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Abstract:

Introduction/Background: Toxoplasma gondii (T. gondii) is an intracellular protozoan parasite that poses serious
risks to immunocompromised individuals and pregnant women. The adverse effects of current anti-toxoplasmosis
drugs highlight the need for an effective vaccine. This study aimed to design a novel chimeric vaccine composed of
selected epitopes from SAG1, GRA1, and MIC4 antigens using immunoinformatics approaches.

Methods: Immunodominant B- and T-cell epitopes were predicted using the Immune Epitope Database (IEDB) and
PRED (BALB/c) tools. Selected epitopes were linked via an A(EAAAK)nA linker to construct the SGM (SAG1-GRA1-
MIC4)  chimeric  protein.  Structural  properties,  physicochemical  characteristics,  antigenicity,  allergenicity,  and
solubility were evaluated using online bioinformatics servers.

Results: The SGM construct consisted of 395 amino acids with a predicted molecular weight (MW) of 42.62 kDa and
an isoelectric  point  (pI)  of  5.53.  Structural  validation indicated favorable stereochemical  quality,  with 96.08% of
residues in favored regions of the Ramachandran plot. The protein was predicted to be stable, soluble, antigenic, and
non-allergenic. Codon optimization analysis suggested efficient expression potential in the selected host system.

Discussion: The integration of immunodominant epitopes from three major T. gondii antigens into a single construct
may  enhance  immune  coverage  and  vaccine  efficacy.  In  silico  analyses  support  the  structural  stability  and
immunogenic potential of the designed construct, suggesting its suitability as a multi-epitope vaccine candidate.

Conclusion: The SGM construct represents a promising multi-epitope vaccine candidate against T. gondii; however,
experimental validation is required to confirm its immunoprotective efficacy.
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1. INTRODUCTION
Toxoplasma gondii (T. gondii) is an important zoonotic

protozoan  parasite  that  can  infect  almost  any  warm-

blooded animal, such as cows, sheep, goats, camels, and
birds.  It  can  also  infect  cold-blooded  animals  like  frogs,
toads, turtles, crocodiles, snakes, and fish [1-6]. Infection
with  this  parasite  is  caused  by  consuming  raw  or
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undercooked  meat  containing  tissue  cysts  or  consuming
food or drinking water contaminated with oocysts shed by
cats.  Furthermore,  organ  transplantation,  blood  trans-
fusion,  and  vertical  transmission  from  mother  to  fetus
during  pregnancy  are  other  routes  of  T.  gondii
transmission [7, 8]. The life cycle of this parasite includes
three stages: the tachyzoite, which is responsible for acute
infection; the bradyzoite, which causes chronic infection;
and  the  sporozoite,  which  is  enclosed  within  the  oocyst
[9].  Infection  is  usually  asymptomatic  in  people  with
healthy  immune  systems,  but  latent  toxoplasmosis  can
lead  to  behavioral  disorders  in  humans  [10-19]  that  are
associated with changes in the levels of neurotransmitters
in  the  central  nervous  system  [20,  21].  In  contrast,
immunocompromised  patients  face  life-threatening
complications,  such  as  reactivation  of  chronic  infection
leading to  toxoplasmic  encephalitis  [22].  Additionally,  T.
gondii  acquired  during  pregnancy  may  lead  to
miscarriage, congenital birth defects, or chorioretinitis in
the fetus [23].

Current  therapies  focus  on  the  tachyzoite  stage,  and
there are no effective options for eliminating tissue cysts
[24].  This  parasite  is  resistant  mainly  due  to  cysts  that
have  protective  walls  and  low  metabolic  activity,  which
allows it to evade the host's immune system and drugs [25,
26]. Moreover, conventional treatments, which include a
combination  of  pyrimethamine  and  sulfadiazine,  have
many  side  effects,  highlighting  the  need  for  safer
preventive  strategies  [27].  Vaccine  development
represents a promising approach against toxoplasmosis in
both  humans  and  animals.  Recently,  peptide-based
vaccines  have  gained  attention  due  to  their  ability  to
induce potent humoral and cellular immune responses. In
silico  methods  help  to  rapidly  identify  and  design
immunogenic  T  and  B  cell  epitopes  from  important
parasite antigens, accelerating vaccine development [28].
Surface antigens (SAGs) and secretory excretory antigens
[dense granule proteins (GRAs), rhoptry proteins (ROPs),
and  microneme  proteins  (MICs)]  play  central  roles  in
host–parasite  interactions  and  are  therefore  attractive
targets  for  vaccine  development  against  T.  gondii  [29].
Among  these,  SAG1  is  the  major  surface  antigen  of
tachyzoites  and  is  critically  involved  in  host  cell
attachment  and  immune  recognition,  stimulating  both
humoral  and  cellular  immune  responses  [30].  GRA1  is
secreted into the parasitophorous vacuole and contributes
to  parasite  survival  and  intracellular  persistence  [31].
MIC4 is involved in parasite motility, host cell recognition,
and invasion,  representing  a  key  factor  during  the  early
stages  of  infection  [32].  Previous  vaccine  studies  using
SAG1, GRA1, MIC4, or their combinations-mainly in full-
length protein or DNA-based formats-have demonstrated
partial protection and the induction of Th1-biased immune
responses, highlighting their immunogenic potential while
also  underscoring  the  need  for  improved  vaccine  design
strategies [29, 32-35]. Therefore, the present study aimed
to  design  a  chimeric  protein  vaccine  by  integrating
immunodominant epitope-rich regions from SAG1, GRA1,
and  MIC4  using  a  rational  immunoinformatics-based

approach. Unlike previous multi-antigen vaccine studies,
this  work  focuses  on  the  selective  enrichment  of
overlapping B- and T-cell epitopes to maximize protective
immunogenicity  while  minimizing  non-essential  or
potentially  non-protective  sequences.

2. MATERIALS AND METHODS

2.1. Retrieval of Protein Sequences
The  amino  acid  sequence  of  SAG1,  GRA1,  and  MIC4

antigens  was  obtained  from  the  Universal  Protein
Resource  (UniProt)  (http://www.uniprot.org/)  in  FASTA
format  for  the  T.  gondii  RH  strain.  These  sequences
formed the basis of subsequent analyses performed using
bioinformatics tools.

2.2. Prediction of Transmembrane Domains and the
Signal Peptides

Transmembrane  domains  were  predicted  using  the
TMHMM  Server  version  2.0  (http://www.cbs.dtu.dk/
services/TMHMM-2.0)  [36].  Proteins  with  an  expected
number  of  amino  acids  in  transmembrane  helices  (Exp
number of AAs in TMHs) greater than 18 were considered
likely transmembrane proteins.  Additionally,  for the first
60  N-terminal  amino  acids,  if  the  expected  number
exceeded 10,  a  possible  N-terminal  signal  sequence was
flagged.  The  total  probability  of  the  N-terminal  being
inside  the  cytoplasm  (Total  prob  of  N-in)  was  also
considered.  Predicted  regions  are  reported  as  inside,
outside,  or  transmembrane,  with  the  orientation  of  the
helices indicated.

Signal  peptides  were  predicted  using  SignalP  4.1
(http://www.cbs.dtu.dk/services/SignalP) [37] with default
parameters. Signal peptides were defined based on the D-
score  exceeding  the  cutoff  value,  and  the  predicted
cleavage  sites  were  recorded.  Predicted  signal  peptide
regions  were  excluded  from  epitope  selection  for
recombinant  protein  design.

2.3. Prediction of B-cell Epitopes
Linear B-cell epitopes in SAG1, GRA1, and MIC4 were

predicted  using  the  Immune  Epitope  Database  (IEDB)
analysis  resource  (http://tools.iedb.org/bcell/).  IEDB
integrates multiple validated algorithms for B-cell epitope
prediction,  including  linear  epitope  propensity,  β-turns,
flexibility,  hydrophilicity,  antigenicity,  and  surface
accessibility  [38–43].  Regions  that  consistently  scored
higher on these parameters were considered potential B-
cell epitopes and selected for further analysis.

2.4. Major Histocompatibility Complex (MHC) Class I
and II Binding Epitope Prediction

Potential  T-cell  epitopes  were  identified  using  the
PRED  (BALB/c)  tool  (http://cvc.dfci.harvard.edu/balbc/),
which is designed for predicting MHC binding peptides for
the BALB/c mouse model. Three MHC class I alleles (H2-
Kd, H2-Ld, H2-Dd) and two MHC class II alleles (H2-IAd,
H2-IEd)  were  assessed.  Nine-amino-acid  peptides  were
scored  on  a  scale  of  1–10  based  on  predicted  binding
affinity. Peptides with binding scores greater than 9 were
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considered  high-affinity  binders  and  selected  for  further
analysis.  Predictions  were  cross-validated  using  IEDB to
increase reliability [44].

2.5. Construction of Fusion Peptides
Immunodominant  B-  and  T-cell  epitope-containing

regions from SAG1, GRA1, and MIC4 antigens were linked
to  create  chimeric  constructs.  A(EAAAK)nA linkers  were
used to connect the domains and promote stable, correctly
folded structures [37].

