIII
(AAGCTT) and BamHI (GGATCC) were introduced to the final vaccine
construct’s C- and N-terminal sites and inserted into a suitable expres-
sion vector to assess the expression.

Vaccine construct in silico/online immune simulations

To evaluate the proposed vaccine’s ability to induce immune
response through the production of antibodies and immune cells, the
vaccine peptide was subjected to an online C-ImmSim server (http://k
raken.iac.rm.cnr.it/C-IMMSIM/). All simulation parameters were set at
default, with a single injection and vaccine with no lipopolysaccharide
(LPS) selected [58].

Results
Protein sequences availability and conserved sequences identification

A total of 52 amino acid sequences belonging to T. gondii antigens
[AMA1, ROP(8, 16, and 18), and GRA7] obtained from the NCBI
generated 56 conserved sequences when subjected to multiple sequence
alignment (see Tables Sla,b, and c).

Antigenicity and transmembrane structural analysis

The generated conserved sequences were assessed for antigenicity
using the set parameters of the server: threshold value set at > 0.4 and
target organism model set as a parasite, where out of the 52 conserved
sequences, a total of 16 sequences for AMA1, 26 sequences for ROP(8,16
and 18) and seven (7) sequences for GRA7 were found to be antigenic
and exhibited Vaxijen scores ranging from 0.4203 (Table S1b) to 1.7022
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Table 1
CD8" T-cell predicted epitope candidates that overlapped with CD4" T-cell
epitopes and interacted with different MHC I alleles.

Epitope(s) HLA allele(s) ICso Antigenicity Allergenicity
AMA1
AWKNLYFRA HLA-A*30:01 183.218 1.7110 Non-allergen
LVWGSAYAR HLA-A*31:01 37.71 0.6240 Non-allergen
HLA-A*68:01 78.43
HLA-A*33:01 199.09
NQALRGYRF HLA-B*15:01 229.09 1.4794 Non-allergen
PNQALRGYR HLA-A*31:01 143.04 0.9177 Non-allergen
ROP16
LGSGHFGAV HLA-A*02:06 30.307 0.9501 Non-allergen
MMIDVHGFG HLA-A*02:03 45.493 1.2442 Non-allergen
HLA-A*02:06 240.740
NMMIDVHGF HLA-B*15:01 114.815 1.1101 Non-allergen
HLA-A*02:06 201.627
HLA-A*02:03 218.750
SGHFGAVIK HLA-A*30:01 99.763 1.2088 Non-allergen
GRA7
EVHFRKRGV HLA-A*68:02 57.89 1.4716 Non-allergen
FATAATASD HLA-B*35:01 70.08 0.6417 Non-allergen
RKRGVRSDA HLA-A*30:01 36.14 2.0735 Non-allergen

(Table S1a). These sequences were then used as input in the analysis of
transmembrane properties, where a total of nine (9) conserved se-
quences for AMAL, five (5) sequences for ROP(8, 16, and 18), and three
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(3) sequences for GRA7 were detected to fulfil the criteria of the exo-
membrane properties (Tables Sla,b, and c). The exomembrane se-
quences were selected to predict CD8" and CD4™" T-cell epitopes.

Determination of T-cell binding epitopes

The identified conserved sequences that passed transmembrane
analysis were subjected to the NetCTL server to determine nonamers to
induce CD8™ T-cell epitopes. This server generated nonamers from the
genomic sequences, which were further subjected to the IEDB server to
predict T-cell epitopes. The selection criteria for predicting CD8" and
CD4" T-cell epitope included the ICsq value < 250 and an amino acid
length of 9 and 15, respectively. To determine AMAL1 epitopes, a total of

Table 3

B-cell candidates were antigenic, 100% conserved and non-allergens.
Epitope Antigenicity ABCpred score Allergenicity
AMA1
PDAWQSACPNDAVKDA 0.6134 0.91 Non-allergen
PSDNPTQYVGDEGRGW 0.8395 0.83 Non-allergen
ROP16
NNMMIDVHGFGHMLDM 0.9112 0.68 Non-allergen
GRA7
EPDEQEEVHFRKRGVG 0.9012 0.77 Non-allergen

