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Abstract

Background: Toxoplasma gondii is an obligate intracellular parasite that can infect almost all warm-blooded
animals, avian species and humans. Toxoplasmosis is asymptomatic in healthy individuals, whereas it may lead to
death in immune suppressed or deficient patients. A vaccine against 7. gondii is required to prevent consequences
of the infection. The aim of this study is to generate a multivalent recombinant protein vaccine against T. gondii.

Methods: 49 previously discovered antigenic proteins of T gondii were evaluated by their expression level in £. coli
and by comprehensive bioinformatics analyses to determine antigenic epitopes. Based on these analyses, six
vaccine candidate proteins were selected to generate a hexavalent recombinant protein vaccine adjuvanted with
Montanide ISA 50 V. Humoral and cellular immune responses were determined by flow cytometry and ELISA.
Vaccinated mice were challenged with T. gondii Ankara strain tachyzoites.

Results: In mice vaccinated with hexavalent vaccine, strong total IgG (P < 0.0001) and IgG2a (P < 0.001) responses
were induced compared to controls, the ratio of CD4* and CD8" T lymphocytes secreting IFN-y increased, and
significantly higher extracellular IFN-y secretion was achieved compared to the controls (P < 0.001). The survival time
of the vaccinated mice increased to 838 + 2.13 days which was significantly higher than controls (P < 0.01).

Conclusions: Altogether, these results show that the hexavalent vaccine which is developed for the first time
against T. gondii induced strong and balanced Th1 and Th2 immune responses as well as conferred significant
protection against challenge with lethal toxoplasmosis in murine model.
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Background

Toxoplasma gondii is an obligate intracellular parasite
that causes toxoplasmosis in all warm blooded animals
and humans. It is reported that one third of the world’s
population is estimated to be infected with T. gondii. T.
gondii usually causes an asymptomatic infection in
healthy people, but can be life-threating in immune-
compromised patients (organ transplant recipients, Ac-
quired Immunodeficiency Syndrome patients, and can-
cer patients). Congenital toxoplasmosis may cause
abortion, neonatal death or foetal abnormalities in the
foetus [1]. Farm animals such as sheep, goats, and pigs
have also been shown to be susceptible to T. gondii in-
fection. Toxoplasmosis infection in farm animals causes
significant economic losses as a result of prenatal death,
abortion, and neonatal death. Moreover, T. gondii is
linked to mental disorders and may affect human behav-
iour, personality, and other phenotypic traits [2].

Cats and other felines are the definitive hosts of 7.
gondii [3]. In the life cycle of T. gondii the main infective
forms are tissue cysts (containing bradyzoites) and oo-
cysts (containing sporozoites). The infection sources for
humans are consumption of vegetables, fruits or water
contaminated with faeces of infected cats containing oo-
cysts and raw or undercooked meat contaminated with
tissue cysts [4]. For these reasons, development of a safe
and protective vaccine against 7. gondii infection that
can be used in animals and humans has utmost
importance.

Recombinant protein vaccines are safe and efficient,
and have a great potential for prevention or eradica-
tion of diseases. One of the most important issues
during a recombinant protein vaccine development is
the selection of the vaccine candidate antigen(s) [5].
Antigens to be used in vaccine formulations against
toxoplasmosis should actively induced strong immune
response, produce long-lasting immunity, and be anti-
genic in each stage of the parasite [6]. In our study
group’s previous studies, we used protein microarray
containing 2870 candidate exon products of 7. gondii
to screen well-characterized sera from acute and
chronic toxoplasmosis human cases and murine
model infected orally with oocysts or tissue cysts.
During these studies, screening human sera prioritized
240 antigenic proteins and screening these 240 anti-
gens with murine sera prioritized 49 proteins based
on their immunogenicity [6—-8].

In this study, we selected six proteins based on their
antigenic epitopes using bioinformatics and protein ex-
pression level in E. coli. Thereafter, we developed a
hexavalent recombinant protein vaccine adjuvanted with
Montanide ISA 50V and administered to a murine
model to determine its immunogenicity and protection
efficiency against lethal toxoplasmosis.
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Methods

Animals

6—-8 week old female healthy Swiss outbred mice were
obtained from the Bornova Veterinary Control Institute
Animal Production Facility and used during the experi-
ments. Animals were housed under standard and suitable
conditions. Specifically rooms had ambient temperature
and humidity, adequate light cycle, and diet was specific
for each animal type. All animals were checked for hu-
mane endpoints every day such as rapid weight loss more
than ~ 20% of gross body weight, inability to assess water
or food, or loss of skin elasticity indicative of dehydration.
In any of these circumstances, we pre-euthanized the ani-
mals with ketamine hydrochloride (2 mg/kg) and 2% xyla-
zine (3mg/kg) and then euthanized with cervical
dislocation.

Determination of vaccine candidate antigens

Based on the data obtained from previous studies [6—8],
49 proteins were selected based on their immunogenicity
in humans and murine sera (Table 1). In order to deter-
mine the vaccine candidate antigens, expression levels of
these proteins were analysed using western blot and
moreover, a comprehensive bioinformatics analyses was
performed.

Expression levels of 49 proteins in E. coli

The gene sequences of the 49 different genes were access-
ible from the Toxoplasma Genomic Resource (http://
www.toxodb.org/toxo/). The plasmids expressing these 49
recombinant proteins were constructed as previously de-
scribed [6-8]. Thereafter, the plasmids were cloned into
chemically competent Escherichia coli (E. coli) BL21 Star
(DE3) pLysS cells according to the manufacturer’s proto-
col (Invitrogen, USA).

E. coli BL21 Star (DE3) pLysS cells containing 49 dif-
ferent plasmids were incubated at 37 °C with shaking at
225 rpm for 16-24h until the optical density (OD600)
reached an absorbance of 0,4 ng/uL. Then, recombinant
protein expression was induced with 0.5 mM IPTG (iso-
propyl-D- thiogalactopyranoside) and the bacterial cul-
tures were incubated for 4 h, 37 °C with shaking at 225
rpm. Next, cell cultures were harvested by centrifugation
at 5000xg for 10 min. The pellets were homogenized
with lysis buffer [0.1% Triton X-100, 50 mM Tris-Cl and
0.3 M NaCl (pH: 7.4)] and were freeze-thawed 3 times.
The homogenates were incubated on a rotator at room
temperature for 15min and then were centrifuged at
30.000xg for 20 min.

The supernatants were incubated with 1 ml Ni-NTA
Superflow beads (Qiagen, USA) for 30 min with shaking
at 100 rpm. At the end of incubation, the suspension
was centrifuged at 4000 rpm for 1 min and the super-
natant was discarded. Then, the Ni-NTA beads were
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Table 1 The plasmids encoding selected 49 T. gondii antigenic proteins

ToxoDB® name Plasmid name

ToxoDB? name Plasmid name

TGME49_047370_4 pA1
TGME49_026020_8 pB1
TGME49_053730_9 pCl
TGME49_061020_40 pD1
TGME49_047390_4 pE1
TGME49_024710_6 pF1
TGME49_104950_2 pGl
TGME49_086450_1 pH 1
TGME49_021710_4 pA2
TGME49_121520_3 pB2
TGME49_037880_1 pC2
TGME49_093730_6 pD2
TGME49_015980_1 pE2
TGME49_001840_1 pF2
TGME49_039440_1 pG2
TGME49_019310_8 pH2
TGME49_027280_1 pA3
TGME49_003310_1 pB3
TGME49_048540_4 pC3
TGME49_100120_9 pD3
TGME49_095650_3 pE3
TGME49_051630_2 pF3
TGME49_054720_1 pG3
TGME49_005360_12 pH 3
TGME49_058660_1 pA4

TGME49_034360_1 pB4
TGME49_113440_1 pC4
TGME49_013390_6 pD4
TGME49_073130_2 pE4
TGME49_075490_12 pF4
TGME49_114850_1 pG4
TGME49_047540_5 pH 4
TGME49_110780_1 pAS
TGME49_026110_8 pB5
TGME49_093000_2 pC5
TGME49_078100_1 pD5
TGME49_092280_1 pES
TGME49_026380_1 pF5
TGME49_090680_8 pG5
TGME49_005360_17 pH 5
TGME49_109590_1 pA6
TGME49_114500_1 pB6
TGME49_055180_14 pCo
TGME49_055180_7 pD6
TGME49_025340_13 pE6
TGME49_022370_1 pF6
TGME49_026510_1 pG6
TGME49_013390_5 pH6
TGME49_095700_1 pA7

“ToxoDB: http://www.toxodb.org/toxo/

Bold written plasmids are the antigens selected for hexavalent vaccine development

washed with 50 mM Tris-Cl and 0.3 M NaCl and 25 mM
imidazole (pH: 7.4) for 30 min with shaking at 100 rpm.
Thereafter, the suspension was centrifuged at 4000 rpm
for 1 min and the supernatant was discarded. Next, Ni-
NTA beads were incubated with 50 mM Tris-Cl and 0.3
M NacCl and 0.5M imidazole (pH: 7.4) for 30 min with
shaking at 100 rpm. Finally, the suspension was centri-
fuged at 4000 rpm for 1 min and supernatants were ana-
lysed with Western blot as described below to determine
the expression level of recombinant proteins. The most
abundantly expressed recombinant proteins were se-
lected for vaccine development.

