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Abstract Toxoplasmosis is one of the most common para-
sitic infections worldwide. An effective vaccine against hu-
man and animal toxoplasmosis is still needed to control this
parasitosis. The polymorphic rhoptry proteins, ROP5 and
ROP18, secreted by Toxoplasma gondii during the invasion
of the host cell have been recently considered as promising
vaccine antigens, as they appear to be the major determi-
nants of T. gondii virulence in mice. The goal of this study
was to evaluate their immunogenic and immunoprotective
activity after their administration (separately or both recom-
binant proteins together) with the poly I:C as an adjuvant.
Immunization of BALB/c and C3H/HeOuJ mice generated
both cellular and humoral specific immune responses with
some predominance of IgG1 antibodies. The spleen cells
derived from vaccinated animals reacted to the parasite’s
native antigens. Furthermore, the immunization led to a
partial protection against acute and chronic toxoplasmosis.
These findings confirm the previous assumptions about
ROP5 and ROP18 antigens as valuable components of a
subunit vaccine against toxoplasmosis.
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Introduction

Infections caused by a protozoan parasite, Toxoplasma gondii,
are widely prevalent in many warm-blooded animals and
humans. It has a complex life cycle, in which it can effectively
bypass the sexual stage in felids to be directly transmitted
among the intermediate hosts (Dubey 2009). This ubiquitous
parasite has emerged as one of the major opportunistic patho-
gens, especially for congenitally infected or immunocompro-
mised individuals, who are at risk of developing severe or
even fatal disease (Robert-Gangneux and Dardé 2012). Toxo-
plasmosis is also a considerable veterinary problem, as it may
lead to abortions in economically important farm animals,
such as sheep and goats (Tenter et al. 2000). Currently avail-
able drugs are only effective against the tachyzoite stage of
T. gondii (present during the acute phase of infection) and do
not eliminate the tissue cysts that persist life-long and are the
source of reactivation (Sullivan Jr WJ et al. 2009). Hence, a
safe and efficient vaccine against T. gondiiwould be extreme-
ly valuable for controlling toxoplasmosis in both animals and
humans (Innes et al. 2009; Jongert et al. 2009; Verma and
Khanna 2013).

Numerous vaccination studies have focused so far on the
selection of the most protective antigens to compose an effec-
tive vaccine against toxoplasmosis (Zhang et al. 2013;
Hiszczyńska-Sawicka et al. 2014). The immune system of
the infected host can be activated by both the surface and the
secretory antigens of T. gondii (Blader and Saeij 2009). The
parasite’s rhoptries, which are unique apical secretory organ-
elles, serve as a great source of promising vaccine candidates,
including the polymorphic serine–threonine ROP5 and
ROP18 kinases (Dlugonska 2008). Both of these proteins
are secreted into the host cell upon invasion, and then they
locate in the parasitophorous vacuole, where they cooperate to
inhibit the functions of the immunity-related GTPases (IRGs)
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and the guanylate-binding proteins (GBPs). Since the ability
of mice to resist the infection depends, to a large degree on the
action of IRGs and GBPs, ROP5 and ROP18 have been rec-
ognized as key determinants of T. gondii virulence (Saeij et al.
2006; Taylor et al. 2006; El Hajj et al. 2007; Qiu et al. 2009;
Fentress et al. 2010; Steinfeldt et al. 2010; Behnke et al. 2011;
Niedelman et al. 2012; Selleck et al. 2013). Notably, the vir-
ulence differences between various T. gondii clonal lineages
are largely due to the polymorphic variations in ROP5 (Reese
et al. 2011; Reese et al. 2014) and ROP18 (Khan et al. 2009;
Behnke et al. 2011; Jensen et al. 2015). These findings provide
a clear premise to evaluate the potential of ROP5 and ROP18
as components of a subunit vaccine against toxoplasmosis.

The objective of the present study was to determine the
immunogenic activity of recombinant ROP5 and ROP18 pro-
teins, separately and in combination, in mice with different
genetic backgrounds determining their innate susceptibility
to T. gondii infection. Moreover, we used two different
T. gondii strains representing genotypes of type I (T. gondii
RH) and II (T. gondii DX) to assess the immunoprotective
effect provided by the tested vaccines.