Table 2
CD4" T-cell predicted epitope candidates that are antigenic, conserved and overlap with CD8" T-cell epitopes and interact with different MHC I HLA-alleles.
Epitope(s) HLA allele(s) ICso Antigenicity IFN-y 1L-4 Allergenicity
AMA1
AFLSKCPNQALRGYR HLA-DRB1*01:01 115.00 1.0338 Inducer Inducer Non-allergen
ARALVYGSAFVAEGN HLA-DRB1+*01:01 53.00 1.3220 Inducer Inducer Non-allergen
HLA-DRB1*%15:01 111.00
DAWQSACPNDAVKDA HLA-DRB1+*04:04 202.00 0.6574 Inducer Inducer Non-allergen
DNPTQYVGDEGRGWD HLA-DRB3*01:01 97.00 0.7679 Inducer Inducer Non-allergen
HLA-DRB5*01:01
FLSKCPNQALRGYRF HLA-DRB1*01:01 144.00 1.1204 Inducer Inducer Non-allergen
GGAWKNLYFRAAERR HLA-DRB5%01:01 183.00 0.6663 Inducer Inducer Non-allergen
HLA-DRB1*11:01 217.00
IGGAWKNLYFRAAER HLA-DRB1*11:01 227.00 0.6828 Inducer Inducer Non-allergen
KSSARALVYGSAFVA HLA-DRB1%*01:01 48.00 0.9438 Inducer Inducer Non-allergen
HLA-DRB1*15:01 103.00
LVYGSAFVAEGNPDA HLA-DRB1*01:01 128.00 1.3226 Inducer Inducer Non-allergen
HLA-DRB1*04:04 188.00
HLA-DRB1*04:01 242.00
SAFVAEGNPDAWQSA HLA-DRB1+%01:01 216.00 1.1061 Inducer Inducer Non-allergen
HLA-DRB1*04:04 233.00
SDNPTQYVGDEGRGW HLA-DRB3+*01:01 100.00 0.8846 Inducer Inducer Non-allergen
SIGGAWKNLYFRAAE HLA-DRB1+*11:01 231.00 0.5996 Inducer Inducer Non-allergen
ROP16
ARAELVKTIRQELDV HLA-DRB1*07:01 159.00 0.6346 Inducer Inducer Non-allergen
HLA-DRB4+*01:01 195.00
HLA-DRB1*11:01 206.00
DVKLNNMMIDVHGFG HLA-DRB4+*01:01 246.00 1.1251 Inducer Inducer Non-allergen
LGSGHFGAVIKASLD HLA-DRB1*09:01 94.00 0.8969 Inducer Inducer Non-allergen
HLA-DRB1*01:01 106.00
HLA-DRB1*11:01 111.00
HLA-DRB1*04:05 145.00
HLA-DRB1*07:01 196.00
LPLCQMTLTLPENKA HLA-DRB1+%01:01 240.00 0.5526 Inducer Inducer Non-allergen
RDKLVAKGLTLTETV HLA-DRB1+*01:01 109.00 0.6831 Inducer Inducer Non-allergen
GRA7
DEQEEVHFRKRGVGS HLA-DRB1*11:01 113.00 1.1438 Inducer Inducer Non-allergen
DEQEEVHFRKRGVRS HLA-DRB1%11:01 113.00 1.2338 Inducer Inducer Non-allergen
EQEEVHFRKRGVGSD HLA-DRB1%11:01 115.00 1.2501 Inducer Inducer Non-allergen
PQFATAATASDDELM HLA-DRB1*11:01 115.00 0.6795 Inducer Inducer Non-allergen
QEEVHFRKRGVRSDA HLA-DRB1*11:01 115.00 1.6122 Inducer Inducer Non-allergen
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Fig. 1. Structural prediction and validation of proposed multiepitope vaccine showing (A) Final predicted tertiary model of designed vaccine. The adjuvant is noted
as sea green, CD8™ epitopes (orange), CD4 ™" epitopes (Magenta), B-cells (Cyan) and linkers highlighted as: EAAAK (yellow), AAY (light gray), GPGPG (dim gray) and
KK (green) and (B) Structural validation analysis of designed vaccine with ProSA-web validation server of 3D structure showing Z-score(—7.94). (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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453 nonamers were detected as sequences with the potential to bind to
the major histocompatibility complex (MHC) molecules class I. These
nonamers were further subjected to the MHC-I IEDB prediction tool,
where 88 CD8" T-cell epitopes were predicted. The identified epitopes
were evaluated for antigenicity and immunogenicity, where a total of 56
epitopes were found to be antigenic. The immunogenicity analysis
further reduced the number of identified sequences to only 27 CD8" T-
cell epitopes that were antigenic and immunogenic. More scrutinising
analyses, such as conservancy and allergenicity were performed from
the identified antigenic and immunogenic epitopes, resulting in the
identification of the final four (4) conserved and non-allergenic CD8" T-
cell epitopes. The detailed summary of the final predicted CD8" T-cell
epitopes, showing the ICsg, antigenicity, immunogenicity, and allerge-
nicity scores, are presented in Table 1. The procedure for AMA1 was
repeated for ROP(8,16 and 18) and GRA7 epitopes detailed in Table S2.