Bioinformatics analyses of 49 recombinant proteins for
antigen mapping and glycosylation

The protective immune response against toxoplasmosis
is conferred by mainly by cellular immune response and
through humoral immune response [6, 9]. In addition,
the expression of 49 recombinant proteins of 7. gondii
will be performed in E. coli. T. gondii is a eukaryotic

obligate intracellular parasite. Protein post-translational
modifications are common events in most eukaryotes,
such as glycosylation. Glycosylation of peptide effects
protein immunogenicity and major histocompatibility
complex (MHC) binding [10]. Thus, apart from the de-
termination of the expression levels, 49 proteins will
analysed by bioinformatics tools to determine the pres-
ence of antigenic epitopes as well as glycosylation sites.
At the end of the bioinformatics analyses, we aimed to
select the proteins that have cellular and humoral im-
mune response inducing epitopes with the least glycosyl-
ation sites.

Since T. gondii is an intracellular parasite, immune-
mediated protection against toxoplasmosis is mainly con-
ferred by interaction between CD8" T cells and MHC
Class I and CD4"* T cells and MHC Class II [11-14]. Anti-
genic sites recognized by CD8" T cells and CD4*are pep-
tides containing 8 to 10 and 15 amino acids associated
with the MHC Class I (MHC-I) and MHC-II molecules,
respectively [12—14]. Predicted epitopes of CD8" T cells
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and CD4* T cells that bind to MHC-I and MHC-II
inside 49 proteins were investigated using the Im-
mune Epitope Database and Analysis Resource (IEDB)
(http://tools.immuneepitope.org/mhci; http://tools.iedb.
org/mhcii/) [13-18]. The potential linear B-cell
epitopes of 49 antigenic proteins were also analysed
by Support Vector Machine (SVM) which has been
utilized by combining the Tri-peptide similarity and
Propensity scores (SVMTriP; http://sysbio.unl.edu/
SVMTriP/prediction.php) [19].

In many eukaryotic pathogens, proteins may have N-
and O-linked glycosylation sites through post translational
modification which may affect their interaction with their
host organisms. Protein glycosylation is common in T.
gondii as it is in other eukaryotes [20]. In this study, E. coli
was used as the expression system and we aimed to select
the vaccine candidate proteins among the 49 recombinant
proteins with least glycosylation sites in predicted anti-
genic epitopes. The potential N-glycosylation and O-
glycosylation sites of 49 antigenic proteins were analysed
using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/ser-
vices/NetNGlyc/) NetOGlyc 4.0 Server (http://www.cbs.
dtu.dk/services/NetOGlyc/) [21].

Expression and purification of vaccine candidate 6
antigenic proteins

According to protein expression levels and bioinformat-
ics results, 6 proteins were [pH 2 (TGME49_019310_8),
pA4 (TGME49_058660_1), pE4 (TGME49_073130_2),
pD6 (TGME49_055180_7), pE6 (TGME49_025340_13),
pH6 (TGME49_013390_5)] were selected as vaccine
candidate. Thereafter, E. coli BL21 Star (DE3) pLysS cells
containing the pH2, pA4, pE4, pD6, pE6, and pH6
stocks were inoculated into individual 500 ml LB broth
medium supplemented with ampicillin (100 pg/ml) and
incubated overnight at 37 °C with 225 rpm shaking. Next
day, the overnight cultures were inoculated into the bio-
reactor (Bioflo 110, New Brunswick, USA) containing
7.5 L enrichment medium supplemented with ampicillin
(100 pug/ml). The dissolved oxygen and pH levels were
maintained at 40-60 and 7.0 + 0.4 with vigorous mixing
(400 rpm) at 37 °C until OD600 reached 0.4. Then, the
cell cultures were induced at a final concentration of 0.5
mM IPTG and incubated for 4 h at 37 °C.

The cells were centrifuged at 5000xg for 10 min and
the pellet was resuspended with 300 ml pre-chilled load-
ing buffer (50 mM Tris-Cl, 0.3 M NaCl, pH 7.5) and ho-
mogenized with a blender for 10 s (Waring, USA). Then,
the homogenized cells were disrupted twice using a
microfluidizer processor (Microfluidics M-110L Pneu-
matic, USA) at a low temperature under internal pres-
sure of 18,000 psi and centrifuged at 30,000 g for % h at
4.°C. The homogenates were centrifuged at 30,000xg for
30 min at 4°C. The clarified supernatants were filtered
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using 0.45 pm pore filter (Corning, USA). The filtered
samples were purified with AKTA Fast Protein Liquid
Chromatography (FPLC) system, controlled by UNI-
CORN™ software (GE Health, USA), using 5 ml HiTrap
Ni** Chelating HP column (GE Health, USA). Approxi-
mately 100 ml filtered supernatant was loaded to the
HiTrap Ni** Chelating HP column. After binding, the
column was washed with buffers containing increasing
concentrations of imidazole (50 mM, 100 mM, 250 mM).
The recombinant proteins (rH2, rA4, rE4, rD6, rE6, and
rH6) were eluted by raising the imidazole concentration
to 0.5M. Purity and identity of the purified proteins
were analysed by 12% (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) SDS-PAGE and
Western Blot analysis and concentrated with Vivaspin
20 (Sartorius, Germany).

The proteins were further purified by FPLC on a
Superdex 200/10-300 GL [100000-600,000 Molecular
weight cut-off (MWCO)] column (GE Health, USA) to
remove excess endotoxin. The subsequent protein frac-
tions were pooled, concentrated and quantitated by
Bradford method (Pierce, USA).

SDS-PAGE and Western blot analysis

To observe the expression levels, purity and immunore-
activity, proteins were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel (SDS-PAGE). The separated
proteins were transferred to polyvinylidene difluoride
(PVDF) transfer membrane (Immobilon-P, Millipore,
MA), blocked by 6.25% non-fat dry milk for 1 h at room
temperature. The membranes were probed with a 1/
3333 dilution of monoclonal anti-polyhistidine antibody
(Sigma-Aldrich, USA) for 1.5h at room temperature.
Then the membranes were probed with a 1/3333 dilu-
tion of alkaline phosphatase-conjugated goat anti-mouse
IgG (H+L) antibody (Sigma-Aldrich, USA) for 1h at
room temperature. The blot was developed with dietha-
nolamine buffer (10% Diethanolamine, 4 M HCI pH: 9.8,
0.5mM MgCI2¢6H20) containing 4.3% 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) diluted in dimethyla-
cetamide, 4.1% Nitro-BT diluted in 70% (v/v) dimethyl-
formamide (Applichem, Germany).

Determination and removal of endotoxin from purified
recombinant proteins

The amount of endotoxin in the purified vaccine candi-
date 6 recombinant proteins were determined with
Limulus Ameobocyte Lysate (LAL) Gel-Clot test using
Pyrotell single test vials according to the manufacturer’s
protocol (Cape Cod Inc., USA). The test sensitivity was
0.25 Endotoxin Units (EU)/mL. E. coli O113:H10 control
standard endotoxin (Cape Cod Inc., USA) was used for
positive control and LAL reagent water was used for
negative control. The concentration of endotoxin-
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depleted, purified recombinant protein samples were cal-
culated with Bradford method (Pierce, USA) and stored
at — 80 °C until use.