Material and methods

Mice

Female BALB/c (relatively resistant to toxoplasmosis) and
C3H/HeOuJ (moderately susceptible to toxoplasmosis) inbred
mice at the age of 10–12 weeks were used (Araujo et al. 1976;
Vercammen et al. 2000). Animals were bred under conven-
tional conditions and then used in the immunization and chal-
lenge experiments conducted according to the procedures ac-
cepted by the 9th Local Ethics Commission in Łódź, Poland.

Parasites

The highly virulent RH strain of T. gondii (type I) was main-
tained in vitro on the L929 cell line in the Iscove’s Modified
Dulbecco’s Medium (Cytogen GmbH) supplemented with
penicillin (100 kU/L, Sigma-Aldrich), streptomycin
(100 mg/L, Sigma-Aldrich), 2-mercaptoethanol (50 μM,
Sigma-Aldrich) and foetal calf serum (10%, Cytogen GmbH).
The low virulent, highly cyst-forming DX strain of T. gondii
(type II) was obtained from the brains of chronically infected
C57BL/6 mice, as previously described (Gatkowska et al.
2006).

Expression and purification of recombinant ROP5
and ROP18 proteins

The heterologous expression and purification of recombinant
ROP5 and ROP18 proteins was thoroughly described in our

previous work (Grzybowski et al. 2015). Briefly, genomic
DNA of T. gondii RH was used as a template for ROP5
(GenBank: HQ916451.1) and ROP18 (GenBank:
AM075204.1) gene amplification (Table 1). The sequence-
verified inserts were subcloned into the pHIS-Parallel1 ex-
pression vector (GenBank: AF097413.1, Sheffield et al.
1999) and introduced into E. coli BL21(DE3) cells. The ex-
pression of recombinant proteins was induced by adding iso-
propylβ-d-1-thiogalactopyranoside (IPTG). The recombinant
proteins were purified by affinity chromatography using His-
Bind columns (Novagen). The concentrations of purified pro-
teins were quantified using the Bradford Reagent (Sigma-Al-
drich). The purity of eluted proteins was analysed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) combined with densitometry (FluoroChem 8800, Al-
pha Innotec Corp.) and it was always higher than 90 %. The
results of SDS-PAGE and western blot analyses were demon-
strated previously (Grzybowski et al. 2015).

Preparation of Toxoplasma lysate antigen

The Toxoplasma lysate antigen (TLA) was prepared as previ-
ously described (Dziadek et al. 2009) with minor changes.
Briefly, purified tachyzoites of the T. gondii RH strain were
disrupted by ten subsequent cycles of freezing–thawing in
liquid nitrogen. To remove the cell debris, the resulting protein
extract was centrifuged for 20 min at 10,000×g at 4 °C and
then filtered with a 0.2-μm sterile nitrocellulose filter (Sarto-
rius). The total protein concentration was measured by the
Bradford Reagent (Sigma). Aliquoted TLA samples were im-
mediately lyophilized and stored at −20 °C. Prior to use, they
were reconstituted to 1 mg/mL in phosphate-buffered saline
(PBS).

Immunization procedure

Mice of both strains (BALB/c, C3H/HeOuJ) were randomly
divided into five experimental groups, i.e. blank control, ad-
juvant control, ROP5, ROP18 and ROP5+ROP18. The im-
munogenic activity (antibody and cellular assays) was
assessed using six mice per group. The immunoprotective

Table 1 The heterologously biosynthesized recombinant T. gondii
proteins

Recombinant protein Native protein
residues

Molecular
weight (theoretically
calculated)

ROP5 (full-length ROP5) 1–549 (549 aa) 64 kDa

ROP5-C (C-terminal ROP5) 278–549 (272 aa) 33 kDa

ROP18 (full-length ROP18) 1–554 (554 aa) 66 kDa

ROP18-C (C-terminal ROP18) 316–554 (239 aa) 30 kDa
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efficacy was determined using 12 (surveillance analysis in
acute toxoplasmosis) or eight (assessment of the brain cyst
load in chronic toxoplasmosis) mice per group. Animals were
immunized subcutaneously with three doses of each vaccine
with 2-week intervals. The final concentration of each recom-
binant antigen used alone or in combination was 15 μg per
one dose for eachmouse. The tested vaccines were adjuvanted
with 25 μg of polyinosinic–polycytidylic acid (poly (I:C)
HMW VacciGrade™, InvivoGen) per dose.