The prediction of CD4" T-cell epitopes resulted in the identification
of 146 peptides (AMAL1) from the IEDB prediction tool. These peptides
represented potential CD41 T-cell epitopes that could bind to MHC class
II molecules. When testing for antigenicity, the number of identified
peptides reduced drastically to 96 antigenic epitopes. Following this, the
predicted antigenic CD4 " T-cell epitopes were assessed for their ability
to induce IFN-y and IL-4. For each analysis, 28 and 22 epitopes were
identified as inducers, respectively. Only 12 CD4" Tcell epitopes passed
the conservancy and allergenicity analysis from the identified peptides
and were regarded as the final potential vaccine candidates (Table 2).
Similar prediction procedure was employed for ROP(8,16 and 18) and
GRA?7 epitopes as shown in Table S2.

Prediction of B-cell epitopes

The prediction of B-cell epitopes was achieved using the ABCpred
server, where a total of 61 AMAL1 epitopes were detected by employing
the recurrent neural network at a default threshold of 0.51. The iden-
tified epitopes were further subjected to Vaxijen and AllerTop servers to
evaluate their antigenicity and allergenicity, where a total of 42 B-cell
epitopes were identified as antigenic. From the identified 42 sequences,
20 epitopes were found to be non-allergen. The non-allergenic epitopes
were further assessed for conservancy, where the analysis revealed only
two (2) B-cell epitopes to be conserved, hence regarded as the final
selected B-cell epitopes (Table 3). The prediction of these epitopes was
crucial for the multiepitope vaccine design, as this suggested possible
activation of the specific humoral response.

The procedure used to predict AMA1 B-cells was also employed to
determine ROP(8,16 and 18) and GRA7 epitopes using the antigens’
conserved sequences. The overall results obtained for both antigens
were summarised and presented in Table S2, with the summary of the
final predicted T- and B-cell epitopes shown in Tables 1, 2 and 3. Post-
prediction analysis of the rhoptry antigens showed that all the final
identified T-cell epitopes belonged to ROP16. From the identified final
respective CD8" and CD4" T-cell epitopes, the most antigenic sequences
were observed as RKRGVRSDA (VaxiJen score = 2.0735) and
QEEVHFRKRGVRSDA (Vaxijen score = 1.6122) from the GRA7 antigen,
whereas the sequence with the lowest antigenicity was noted from se-
quences obtained from AMA1 (LVWGSAYAR; VaxiJen score = 0.6241)
and ROP16 (LPLCQMTLTLPENKA; VaxiJen score = 0.5526).

Design of multiepitope vaccine

The final obtained antigenic, conserved, and non-allergenic T and B-
cell epitopes from the three antigens were fused using flexible linkers.
Keeping in mind the size of the vaccine construct, only the top three (3)
CD8* and five (5) CD4" T-cell epitopes and all the B-cell epitopes
identified to be highly antigenic (highest VaxiJen score) were selected
from each antigen and joined together to form the predicted vaccine
construct. This resulted in a final predicted vaccine construct consisting
of three (3) AMA1 + three (3) ROP16 + three (3) GRA7 CTL/CD8"