Vaccination and T. gondii challenge infection

6—8 weeks old female Swiss Webster outbred mice were
randomly divided into four groups, each group consist-
ing of eleven mice (n:11). Mice were vaccinated intraper-
itoneally (i.p.) twice at 3 weeks intervals. Vaccines and
control groups as shown in Table 2. The first group was
immunized with hexavalent (6 antigens) recombinant
proteins adjuvanted with Montanide ISA 50V (Seppic,
France) prepared according to the manufacturer’s proto-
cols. Montanide ISA 50V was used as adjuvant due to
its efficiency in inducing both humoral and cellular im-
mune response. Three groups were considered as con-
trol; one control group was administered only with
hexavalent recombinant proteins without Montanide
ISA 50V adjuvant. The adjuvant control group was in-
oculated with only Montanide ISA 50 V [100 pl Monta-
nide ISA 50V adjuvant +100pl Phosphate buffered
saline (PBS)] and the last control group was inoculated
only PBS (200 ul PBS). Tail bleeds were performed 3
weeks after each vaccination.

Nine weeks after first vaccination, eight mice from all
four groups were challenged intraperitoneally with 1 x
10° tachyzoites of T. gondii local strain called Ankara
[22]. Thereafter, the infected mice were observed for the
symptoms of toxoplasmosis such as loss of fur bright-
ness and appetite and survival times were recorded on a
daily basis.

Detection of total IgG and IgG subclass antibody
response using rec-ELISA

Determination of 7. gondii specific total 1gG, IgG1 and
IGg2a antibodies in vaccinated mice were performed by
recombinant Enzyme-Linked ImmunoSorbent Assay
(Rec-ELISA) as described [23, 24]. In brief, each well of
microplates (Nunc, USA) were coated with 100 pl of re-
combinant proteins solution (containing 5 pg/ml of each
rH2, rA4, rE4, rD6, rE6 and rH6 in 1xPBS) and
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incubated overnight at 4°C. Next day, plates were
washed 3 times with 300 pl PBS-T (0.05% Tween 20 in
PBS) and then blocked with 5% nonfat dry milk contain-
ing 0.05% PBS-T for 2 h at room temperature. Mice sera
were diluted to 1/100 with blocking buffer supplemented
with E. coli lysate at a final concentration of 10 mg/ml
protein to block anti-E. coli antibodies and incubated for
30 min at 37 °C. Then, the mouse sera were added to the
wells in duplicate and incubated for 2h at 37°C with
gentle shaking. After three washes with 300 ul PBS-T,
the plates were incubated with 100 pl of anti-mouse IgG
(Sigma-Aldrich, USA; diluted 1/2000 in 0.05% PBS-T),
IgG1 (Jackson Immunoresearch, USA; diluted 1/1000 in
0.05% PBS-T) and IgG2a (Jackson Immunoresearch,
USA; diluted 1/1500 in 0.05% PBS-T) conjugated with
peroxidase for 1 h at room temperature. The plates were
washed thrice with 300 ul PBS-T and incubated with
100 ul 3, 3", 5, 5" tetramethylbenzidine (TMB) substrate
solution. The reaction was stopped by adding 75 pl of 2
N H,SO, (Merck, USA) and the absorbance was mea-
sured at 450 nm using a microplate reader (Bio-Tek EL x
808, USA). Serum samples were accepted positive if the
absorbance value (AV) of the serum sample exceeded
the mean AV (+) 2x standard deviation (S.D.) of the
negative control serum samples. Negative control serum
samples are the day 0 serum samples of mice. Each plate
contained anti-polyhistidine antibody (1:3333, Sigma-
Aldrich, USA) probed control wells to determine the
presence of His-tagged protein.

Determination of extracellular cytokine by ELISA

To evaluated cytokine production, three mice from per
group were euthanized 6 weeks after the prime vaccin-
ation and their spleens were removed. Single-cell sus-
pensions of splenocytes were prepared as previously
described [24, 25]. Aliquots of 5 x 10° viable splenocytes
in growth medium [1 x RPMI 1640 supplemented with
10% ECS (NBCS, HyClone, Thermo Fisher Scientific,
USA), 2mM l-glutamine (Gibco, Invitrogen,USA) peni-
cillin (100 U/ml) and streptomycin (100 pg/ml) (Sigma-
Aldrich, USA), 0.1 mM non-essential amino acid and 1

Table 2 Vaccine and control groups used during vaccination of mice

Vaccine and control groups Dose

(n:17) Prime dose (day 0)

Boost dose (day 21)

PBS 100l PBS / i.p.

100l PBS / i.p.

Montanide ISA 50V

Hexavalent recombinant
protein mixture

Hexavalent recombinant protein
mixture (+) Montanide ISA 50V

100 pl Montanide (+) 100 ul PBS

Contains 6 different recombinant proteins [rH2 (+)
rA4 (+) rE4 (4) rD6 (+) rE6 (+) rH6] in PBS. The
amount of each protein is 20 pg in 200 ul PBS.

Contains 6 different recombinant proteins [rH2 (+)
rA4 (+) rE4 (+) D6 (+) rE6 (+) rH6] in PBS. The
amount of each protein is 20 pug in 100 ul PBS (+)
100 pl Montanide ISA 50V

100 pl Montanide (+) 100 ul PBS

Contains 6 different recombinant proteins [rH2 (+)
rA4 (+) rE4 (+) rD6 (+) rE6 (+) rH6] in PBS. The
amount of each protein is 20 pg in 200 pl PBS.

Contains 6 different recombinant proteins [rH2 (+)
rA4 (+) rE4 (4) rD6 (+) rE6 (+) rH6] in PBS. The
amount of each protein is 20 pg in 100 ul PBS (+)
100 pl Montanide ISA 50V




Sahar et al. BMC Infectious Diseases (2020) 20:493

mM sodium pyruvate (Gibco, Invitrogen,USA)] were
added to each well of 96 well round bottom plate (Grei-
ner, Germany). Before stimulation of splenocytes,
endotoxin-depleted purified rH2, rA4, rE4, rD6, rE6, and
rH6 proteins were incubated with polymyxin B for 30
min at room temperature. As positive control, spleno-
cytes were incubated with Concanavalin A (Sigma- Al-
drich, Germany) at a final concentration of 10 pg/ml. As
a negative control, only growth medium was used. Single
cell suspensions were stimulated rH2, rA4, rE4, rD6,
rE6, and rH6 recombinant proteins with a final concen-
tration of 100 pg/ml and incubated for 72 h at 37°C in a
5% CO, incubator. The concentration of extracellular
cytokine Interleukin 4 (IL-4) and Interferon gamma
(IFN-y) were determined using ELISA kits (BioLegend,
USA) according to the manufacturer’s protocol. The
sensitivity limit for the ELISA was deduced from the
standard curves after serial dilution of the recombinant
mouse IFN-y and IL-4 standards provided by the kit.
The optical density was determined at 450 nm using a
microplate reader (Bio-Tek EL x 808, USA). The sensi-
tivity limit of the IFN-y ELISA was 8 pg / ml and the test
interval was 2000 pg / ml-31.3 pg / ml by manufacturer.
The sensitivity limit of the IL-4 ELISA was 0.5 pg / ml
and the test interval was 125 pg / ml-2 pg / ml

Determination of IL-4 secreting CD4", IFN-y secreting
CD4* and CD8" T cells

Single cell suspensions of splenocytes were prepared as
described above in Determination of extracellular cyto-
kine by ELISA section. During the last 4 h of incubation,
Monensin (BD Biosciences, USA) was added to the cul-
tures at a final concentration of 2 uM according to the
manufacturer’s protocol.