2.6. Prediction of Secondary and Tertiary Structures
The  secondary  structure  of  the  fusion  proteins  was

predicted using the Garnier–Osguthorpe–Robson (GOR) IV
method  (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl
?page=npsa_gor4.html)  [45].  Tertiary  structures  were
generated  with  the  I-TASSER  server  (https://zhanglab.
ccmb.med.umich.edu/I-TASSER),  and  the  reliability  of
each model was evaluated using the confidence score (C-
score)  provided  by  the  server  [37,  46].  The  three-
dimensional  (3D)  structure  was  analyzed  using  Molegro
Molecular Viewer software.

2.7. Validation of the Tertiary Structure
The  stereochemical  integrity  of  the  predicted  3D

structures  was  assessed  using  Ramachandran  plots
generated by SWISS-MODEL (https://swissmodel.expasy.
org/assess)  [45].  Amino  acid  residues  were  classified  as
favored,  allowed,  or  outlier  to  evaluate  the  reliability  of
the structural models.

2.8.  Assessment  of  Antigenicity,  Allergenicity,  and
Solubility

The  antigenic  potential  of  the  chimeric  protein  was
evaluated  using  VaxiJen  v2.0  (http://www.ddg-pharmfac
.net/vaxijen/VaxiJen/VaxiJen.html)  [47].  Allergenicity  was
predicted  using  AlgPred  (http://www.imtech.res.in/rag
hava/algpred/),  a  tool  that  combines  multiple  prediction
methods  [48].  Additionally,  the  solubility  of  the  protein
upon expression in Escherichia coli (E. coli) was estimated
using SOLpro (http://scratch.proteomics.ics.uci.edu/) [48].

2.9. Prediction of Physicochemical Properties
Key  physicochemical  properties  of  the  protein,

including  molecular  weight  (MW),  theoretical  isoelectric
point  (pI),  counts  of  positively  and  negatively  charged
residues,  estimated  half-life,  extinction  coefficient,
aliphatic  index,  instability  index,  and  grand  average  of
hydropathicity  (GRAVY),  were  computed  using  the
ProtParam  tool  (http://web.expasy.org/protparam/)  [45].

2.10. Optimization of the Chimeric Gene
To improve expression in E. coli, the coding sequence

of  the  chimeric  protein  was  reverse-translated  and
subjected  to  codon  optimization  using  the  European
Bioinformatics Institute (EBI) tool (https://www.ebi.ac.uk
/Tools/st/emboss_backtranseq/) [37, 49].

2.11. mRNA Structure Prediction
The  mRNA  secondary  structure  was  predicted  using

the  mfold  web  server  (http://unafold.rna.albany.edu/?q=
mfold)  [37].  This  analysis  estimated  the  minimum  free
energy  (MFE)  and  identified  key  structural  elements,
including hairpins and loops, which can influence mRNA
stability and translation efficiency.

3. RESULTS

3.1. Gene Information
This in silico study was conducted between September

and  December  2025.  Complete  sequences  for  the  SAG1
(336  aa,  UniProt:  C7E5T3),  GRA1  (190  aa,  UniProt:
B9PHR1), and MIC4 (580 aa, UniProt: D8L550) antigens
were retrieved from the UniProt database. All sequences
correspond  to  the  T.  gondii  RH  strain.  These  antigens
were  selected  based  on  their  functional  relevance  and
sequence  length.

3.2.  Transmembrane  Domain  and  Signal  Peptide
Prediction

TMHMM analysis indicated that MIC4 and SAG1 lack
transmembrane  domains,  whereas  GRA1  contains  a
predicted  transmembrane  region.  To  ensure  surface
accessibility of epitopes and facilitate soluble recombinant
expression,  the  transmembrane  domain  of  GRA1  was
excluded  from  the  chimeric  construct.  Signal  peptide
prediction using SignalP 4.1 identified N-terminal  signal
peptides spanning residues 1–25 in MIC4 and SAG1 and
residues 1–24 in GRA1. These signal peptide regions were
not included in the selected epitope-rich fragments used
for chimeric protein design. The predicted cleavage sites
and  D-scores  for  each  antigen  are  provided  in
Supplementary  Files  1  and  2  .

3.3. Prediction of B-cell and T-cell Epitopes
The epitope selection process was carried out in two

main stages. Initially, the three selected antigens (SAG1,
GRA1, and MIC4) were analyzed to predict potential B-cell
epitopes, and the identified epitope sites are summarized
in Table  1  .  Next,  each of  these B-cell  epitope sites  was
evaluated for the presence of T-cell epitopes. Fragments of
120 amino acids containing the highest number of T-cell
epitopes with binding scores above 9 were prioritized as
immunologically   relevant   regions,   as   summarized   in
Table  2  .  Analysis  of  T-cell  epitope  prediction  revealed
multiple  high-affinity  MHC  class  I  and  class  II  binding
peptides  within  these  selected  fragments.  These  regions
contained  the  highest  density  of  predicted  MHC-binding
epitopes  across  the  evaluated  alleles  specific  to  the
BALB/c  mouse  model.  Given  the  critical  role  of  Th1-
mediated  immune  responses  in  controlling  intracellular
parasites  such  as  T.  gondii  ,  these  fragments  were
prioritized for chimeric vaccine construction. In parallel,
the selected fragments exhibited favorable immunogenic
properties,  including  high  surface  accessibility,
antigenicity,  hydrophilicity,  and  flexibility,  representing
overlapping  B-cell  and  T-cell  epitope-rich  regions.  To
provide a clear overview, the overall  workflow for B-cell
and T-cell epitope prediction and selection is summarized
in Figs. ( 1 and 2 ).
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Table 1. Predicted linear B-cell epitopes in SAG1, GRA1, and MIC4 proteins identified using the IEDB analysis
resource.

B-cell Parameters SAG1 GRA1 MIC4

Bepipred Linear Epitope 20-80, 80-145, 145-245, 245-300,
300-330 67-78, 87-98, 122-145, 170-180 70-95, 172-185, 208 222, 240-260, 305-320,

330-405, 417-445

Beta-Turn 45-65, 90-115, 125-140, 160-170,
180-265, 285-295, 305-315

65-80, 86-98, 108-112, 120-125,
135-145, 173-186

60-90, 105-133, 150-165, 200-220, 305-320,
330-345, 395-405, 420-445

Accessibility 60-100, 120-155, 165-210, 220-295 65-75, 87-90, 105-114, 119-125,
138-147, 167-180 175-200, 218-235, 270-278, 285-318, 360-381

Flexibility 60-115, 120-170, 190-290, 305-315 70-80, 85-95, 105-115, 120-128,
137-145, 165-182

70-97, 175-185, 205-245, 255-278, 305-318,
360-380, 400-410, 420-445

Antigenicity 25-120, 140-220, 280-300, 310-336 78-86, 90-103, 115-120, 132-137,
145-170

100-130, 150-170, 235-270, 280-305, 330-345,
440-453

Hydrophilicity 55-115, 125-140, 160-240, 250-320 67-75, 85-100, 106-113, 120-145,
155-180

70-95, 173-185, 207-222, 240-260, 305-320,
330-345, 395-407, 415-445

Table 2. Predicted T-cell epitopes identified using the IEDB analysis server.

Protein Amino acid Start Position1 Number of Binding
Epitopes2

Total3

Name H2-Kd H2-Ld H2-Dd I-Ad I-Ed MHC- I MHC- II

SAG1 242, 273 -- 190, 198, 206, 221, 227, 259,
261, 275, 288

181, 184, 195, 200, 217, 247,
260, 268, 278, 296, 300

181, 214, 221, 241, 267,
271, 279, 292, 298 11 20 31

GRA1 -- -- 71, 74, 122, 137 65, 81, 94, 114, 142, 144, 148,
151, 155 155, 165, 171 4 12 16

MIC4 361, 378 -- 374, 378, 383, 417, 424, 457,
466, 470, 471

369, 398, 403, 432, 441, 445,
458, 462

363, 369, 379, 420, 428,
444, 459, 466, 469 11 17 28

Note: 1: Epitopes exhibiting a binding score greater than 9.
2: Number of high-scoring (score > 9) epitopes predicted to bind MHC-I and MHC-II within SAG1 (181-300), GRA1 (61-180), and MIC4 (361-480) antigens.
3: Total count of epitopes with scores above 9 in the SAG1 (181-300), GRA1 (61-180), and MIC4 (361-480) antigens.