Vaccine: X 14 (2023) 100347

Fig. 2. The refined tertiary model of MEV construct docked to toll-like recep-
tor-4 (TLR4) complex; where TLR4 is observed as cornflower blue and MEV is
divide into CD8 (Orange), CD4 (Magenta), B-cells (Cyan) and adjuvant (Blue).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

epitopes and five (5) AMA1 + five (5) ROP16 + five (5) GRA7 HTL/
CD4" epitopes respectively and four (4) B-cell epitopes joined using
AAY, GPGPG linkers and KK linkers, respectively. The Profilin adjuvant
(accession number: KYF40283.1) was attached to the N-terminal of the
vaccine construct with the aid of the EAAAK linker. The attachment of
an adjuvant to the designed vaccine construct enhanced the immuno-
genicity of the construct and composition of the vaccine, resulting in a
multiepitope with 695 amino acid residues.

Assessment of antigenicity, allergenicity, solubility, and physicochemical
properties of vaccine construct

To validate the efficiency of the designed multiepitope vaccine, the
construct’s sequence was subjected to antigenicity, immunogenicity,
allergenicity, and physiochemical properties assessment. These assess-
ments revealed the designed vaccine to be non-allergenic, antigenic with
a Vaxijen score of 0.6645 and immunogenic (score = 2.89998). When
evaluating solubility for the final vaccine using Solpro, the obtained
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Fig. 3. Molecular dynamics outputs showing (A) RMSD plot of the complex after MDS generated for 2000 frames, (B) RMDS plot comparing MEV before and after

MDS, (C) RMSD histogram and (D) RMSF plot of MEV-TLR4 complex.

solubility probability of 0.7086 identified our vaccine as highly soluble.
The physiochemical properties evaluated via the ProtParam server
showed that the designed vaccine had a molecular weight of 73.35 kDa,
the theoretical pl of 8.29, indicating the vaccine’s basic nature, with the
instability and aliphatic index of 28.70 and 64.10, respectively. The
estimated half-life obtained when performing the in vivo analyses in
yeast and E. coli was recorded to be over 20 h (hrs) and greater than 10 h
in E. coli. The assessment of the grand average of hydropathicity
(GRAVY) of the vaccine protein provided insight into the protein solu-
bility, where positive GRAVY is regarded as hydrophobic and negative
GRAVY as hydrophilic. In this study, the GRAVY obtained for the
designed vaccine protein was —0.363, indicating the hydrophilic nature
of the vaccine that can easily interact with water molecules [50].

Prediction of tertiary (3D) model, refinement, and validation of vaccine
construct

The tertiary structure prediction and modelling of the MEV construct
was done using the RaptorX online server tool, which generated five
potential models subjected for validation in the ProSA server to assess
the quality of the designed models. Model 2 was selected as the best

Table 4
The energy composition (kcal/mol) of the MEV-TLR4 complex from MMGBSA.

Energy Component Average Std. error of mean Std. deviation
Van der Waal Energy —138.8667 0.4135 15.4512
Electrostatic —649.2601 2.4655 92.1182
Solvation of free energy 753.2494 2.5198 94.1493
Non-polar solvation energy —19.8993 0.0601 2.2463

Gas phase energy —788.1267 2.5387 94.8537
Solvation free energy 733.3501 2.5077 93.6966
Binding energy —54.7767 0.6426

model, with a Z score of —7.69. The best predicted model was also
selected based on the following criteria: GDT-HA (0.9514), RMSD
(0.414), Molprobity (2.044), Clash score (12.4), Poor rotamers (0.4),
and Ramachandran plot (93.2). This model was further subjected to the
Refinement GalaxyRefine tool to improve and modify the vaccine
structure by adding missing residues. The server also predicted five
potentially refined models, where the best refined model exhibiting
higher GDT-HA, low RMSD, low Molprobity, higher % reduction clash
score, low poor rotamers, and higher Rama favoured was selected. The
best model selected from the refined structures was Model 1 (Fig. 1A),
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Fig. 4. (A) PCA analysis of MEV-TLR4 complex showing plots of PC1 vs PC2, PC1 vs PC3 and PC2 vs PC3, and (B) Dynamical cross-correlation map of vac-

cine construct.

which was further subjected to ProSA for validation. The server revealed
the overall model quality of the refined model with a Z-score of —7.94
(Fig. 1B), which was observed to lie within the score range of the
comparable-sized native proteins, indicating good overall model
quality.