T cell populations of control and vaccines groups were
simultaneously stained for Alexa flour 647 conjugated rat
anti-mouse CD3 (BD Biosciences, USA), FITC conjugated
rat anti-mouse CD4 (BD Biosciences, USA), or FITC con-
jugated rat anti-mouse CD8a (BD Biosciences, USA) using
Cytofix/Cytoperm Plus Fixation/Permeabilization kit (BD
Biosciences, USA) according to the manufacturer’s
instructions.

Thereafter, the cells were permeabilized and labelled
with PE conjugated rat anti-mouse IFN-y (BD Biosciences,
USA) or PE conjugated rat anti-mouse IL-4 antibodies
(BD Biosciences, USA) according to the manufacturer’s
recommendations. Antibodies were diluted in Perm/Wash
solution (BD Biosciences, USA) for intracellular staining.
All antibodies were used at a final concentration of 0.5 pug/
10° cells.

T cell populations of 10%*cells, gated with CD3* posi-
tive expression, were analysed to quantify: the percent-
age of rH2, rA4, rE4, rD6, rE6 and rH6 proteins specific
CD8" T lymphocytes secreting IFN-y and CD4" T
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lymphocytes that secreted IL-4 and IFN-y using FACS
Diva software (BD Biosciences, USA). All data were ob-
tained on a BD FACSAria Flow Cytometer (FACSAria;
BD Biosciences, USA).

Statistical analysis

Data obtained during the experiments were processed
using Microsoft Excel Software 2010 and Prism 3.03
program (GraphPad, San Diego, CA). A two-tailed un-
paired t-test with 95% confidence interval was used to
determine the significance between the vaccination
groups. Kaplan-Meier survival curves were constructed
to illustrate protection from lethal toxoplasmosis.
Humoral and cellular immune responses and survival
time were expressed as mean + standard deviation (S.D.).

Results

Selection of vaccine candidate antigens using expression

levels and bioinformatics analysis

The expression of 49 recombinant proteins were in-
duced with 0.5 mM IPTG when growing cells reached
an absorbance of 0.4 ng/uL at OD 600 nm. The cell cul-
tures were harvested 4h after induction, homogenized
with lysis buffer and purified by Ni-NTA beads. Then,
the recombinant protein expression levels were assessed
by Western blotting and rH2 (TGME49_019310_8), rA4
(TGME49_058660_1), rE4 (TGME49_073130_2), rD6
(TGME49_055180_7), rE6 (TGME49_025340_13), and
rH6 (TGME49 013390_5) had detectable bands at 26.7
kDa, 33.9kDa, 38.8 kDa, 78.1 kDa, 81.2kDa, and 110.2
kDa, respectively.

Bioinformatic analyses to predict MHC-I, MHC-I],
and B cell epitopes of the 49 recombinant proteins using
Immune Epitope Database and Analysis Resource
(IEDB) and SVMTTriP showed that there were 13, 8, 12,
10, 10, and 9 predicted MHC-I epitopes (Fig. 1la)
(Table 3), 196, 92, 340, 70, 24, and 50 predicted MHC-II
epitopes (Fig. 1b) (Table 3) and 10, 10, 10, 8, 5, and 4
predicted B-cell epitopes (Fig. 1c) (Table 3) in rE6, rD6,
rH6, rE4, rA4 and rH2, respectively.

The N-glycosylation and O-glycosylation sites of 49
antigenic proteins were predicted using NetNGlyc 1.0
Server and NetOGlyc 4.0 Server. Moreover, N and O-
glycosylation sites on the predicted MHC-I, MHC-II,
and B-cell epitopes were also analysed (Table 3). The re-
sults showed that rH6, rE6, rD6, rE4, rA4, and rH2 have
81 (7.7%), 69 (9.54%), 53 (7.29%), 21 (5.77%), 6 (1.92%),
and 4 (1.69%) O-glycosylation sites, respectively (Fig. 2a)
(Table 3). Regarding N-glycosylation, rD6, rA4, rE6 and
rH6 proteins have 3 (0.41%), 2 (0.64%), 2 (0.28%), 2
(0.19%) sites respectively, while rH2 and rE4 proteins
didn’t have N-glycosylation site (Fig. 2b) (Table 3).

Next, we next focused on the potential glycosylation
sites inside predicted MHC-I, MHC-II, and B cell
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epitopes of rE6, rD6, rH6, rE4, rA4, and rH2. The results
showed that in the MHC-I epitopes, rE6 and rH6 have
only one N-glycosylation site, rE4, rE6, rH6, and rD6
have 7, 7, 5 and 4 O-glycosylation sites, respectively
(Table 3). In MHC-II epitopes, rE6 and rH6 have 3 and
one N-glycosylation site, rE6, rD6, rH6, rE4, and rH2
have 36, 19, 53, 5, and 3 O-glycosylation sites, respect-
ively (Table 3). On the other hand, B-cell epitopes of
rE6, rD6, rH6, rE4, and rA4 have 18, 18, 10, 9 and 2 O-
glycosylation sites but did not contain any N-linked gly-
cosylation site (Table 3).

Expression and purification of vaccine candidate 6
antigenic proteins

Based on the protein expression levels and MHC-I,
MHC-II, and B cell epitope prediction results, rH2, rA4,
rE4, rD6, rE6, and rH6 were grown in big batches of LB
using a bioreactor, purified in on a HiTrap Ni2+ chelat-
ing column and then polished on a gel filtration column
to remove excess endotoxin. The purity of rH2, rA4,
rE4, rD6, rE6 and rH6 were assessed by SDS-PAGE and
western blotting as shown in Fig. 3a and b. The purified
rH2, rA4, rE4, rD6, rE6 and rH6 had apparent molecular
weight of approximately 26.7 kDa, 33.9 kDa, 38.8 kDa,
78.1kDa, 81.2 kDa, and 110.2 kDa, respectively. Some of
the proteins gave several bands possibly due to multi-
merization of recombinant protein, degradation or stal-
ling of protein synthesis in E. coli.

Humoral immune response

To determine total IgG, IgGl and IGg2a antibodies
against rH2, rA4, rE4, rD6, rE6, and rH6 proteins in
adjuvanted and control group mice serum samples, Rec-
ELISA was performed. According to the results, total
IgG response detected at day 42 was significantly higher
in sera of mice administered with hexavalent recombin-
ant protein mixture (+) Montanide ISA 50V vaccine
and the control group administered with only hexavalent
recombinant protein mixture compared to the pre-

vaccination sera (P <0.0001, ***). In control groups ad-
ministered with PBS or Montanide ISA 50V didn’t in-
duce a significant total IgG response. Significantly high
levels of total IgG immune response was detected in the
Hexavalent recombinant protein mixture (+) Montanide
ISA 50V when compared with the mice administered
with Hexavalent recombinant protein mixture (P=
0.002, **) (Fig. 4).

To assess the polarization of IgG1/IgG2a which is a
preliminary marker of whether vaccine induced the Thl
or Th2 immune response, the IgG1 and IgG2a response
was analysed by Rec-ELISA. The polarization of IgGl
and IgG2a response is shown in Fig. 5. Hexavalent re-
combinant protein mixture (+) Montanide ISA 50 V vac-
cine induced significantly high levels of IgG1 and IgG2a
at day 42 compared to the controls groups (P < 0.001,
**), Overall, in mice administered with Hexavalent re-
combinant protein mixture (+) Montanide ISA 50V,
IgG2a and IgG1 levels showed a strong and balanced im-
mune response. In control groups, PBS or Montanide
ISA 50V didn’t induce a significant IgG1 or IgG2a re-
sponse. (Fig. 5).

Cellular immune response

Single-cell suspensions of splenocytes obtained from
mice administered with hexavalent recombinant protein
mixture (+) Montanide ISA 50V and controls were
stimulated with purified rH2, rA4, rE4, rD6, rE6, and
rH6 proteins. Concentration of extracellular cytokine IL-
4 and IFN-y were determined using ELISA. According
to the results, IFN-y level was significantly higher in
mice vaccinated with the hexavalent recombinant pro-
tein mixture (+) Montanide ISA 50 V compared to mice
vaccinated with only Montanide ISA 50V (P =0.001,***)
or PBS (P =0.0007,***) (Fig. 6a). On the other side, IL-4
level was also significantly high in mice vaccinated with
the hexavalent recombinant protein mixture (+) Monta-
nide ISA 50V compared to control groups administered
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with PBS (P =0.0133, *) or Hexavalent recombinant pro-
tein mixture (P =0.0183, *) (Fig. 6b).