Specific antibody assays

Two weeks after the last immunization booster, control and
vaccinated animals were killed and blood was collected. Anal-
ysis of IgG1/IgG2a isotype ratios was performed on the ob-
tained serum samples using indirect enzyme-linked immuno-
sorbent assay (ELISA). For this purpose, Maxisorp 96-well
plates (Nunc) were coated overnight at 4 °C with 100 μL of
recombinant antigens diluted in a 0.1 M carbonate buffer
(pH 9.5) to optimal concentrations determined in the initial
experiments (15 μg/mL for ROP5, ROP5-C and ROP18-C;
20 μg/mL for ROP18). The wells were then washed with PBS
with Tween 20 (0.05 %) and blocked with skim milk (1 %) in
PBS for 1 h at 37 °C. After another washing, the wells were
incubated with mouse sera serially diluted from 1:50 in the
blocking buffer. The third washing was followed by the addi-
tion of HRP-conjugated goat anti-mouse IgG1 or goat anti-
mouse IgG2a secondary antibodies (Serotec) diluted 1:4000
in the blocking buffer (1 h, 37 °C). The immunoenzymatic
reaction was developed using ABTS (Sigma) in a 0.05 M
phosphate–citrate buffer (pH 4.5) containing hydrogen perox-
ide (0.25 μL of 30 % w/w H2O2 per 1 mL) and stopped after
20 min with SDS (1 %). The absorbance values were mea-
sured at 405 nm with the Multiscan EX automatic ELISA
reader (Labsystems). All samples were run in duplicate. The
optimal working dilutions of mice sera and anti-mouse sec-
ondary antibodies were determined in the preliminary titration
experiments.

Lymphocyte proliferation assay

The lymphoproliferative response was assessed 2 weeks after
administration of the last vaccine dose. Mice were euthanized
and their spleens were isolated. The single-cell splenocyte
suspensions were obtained by mechanical homogenization
followed by erythrocyte lysis using ammonium chloride solu-
tion (155mMNH4Cl, pH 7.2). After several extensive washes
with Iscove’s Modified Dulbecco’s Medium supplemented
with penicillin (100 kU/L), streptomycin (100 mg/L), 2-
mercaptoethanol (50 μM) and foetal calf serum (5 %), the
spleen cells were resuspended in the same culture medium
and counted. The cell viability was determined by the trypan
blue exclusion method and was always higher than 90 %. The

spleen cells were seeded at 5×105 cells in 100 μL of the
culture medium per well into a 96-well tissue culture plates
(Falcon). Another 100 μL of the medium added contained
recombinant ROP5 or ROP18 proteins or TLA. The final
antigen concentration of each antigen was 10 μg/mL. The
cells cultured without any antigen or stimulated with conca-
navalin A (ConA, Sigma-Aldrich) at the concentration of
2.5 μg/mL served, respectively, as negative or positive con-
trols of proliferation. After 92 h of incubation, 20 μL of 3-(4,
5-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Sigma-Aldrich) at a concentration of 5 mg/mL in
PBS was added to each well. The mouse splenocytes were
cultured for further 4 h in the same conditions followed by
the centrifugation at 583×g for 5 min. The supernatants were
removed and the formazan crystals were dissolved with
150 μL of DMSO and 25 μL glycine buffer (pH 10.5). The
absorbance values were measured at 570 nm with the
Multiscan EX automatic ELISA reader (Labsystems). The
stimulation index (SI) was calculated as the ratio of the mean
absorbance of the wells containing antigen-stimulated cells to
the mean absorbance value of the wells containing cells with
medium only. All experimental and control samples were run
in triplicate. The optimal number of spleen cells used in pro-
liferative assays combined with the MTT reduction assay had
been determined in the preliminary experiments.

Cytokine assays

Two weeks after the last booster, control and immunized mice
were euthanized and their spleens were aseptically isolated.
The antigen-stimulated microcultures of spleen cells were pre-
pared as described for the lymphocyte proliferation assay and
maintained for 3 days at 37 °C and 10 % CO2. Then, the
concentrations of mouse IFN-γ or IL-10 released into the
post-culture supernatants were estimated using ELISA
Max™ Standard Sets (BioLegend) according to the manufac-
turer’s protocol. The immune complexes were detected using
100 μL of TMB Substrate Solution (BioLegend), and the
reaction was stopped with an equal volume of sulphuric acid
solution (1MH2SO4, Sigma-Aldrich). The absorbance values
were measured with the Multiscan EX automatic ELISA read-
er (Labsystems); the absorbance at 570 nm was subtracted
from the absorbance at 450 nm. The unknown cytokine con-
centrations were determined based on the standard curves,
which were plotted for each assay. All experimental and con-
trol samples were run in duplicate.