Molecular docking of multiepitope vaccine with toll-like receptor

The final refined 3D model of the designed vaccine construct was
docked with TLR4 complex to evaluate their interaction, stability, and
binding affinities/ energies using the pepAttract software and CHPC,
Lengau cluster. The docking of these complexes resulted in 50 binding
confirmations of docked complexes, where the observed binding affin-
ities of the complexes ranged from —3.826 kcal/mol to —151.159 kcal/
mol. The best docked complex selected was model 6, containing the
lowest binding affinity of —106.882 kcal/mol (Fig. 2), suggesting proper
binding and interaction between the vaccine model and receptor.

Molecular dynamics simulation (MDS) of the vaccine construct

The MDS was performed to evaluate the stability and binding
interaction between the docked vaccine complex and TLR4 parameters,

root mean square deviation (RMSD) and root mean square fluctuation
(RMSEF), as shown in Fig. 3A, B and C. To determine the stability and
structural flexibility of the MEV complex, the RMSD and RMSF of the
complex were compared and examined for 60 ns. The fluctuations for
the MEV-TLR4 complex were relatively low, showing the stability and
strong interaction between the designed vaccine and the TLR4 complex.
The RMSD outputs revealed minor complex fluctuations after molecular
dynamic simulation, which were observed ranging between 1 and 4 A
and reaching equilibrium after 4 A (Fig. 3A). When comparing structural
flexibility between MEV before and after MDS, it was noted the MEV
unbound (before docking) exhibited more fluctuations in the system,
whereas the MEV bound (after docking) showed more stability with
complex, and MEV bound reaching equilibrium at 12 A in 40 ns
(Fig. 3B). This reflected a fairly stable interaction between our designed
vaccine and TLR4, further confirmed by the RMSD histogram in Fig. 3C.
The RMSF plot showed fluctuations of the side chain atoms of docked
complex observed at 5-100 (highest peak at 8 A), 400-500, and
600-700 residues (with a peak height of 4 10\) (Fig. 3D). The difference in
peak height between fluctuations may suggest high flexibility and sta-
bility of amino acid residues in the vaccine throughout the simulation,
further confirming the overall stability of the vaccine complex.

The binding energy of the vaccine-TLR complex and other energy
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Fig. 4. (continued).

components were further assessed through the MMGBSA analysis, and
the results are summarised in Table 4. The interaction of MEV and TLR4
receptor was also observed through the PCA analysis, where from the
outputs it was noted that the clustering of residues in PC2 vs PC3 indi-
cated a strong correlation of the MEV-TLR4 complex. This was noted by
the uninterrupted clustering marked in blue, white, and red to show
transitions between the residues (Fig. 4A). The DCCM map of the vac-
cine construct based on C-alpha atoms revealed high diagonal cross-
correlation, where the blue colour represented a positive correlation
and the pink represented negative correlation (Fig. 4B).

In silico codon optimisation, cloning and expression of vaccine construct

Codon optimisation of the designed vaccine was achieved by input-
ting the protein sequence of the proposed vaccine into the JCat server.
The sequence was optimised for optimal expression in the E. coli
expression system (strain K12 as a host). The improved codon sequence
of the designed MEV was observed to have 2085 nucleotides, a CAI of
0.98, and an average GC percentage content of 54.96%. Since the ideal
criteria for optimisation include GC content and a CAI value ranging
from 30 to 70% and 0.8-1.0, the obtained results showed that the
designed vaccine has a high probability of good expression in an E. coli
host. The graphical illustration of the codon optimisation for our vaccine
is represented in Fig. 5A. Prior to in silico cloning, the optimised MEV
sequence was inspected for HindIIl and BamHI restriction enzyme sites.
Since they were not found in the vaccine sequence, these enzymes were
further used for in silico cloning where the adapted codon sequence of
the designed vaccine was inserted into the pET-28a (+) vector using
SnapGene software resulting in a clone consisting of 7105 bp (Fig. 5B).