Flow cytometry analysis was used to determine the
ratio of CD8" T lymphocytes secreting IFN-y and
CD4" secreting IFN-y and IL-4 in vaccinated and
control groups. Protection against intracellular para-
site like T. gondii is primarily achieved by CD8" T
lymphocytes secreting IFN-y. For this reason, CD8" T
cell response is important for an ideal vaccine against
toxoplasmosis [11, 26, 27]. T cell population has been
gated with CD3" staining. In mice vaccinated with
Hexavalent recombinant protein mixture (+) Monta-
nide ISA 50V vaccine, the ratio of CD4" T lympho-
cytes secreting IFN-y increased 2, 1.6 and 1.45 times
compared to control groups vaccinated with PBS,
Montanide ISA 50V, and only Hexavalent recombin-
ant protein mixture (Fig. 7a). Besides, the ratio of
CD8" T lymphocytes secreting IFN-y increased 2.2
and 1.6 times in mice vaccinated with Hexavalent

recombinant protein mixture (+) Montanide ISA 50V
compared to control groups vaccinated with PBS,
Montanide ISA 50V, and only Hexavalent recombin-
ant protein mixture (Fig. 7b). On the other hand, the
ratio of CD4" T lymphocytes secreting IL-4 in mice
vaccinated with Hexavalent recombinant protein mix-
ture (+) Montanide ISA 50V increased 3.07, 2.88, and
1.1 times compared to control groups vaccinated with
PBS, Montanide ISA 50V, and only Hexavalent re-
combinant protein mixture (Fig. 7c). CD3" T cells
from all experimental groups proliferated to compar-
able ratios in response to ConA (Data not shown).

Protective effect of mice immunized against challenge
with lethal T. gondii

Protection against lethal toxoplasmosis in mice vacci-
nated with Hexavalent recombinant protein mixture
(+) Montanide ISA 50V was determined using 7.
gondii Ankara strain tachyzoites. Eight from each

A) 1 23 45 6
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Fig. 3 a SDS-PAGE and b Western blot showing the purified 6 vaccine candidates. Lane 1: rtH2 (~ 26.7 kDa); Lane 2: rA4 (~ 33.9 kDa); Lane 3: rE4
(~38.8kDa); Lane 4: rD6 (~ 78.1 kDa); Lane 5: rE6 (~81.2 kDa); Lane 6: rH6 (~ 110.2 kDa). Arrowheads show the recombinant proteins
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mice group were administered intraperioneally with
1x10°T. gondii Ankara strain tachyzoites 9 weeks
after the prime vaccination. After challenging, mice
groups administered with PBS and only Montanide
ISA 50V survived 5.5+0.53 and 5.38 + 0.52 days, re-
spectively. Mice vaccinated with Hexavalent recom-
binant protein mixture and Hexavalent recombinant

protein mixture (+) Montanide ISA 50V survived ap-
proximately 7. +0.83 days and 8.38 + 2.13, respectively.
Survival was significantly prolonged in groups vacci-
nated with Hexavalent recombinant protein mixture
and Hexavalent recombinant protein mixture (+)
Montanide ISA 50V compared to controls (P<0.01).
The results are summarized in Fig. 8.
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Discussion

Recently, our study group has discovered some 7. gondii
proteins that can be used as vaccine candidate against
toxoplasmosis using in silico and immunoscreening ap-
proaches based on protein microarrays [6, 8]. We se-
lected the antigens from this screening approach
because antigens selected without a screening approach
ended with disappointing clinical results such as the
malaria vaccine RTS,S which is a hybrid protein particle
designed in 1980s. The Major Surface Glycoprotein
(MSG) containing hybrid protein was formulated in a
multi-component adjuvant (AS01) and showed 39% pro-
tection in East African children in 2011 [28]. For these
reasons, development of a multivalant recombinant

protein vaccine using some of these discovered proteins
was the aim of this study.

For this purpose, we used the data from protein
microarray screening and prioritized 49 proteins based
on their immunogenicity. To further analyse these pro-
teins for their availability for vaccine development
against toxoplasmosis, we conducted small scale protein
expression experiments in conjunction with bioinformat-
ics analyses. According to protein expression levels 6
proteins were suitable to be used in the vaccine develop-
ment. Among them, rH2 (TGME49_019310_8) is a
DnaK family protein, rA4 (TGME49_058660_1) is
ROP6, rE4 (TGME49_073130_2) is a SAG-related se-
quence SRS30A, rD6 (TGME49_055180_7) is an
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ubiquitin carboxyl-terminal hydrolase, rE6 (TGME49_ The protection against T. gondii infection is dependent
025340_13) is a hypothetical protein, and rH6 on CD8" T-cytotoxic lymphocytes which play a signifi-
(TGME49_013390_5) is a plectin. cant role in cell mediated protection as well as B cells
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which is important in humoral immune response [11-
13, 15-19]. For this reason, MHC-I, MHC-II, and B-cell
epitopes of the vaccine candidate proteins were pre-
dicted by bioinformatics. SVMTriP online service was
used to analyse the B-cell epitopes of rE6, rD6, rH6, rE4,
rA4, and rH2 proteins. As shown in Fig. 1c, the presence
of B-cell epitopes on the 6 vaccine candidate proteins
suggests that they have a strong potential to act as a B-
cell antigen. We also used the online service IEDB to
analyse MHC-1 and MHC-II epitopes of rE6, rD6, rH6,
rE4, rA4, and rH2 proteins and found MHC-I and
MHC-II epitopes on the 6 vaccine candidate proteins
(Fig. 1a and b).

Protein glycosylation has great importance in terms of pro-
tein stability, three-dimensional structure, surface expression,
activity, and antigenicity [29]. Previously, it was shown that
T. gondii contains 11 N-linked glycosylated proteins and 15
O-linked glycosylated proteins by lectin-probed western blot
analysis. Moreover, it is reported that N and O-linked glyco-
sylated proteins are found throughout the secretory pathway
of the T. gondii and N-linked glycosylation of proteins is es-
sential for the survival of parasite [20]. For this reason, N-
and O-linked glycosylation sites of 49 antigenic proteins,
which may be candidates for vaccination, was predicted by
bioinformatics. The results suggest that the 6 vaccine candi-
date proteins contain N-linked glycosylation sites except for
the rH2 and rE4 proteins (Fig. 2b). O-linked glycosylation
sites are found on rE6, rD6, rH6, rE4, rA4, and rH2 proteins
(Fig. 2a).

At this stage, we further examined the N- and O-
linked glycosylation sites in B cell, MHC-I, and MHC-II
epitopes of the 6 vaccine candidate antigens by bioinfor-
matics. The results demonstrate that B-cell epitopes of 6
vaccine candidate proteins were not containing N-linked
glycosylation sites. B-cell epitopes of rE6, rD6, rH6, rE4,

rA4 were O-glycosylated (Table 3). The N-linked glyco-
sylation site in the MHC-I epitopes were only found in
the rE6 and rH6 proteins and the O-linked glycosylation
is detected in the rE4, rE6, rH6, and rD6 proteins
(Table 3). The N-linked glycosylation site in the MHC-II
epitopes were similarly found in the rE6 and rH6 pro-
teins and the O-linked glycosylation is detected in the
rE6, rD6, rH6, rE4, and rH2 proteins (Table 3). These
results show that the 6 vaccine candidate proteins and
their epitopes are glycosylated at various ratios and their
antigenicity is high.

Thereafter, we developed a hexavalent recombinant pro-
tein protein vaccine adjuvanted with Montanide ISA 50V
which has shown to induce strong cellular and humoral im-
mune response. After vaccination of Swiss Webster outbred
mice, strong total IgG, IgG1 and IgG2a responses were de-
tected in mice administered with hexavalent recombinant
protein mixture (+) Montanide ISA 50 V compared to con-
trol groups vaccinated with only Montanide ISA 50V or
PBS (P<0.0001) indicating strong and balanced Thl and
Th2 responses (Figs. 4 and 5). The production of extracellu-
lar IEN-y was significantly higher in mice vaccinated with
the hexavalent recombinant protein mixture (+) Montanide
ISA 50 V compared to mice vaccinated with only Montanide
ISA 50V or PBS (P < 0.001) (Fig. 6a). Flow cytometry results
were also in compatible with extracellular ELISA in which
hexavalent recombinant protein mixture (+) Montanide ISA
50V showed increment in ratio of CD8" and CD4" T lym-
phocytes secreting IFN-y (Fig. 7a and b).