Flow cytometry

The co-expression of CD69 with CD4 or CD8 molecules on
spleen cells was determined by flow cytometry. Briefly, the
single-cell splenocyte suspensions, prepared as described
above for lymphoproliferation assay, were washed and

Parasitol Res (2015) 114:4553–4563 4555



resuspended with PBS. The cells were then incubated for
30 min at 4 °C with a mixture of the following monoclonal
antibodies: FITC-conjugated anti-mouse CD69 (0.5 μg per
test), PE-cyanine5-conjugated anti-mouse CD4 (0.06 μg per
test) and PE-conjugated anti-mouse CD8a (0.25 μg per test) or
irrelevant isotype-matched monoclonal antibodies used as
controls. All antibodies were purchased from eBioscience.
After another two washes with ice-cold PBS, the cells were
analysed using the FACS LSRII (BD) by collecting a mini-
mum of 10.000 events. The data were then analysed with
FlowJo software.

Challenge infection procedures

Two weeks after the last vaccine booster, immunized and con-
trol mice were intraperitoneally challenged with a lethal dose
of in vivo propagated 1×103T. gondii RH tachyzoites or with
a nonlethal dose of five tissue cysts of the T. gondii DX strain
in order to induce, respectively, an acute or chronic infection.
The survival periods were recorded daily until all lethally
infected mice died. Four weeks after the challenge with the
cyst-forming T. gondii DX strain, all infected animals were
euthanized. After isolation, the brains were placed in tubes
containing PBS (final volume 2.5 mL). Following a mechan-
ical disruption, the brain cyst load was determined by
counting 25 or 50 μL of each homogenate under an inverted
Olympus microscope at the ×200 magnification. All samples
were counted at least in duplicate.

Statistical analysis

All statistical analyses were performed using Statistica 10.0
software (StatSoft). The Mann–Whitney U test was used for
comparing two groups. For multiple comparisons, the
Kruskal–Wallis ANOVA by ranks and the median test were
performed. The survival periods were analysed by the
Kaplan–Meier estimator and were compared using the log-
rank (Mantel–Cox) test.

Results

Humoral immune response

To evaluate the intensity and the immune profile (Th1 or Th2)
of humoral responses induced by immunization of experimen-
tal animals with recombinant ROP5 or ROP18 proteins, the
titres of antigen-specific IgG1 and IgG2a antibodies were de-
termined. Both recombinant antigens, administered separately
or in combination, induced a significant IgG1 and IgG2a pro-
duction in BALB/c and C3H/HeOuJmice, whichwas estimat-
ed in ELISAs using the recombinant full-length ROP5 and

ROP18 proteins (used for immunization), as well as their C-
terminal fragments (Fig. 1).

In BALB/c mice, the levels of anti-ROP5, anti-ROP5-C,
anti-ROP18 and anti-ROP18-C IgG1 antibodies were not sig-
nificantly different when comparing the single-antigen to the
combined vaccine (IgG1, 0.160≤p≤0.641). Similarly, there
were no significant differences in IgG2a syntheses (IgG2a,
0.173≤p≤1.000). In the analogous analysis performed in
C3H/HeOuJ mice, the levels of anti-ROP5 and anti-ROP18
IgG1 antibodies were not significantly different when com-
paring the single antigen with the combined vaccine (IgG1,
0.0729≤p≤0.118; IgG2a, p=0.118), but the levels of IgG1
antibodies against C-terminal fragments of ROP5 or ROP18
were significantly higher in mice immunized with the com-
bined vaccine (anti-ROP5-C, p=0.00548; anti-ROP18-C, p=
0.00146). Similarly, the levels of anti-ROP5, anti-ROP5-C
and anti-ROP18-C IgG2a antibodies were higher in mice,
which have been given the BROP5+ROP18^ vaccine
(0.00317≤p≤0.323); only the levels of anti-ROP18 IgG2a
antibodies were not significantly different (p=0.118).