Vaccine construct in silico/ online immune simulation

The online immune simulation of the designed vaccine revealed
different immune profiles consistent with the expected immune
response of the host, where the vaccine was observed to induce primary
immune response at initial administration of the antigens by stimulating
an increased antibody level of IgM between day 0-5 post initial injection
(Fig. 6A). This was followed by an increase in IgM + IgG, IgG1 + IgG2
and IgGl, indicating the induction of secondary and tertiary immune
response of the host (Fig. 6A). The presence of memory CD8" T-cyto-
toxic lymphocytes-TC (Fig. 6B) and B memory cells (Fig. 6C) is crucial
for the protection of the host as they retain the memory of the antigen to
prevent any possibilities of host reinfection. The gradual increase of
cytokines such as IFN-y, TGF-b, IL-10, IL-23, and IL-12 (Fig. 6D) post-
injection of vaccine antigens into the simulation further confirms and
validates the inclusion of epitopes previously identified as IFN-y and IL-4
inducers into the proposed vaccine. These findings greatly improve the
designed vaccine’s efficacy and capability in inducing host immune
response (Fig. 6B), correlating with the prediction of IFN-y epitopes in
the vaccine.

Discussion

Toxoplasmosis currently poses a great threat to animals and humans
worldwide, with ~ 30% of the world population suffering from this
disease [22]. With limitations on the treatments currently available to
effectively combat and eradicate this parasite, the need for novel alter-
native strategies to treat and prevent this disease, such as developing an
efficient and safe novel vaccine by exploring the parasite invasion ma-
chinery (antigens) is crucial. To control T. gondii infections, DNA
vaccination has been considered an appropriate strategy to fight against
toxoplasmosis through the activation of long-term host immune
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responses [56].

The present study explored critical T. gondii proteins including AMA,
ROP, and GRA proteins, that form part of the parasite’s life cycle and
invasion mechanism used for host invasion. The immunoinformatics
techniques successfully predicted 20 AMA1, 10 ROP16, and 9 GRA7
epitopes that were conserved, antigenic, and highly immunogenic. The
use of immunoinformatics techniques for epitope prediction proved
advantageous, as they drastically reduced the time for the analysis
procedures and showed high precision in epitope prediction [59]. Pre-
vious research has implemented these techniques in the search for
control strategies against toxoplasmosis [17,21,22], verifying the
importance and need for current and improved control measures to
alleviate toxoplasmosis.

The predicted multiepitope DNA vaccine with a profilin adjuvant
comprised 695 amino acid residues and molecular weight of 73.35 kDa.
Considering drawbacks noted with multieiptopes vaccines such as low
antigenicity and immunogenicity, construction of the proposed vaccine
in this study selected the best B and T-cells based on their high anti-
genicicty score and the inclusion of adjuvant in DNA vaccine greatly
improved the immunogenicity of the construct; allowing for an
enhanced immune response with a lower dose of inactivated antigen
[60-62]. This can be confirmed by immunogenicity scores of the
designed vaccine obtained before (immunogenic score = 2.17697) and
after (immunogenic score = 2.89998) the addition of adjuvant. The
online immune simulation analysis profiles (Fig. S1A) also showed that
less antigen dose (indicated by the black line) was needed to stimulate
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the response of the B-cell population when the profilin-adjuvanted MEV
(500 at day 0-5 and 280 between day 15-20) was injected into the
system compared to injection of MEV without the adjuvant (700 at day
0-5 and 480 between day 15-20). This difference can also be observed
when comparing antibody levels in plasma B lymphocyte profiles in
Fig. S1B.

The vaccine construct was assessed for physiochemical properties,
where it was predicted to be basic and thermostable with theoretical pI
of 8.29, instability and aliphatic index of 28.70 and 64.10. The observed
GRAVY of —0.363 indicated the proposed vaccine as hydrophilic,
implying easy interaction with water molecules. With the instability
index and molecular weight < 40 and < 110 kDa, respectively, the
designed vaccine fits the criteria of a stable vaccine candidate appro-
priate for development [22,56,63]. The structural validation revealed
that the proposed refined vaccine model had a quality z-score of —7.94
(Fig. 1B), indicating that the overall structural quality of the designed
vaccine model was satisfactory. When exposed to molecular docking
with TLR4, the resulting vaccine complex (Fig. 2) exhibited strong
hydrogen bonding interaction with the lowest binding affinity recorded
as —151.159 kcal/mol. The interaction observed with the TLR and
designed vaccine suggests that the proposed MEV can potentially acti-
vate TLRs in the presence of T. gondii infection, stimulating antigen-
presenting cells (APCs); T- and B-cell activation resulting in an
improved immune response against the parasite.