Fig. (1). Workflow for prediction and selection of B-cell and T-cell epitopes in SAG1, GRA1, and MIC4. Protein sequences were retrieved
from public  databases  and analyzed for  signal  peptides  and transmembrane helices.  Linear  B-cell  epitopes  were predicted based on
antigenicity, flexibility, surface accessibility, hydrophilicity, and β-turn propensity. MHC class I and II T-cell epitopes were predicted based
on binding affinity to reference human leukocyte antigen (HLA) alleles. High-scoring, overlapping epitopes were selected and assembled
using appropriate linkers to generate the final chimeric SGM construct.
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Fig. (2). Identification of overlapping B- and T-cell epitope-rich regions in SAG1, GRA1, and MIC4 antigens. Linear B-cell epitopes and
MHC class I and II T-cell epitopes were predicted for SAG1, GRA1, and MIC4 proteins using the Immune Epitope Database (IEDB) analysis
resource.  Regions  containing  overlapping  B-cell  epitopes  and  high-affinity  MHC  class  I  and  II  binding  peptides  were  identified  and
mapped  along  the  protein  sequences.  These  epitope-dense  regions  were  selected  as  immunodominant  segments  for  inclusion  in  the
chimeric SGM construct.

3.4. Segment Selection
To  design  the  chimeric  structure,  fragments  of  120

amino  acids  in  length  from  the  target  antigens  were
selected: SAG1 (S181-E300), GRA1 (L61-D180), and MIC4
(F361-G480).  Six  chimeric  arrangements  (SMG,  MSG,
MGS, SGM, GMS, and GSM) were constructed from three
antigenic  fragments by a  helix-forming linker containing
the A(EAAAK)A motif. Among these candidates, the SGM
construct  (SAG1-GRA1-MIC4)  showed  the  highest
antigenicity  and  C-score.

3.5.  Prediction  and  Analysis  of  Secondary  and
Tertiary Structures

The  SGM  chimeric  protein,  consisting  of  395  amino
acids, displayed a secondary structure comprising 18.23%
extended  strands,  46.56%  random  coils,  and  35.19%  α-
helices  (Fig.  3A  and  B).  Tertiary  structure  modeling
yielded a 3D model (Fig. 4A and B) with a C-score of -1.74,
indicating  moderate  confidence  in  the  predicted
conformation.

(A) 
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Fig. (3A). Secondary structure prediction of the SGM protein performed using the GOR IV online tool, classifying residues as α-helix (h),
extended strand (e), or random coil (c). (B) Graphical representation of the predicted secondary structure distribution along the SGM
protein sequence, illustrating the proportion and spatial arrangement of helices, strands, and coils, as generated by the GOR IV algorithm.

Fig. (4A). Predicted tertiary structure of the SGM protein generated using the I-TASSER server. SAG1, GRA1, and MIC4 segments are
shown in red, yellow, and blue, respectively, while linker regions are shown in white. (B) Three-dimensional structural model of the SGM
protein obtained using the SWISS-MODEL server, based on homology modeling. The model represents the overall folding and spatial
arrangement of the chimeric construct.

(B) 

(A) (B) 
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3.6. Validation of the Tertiary Structure
Ramachandran  plot  analysis  showed  that  96.08%  of

residues  were  in  favored  regions,  3.92%  in  allowed
regions,  and  0%  were  outliers  (Fig.  5).

3.7.  Antigenicity,  Allergenicity,  and  Solubility
Evaluation

Antigenicity scores for six chimeric arrangements were
calculated:  SMG (0.6345),  MSG (0.6218),  MGS (0.6165),
SGM (0.6394), GMS (0.6215), and GSM (0.6317). Based on
antigenicity  and  structural  analyses,  the  SGM  was
selected as the final construct. SGM was predicted to be
non-allergenic, and its solubility score was 0.866.

3.8. Physicochemical Property Prediction
SGM exhibited  a  MW of  42.62  kDa and  a  pI  of  5.53.

The protein contained 58 negatively charged residues (Asp
+ Glu) and 45 positively charged residues (Arg + Lys). The

predicted  half-life  was  approximately  30  hours  in
mammalian  reticulocytes,  more  than  20  hours  in  yeast,
and more than 10 hours in E. coli. The instability index of
32.05  classified  SGM  as  stable.  The  GRAVY  score  was
–0.570, and the aliphatic index was 67.16, indicating good
hydrophilicity and thermal stability.

3.9. Codon Optimization
The chimeric gene was reverse-translated and codon-

optimized  using  the  EBI  server  to  enhance  expression
efficiency in E. coli  by adapting codon usage to the host
organism.

3.10. mRNA Secondary Structure Prediction
The  best-predicted  structure  had  a  ΔG  of  –355.20

kcal/mol, and the first 10 nucleotides at the 5′ end did not
form  any  stable  hairpins  or  pseudoknots,  indicating  a
minimal likelihood of secondary structure formation in this
region (Fig. 6).

Fig. (5). Validation of the SGM protein tertiary structure using a Ramachandran plot. Ramachandran plot generated for the SWISS-
MODEL-derived SGM protein structure to assess stereochemical quality. A total of 96.08% of amino acid residues were located in favored
regions,  while  3.92% were  found in  allowed regions,  and no  residues  were  detected  in  disallowed regions,  indicating  a  reliable  and
structurally stable model.
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Fig.  (6).  Predicted secondary  structure  of  the  SGM chimeric  mRNA generated by  the  mFold  server.  The analysis  demonstrated the
absence of stable hairpin structures or pseudoknots at the 5′ end of the mRNA, suggesting favorable translational efficiency and structural
stability of the mRNA construct.

4. DISCUSSION
In this study, a chimeric protein against T. gondii was

designed  by  combining  the  dominant  immunogenic
regions of SAG1, GRA1, and MIC4 using an immunoinfor-
matics  approach.  Although  any  antigen  could  be
considered  as  a  candidate  using  in  silico  methods,  the
selection  of  SAG1,  GRA1,  and  MIC4  was  driven  by
predefined  biological  and  immunological  criteria  rather
than antigen availability. In particular, these points were
considered:  (1)  antigenic  diversity  by  combining  surface
(SAG1)  and  secretory  (GRA1  and  MIC4)  proteins;  (2)
prioritizing  multi-antigen  vaccine  design  over  single-
antigen  approaches  for  broader  immune  coverage  and
more robust protection against toxoplasmosis [50-52]; and
(3) selecting antigens expressed in all three stages of the
parasite's  life  cycle  to  ensure  a  comprehensive  immune
response,  as  stage-specific  antigens  usually  provide
protection  limited  to  that  stage  [53].  SAG1  is  a  major
surface antigen for tachyzoites [54], while MIC4 and GRA1
are expressed in all three life stages of the parasite (i.e.,

the sporozoites, bradyzoites, and tachyzoites) [31, 32]. In
addition,  the  selection  was  supported  by  their  well-
documented  roles  in  parasite  infectivity  and  immune
stimulation.  SAG1  stimulates  both  humoral  and  cellular
immunity  [37,  55];  GRA1  is  involved  in  the  formation  of
parasitophorous  vacuoles  and  parasite  survival  [31,  56];
and MIC4 contributes to parasite movement, recognition,
and attachment to the host cell, a critical step in invasion
[32]. Collectively, these antigens support the induction of
coordinated  Th1/CD8+  T  cell–mediated  and  humoral
immune  responses,  which  are  essential  for  controlling
acute  infection  and  limiting  parasite  persistence  during
chronic  toxoplasmosis  [32,  57–60].  Recent  experimental
studies  have  demonstrated  that  the  selected  antigens
(SAG1,  GRA1,  and  MIC4)  play  important  roles  in
host–parasite  interaction  and  exhibit  confirmed
immunogenic  and  protective  potential  in  vivo.  For
instance,  vaccination  with  virus-like  particles  containing
the SAG1 antigen demonstrated robust humoral immune
responses,  including  significant  elevations  in  IgG,  IgG1,
IgG2a, and IgA, along with increased production of Th1-
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associated  cytokines  such  as  IFN-γ  and  TNF-α.
Importantly, this strategy resulted in up to 75% protection
against challenge infection in a murine model, highlighting
the strong protective capacity of SAG1-based formulations
[61]. Similarly, a multicomponent DNA vaccine encoding
both  SAG1  and  GRA1  induced  significantly  enhanced
serum IgG responses  and  elevated  Th1  cytokines  (IFN-γ
and  IL-2),  leading  to  prolonged  survival  in  BALB/c  mice
following  T.  gondii  challenge  [62].  These  findings
emphasize  the  synergistic  immunological  effect  of
combining SAG and GRA antigens within a single vaccine
platform.  More  recently,  a  multivalent  DNA  vaccine
incorporating  SAG1,  SAG3,  MIC4,  GRA5,  GRA7,  AMA1,
and  BAG1  demonstrated  significantly  enhanced  humoral
and  cellular  immune  responses  compared  with  controls,
further supporting the contribution of MIC family proteins-
particularly MIC4-to broadening protective immunity [63].
In addition, recombinant multi-epitope protein constructs
incorporating  SAG1  and  GRA1  (together  with  other
antigens)  have  been  experimentally  expressed  and
immunologically  evaluated  in  mice,  resulting  in  strong
antigen-specific  antibody  production  and  dominant  Th1-
biased  cellular  responses  [51].  Notably,  these
experimental  multi-epitope  approaches  parallel  the
conceptual  framework  of  the  present  in  silico  design,
further supporting the translational feasibility of epitope-
based  chimeric  constructs  derived  from  these  antigens.
Collectively,  these  studies  provide  compelling
experimental  validation  for  selecting  SAG1,  GRA1,  and
MIC4 as rational immunogenic targets. They demonstrate
that  these  antigens  are  capable  of  inducing  strong
humoral  and  Th1-oriented  cellular  immunity  and
conferring  measurable  protection  in  murine  models.
Therefore,  the  overlapping  B-  and  T-cell  epitopes
identified  in  our  computational  analysis  are  biologically
plausible  and  supported  by  prior  in  vivo  evidence,
warranting  further  experimental  evaluation  of  the
proposed  chimeric  vaccine  candidate.