The analysis of the IgG1/IgG2a antibody ratios (Fig. 1)
showed that immunization with recombinant ROP5 or
ROP18 or both proteins induced a mixed type (Th1/Th2) im-
mune response with a statistically significant predominance of
IgG1 antibodies revealed for anti-ROP18 antibodies in
ROP18-immunized BALB/c mice (p=0.00624), anti-ROP5
antibodies in (ROP5+ROP18)-immunized BALB/c mice
(p=0.0374) and anti-ROP5 and anti-ROP5-C antibodies in
ROP5-immunized C3H/HeOuJ mice (p=0.00677).

In most cases, the determined titres of antigen-specific anti-
bodies were significantly higher in C3H/HeOuJ mice compared
to those in BALB/c mice (0.00101≤p≤0.0101). No strain-
dependent differences were observed for anti-ROP18 (p=
0.199), anti-ROP18-C (p=1.000) IgG1 and anti-ROP18-C (p=
0.317) IgG2a antibodies in ROP18-immunized mice (Fig. 1).

Proliferative response of spleen cells

The efficacy of immunization was also determined by estima-
tion of the specific lymphoproliferative response, which can
serve as a sensitive marker of established cellular immunity in
vaccinated animals.

In BALB/c mice, the statistically significant antigen-specific
proliferation was noted in ROP5-stimulated splenocytes de-
rived from ROP5- and (ROP5+ROP18)-immunized animals
as compared to PBS or poly (I:C) controls (0.00887≤p≤
0.0288; Table 2). No statistically significant proliferation was
observed in ROP5-C-stimulated spleen cells. The presence of
recombinant ROP18 protein triggered a significant prolifera-
tion in the cell cultures derived from ROP18- (p=0.0162, com-
pared to the BPBS^ group) and (ROP5+ROP18)-immunized
mice (0.00135≤p≤0.0261). The C-terminal fragment of
ROP18 induced significant proliferation of splenocytes isolated
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from ROP18-immunized mice (0.00146≤p≤0.00378). The
stimulation with TLA preparation, used as a source of native
T. gondii antigens, resulted in an increased proliferation only in
the ROP5+ROP18 experimental group (p=0.0391, compared
to the Bpoly (I:C)^ group).

In C3H/HeOuJ mice (Table 2), the statistically significant
splenocyte proliferation was observed in ROP5-stimulated
cultures derived from (ROP5+ROP18)-immunized animals
(p=0.0172). Similarly to BALB/c mice, no significant prolif-
eration was revealed in ROP5-C-stimulated cell cultures. The
recombinant ROP18 protein induced an increased cell prolif-
eration in the cultures derived from the (ROP5+ROP18)-im-
munized mice (0.0198≤p≤0.0449). The ROP18-C protein

stimulated the ROP18- and (ROP5+ROP18)-derived cells to
increased proliferation (0.0120≤p≤0.0376, compared to the
PBS group). As in BALB/c mice, the TLA stimulation led to
increased lymphoproliferation only in the ROP5+ROP18
group (0.00502≤p≤0.0189).

No statistically significant strain-dependent differences
were observed in the splenocyte proliferation assays between
BALB/c and C3H/HeOuJ mice (Table 2).

Cytokine production

The supernatants derived from spleen cell cultures stimulated
with recombinant and native (TLA) T. gondii antigens were

Table 2 The antigen-specific lymphoproliferative response of splenocytes derived from control and immunized BALB/c and C3H/HeOuJ mice

Mice strain Experimental group Antigen used for in vitro stimulation (mean SI±SEM)

ROP5 ROP5-C ROP18 ROP18-C TLA

BALB/c PBS 0.867±0.031 0.920±0.041 0.968±0.017 1.013±0.020 1.069±0.059

poly (I:C) 0.904±0.031 0.959±0.056 0.945±0.027 1.037±0.037 1.071±0.043

ROP5 1.243±0.047 0.950±0.045 n.t. n.t. 1.281±0.113

ROP18 n.t. n.t. 1.474±0.037 1.412±0.026 1.280±0.084

ROP5+ROP18 1.205±0.029 1.150±0.021 1.381±0.036 1.321±0.019 1.374±0.017

C3H/HeOuJ PBS 0.989±0.081 1.035±0.035 1.013±0.052 0.985±0.048 1.094±0.060

poly (I:C) 1.057±0.121 1.035±0.106 0.989±0.110 0.999±0.096 1.098±0.100

ROP5 1.345±0.103 1.280±0.134 n.t. n.t. 1.240±0.047

ROP18 n.t. n.t. 1.565±0.261 1.295±0.042 1.225±0.032

ROP5+ROP18 1.390±0.047 1.268±0.067 1.397±0.057 1.269±0.048 1.626±0.087

n.t. not tested

Fig. 1 Titres of antigen-specific
IgG1 and IgG2a antibodies in the
sera of immunized BALB/c and
C3H/HeOuJ mice. The titres
determined in control groups
(PBS, poly (I:C)) were always
lower than 50 (data not shown)
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used to detect the antigen-specific secretion of Th1- (IFN-γ)
and Th2-type (IL-10) cytokines.