CD4+ T lymphocytes secreting IL-4 were also in-
creased according to flow cytometry results as well as
there was an increase in extracellular IL-4 secretion ac-
cording to ELISA (Figs. 6b and 7c). Flow cytometry re-
sults, specifically CD4" T lymphocytes secreting IL-4 cell
ratio is bigger than CD4" T lymphocytes secreting IFN-y
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which contradict with ELISA results in which IFN-y was
higher than IL-4 secretion. This discrepancy can inter-
preted as IFN-y levels detected by ELISA can be related
to CD8" T lymphocytes secreting and macrophages
other than CD4" T lymphocytes. On the other side, the
main protective cells against toxoplasmosis are conferred
by CD8'T lymphocytes secreting I[FN-y which has in-
creased with recombinant protein mixture (+) Monta-
nide ISA 50V compared to controls. The protective
efficacy of hexavalent recombinant protein mixture (+)
Montanide ISA 50V against lethal toxoplasmosis was
evaluated by infecting mice intraperitoneally with 7. gon-
dii Ankara strain tachyzoites. T. gondii Ankara strain is
Africa 1 genotype and causes death in mice in approxi-
mately 4-5days [22]. Challenging study showed that
survival was prolonged from 4 to 5days which was ob-
served in control group mice administered with only
Montanide ISA 50 Vand PBS to more than 11days in
two mice vaccinated with hexavalent recombinant pro-
tein mixture (+) Montanide ISA 50V (Fig. 8).

In this study, Montanide ISA 50 V was selected as an
adjuvant due to its efficiency in inducing both humoral
and cellular immune responses. Montanide ISA 50V
was used as adjuvant in previous studies against Bovine
herpesvirus 5, Boophilus microplus, Foot and Mouth
Disease Virus (FMDV), and Leishmania major [30-33].
In the vaccine trial against FMDV, Boophilus microplus,
and Leishmania major, Montanide ISA 50V induced
significant levels of protective cytokine production and/
or antibody response. During the vaccine trial with re-
combinant glycoprotein D of Bovine herpesvirus 5, a
mixed Th1/Th2 response was elicited [30]. In this study,
hexavalent recombinant protein mixture (+) Montanide
ISA 50V showed strong and balanced Thl and Th2 re-
sponses. Overall, the Thl part of the immune response
elicited by hexavalent recombinant protein mixture (+)
Montanide ISA 50V induced significant levels of CD4"
and CD8" T lymphocytes secreting IFN-y and conferred
significant protection in Swiss Outbred mice challenged
with lethal dose of T. gondii Ankara strain tachyzoites.

In literature, multivalent recombinant protein vac-
cines have been developed against toxoplasmosis. In
these studies, surface related antigens rSAGI1, rSAG2,
rSAG3, rSRS1, rP54, rSRS4, and rSRS9; dense granule
proteins rGRA1, rGRA2, rGRA4, rGRA5, rGRA6, and
rGRA7; rhoptry proteins rROP2, rROP4, and rROP5
as well as rTgPI-1, rMAG1 and rBAG1 have been
used [24, 34—44].

In all of the recombinant protein or DNA vaccine
studies against toxoplasmosis, murine models are being
used to determine the immunity and protection con-
ferred by vaccinations. Michima et al., 2001 vaccinated
mice with a mixture of rSAG1, rSAG2, rSAG3, rSRS1,
and rP54 proteins adjuvanted with Freund and achieved
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17% survival up to 120 days after i.p. challenging with T.
gondii Beverley strain bradyzoites [34]. Golkar et al,
2007 vaccinated mice with a mixture of rGRA2 and
rGRA6 proteins adjuvanted with monophosphoryl lipid
A and achieved 48.2% decrease in brain cyst formation
after i.p. challenging with T. gondii Pru strain cysts [35].
In one study, rROP2, rGRA5, rGRA7 proteins and chol-
era toxin were administered through intranasal route to
mice and oral challenge with VEG cysts resulted in
58.3% decrease in brain cysts compared to controls [36].
In a study that used antigenic epitopes of SAG1, GRAI,
and MAG] proteins adjuvanted with Freund decreased
the brain cysts formation by 89% [37]. Dziadek et al,
2011, evaluated rROP2, rROP4, rGRA4, and rSAGI in
three vaccine formulations adjuvanted with incomplete
Freund administered subcutaneously to mice and chal-
lenge with T. gondii DX cysts results with 71 to 90% de-
crease in parasite burden [38]. In another study, a
synthetic peptide, generated using B-cell and two T-cell
epitopes derived from SAG1, GRA4, and GRA1 antigens
was adjuvanted with Freund and challenge with GJS
tachyzoites increased survival time [39]. In other study,
mice were vaccinated with the mixture of rROP5 and
rSAG1 adjuvanted with Freund and challenged with the
T. gondii RH strain. The results showed that 7. gondii-
specific IgG antibodies levels and lymphocyte prolifera-
tive responses are increased in vaccine group and
conferred more efficient protection compared to the
control groups [40]. Sun et al, 2014 vaccinated mice
with a mixture of rBAGI1, rSRS4, and rSRS9 proteins
adjuvanted with Freund or recombinant mindin. The re-
sults showed that vaccine using mindin as an adjuvant
efficiently stimulated humoral and cellular responses, in-
cluding antigen-specific IgGl and IgG2a, as well as
lymphocyte proliferation. Also the improved protection
against 7. gondii infection was observed in the mindin
adjuvanted vaccine group compared with the other con-
trols [41]. In another study, T- and B-cells epitopes of
AMA1, RON2, and RON4 proteins was used to develop
multivalent peptide vaccine formulations. The IgA levels
were increased in the mice immunized with single
rRON2, while the IgG levels were higher in the mice im-
munized with rAMA1 (+) rRON. Significant level of
IFN-y was detected in mice immunized with rAMA1 (+)
rRON2. Infection with T. gondii is naturally occurs
through the oral route by water or food contaminated
with tissue cysts (containing bradyzoites) or oocysts
(containing sporozoites). Interestingly, in this study, the
mice were challenged orally with 4 x 10* tachyzoites of
T. gondii RH strain. It was reported that the control
mice died within 13 days. The mice immunized with
Al +R2 achieved 70% survival rates. The mice immu-
nized with AMA1, Al + R2 + R4, and RON2 achieved 60,
50, and 40% survival rates, respectively [42]. Another
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vaccine trial using T- and B-cells epitopes of SAGI,
GRA2, GRA7, and ROP16 proteins resulted with higher
levels of IgG and IgG2a subclass titters, significant pro-
duction of IFN-y, percentage of T lymphocyte subsets
and longer survival times against intraperitoneal chal-
lenge with 10% 7. gondii RH strain tachyzoites [43].

rGRA1 and rBAG1 were used in a multivalent recom-
binant protein vaccine adjuvanted with Alum. Significant
increase in IgG, IgG2a subclass titters as well as signifi-
cant increment in ratio of IFN-y secreting CD4" and
CD8" T lymphocyte subsets were achieved. Mice were
challenged orally with 10-12 T. gondii PRU strain tissue
cysts and the amount of tissue cysts in vaccinated group
decreased 10.5% compared to control groups. In sum,
multistage and multivalent rBAG1 and rGRA1 vaccine
increased immune response but induced partial protec-
tion against toxoplasmosis [24].

Picchio et al, 2018 vaccinated mice with rTgPI-1,
rROP2, and rGRA4 proteins ajuvanted with Alum intra-
dermally or with CpG-ODN 1826 intranasally and mice
were orally challenged with the T. gondii ME49tissue
cyst. P+ R+ G vaccine formulations induced significant
decreases in the number of cysts per brain compared to
the control group. According to the levels of [gG1 and
IgG2a subclasses P+ R+ G vaccine groups showed a
mixed Th1/Th2 immunity [44].