The binding interactions, stability, and flexibility of the docked MEV-
TLR4 complex was further confirmed by molecular dynamics simulation
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outputs MMBSA energy composition results (Table 4), RMSD and RMSF
(Fig. 3). The results obtained post molecular dynamics simulation of the
MEV-TLR4 complex further assured the stability of the proposed vaccine
when potentially administered or injected into living hosts. This was
further validated by the in silico codon optimisation and cloning find-
ings, where the designed vaccine presented an optimal CAI value (0.98)
and GC content (54.96), suggesting the successful cloning and expres-
sion of the vaccine in a suited expression vector (Fig. 5).

The T. gondii protective immunity is linked to innate responses where
protection against infection is achieved through the production of
dendritic cells and macrophages at the site of infection [64]. Production
of these cells triggers the secretion of cytokines IFN- y and IL-12, further
stimulating the production of CD8" and CD4" T-cells [65]. The pro-
duction of these T-lymphocytes during Toxoplasma infection exerts
cytotoxic activity against tachyzoites and regulates immune response
[66]. This supports the immune simulation findings in this study, where
the initial dose of the designed MEV activated the presence of T cyto-
toxic (TC) and B memory cells (Fig. 6B&C), which is valuable for pro-
tecting the host against T. gondii infection. The initial dose of the
proposed vaccine was observed to induce IgM antibodies, representing
the primary immune response. This response was shortly followed by the
production of antibodies involved in secondary (i.e., IgM + IgG) and
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tertiary response indicated by IgGl + IgG2, IgG1, and IgG2 (Fig. 6A).
The elevated levels of these antibodies, especially IgG1 and IgG2 after
injection of the vaccine showed great advantage for the proposed vac-
cine as it was a good indicator of induction of Thl immune response
[63,67].The in silico immune simulation results revealed that antigen
injection of our MEV induced increased production of IFN-y and IL-2
(Fig. 6D), confirming the effectiveness of the designed vaccine.

The overall findings leading to the design of the proposed vaccine,
especially immune simulation analyses, are imperative during the dis-
covery and development of the novel vaccine, as they provide insight
into real-life immune responses that the proposed vaccine could exert
towards T. gondii infection. The prediction and development of our
proposed vaccine proved advantageous in designing a highly stable
vaccine specifically designed for augmented potency through explora-
tion of flexibility of antigens and the combination of epitopes from
different antigens. Using immunoinformatics techniques allowed for
easy vaccine synthesis at high specificity by surpassing time-consuming
wet lab experiments [68]. The physiochemical properties observed in
this study further support any future production of the designed vaccine.
Since the prediction and design of our MEV are computationally based,
future studies focusing on laboratory-based validation of the proposed
vaccine to evaluate its efficiency are needed.
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and interleukin production in response to antigen.
Conclusion

The severe impact T. gondii infections continue to inflict on warm-
blooded animals and humans globally currently drives the urge to
discover novel control measures to eliminate the parasite, including any
traces of cyst tissues in meats. One such measure currently being
explored in research includes discovering novel multiepitope-based
vaccines. This approach has been noted as advantageous in vaccine
development as it encourages the development of novel and effective
vaccines in a short time and at a relatively low cost. The current study
designed a promising multiepitope vaccine from a cocktail of T. gondii
antigens, consisting of diverse T- cells (9 CD8" and 15 CD4") and 4 B-
cell epitopes using immunoinformatics techniques. From the in silico
experiments explored, the designed vaccine was highly antigenic, non-
allergenic, and immunogenic. It showed great promise in potentially
conferring complete host protection as it effectively elicited host im-
mune response through induction and production of cytokines. These
findings were achieved through an innovative approach and should be
valuable for future studies focusing on vaccine development against
T. gondii.
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