In BALB/cmice (Fig. 2, upper graph), the increased release
of IFN-γ was observed only in the presence of ROP18
(BROP18^ group, 0.00267≤p≤0.0144; ROP5+ROP18
group, 0.0469≤p≤0.157) and ROP18-C (ROP18 group,
0.00247≤p≤0.00625) proteins in the culture medium. The
cells derived from immunized BALB/c mice did not signifi-
cantly respond to the TLA stimulation; however, the highest
IFN-γ production was detected in the ROP5+ROP18 group.
On the contrary, in C3H/HeOuJ mice (Fig. 2, lower graph), a
significant antigen-specific IFN-γ synthesis was noted for all
recombinant antigens, as well as for the native TLA prepara-
tion, when compared to the corresponding cultures in the PBS
and poly (I:C) groups. The highest amounts of IFN-γ were
detected in the supernatants derived from the ROP5+ROP18
group of vaccinated animals (0.000525≤p≤0.00523). More-
over, the antigen-stimulated spleen cells from immunized
C3H/HeOuJ mice produced significantly more IFN-γ than
BALB/c mice in the BROP5^ (0.003≤p≤0.0383) and the
ROP5+ROP18 (0.00341≤p≤0.0124) groups.

As shown in Fig. 3, the overall synthesis of IL-10 in
BALB/c mice was much lower than in C3H/HeOuJ mice,
both in the control and the immunized animals (0.00341≤
p≤0.0306). However, in BALB/c mice (upper graph), the sta-
tistically significant release of IL-10 was exhibited by ROP5-
and ROP5-C-stimulated splenocytes derived from the ROP5
group (ROP5, 0.00397≤p≤0.00525; ROP5-C, 0.0173≤p≤

0.0214), ROP18-stimulated splenocytes derived from the
ROP18 and ROP5+ROP18 groups (0.00397≤p≤0.0387),
ROP18-C-stimulated splenocytes derived from the ROP18
group (0.00785 ≤ p ≤ 0.00847) and TLA-stimulated
splenocytes derived from the ROP5 group (0.0410≤p≤
0.0440).

In C3H/HeJ mice (Fig. 3, lower graph), the statistically
significant production of IL-10 was found in the cultures of
ROP5- and ROP5-C-stimulated cells derived from the
ROP5+ROP18 group (0.000677≤p≤0.00288 for ROP5,
0.0199≤p≤0.0333 for ROP5-C), ROP18- and ROP18-C-
stimulated cell derived from the ROP18 (p=0.0442 for
ROP18, p=0.0406 for ROP18-C) and ROP5+ROP18
(0.00201≤p≤0.00362 for ROP18, 0.00436≤p≤0.00872)
groups. Importantly, the TLA-stimulated cells derived from
(ROP5+ROP18)-immunized also produced significant
amounts of IL-10 (0.000351≤p≤0.00123).

Activation of CD4+ and CD8+ T cells

Two weeks after the last vaccination booster, the activation of
immune spleen cells was evaluated judging by the expression
of CD69 molecule considered a very early activation marker
(Borges et al. 2007). The immunization with ROP5 or ROP18
proteins did not change the overall percentage of the CD69+

cells neither in BALB/c or C3H/HeJ mice, as compared with
the control groups. The only statistically significant differ-
ences were strain-dependent, i.e. the ROP5- and ROP18-

Fig. 2 The antigen-specific
interferon γ production by
splenocytes derived from control
and immunized BALB/c and
C3H/HeOuJ mice

4558 Parasitol Res (2015) 114:4553–4563



immunized BALB/c mice showed a higher percentage of ac-
tivated cells than the corresponding C3H/HeOuJ mice
(0.00813≤p≤0.0268).