Previous  studies  have  evaluated  T.  gondii  vaccines
using full-length antigens such as SAG1, GRA1, MIC4, or
combinations  thereof,  in  various  experimental  settings,
demonstrating partial protection and induction of humoral
and cellular responses [31, 32, 50, 64, 65]. The novelty of
the present study lies in the rational epitope-based design
strategy, rather than the use of full-length antigens. This
in  silico  strategy  allows  precise  selection  of
immunodominant  regions  and  facilitates  subsequent
structural  and  immunological  evaluation  prior  to
experimental  validation.  Collectively,  our  design
complements previous experimental efforts and provides a
framework  for  constructing  chimeric  vaccines  with
potentially  improved  efficacy  and  safety.

This  study  identified  120-amino-acid  fragments  of
SAG1, GRA1, and MIC4 that are rich in both B-cell and T-
cell epitopes. These fragments exhibit overlapping B- and
T-cell  epitope  regions,  allowing  a  single  fragment  to
induce  both  humoral  and  cellular  immune  responses,
potentially  enhancing  protection  against  T.  gondii.  The
high  density  of  predicted  MHC  class  I  and  II  binding

peptides supports robust Th1-mediated cellular immunity,
while  favorable  properties  such  as  surface  accessibility,
antigenicity, hydrophilicity, and flexibility underscore their
suitability  for  a  chimeric  vaccine.  Overlapping  epitopes
were  identified  and  linked  using  a  rigid  linker  with  the
sequence  A(EAAAK)nA  to  connect  the  SAG1,  GRA1,  and
MIC4 domains. Rigid linkers are generally more effective
than  flexible  linkers  in  maintaining  structural
independence  and  proper  folding  of  individual  domains,
minimizing potential steric hindrance or epitope masking
[66, 67]. The number of EAAAK repeats (n) was optimized
through structural  modeling to  provide  sufficient  spatial
separation  between  adjacent  epitopes  while  preserving
overall  stability  and  compactness  of  the  chimeric
construct.  Using  the  three  antigens  linked  by
A(EAAAK)nA, six possible conformations were generated.
The final structure (SGM) was selected based on multiple
criteria, including antigenicity and secondary and tertiary
structure  quality.  While  high  antigenicity  ensures
recognition by the immune system, structural integrity is
equally important for protein stability and proper function.
Tertiary structures were modeled using I-TASSER, which
reports  five  models  with  confidence  quantified  by  a  C-
score (ranging from –5 to 2, with higher values indicating
greater  confidence).  SGM  exhibited  the  highest  C-score
(–1.74),  indicating  it  as  the  most  reliable  structure  for
further investigation. Evaluation of the tertiary structure
showed that 96.08% of residues are located in favorable
regions  of  the  Ramachandran  plot,  demonstrating
excellent stereochemical quality and appropriate folding.
The SGM chimeric protein, consisting of 395 amino acids,
displayed  a  secondary  structure  composed  of  35.19% α-
helices,  18.23%  extended  strands,  and  46.56%  random
coils. This protein exhibits a relatively high proportion of
random coils, which, rather than being detrimental, may
be beneficial for vaccine design. Random coil regions are
generally  flexible  and  surface-exposed,  facilitating
accessibility  of  B-cell  epitopes  and  enhancing  antibody
recognition.  Part  of  this  random  coil  content  also
corresponds  to  linker  sequences  [A(EAAAK)nA],  which
maintain independent folding of the antigenic domains. At
the  same  time,  the  presence  of  α-helices  and  extended
strands  contributes  to  protein  stability  and  enhanced
interaction with antibodies [68], supporting its suitability
as a chimeric vaccine candidate.

The predicted solubility of  0.866 for this protein was
made assuming expression in E. coli, as this host is widely
used  for  recombinant  antigen  production.  However,
solubility  may  vary  in  alternative  expression  systems.  In
general, proteins with high solubility are easier to purify
and are less likely to form inclusion bodies. The predicted
MW  of  the  protein  (42.62  kDa)  is  within  the  range
generally  considered  suitable  for  expression  and
purification  in  bacterial  systems.  For  example,
recombinant  SAG1  constructs  used  in  vaccine  and
diagnostic  studies  typically  range  from ~30  kDa  to  ~48
kDa,  depending  on  the  inclusion  of  fusion  tags,  while
recombinant  GRA1  is  usually  smaller,  around  ~22  kDa.
These  observations  indicate  that  the  molecular  size  of
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SGM is suitable for efficient expression, purification, and
downstream formulation in bacterial systems. Knowledge
of  the  protein’s  MW  and  pI  can  also  inform  buffer
selection and solubility optimization, which are critical for
maintaining  protein  stability  and  immunogenicity  in
vaccine  formulations.  An  instability  index  value  of  less
than 40 indicates that the SGM has adequate stability. The
GRAVY  value  of  -0.570  indicates  its  highly  hydrophilic
nature,  which  increases  solubility.  Hydrophilic  proteins
tend to expose antigenic regions more readily, improving
recognition by B cells and antibody accessibility. The high
antigenicity  score  predicted  by  VaxiJen  indicates  strong
potential to stimulate immune responses, while allergeni-
city  assessment  revealed  no  predicted  allergenic  motifs,
suggesting a low risk of IgE-mediated adverse reactions.
Although  antigenicity  and  allergenicity  were  predicted
using  established  in  silico  tools,  such  predictions  are
inherently limited and cannot fully reflect in vivo immune
responses. Therefore, these results should be considered
as preliminary indicators to guide construct selection, and
experimental  validation  will  be  essential  to  confirm
immunogenicity  and  safety.  Collectively,  these  physico-
chemical  properties  indicate  that  SGM  is  not  only
structurally  stable  and  soluble  but  formulation-friendly,
supporting  its  suitability  for  vaccine  delivery  and
immunogenic  efficacy  in  vivo.

Codon  optimization,  together  with  mRNA  secondary
structure  analysis,  was  employed  to  improve  the
translational  efficiency  of  the  construct.  The  optimized
mRNA exhibited a low minimum free energy at the 5′ end,
reducing the likelihood of inhibitory hairpin formation and
facilitating  efficient  protein  expression.  These  results
confirm the suitability of SGM design using bioinformatics
tools.

5. LIMITATIONS AND FUTURE PERSPECTIVES
Despite  the  promising  immunological  and  structural

characteristics  predicted  for  the  SGM  chimeric  vaccine
candidate, several limitations of the present study should
be acknowledged. First, this study is entirely based on in
silico  analyses.  Although  immunoinformatics  approaches
are powerful tools for preliminary vaccine design and help
reduce  time  and  cost,  computational  predictions  cannot
fully capture the complexity of immune responses in vivo.
Therefore, experimental validation through in vitro assays
and  animal  models  is  essential  to  confirm  the
immunogenicity,  safety,  and  protective  efficacy  of  the
proposed  vaccine  candidate.  Second,  T-cell  epitope
prediction was primarily performed using MHC class I and
II alleles specific to the BALB/c mouse model. While this
choice  is  appropriate  for  preclinical  evaluation,  it  may
limit the direct extrapolation of the findings to genetically
diverse human populations. Future studies should extend
epitope prediction and population coverage analyses to a
broader  range  of  human HLA alleles.  Third,  the  present
study  focused  mainly  on  linear  B-cell  epitopes  and
predicted T-cell epitopes. Conformational B-cell epitopes,
which  may  play  a  significant  role  in  antibody-mediated
immunity, were not explicitly evaluated. Incorporation of

conformational  epitope  prediction  and  experimental
antibody-binding  assays  would  further  strengthen  the
vaccine  design.  Another  consideration  is  immune
tolerance,  which  may  occur  if  some  epitopes  are  poorly
immunogenic  or  resemble  host  sequences.  This  factor
could influence the magnitude and quality of both humoral
and  cellular  responses.  Although  the  epitope  selection
strategy  aimed  to  minimize  these  effects  by  prioritizing
highly  antigenic  and  accessible  regions,  experimental
studies are required to assess their actual impact. Future
in  vivo  validation  of  the  SGM  chimeric  vaccine  will  be
conducted  in  accordance  with  institutional  ethical
guidelines  for  animal  experimentation  and  under
appropriate  biosafety  conditions  to  ensure  humane
treatment and containment of T. gondii. Furthermore, the
use of appropriate adjuvants can play an important role in
optimizing  and  sustaining  immune  responses.  This
chimeric  construct  was  designed  without  an  intrinsic
adjuvant  sequence.  This  decision  was  made  to  focus  on
epitope  selection  and  structural  optimization  of  the
antigen  itself  and  to  avoid  potential  interference  of
adjuvant  domains  with  protein  folding  or  epitope
accessibility. In practical vaccine development, adjuvants
are  typically  introduced  during  formulation  rather  than
genetic fusion, allowing flexibility in modulating immune
responses.  Future  experimental  studies  will  explore
appropriate  adjuvant  systems  to  enhance  the
immunogenicity  of  the  SGM  construct.