Conclusions

Overall, in the present study a hexavalent recombinant
protein vaccine adjuvanted with Montanide ISA 50 was
first time developed and administered to mice to protect
against lethal toxoplamosis. Moreover, the immunogenic
and protective efficiency of rROP6, DnaK family protein,
SRS30A, ubiquitin carboxyl-terminal hydrolase, and
plectin was first time tested in an animal model. In
addition, Montanide ISA 50V was first time used as an
adjuvant in mice model against toxoplasmosis. Apart
from these, multiplexing recombinant proteins induced
strong and balanced Thl and Th2 immune responses
and improved protection against toxoplasmosis and thus
showing the the importance of using multivalant recom-
binant protein vaccines in future vaccine development
studies against ruminants, cats or humans.

Abbreviations

T. gondii: Toxoplasma gondii; E. coli: Escherichia coli; OD: Optical density;
IPTG: Isopropyl-D- thiogalactopyranoside; rom: Rounds per minute; Ni-
NTA: Nickel-charged affinity resin; MHC: Major histocompatibility complex;
IEDB: Immune Epitope Database and Analysis Resource; SYMTriP: Support
Vector Machine Tri-peptide similarity and Propensity scores; FPLC: Fast
Protein Liquid Chromatography; SDS-PAGE: Sodium dodecy! sulfate-
polyacrylamide gel electrophoresis; PVDF: Polyvinylidene difluoride; BCIP: 5-
bromo-4-chloro-3-indolyl phosphate; LAL: Limulus Ameobocyte Lysate;

EU: Endotoxin Units; i.p. Intraperitoneally; IgG: Immune globulin G;

IgG1: Immune globulin G1; IgG2a: Immune globulin G2a; Rec-

ELISA: Recombinant Enzyme-Linked ImmunoSorbent Assay; PBS: Phosphate
buffered saline; TMB: 3, 3', 5, 5" tetramethylbenzidine; AV: Absorbance value;

Page 15 of 16

S.D.: Standard deviation; FCS: Fetal calf serum; IL-4: Interleukin 4; IFN-
y: Interferon gamma; FMDV: Foot and Mouth Disease Virus;
MWCO: Molecular weight cut-off

Acknowledgements
Not applicable.

Authors’ contributions

EAS, HC, AYG, MD conceived the study and participated in its design. EAS,
HC, SGI, ADD, MKD, MD participated in in vitro and in vivo studies. EAS, HC,
RD, AYG, MD helped in discussion of results. EAS and MD performed the
statistical analyses. EAS, HC, AYG, MD interpreted the results and drafted the
manuscript. All authors read and approved the final manuscript.

Funding

This study was supported by The Scientific and Technological Research
Council of Turkey (TUBITAK) grant 1105200 to AYG. The funding bodies
played no role in the design of the study and collection, analysis, and
interpretation of data and in writing the manuscript.

Availability of data and materials
The dataset analyzed during the current study is available from the
corresponding author on reasonable request.

Ethics approval and consent to participate

The animal study was performed under the instructions and approval of the
Institutional Animal Care and Use Committee (IACUC) of Ege University for
animal ethical norms (Permit number: 2009-155).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Present address: Department of Parasitology, Vaccine Research and
Development Laboratory, Faculty of Medicine, Ege University, Bornova, 35100
izmir, Turkey. “Department of Molecular Biology, Faculty of Science, Ege
University, izmir, 35100 Bornova, Turkey. *Department of Biotechnology, Ege
University Faculty of Science, Bornova, 35100 {zmir, Turkey. 4Department of
Bioengineering, Ege University Faculty of Engineering, Bornova, 35100 Izmir,
Turkey. *Department of Dermatology, University of California Irvine, Irvine, CA
92617, USA.

Received: 8 April 2019 Accepted: 2 July 2020
Published online: 10 July 2020

References

1. Verma R, Khanna P. Development of toxoplasma gondii vaccine: a global
challenge. Hum Vaccin Immunother. 2013;9:291-3.

2. Sugden K, Moffitt TE, Pinto L, Poulton R, Williams BS, Caspi A. Is toxoplasma
Gondii infection related to brain and behavior impairments in humans?
Evidence from a Population-Representative Birth Cohort. PLoS One. 2016;11:
€0148435.

3. Wang HL, Zhang T, Yin L, Pang M, Guan L, Liu H, et al. Partial protective
effect of intranasal immunization with recombinant Toxoplasma gondii
Rhoptry protein 17 against toxoplasmosis in mice. PLoS One. 2014;9:
e108377.

4. Garcia J, Inne E, Katzer F. Current progress toward vaccines against
Toxoplasma gondii. Vaccine Dev Therapy. 2014;4:23-7.

5. Leclerc C. New approaches in vaccine development. Comp Immunol
Microbiol Infect Dis. 2003;26:329-41.

6. Doskaya M, Liang L, Jain A, Can H, Gilge iz S, Felgner PL, et al. Discovery of
new toxoplasma gondii antigenic proteins using a high throughput protein
microarray approach screening sera of murine model infected orally with
oocysts and tissue cysts. Parasit Vectors. 2018;11:393.

7. Liang L, Doskaya M, Juarez S, Caner A, Jasinskas A, Tan X, et al. Identification
of potential serodiagnostic and subunit vaccines antigens by antibody
profiling of toxoplasmosis cases in Turkey. Mol Cell Proteomics. 2011;10:
M110.006916.



Sahar et al. BMC Infectious Diseases

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

(2020) 20:493

Felgner J, Juarez S, Hung C, Liang L, Jain A, Doskaya M, et al. Identification
of Toxoplasma gondii antigens associated with different types of infection
by serum antibody profiling. Parasitology. 2015;142:827-38.

Tao Q, Fang R, Zhang W, Wang Y, Cheng J, Li Y, et al. Protective immunity
induced by a DNA vaccine-encoding toxoplasma gondii microneme protein
11 against acute toxoplasmosis in BALB/c mice. Parasitol Res. 2013;112:
2871-7.

Lisowska E. The role of glycosylation in protein antigenic properties. Cell
Mol Life Sci. 2002;59:445-55.

Weiss LM, Kim K. Toxoplasma gondii, the model Apicomplexan: perspectives
and methods. Great Britain: Elsevier Ltd; 2007.

Sofron A, Ritz D, Neri D, Fugmann T. High-resolution analysis of the murine
MHC class Il immunopeptidome. Eur J Immunol. 2016;46:319-28.

Fleri W, Paul S, Dhanda SK, Mahajan S, Xu X, Peters B, et al. The immune
epitope database and analysis resource in epitope discovery and synthetic
vaccine design. Front Immunol. 2017,8:278.

Feliu V, Vasseur V, Grover HS, Chu HH, Brown MJ, Wang J, et al. Location of
the CD8 T cell epitope within the antigenic precursor determines
immunogenicity and protection against the toxoplasma gondii parasite.
PLoS Pathog. 2013;9:1003449.

Moutaftsi M, Peters B, Pasquetto V, Tscharke DC, Sidney J, Bui HH, et al. A
consensus epitope prediction approach identifies the breadth of murine T
(CD8+)-cell responses to vaccinia virus. Nat Biotechnol. 2006;24:817-9.
Kotturi MF, Peters B, Buendia-Laysa FJ, Sidney J, Oseroff C, Botten J, et al. The
CD8+ T-cell response to lymphocytic choriomeningitis virus involves the L
antigen: uncovering new tricks for an old virs. J Virol. 2007,81:4928-40.

Paul S, Kolla RV, Sidney J, Weiskopf D, Fleri W, Kim Y, et al. Evaluating the
immunogenicity of protein drugs by applying in vitro MHC binding data
and the immune epitope database and analysis resource. Clin Dev
Immunol. 2013;2013:467852.

Goodswen SJ, Kennedy PJ, Ellis JT. Enhancing in Silico protein-based
vaccine discovery for eukaryotic pathogens using predicted peptide-MHC
binding and peptide conservation scores. PLoS One. 2014,9:2115745.