To distinguish the profile of the generated immune re-
sponse, the co-expression of CD69 with CD4 or CD8 mole-
cules on splenic lymphocytes was also determined (Fig. 4).
The immunization with ROP5 or ROP18 T. gondii proteins
did not significantly change the level of neither CD69+CD4+

or CD69+CD8+ splenic lymphocytes, as compared to the con-
trol groups receiving PBS or the poly (I:C) adjuvant alone.
When analysing the CD4+/CD8+ ratios among CD69+ cells,
the percentage of activated CD4+ was significantly higher
than the percentage of activated CD8+ splenocytes in control
groups (BALB/c, 0.00508≤p≤0.0304; C3H/HeJ, 0.0122≤p≤
0.0304), as well as in all three immunized groups of C3H/

HeOuJ mice (0.00195≤p≤0.0215) and the (ROP5+
ROP18)-immunized BALB/c mice (p=0.00508). However,
in BALB/c mice immunized with ROP5 or ROP18 protein
(separately), there was no significant difference between the
percentage of activated CD4+ and CD8+ immune cells
(0.173≤p≤0.230).

Protective activity

To evaluate the immunoprotective activity of the experimental
vaccines, the low-virulent T. gondii DX strain (type II) was
used to induce the chronic infection with the aim of assessing
the ability of the tested vaccines to prevent the tissue cyst
formation (Fig. 5).

Fig. 3 The antigen-specific
interleukin 10 production by
splenocytes derived from control
and immunized BALB/c and
C3H/HeOuJ mice

Fig. 4 The CD4+/CD8+ ratios in
the populations of CD69+

splenocytes in control and
immunized BALB/c and C3H/
HeOuJ mice
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The reduction of the brain cyst burden in immunized mice
was only partial, since both control and vaccinated animals
developed a chronic T. gondii infection (Fig. 5). The statisti-
cally significant reduction in the brain cyst load was demon-
strated only in the ROP18-immunized BALB/c mice, where
the protection rate reached 57 % (325 cysts per brain), as
compared with the poly (I:C) control group (763 cysts per
brain; p=0.0232). In C3H/HeOuJ mice, the statistically sig-
nificant protection against chronic toxoplasmosis was ob-
served only in (ROP5+ROP18)-immunized animals, where
the protection rate reached 46 % (1833 cyst per brain), as
compared with the poly (I:C) control group (3400 cysts per
brain; p=0.0408). Moreover, very clear strain-dependent dif-
ferences could be seen in the susceptibility to chronic T. gondii
invasion between BALB/c and C3H/HeOuJ mice. In all five
experimental groups, the estimated brain cyst load was signif-
icantly higher in C3H/HeOuJ than in BALB/c mice
(0.00146≤p≤0.0107).

In order to examine whether the immunization resulted in
an effective protection against acute toxoplasmosis, the highly
virulent T. gondii RH strain (type I) was used (Fig. 6). In both
BALB/c and C3H/HeOuJ mice, all three experimental vac-
cines provided a statistically significant partial protection
against acute T. gondii infection, which was manifested by a
prolonged time of survival after a lethal challenge, as com-
pared with the control groups (0.00153≤p≤0.0144). Note-
worthy, 25 % of the ROP18-immunized BALB/c mice sur-
vived the infection. There were no significant differences be-
tween PBS and poly (I:C) groups neither in BALB/c or C3H/
HeOuJ mice. The only strain-dependent difference was

revealed between the poly (I:C) groups, as the C3H/OuHeJ
mice succumbed to the infection later than the BALB/c mice
(p=0.0289).

Discussion

The global distribution and the ability to infect virtually all
warm-blooded animals make the protozoan T. gondii an ex-
traordinary and successful parasite with up to one third of the
human population being infected (Montoya and Liesenfeld
2004). The lack of effective drugs with low toxicity together
with the overall socio-economic impact of toxoplasmosis
makes the development of T. gondii vaccine an important
global challenge. The currently available veterinary vaccine
(Toxovax®) is based on live tachyzoites of the attenuated S48
T. gondii strain. Although it limits the incidence of abortion in
sheep, it is unknown if the vaccine aids in the reduction of
meat contamination with tissue cysts (Roberts et al. 2014). A
rational strategic approach to a novel veterinary vaccine seems
to be the immunization of domestic cats in order to disrupt the
zoonotic cycle of T. gondii and thereby to reduce the frequen-
cy of infection in both livestock and humans. Besides, there is
an urgent need to develop a vaccine suitable for humans to
prevent the infection or at least the incidence of clinical dis-
ease in congenitally infected or immunocompromised individ-
uals (Jongert et al. 2009; Verma and Khanna 2013).