CONCLUSION
This study presents the in silico  design of a chimeric

vaccine candidate containing immunogenic epitopes from
SAG1, GRA1, and MIC4 antigens. Structural and physico-
chemical analyses suggest that the SGM chimeric protein
is  potentially  stable,  antigenic,  and  capable  of  eliciting
both  humoral  and  cellular  immune  responses.  These
findings provide a rational basis for vaccine design against
toxoplasmosis;  however,  experimental  validation,
including in vitroand in vivostudies, is essential to confirm
immunogenicity and protective efficacy.

AUTHORS' CONTRIBUTIONS
The  authors  confirm  contribution  to  the  paper  as

follows: T.N: Conceived the study and designed the study
protocol;  T.N:  The  supervisor  of  this  research;  E.N  and
M.F: Performed the bioinformatics analysis; T. N: Drafted
the manuscript; T.N: Critically revised the manuscript; and
all  authors  read  and  approved  the  final  version  of  the
manuscript.

LIST OF ABBREVIATIONS

T. gondii = Toxoplasma gondii
IEDB = Immune Epitope Database
MW = Molecular Weight
pI = Isoelectric Point
SAGs = Surface Antigens
GRAs = Dense Granule Proteins



Design and Evaluation of a Novel Chimeric Vaccine 11

ROPs = Rhoptry Proteins
MICs = Microneme Proteins
MHC = Major Histocompatibility Complex
UniProt = Universal Protein Resource
GOR = Garnier–Osguthorpe–Robson
3D = Three Dimensional
C-score = Confidence score
GRAVY = Grand Average of Hydropathicity
EBI = European Bioinformatics Institute
MFE = Minimum Free Energy
HLA = Human Leukocyte Antigen

ETHICS  APPROVAL  AND  CONSENT  TO
PARTICIPATE

This study was approved by the Ethical Committee of
Dezful University of Medical Sciences (The code of ethics
of this plan is IR.DUMS.REC.1404.060).

HUMAN AND ANIMAL RIGHTS
Not applicable.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS
The  data  and  supportive  information  are  available

within  the  article.

FUNDING
None.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or

otherwise.

ACKNOWLEDGEMENTS
The  authors  would  like  to  thank  the  Infectious  and

Tropical  Diseases  Research  Center,  Dezful  University  of
Medical  Sciences,  Dezful,  Iran,  for  their  support,
cooperation, and assistance throughout the period of the
study (IN&TR-404060-1404).

SUPPLEMENTARY MATERIAL
Supplementary material is available on the Publisher’s

website along with the published article.

REFERENCES
Dubey JP. The history of Toxoplasma gondii -- The first 100 years.[1]
J Eukaryot Microbiol 2008; 55(6): 467-75.
http://dx.doi.org/10.1111/j.1550-7408.2008.00345.x  PMID:
19120791
Hajimohammadi B, Ahmadian S, Firoozi Z, et al. A meta-analysis[2]
of  the  prevalence  of  toxoplasmosis  in  livestock  and  poultry
worldwide.  EcoHealth  2022;  19(1):  55-74.
http://dx.doi.org/10.1007/s10393-022-01575-x PMID: 35133541
Bokaie  S,  Rahmanian  V,  Rahmanian  K,  Jahromi  AS.[3]

Seroprevalence  of  Toxoplasma  gondii  infection:  An  umbrella
review of updated systematic reviews and meta-analyses. J Family
Med Prim Care 2020; 9(8): 3848-55.
http://dx.doi.org/10.4103/jfmpc.jfmpc_753_20 PMID: 33110778
Shariatzadeh  SA,  Sarvi  S,  Hosseini  SA,  et  al.  The  global[4]
seroprevalence  of  Toxoplasma  gondii  infection  in  bovines:  A
systematic review and meta-analysis. Parasitology 2021; 148(12):
1417-33.
http://dx.doi.org/10.1017/S0031182021001116 PMID: 34187606
Maspi N, Nayeri T, Moosazadeh M, Sarvi S, Sharif M, Daryani A.[5]
Global  seroprevalence  of  Toxoplasma  gondii  in  Camelidae:  A
systematic review and meta-analysis. Acta Parasitol 2021; 66(3):
733-44.
http://dx.doi.org/10.1007/s11686-020-00333-9 PMID: 33666861
Nayeri T, Sarvi S, Daryani A. Toxoplasma gondii in mollusks and[6]
cold-blooded  animals:  A  systematic  review.  Parasitology  2021;
148(8): 895-903.
http://dx.doi.org/10.1017/S0031182021000433 PMID: 33691818
Dubey JP. Toxoplasmosis – A waterborne zoonosis. Vet Parasitol[7]
2004; 126(1-2): 57-72.
http://dx.doi.org/10.1016/j.vetpar.2004.09.005 PMID: 15567579
Belluco  S,  Mancin  M,  Conficoni  D,  Simonato  G,  Pietrobelli  M,[8]
Ricci  A.  Investigating  the  determinants  of  Toxoplasma  gondii
prevalence  in  meat:  A  systematic  review  and  meta-regression.
PLoS One 2016; 11(4): e0153856.
http://dx.doi.org/10.1371/journal.pone.0153856 PMID: 27082633
Montoya  JG,  Liesenfeld  O.  Toxoplasmosis.  Lancet  2004;[9]
363(9425): 1965-76.
http://dx.doi.org/10.1016/S0140-6736(04)16412-X  PMID:
15194258
Sutterland  AL,  Fond  G,  Kuin  A,  et  al.  Beyond  the  association.[10]
Toxoplasma  gondii  in  schizophrenia,  bipolar  disorder,  and
addiction:  Systematic  review  and  meta‐analysis.  Acta  Psychiatr
Scand 2015; 132(3): 161-79.
http://dx.doi.org/10.1111/acps.12423 PMID: 25877655
Torrey  EF,  Bartko  JJ,  Lun  ZR,  Yolken  RH.  Antibodies  to[11]
Toxoplasma  gondii  in  patients  with  schizophrenia:  A  meta-
analysis.  Schizophr  Bull  2007;  33(3):  729-36.
http://dx.doi.org/10.1093/schbul/sbl050 PMID: 17085743
Nayeri Chegeni T, Sarvi S, Amouei A, et al. Relationship between[12]
toxoplasmosis  and  obsessive  compulsive  disorder:  A  systematic
review  and  meta-analysis.  PLoS  Negl  Trop  Dis  2019;  13(4):
e0007306.
http://dx.doi.org/10.1371/journal.pntd.0007306 PMID: 30969961
Nayeri Chegeni T, Sarvi S, Moosazadeh M, et al. Is Toxoplasma[13]
gondii a potential risk factor for Alzheimer’s disease? A systematic
review and meta-analysis. Microb Pathog 2019; 137: 103751.
http://dx.doi.org/10.1016/j.micpath.2019.103751 PMID: 31536800
Bayani  M,  Riahi  SM,  Bazrafshan  N,  Ray  Gamble  H,  Rostami  A.[14]
Toxoplasma gondii infection and risk of Parkinson and Alzheimer
diseases: A systematic review and meta-analysis on observational
studies. Acta Trop 2019; 196: 165-71.
http://dx.doi.org/10.1016/j.actatropica.2019.05.015  PMID:
31102579
Sadeghi  M,  Riahi  SM,  Mohammadi  M,  et  al.  An  updated  meta-[15]
analysis of the association between Toxoplasma gondii infection
and  risk  of  epilepsy.  Trans  R  Soc  Trop  Med  Hyg  2019;  113(8):
453-62.
http://dx.doi.org/10.1093/trstmh/trz025 PMID: 31034025
Ngoungou  EB,  Bhalla  D,  Nzoghe  A,  Dardé  ML,  Preux  PM.[16]
Toxoplasmosis and epilepsy--systematic review and meta analysis.
PLoS Negl Trop Dis 2015; 9(2): e0003525.
http://dx.doi.org/10.1371/journal.pntd.0003525 PMID: 25695802
Sutterland  AL,  Kuin  A,  Kuiper  B,  et  al.  Driving  us  mad:  The[17]
association of Toxoplasma gondii with suicide attempts and traffic
accidents – A systematic review and meta-analysis. Psychol Med
2019; 49(10): 1608-23.
http://dx.doi.org/10.1017/S0033291719000813 PMID: 31010440
Nayeri  T,  Sarvi  S,  Moosazadeh  M,  et  al.  Relationship  between[18]
toxoplasmosis and autism: A systematic review and meta-analysis.