Yao B, Zhang L, Liang S, Zhang C. SVMTTiP: a method to predict antigenic
epitopes using support vector machine to integrate tri-peptide similarity
and propensity. PLoS One. 2012;7:e45152.

Luk FC, Johnson TM, Beckers CJ. N-linked glycosylation of proteins in the
protozoan parasite toxoplasma gondii. Mol Biochem Parasitol. 2008;157:
169-78.

Frank M, Schloissnig S. Bioinformatics and molecular modeling in
glycobiology. Cell Mol Life Sci. 2010,67:2749-72.

Doskaya M, Caner A, Ajzenberg D, Degirmenci A, Dardé ML, Can H, et al.
Isolation of toxoplasma gondii strains similar to Africa 1 genotype in Turkey.
Parasitol Int. 2013,62:471-4.

Déskaya M, Caner A, Can H, Glilce Iz S, Gedik Y, Déskaya AD, et al.
Diagnostic value of a rec-ELISA using toxoplasma gondii recombinant
SporoSAG, BAG1, and GRAT proteins in murine models infected orally with
tissue cysts and oocysts. PLoS One. 2014,9:¢108329.

Gedik Y, Glilce 1z S, Can H, Degirmeci Doskaya A, Deliloglu Giirhan SI, Giirtiz
Y, et al. Immunogenic multistage recombinant protein vaccine confers
partial protection against experimental toxoplasmosis mimicking natural
infection in murine model. Trials Vaccinol. 2016;5:15-23.

Doskaya M, Kalantari-Dehaghi M, Walsh CM, Hiszczyriska-Sawicka E, Davies
DH, Felgner PL, et al. GRA1 protein vaccine confers better immune
response compared to codon-optimized GRA1 DNA vaccine. Vaccine. 2007;
25:1824-37.

Gllce Iz S, Ddskaya M, Borrego B, Rodriguez F, Girliz Y, Gurhan ID. Co-
expression of the Bcl-xL antiapoptotic protein enhances the induction of
Th1-like immune responses in mice immunized with DNA vaccines
encoding FMDV B and T cell epitopes. Vet Res Commun. 2013;37:187-96.
Tan TG, Mui E, Cong H, Witola W, Montpetit A, Muench SP, et al.
Identification of T. gondii epitopes, adjuvants, and host genetic factors that
influence protection of mice and humans. Vaccine. 2010;28:3977-89.

Hill AV. Vaccines against malaria. Philos Trans R Soc Lond Ser B Biol Sci.
2011;366:2806-14.

Hounsell EF, Davies MJ. Role of protein glycosylation in immune regulation.
Ann Rheum Dis. 1993:52:22-9.

Raman M, Ramadass P, Rajavelu G. Evaluation of Saponin and Montanide
ISA 50 adjuvants for their immunopotency and effect on humoral immune
response of calves to purified midgut antigen of Boophilus microplus.
Veterinarski Arhiv. 2004;74:129-40.

31

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

44,

Page 16 of 16

Dummer LA, Araujo IL, Finger PF, dos Santos AG Jr, da Rosa MC, Conceicdo
FR, Fischer G, van drunen Littel-van den Hurk S, Leite FP. Immune responses
of mice against recombinant bovine herpesvirus 5 glycoprotein D. Vaccine.
2014;32:2413-9.

lbrahim E-S, Gamal WM, Hassan Al, Mahdy S-D, Hegazy AZ, Abdel-Atty MM.
Comparative study on the immunopotentiator effect of ISA 201, ISA 61, ISA
50, ISA 206 used in trivalent foot and mouth disease vaccine. Vet World.
2015;8:1189-98.

Shokri M, Roohvand F, Alimohammadian MH, Ebrahimirad M, Ajdary S.
Comparing Montanide ISA 720 and 50-V2 adjuvants formulated with
LmSTI1 protein of Leishmania major indicated the potential cytokine
patterns for induction of protective immune responses in BALB/c mice. Mol
Immunol. 2016;76:108-15.

Mishima M, Xuan X, Shioda A, Omata Y, Fujisaki K, Nagasawa H, et al.
Modified protection against Toxoplasma gondii lethal infection and brain
cyst formation by vaccination with SAG2 and SRS1. J Vet Med Sci. 2001;63:
433-8.

Golkar M, Shokrgozar MA, Rafati S, Musset K, Assmar M, Sadaie R, et al.
Evaluation of protective effect of recombinant dense granule antigens
GRA2 and GRA6 formulated in monophosphoryl lipid a (MPL) adjuvant
against toxoplasma chronic infection in mice. Vaccine. 2007;25:4301-11.
Igarashi M, Kano F, Tamekuni K, Machado RZ, Navarro IT, Vidotto O, et al.
Toxoplasma gondii: evaluation of an intranasal vaccine using recombinant
proteins against brain cyst formation in BALB/c mice. Exp Parasitol. 2008;
118:386-92.

Gatkowska J, Gasior A, Kur J, Dlugonska H. Toxoplasma gondii: chimeric Dr
fimbriae as a recombinant vaccine against toxoplasmosis. Exp Parasitol.
2007;118:266-70.

Dziadek B, Gatkowska J, Brzostek A, Dziadek J, Dzitko K, Grzybowski M, et al.
Evaluation of three recombinant multi-antigenic vaccines composed of
surface and secretory antigens of Toxoplasma gondii in murine models of
experimental toxoplasmosis. Vaccine. 2011;29:821-30.

Wang Y, Wang M, Wang G, Pang A, Fu B, Yin H, et al. Increased survival
time in mice vaccinated with a branched lysine multiple antigenic peptide
containing B- and T-cell epitopes from T gondii antigens. Vaccine. 2011;29:
8619-23.

Zheng B, Lu S, Tong Q, Kong Q, Lou D. The virulence-related rhoptry
protein 5 (ROP5) of Toxoplasma gondii is a novel vaccine candidate against
toxoplasmosis in mice. Vaccine. 2013;31:4578-84.

Sun X, Mei M, Zhang X, Han F, Jia B, Wei X. The extracellular matrix protein
mindin as a novel adjuvant elicits stronger immune responses for rBAGT,
rSRS4and rSRS9 antigens of toxoplasma gondii in BALB/c mice. BMC Infect
Dis. 2014;14:429.

Zhang TE, Yin LT, Li RH, Wang HL, Meng XL, Yin GR. Protective immunity
induced by peptides of AMAT, RON2 and RON4 containing T-and B-cell
epitopes via an intranasal route against toxoplasmosis in mice. Parasit
Vectors. 2015;8(15):1-9.

Cao A, Liu Y, Wang J, Li X, Wang S, Zhao Q, et al. Toxoplasma gondi:
vaccination with a DNA vaccine encoding T- and B-cell epitopes of SAGT,
GRA2, GRA7 and ROP16 elicits protection against acute toxoplasmosis in
mice. Vaccine. 2015;33:6757-62.

Picchio MS, Sanchez VR, Arcon N, Soto AS, Perrone Sibilia M, Aldirico MLA,
et al. Vaccine potential of antigen cocktails composed of recombinant
toxoplasma gondii TgPI-1, ROP2 and GRA4 proteins against chronic
toxoplasmosis in C3H mice. Exp Parasitol. 2018;185:62-70.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals
	Determination of vaccine candidate antigens
	Expression levels of 49 proteins in E. coli
	Bioinformatics analyses of 49 recombinant proteins for antigen mapping and glycosylation
	Expression and purification of vaccine candidate 6 antigenic proteins
	SDS-PAGE and Western blot analysis
	Determination and removal of endotoxin from purified recombinant proteins
	Vaccination and T. gondii challenge infection
	Detection of total IgG and IgG subclass antibody response using rec-ELISA
	Determination of extracellular cytokine by ELISA
	Determination of IL-4 secreting CD4+, IFN-γ secreting CD4+ and CD8+ T cells
	Statistical analysis

	Results
	Selection of vaccine candidate antigens using expression levels and bioinformatics analysis
	Expression and purification of vaccine candidate 6 antigenic proteins
	Humoral immune response
	Cellular immune response
	Protective effect of mice immunized against challenge with lethal T. gondii

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