http://dx.doi.org/10.1111/j.1550-7408.2008.00345.x
http://www.ncbi.nlm.nih.gov/pubmed/19120791
http://dx.doi.org/10.1007/s10393-022-01575-x
http://www.ncbi.nlm.nih.gov/pubmed/35133541
http://dx.doi.org/10.4103/jfmpc.jfmpc_753_20
http://www.ncbi.nlm.nih.gov/pubmed/33110778
http://dx.doi.org/10.1017/S0031182021001116
http://www.ncbi.nlm.nih.gov/pubmed/34187606
http://dx.doi.org/10.1007/s11686-020-00333-9
http://www.ncbi.nlm.nih.gov/pubmed/33666861
http://dx.doi.org/10.1017/S0031182021000433
http://www.ncbi.nlm.nih.gov/pubmed/33691818
http://dx.doi.org/10.1016/j.vetpar.2004.09.005
http://www.ncbi.nlm.nih.gov/pubmed/15567579
http://dx.doi.org/10.1371/journal.pone.0153856
http://www.ncbi.nlm.nih.gov/pubmed/27082633
http://dx.doi.org/10.1016/S0140-6736(04)16412-X
http://www.ncbi.nlm.nih.gov/pubmed/15194258
http://dx.doi.org/10.1111/acps.12423
http://www.ncbi.nlm.nih.gov/pubmed/25877655
http://dx.doi.org/10.1093/schbul/sbl050
http://www.ncbi.nlm.nih.gov/pubmed/17085743
http://dx.doi.org/10.1371/journal.pntd.0007306
http://www.ncbi.nlm.nih.gov/pubmed/30969961
http://dx.doi.org/10.1016/j.micpath.2019.103751
http://www.ncbi.nlm.nih.gov/pubmed/31536800
http://dx.doi.org/10.1016/j.actatropica.2019.05.015
http://www.ncbi.nlm.nih.gov/pubmed/31102579
http://dx.doi.org/10.1093/trstmh/trz025
http://www.ncbi.nlm.nih.gov/pubmed/31034025
http://dx.doi.org/10.1371/journal.pntd.0003525
http://www.ncbi.nlm.nih.gov/pubmed/25695802
http://dx.doi.org/10.1017/S0033291719000813
http://www.ncbi.nlm.nih.gov/pubmed/31010440


12   The Open Microbiology Journal, 2026, Vol. 20 Nayeri et al.

Microb Pathog 2020; 147: 104434.
http://dx.doi.org/10.1016/j.micpath.2020.104434 PMID: 32777351
Nayeri  T,  Sarvi  S,  Moosazadeh  M,  Hosseininejad  Z,  Amouei  A,[19]
Daryani A. Association between Toxoplasma gondii infection and
headache: A systematic review and meta-analysis. Infect Disord
Drug Targets 2021; 21(4): 643-50.
http://dx.doi.org/10.2174/1871526520666200617135851  PMID:
32552646
Nayeri T, Sarvi S, Daryani A. Effective factors in the pathogenesis[20]
of Toxoplasma gondii. Heliyon 2024; 10(10): e31558.
http://dx.doi.org/10.1016/j.heliyon.2024.e31558 PMID: 38818168
Nayeri  T,  Sarvi  S,  Daryani  A.  Toxoplasmosis:  Targeting[21]
neurotransmitter systems in psychiatric disorders.  Metab Brain
Dis 2022; 37(1): 123-46.
http://dx.doi.org/10.1007/s11011-021-00824-2 PMID: 34476718
Roberts  F,  McLeod  R.  Pathogenesis  of  toxoplasmic[22]
retinochoroiditis. Parasitol Today 1999; 15(2): 51-7.
http://dx.doi.org/10.1016/S0169-4758(98)01377-5  PMID:
10234186
Dubey  J,  Jones  J.  Toxoplasma  gondii  infection  in  humans  and[23]
animals  in  the  United  States.  Int  J  Parasitol  2008;  38(11):
1257-78.
http://dx.doi.org/10.1016/j.ijpara.2008.03.007 PMID: 18508057
Konstantinovic N, Guegan H, Stäjner T, Belaz S, Robert-Gangneux[24]
F.  Treatment  of  toxoplasmosis:  Current  options  and  future
perspectives.  Food  Waterborne  Parasitol  2019;  15:  e00036.
http://dx.doi.org/10.1016/j.fawpar.2019.e00036 PMID: 32095610
Dubey JP. Toxoplasmosis of animals and humans. CRC press 2016.[25]
http://dx.doi.org/10.1201/9781420092370
Kim K, Weiss LM. Toxoplasma gondii: The model apicomplexan.[26]
Int J Parasitol 2004; 34(3): 423-32.
http://dx.doi.org/10.1016/j.ijpara.2003.12.009 PMID: 15003501
Bosch-Driessen LH, Verbraak FD, Suttorp-Schulten MSA, et al. A[27]
prospective, randomized trial of pyrimethamine and azithromycin
vs  pyrimethamine  and  sulfadiazine  for  the  treatment  of  ocular
toxoplasmosis. Am J Ophthalmol 2002; 134(1): 34-40.
http://dx.doi.org/10.1016/S0002-9394(02)01537-4  PMID:
12095805
Saeij JPJ, Boyle JP, Coller S, et al. Polymorphic secreted kinases[28]
are  key  virulence  factors  in  toxoplasmosis.  Science  2006;
314(5806):  1780-3.
http://dx.doi.org/10.1126/science.1133690 PMID: 17170306
Lourenço EV, Bernardes ES, Silva NM, Mineo JR, Panunto-Castelo[29]
A,  Roque-Barreira  MC.  Immunization  with  MIC1  and  MIC4
induces protective immunity against Toxoplasma gondii. Microbes
Infect 2006; 8(5): 1244-51.
http://dx.doi.org/10.1016/j.micinf.2005.11.013 PMID: 16616574
Lekutis  C,  Ferguson  DJP,  Grigg  ME,  Camps  M,  Boothroyd  JC.[30]
Surface antigens of Toxoplasma gondii: Variations on a theme. Int
J Parasitol 2001; 31(12): 1285-92.
http://dx.doi.org/10.1016/S0020-7519(01)00261-2  PMID:
11566296
Gedik  Y,  Gülçe  İz  S,  Can  H,  et  al.  Immunogenic  multistage[31]
recombinant  protein  vaccine  confers  partial  protection  against
experimental toxoplasmosis mimicking natural infection in murine
model. Trials Vaccinol 2016; 5: 15-23.
http://dx.doi.org/10.1016/j.trivac.2015.11.002
Wang H, He S, Yao Y, et al. Toxoplasma gondii: Protective effect[32]
of  an  intranasal  SAG1  and  MIC4  DNA  vaccine  in  mice.  Exp
Parasitol 2009; 122(3): 226-32.
http://dx.doi.org/10.1016/j.exppara.2009.04.002 PMID: 19366622
Scorza T, D’Souza S, Laloup M, et al. A GRA1 DNA vaccine primes[33]
cytolytic  CD8(+)  T  cells  to  control  acute  Toxoplasma  gondii
infection.  Infect  Immun  2003;  71(1):  309-16.
http://dx.doi.org/10.1128/IAI.71.1.309-316.2003 PMID: 12496180
Döşkaya M, Kalantari-Dehaghi M, Walsh CM, et al. GRA1 protein[34]
vaccine  confers  better  immune  response  compared  to  codon-
optimized GRA1 DNA vaccine. Vaccine 2007; 25(10): 1824-37.
http://dx.doi.org/10.1016/j.vaccine.2006.10.060 PMID: 17234306
Cong H, Zhang M, Xin Q, et al. Compound DNA vaccine encoding[35]

SAG1/  SAG3  with  A2/B  subunit  of  cholera  toxin  as  a  genetic
adjuvant protects BALB/c mice against Toxoplasma gondii. Parasit
Vectors 2013; 6(1): 63.
http://dx.doi.org/10.1186/1756-3305-6-63 PMID: 23497561
Alibakhshi A, Bandehpour M, Nafarieh T, Gheflat S, Kazemi B. In[36]
silico analysis of immunologic regions of surface antigens (Sags)
of Toxoplasma gondii. Nov Biomed 2017; 5(3): 109-18.
Dodangeh S, Fasihi-Ramandi M, Daryani A, Valadan R, Sarvi S. In[37]
silico  analysis  and  expression  of  a  novel  chimeric  antigen  as  a
vaccine  candidate  against  Toxoplasma  gondii.  Microb  Pathog
2019; 132: 275-81.
http://dx.doi.org/10.1016/j.micpath.2019.05.013 PMID: 31078709
Larsen  J,  Lund  O,  Nielsen  M.  Improved  method  for  predicting[38]
linear B-cell epitopes. Immunome Res 2006; 2(1): 2.
http://dx.doi.org/10.1186/1745-7580-2-2 PMID: 16635264
Chou  PY,  Fasman GD.  Prediction  of  the  secondary  structure  of[39]
proteins  from  their  amino  acid  sequence.  Adv  Enzymol  Relat
Areas Mol Biol 1978; 47: 45-148.
http://dx.doi.org/10.1002/9780470122921 PMID: 364941
Karplus PA, Schulz GE. Prediction of chain flexibility in proteins.[40]
Naturwissenschaften 1985; 72(4): 212-3.
http://dx.doi.org/10.1007/BF01195768
Kolaskar  AS,  Tongaonkar  PC.  A  semi‐empirical  method  for[41]
prediction of antigenic determinants on protein antigens. FEBS
Lett 1990; 276(1-2): 172-4.
http://dx.doi.org/10.1016/0014-5793(90)80535-Q PMID: 1702393
Parker JMR, Guo D, Hodges RS. New hydrophilicity scale derived[42]
from high-performance liquid chromatography peptide retention
data: Correlation of predicted surface residues with antigenicity
and  x-ray-derived  accessible  sites.  Biochemistry  1986;  25(19):
5425-32.
http://dx.doi.org/10.1021/bi00367a013 PMID: 2430611
Emini EA, Hughes JV, Perlow DS, Boger J. Induction of hepatitis A[43]
virus-neutralizing antibody by a virus-specific synthetic peptide. J
Virol 1985; 55(3): 836-9.
http://dx.doi.org/10.1128/jvi.55.3.836-839.1985 PMID: 2991600
María R-AR, Arturo C-VJ, Alicia J-A, Paulina M-LG, Gerardo A-O.[44]
The impact of bioinformatics on vaccine design and development.
Vaccines 2017; 2017(2): 3-6.
http://dx.doi.org/10.5772/intechopen.69273
Ghaffari  AD,  Dalimi  A,  Ghaffarifar  F,  Pirestani  M.  Structural[45]
predication  and  antigenic  analysis  of  ROP16  protein  utilizing
immunoinformatics methods in order to identification of a vaccine
against Toxoplasma gondii: An in silico approach. Microb Pathog
2020; 142(142): 104079.
http://dx.doi.org/10.1016/j.micpath.2020.104079 PMID: 32084578
Yang J, Zhang Y. I-TASSER server: New development for protein[46]
structure  and  function  predictions.  Nucleic  Acids  Res  2015;
43(W1):  W174-81.
http://dx.doi.org/10.1093/nar/gkv342 PMID: 25883148
Doytchinova  IA,  Flower  DR.  VaxiJen:  A  server  for  prediction  of[47]
protective antigens, tumour antigens and subunit vaccines. BMC
Bioinformatics 2007; 8(1): 4.
http://dx.doi.org/10.1186/1471-2105-8-4 PMID: 17207271
Magnan  CN,  Randall  A,  Baldi  P.  SOLpro:  Accurate  sequence-[48]
based  prediction  of  protein  solubility.  Bioinformatics  2009;
25(17):  2200-7.
http://dx.doi.org/10.1093/bioinformatics/btp386 PMID: 19549632
Mauro VP. Codon optimization in the production of recombinant[49]
biotherapeutics:  Potential  risks  and  considerations.  BioDrugs
2018;  32(1):  69-81.
http://dx.doi.org/10.1007/s40259-018-0261-x PMID: 29392566
Hosseininejad  Z,  Daryani  A,  Fasihi-Ramandi  M,  et  al.  In  silico[50]
vaccine  design  and  expression  of  the  multi-component  protein
candidate  against  the  Toxoplasma gondii  parasite  from MIC13,
GRA1, and SAG1 antigens. Iran J Parasitol 2023; 18(3): 301-12.
http://dx.doi.org/10.18502/ijpa.v18i3.13753 PMID: 37886246
Hosseininejad Z, Daryani A, Fasihi-Ramandi M, et al. Design and[51]
immunological  evaluation  of  a  multi-epitope  vaccine  candidate
against Toxoplasma gondii incorporating MIC13, GRA1, and SAG1

http://dx.doi.org/10.1016/j.micpath.2020.104434
http://www.ncbi.nlm.nih.gov/pubmed/32777351
http://dx.doi.org/10.2174/1871526520666200617135851
http://www.ncbi.nlm.nih.gov/pubmed/32552646
http://dx.doi.org/10.1016/j.heliyon.2024.e31558
http://www.ncbi.nlm.nih.gov/pubmed/38818168
http://dx.doi.org/10.1007/s11011-021-00824-2
http://www.ncbi.nlm.nih.gov/pubmed/34476718
http://dx.doi.org/10.1016/S0169-4758(98)01377-5
http://www.ncbi.nlm.nih.gov/pubmed/10234186
http://dx.doi.org/10.1016/j.ijpara.2008.03.007
http://www.ncbi.nlm.nih.gov/pubmed/18508057
http://dx.doi.org/10.1016/j.fawpar.2019.e00036
http://www.ncbi.nlm.nih.gov/pubmed/32095610
http://dx.doi.org/10.1201/9781420092370
http://dx.doi.org/10.1016/j.ijpara.2003.12.009
http://www.ncbi.nlm.nih.gov/pubmed/15003501
http://dx.doi.org/10.1016/S0002-9394(02)01537-4
http://www.ncbi.nlm.nih.gov/pubmed/12095805
http://dx.doi.org/10.1126/science.1133690
http://www.ncbi.nlm.nih.gov/pubmed/17170306
http://dx.doi.org/10.1016/j.micinf.2005.11.013
http://www.ncbi.nlm.nih.gov/pubmed/16616574
http://dx.doi.org/10.1016/S0020-7519(01)00261-2
http://www.ncbi.nlm.nih.gov/pubmed/11566296
http://dx.doi.org/10.1016/j.trivac.2015.11.002
http://dx.doi.org/10.1016/j.exppara.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19366622
http://dx.doi.org/10.1128/IAI.71.1.309-316.2003
http://www.ncbi.nlm.nih.gov/pubmed/12496180
http://dx.doi.org/10.1016/j.vaccine.2006.10.060
http://www.ncbi.nlm.nih.gov/pubmed/17234306
http://dx.doi.org/10.1186/1756-3305-6-63
http://www.ncbi.nlm.nih.gov/pubmed/23497561
http://dx.doi.org/10.1016/j.micpath.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31078709
http://dx.doi.org/10.1186/1745-7580-2-2
http://www.ncbi.nlm.nih.gov/pubmed/16635264
http://dx.doi.org/10.1002/9780470122921
http://www.ncbi.nlm.nih.gov/pubmed/364941
http://dx.doi.org/10.1007/BF01195768
http://dx.doi.org/10.1016/0014-5793(90)80535-Q
http://www.ncbi.nlm.nih.gov/pubmed/1702393
http://dx.doi.org/10.1021/bi00367a013
http://www.ncbi.nlm.nih.gov/pubmed/2430611
http://dx.doi.org/10.1128/jvi.55.3.836-839.1985
http://www.ncbi.nlm.nih.gov/pubmed/2991600
http://dx.doi.org/10.5772/intechopen.69273
http://dx.doi.org/10.1016/j.micpath.2020.104079
http://www.ncbi.nlm.nih.gov/pubmed/32084578
http://dx.doi.org/10.1093/nar/gkv342
http://www.ncbi.nlm.nih.gov/pubmed/25883148
http://dx.doi.org/10.1186/1471-2105-8-4
http://www.ncbi.nlm.nih.gov/pubmed/17207271
http://dx.doi.org/10.1093/bioinformatics/btp386
http://www.ncbi.nlm.nih.gov/pubmed/19549632
http://dx.doi.org/10.1007/s40259-018-0261-x
http://www.ncbi.nlm.nih.gov/pubmed/29392566
http://dx.doi.org/10.18502/ijpa.v18i3.13753
http://www.ncbi.nlm.nih.gov/pubmed/37886246


Design and Evaluation of a Novel Chimeric Vaccine 13

antigens  in  BALB/c  mice.  Food  Waterborne  Parasitol  2025;
40(40):  e00269.
http://dx.doi.org/10.1016/j.fawpar.2025.e00269 PMID: 40546389
Zhang NZ, Wang M, Xu Y, Petersen E, Zhu XQ. Recent advances[52]
in  developing  vaccines  against  Toxoplasma  gondii:  An  update.
Expert Rev Vaccines 2015; 14(12): 1609-21.
http://dx.doi.org/10.1586/14760584.2015.1098539  PMID:
26467840
Fachado A,  Rodriguez A,  Angel  SO,  et  al.  Protective effect  of  a[53]
naked DNA vaccine cocktail against lethal toxoplasmosis in mice.
Vaccine 2003; 21(13-14): 1327-35.
http://dx.doi.org/10.1016/S0264-410X(02)00692-8  PMID:
12615427
Kasper  LH,  Khan  IA.  Role  of  P30  in  host  immunity  and[54]
pathogenesis  of  T.  gondii  infection.  Res  Immunol  1993;  144(1):
45-8.
http://dx.doi.org/10.1016/S0923-2494(05)80097-5 PMID: 8451518
Radke JR, Gubbels MJ, Jerome ME, Radke JB, Striepen B, White[55]
MW.  Identification  of  a  sporozoite‐specific  member  of  the
Toxoplasma  SAG superfamily via  genetic complementation. Mol
Microbiol 2004; 52(1): 93-105.
http://dx.doi.org/10.1111/j.1365-2958.2003.03967.x  PMID:
15049813
Nam  HW.  GRA  proteins  of  Toxoplasma  gondii:  Maintenance  of[56]
host-parasite  interactions  across  the  parasitophorous  vacuolar
membrane. Korean J Parasitol 2009; 47(Suppl) (Suppl.): S29-37.
http://dx.doi.org/10.3347/kjp.2009.47.S.S29 PMID: 19885333
Pinzan CF, Sardinha-Silva A, Almeida F, et al.  Vaccination with[57]
recombinant  microneme  proteins  confers  protection  against
experimental  toxoplasmosis  in  mice.  PLoS  One  2015;  10(11):
e0143087.
http://dx.doi.org/10.1371/journal.pone.0143087 PMID: 26575028
Petersen E, Nielsen HV, Christiansen L, Spenter J. Immunization[58]
with E. coli produced recombinant T. gondii SAG1 with alum as
adjuvant  protect  mice  against  lethal  infection  with  Toxoplasma
gondii. Vaccine 1998; 16(13): 1283-9.
http://dx.doi.org/10.1016/S0264-410X(98)00039-5 PMID: 9682392
Reynoso-Palomar  A,  Moreno-Gálvez  D,  Villa-Mancera  A.[59]
Prevalence  of  Toxoplasma  gondii  parasite  in  captive  Mexican
jaguars determined by recombinant surface antigens (SAG1) and
dense  granular  antigens  (GRA1  and  GRA7)  in  ELISA-based
serodiagnosis.  Exp  Parasitol  2020;  208:  107791.
http://dx.doi.org/10.1016/j.exppara.2019.107791 PMID: 31704144

Jongert E, Roberts CW, Gargano N, Förster-Waldl E, Petersen E.[60]
Vaccines  against  Toxoplasma  gondii:  Challenges  and
opportunities.  Mem  Inst  Oswaldo  Cruz  2009;  104(2):  252-66.
http://dx.doi.org/10.1590/S0074-02762009000200019  PMID:
19430651
Choi  WH,  Park  JS.  Immunogenicity  and  protective  effect  of  a[61]
virus-like  particle  containing  the  SAG1  antigen  of  Toxoplasma
gondii  as  a  potential  vaccine  candidate  for  toxoplasmosis.
Biomedicines  2020;  8(4):  91.
http://dx.doi.org/10.3390/biomedicines8040091 PMID: 32325746
Wu XN,  Lin  J,  Lin  X,  Chen  J,  Chen  ZL,  Lin  JY.  Multicomponent[62]
DNA  vaccine-encoding  Toxoplasma  gondii  GRA1  and  SAG1
primes: Anti-Toxoplasma immune response in mice. Parasitol Res
2012; 111(5): 2001-9.
http://dx.doi.org/10.1007/s00436-012-3047-y PMID: 22837100
Alijani  M,  Saffar  B,  Yosefi  Darani  H,  Mahzounieh  M,  Fasihi-[63]
Ramandi M, Shakshi-Niaei M. Immunological evaluation of a novel
multi-antigenic DNA vaccine encoding SAG1, SAG3, MIC4, GRA5,
GRA7,  AMA1  and  BAG1  against  Toxoplasma  gondii  in  BALB/c
mice. Exp Parasitol 2023; 244: 108409.
http://dx.doi.org/10.1016/j.exppara.2022.108409 PMID: 36403800
Solhjoo K, Ghaffari F F, Dalimi-Asl A, Sharifi Z. Enhancement of[64]
antibody immune response to a Toxoplasma gondii SAG1-encoded
DNA vaccine by formulation with aluminum phosphate. J Med Sci
(Faisalabad, Pak) 2007; 7(3): 361-7.
http://dx.doi.org/10.3923/jms.2007.361.367
Zhou H, Gu Q, Zhao Q, et al. Toxoplasma gondii: Expression and[65]
characterization of a recombinant protein containing SAG1 and
GRA2 in Pichia pastoris. Parasitol Res 2007; 100(4): 829-35.
http://dx.doi.org/10.1007/s00436-006-0341-6 PMID: 17058109
Chen  X,  Zaro  JL,  Shen  WC.  Fusion  protein  linkers:  Property,[66]
design  and  functionality.  Adv  Drug  Deliv  Rev  2013;  65(10):
1357-69.
http://dx.doi.org/10.1016/j.addr.2012.09.039 PMID: 23026637
Arai R, Ueda H, Kitayama A, Kamiya N, Nagamune T. Design of[67]
the linkers which effectively separate domains of a bifunctional
fusion protein. Protein Eng Des Sel 2001; 14(8): 529-32.
http://dx.doi.org/10.1093/protein/14.8.529 PMID: 11579220
Shaddel M, Ebrahimi M, Tabandeh MR. Bioinformatics analysis of[68]
single  and  multi-hybrid  epitopes  of  GRA-1,  GRA-4,  GRA-6  and
GRA-7  proteins  to  improve  DNA  vaccine  design  against
Toxoplasma  gondii.  J  Parasit  Dis  2018;  42(2):  269-76.
http://dx.doi.org/10.1007/s12639-018-0996-9 PMID: 29844632

http://dx.doi.org/10.1016/j.fawpar.2025.e00269
http://www.ncbi.nlm.nih.gov/pubmed/40546389
http://dx.doi.org/10.1586/14760584.2015.1098539
http://www.ncbi.nlm.nih.gov/pubmed/26467840
http://dx.doi.org/10.1016/S0264-410X(02)00692-8
http://www.ncbi.nlm.nih.gov/pubmed/12615427
http://dx.doi.org/10.1016/S0923-2494(05)80097-5
http://www.ncbi.nlm.nih.gov/pubmed/8451518
http://dx.doi.org/10.1111/j.1365-2958.2003.03967.x
http://www.ncbi.nlm.nih.gov/pubmed/15049813
http://dx.doi.org/10.3347/kjp.2009.47.S.S29
http://www.ncbi.nlm.nih.gov/pubmed/19885333
http://dx.doi.org/10.1371/journal.pone.0143087
http://www.ncbi.nlm.nih.gov/pubmed/26575028
http://dx.doi.org/10.1016/S0264-410X(98)00039-5
http://www.ncbi.nlm.nih.gov/pubmed/9682392
http://dx.doi.org/10.1016/j.exppara.2019.107791
http://www.ncbi.nlm.nih.gov/pubmed/31704144
http://dx.doi.org/10.1590/S0074-02762009000200019
http://www.ncbi.nlm.nih.gov/pubmed/19430651
http://dx.doi.org/10.3390/biomedicines8040091
http://www.ncbi.nlm.nih.gov/pubmed/32325746
http://dx.doi.org/10.1007/s00436-012-3047-y
http://www.ncbi.nlm.nih.gov/pubmed/22837100
http://dx.doi.org/10.1016/j.exppara.2022.108409
http://www.ncbi.nlm.nih.gov/pubmed/36403800
http://dx.doi.org/10.3923/jms.2007.361.367
http://dx.doi.org/10.1007/s00436-006-0341-6
http://www.ncbi.nlm.nih.gov/pubmed/17058109
http://dx.doi.org/10.1016/j.addr.2012.09.039
http://www.ncbi.nlm.nih.gov/pubmed/23026637
http://dx.doi.org/10.1093/protein/14.8.529
http://www.ncbi.nlm.nih.gov/pubmed/11579220
http://dx.doi.org/10.1007/s12639-018-0996-9
http://www.ncbi.nlm.nih.gov/pubmed/29844632

	[1. INTRODUCTION]
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Retrieval of Protein Sequences
	2.2. Prediction of Transmembrane Domains and the Signal Peptides
	2.3. Prediction of B-cell Epitopes
	2.4. Major Histocompatibility Complex (MHC) Class I and II Binding Epitope Prediction
	2.5. Construction of Fusion Peptides
	2.6. Prediction of Secondary and Tertiary Structures
	2.7. Validation of the Tertiary Structure
	2.8. Assessment of Antigenicity, Allergenicity, and Solubility
	2.9. Prediction of Physicochemical Properties
	2.10. Optimization of the Chimeric Gene
	2.11. mRNA Structure Prediction

	3. RESULTS
	3.1. Gene Information
	3.2. Transmembrane Domain and Signal Peptide Prediction
	3.3. Prediction of B-cell and T-cell Epitopes
	3.4. Segment Selection
	3.5. Prediction and Analysis of Secondary and Tertiary Structures
	3.6. Validation of the Tertiary Structure
	3.7. Antigenicity, Allergenicity, and Solubility Evaluation
	3.8. Physicochemical Property Prediction
	3.9. Codon Optimization
	3.10. mRNA Secondary Structure Prediction

	4. DISCUSSION
	5. LIMITATIONS AND FUTURE PERSPECTIVES 
	CONCLUSION
	AUTHORS' CONTRIBUTIONS
	LIST OF ABBREVIATIONS
	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	HUMAN AND ANIMAL RIGHTS
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	SUPPLEMENTARY MATERIAL
	REFERENCES