The recent progress in studies on identifying key determi-
nants of T. gondii virulence prompted us to investigate the
immunoprophylactic potential of recombinant ROP5 and

Fig. 5 The brain cyst load in
control and immunized BALB/c
and C3H/HeOuJ mice following
the intraperitoneal challenge with
cyst-forming T. gondii DX strain.
The protection rates were
calculated by comparing each
immunized group with both PBS
and adjuvant controls

Fig. 6 The survival analysis of
control and immunized groups of
BALB/c and C3H/HeOuJ mice
after an administration of a lethal
dose of highly virulent T. gondii
RH strain
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ROP18 proteins, members of the ROP2 superfamily (El Hajj
et al. 2006). These highly polymorphic rhoptry kinases are
essential virulence factors of T. gondii. The pseudokinase
ROP5 is the major determinant of acute virulence in mice
(Behnke et al. 2011; Reese and Boyle 2012). It complexes
with the active kinase ROP18, which evolved to target the
immunity-related GTPases (IRGs). Thus, the combined activ-
ity of ROP5 and ROP18 thwarts the innate immune mecha-
nisms thereby protecting the parasites from intracellular kill-
ing (Fentress and Sibley 2011; Etheridge et al. 2014).

A rational approach towards specific immunoprophylaxis
involves the construction of vaccines which are highly protec-
tive, but also safe and immunologically strictly defined. Re-
combinant subunit vaccines are attractive tools in the devel-
opment of protective immunity against T. gondii. The major
advantage of subunit vaccines is their high safety, so they
virtually may be administered regardless of the patient’s health
status. In this study, we evaluated the immunogenic and pro-
tective activity of recombinant full-length ROP5 and ROP18
proteins adjuvanted with poly (I:C)—a synthetic analogue of
double-stranded RNA (dsRNA) recognized by TLR3 recep-
tors (Salem et al. 2005). To our knowledge, this is the first
report on using these proteins as a bivalent subunit vaccine.

The cellular immune response is the key protective mech-
anism during the T. gondii invasion (Pifer and Yarovinsky
2011). The appropriate vaccine design should consider the
direction of the Th response generated after immunization
and thus the vaccine against toxoplasmosis needs to stimulate
effectively the synthesis of IFN-γ, the major effector cytokine
affecting the fate of T. gondii (Sturge and Yarovinsky 2014).
Since it principally restricts the parasite proliferation in the
acute phase of infection and thwarts the reactivation of dor-
mant parasites enclosed in tissue cysts, it is considered to be
the main determinant of the protective vaccine-induced immu-
nity against T. gondii (Suzuki et al. 1988). We found that the
immunization with ROP5 or ROP18 proteins resulted in a
significant IFN-γ production by murine splenocytes stimulat-
ed in vitro by antigens used for vaccination. Importantly, the
TLA preparation, used as a source of native T. gondii antigens,
also stimulated the cells to the significant production of
IFN-γ. On the other hand, we measured the levels of IL-10
which is a Th2-type cytokine. IL-10 restores the immune ho-
meostasis by regulating the inflammatory response during the
acute T. gondii infection (Wilson et al. 2005; Dupont et al.
2012) but may also contribute to the inhibition of the T and
B lymphocyte proliferation and thus suppress the killing of
T. gondii by macrophages (Abdollahi et al. 2013). Significant
amounts of this regulatory cytokine were produced by cells
derived from bothmouse strains; however, evident differences
between C3H/HeOuJ and BALB/c were shown. The in-
creased level of this cytokine could contribute to the weaken-
ing of the lymphoproliferative response, which was only mod-
erately enhanced in both BALB/c and C3H/HeOuJ strains.

The stimulation index (SI) for ROP5-pulsed splenocytes from
ROP5-immunized mice was comparable with the SI observed
by Zheng et al. (2013). Interestingly, they observed about
twofold increase of proliferation after the addition of recom-
binant SAG1 antigen to the vaccine. The flow cytometry anal-
ysis of splenocytes derived fromROP5- or ROP18-vaccinated
mice did not show any significant changes in the percentage of
activated (CD69+) immune cells after vaccination (without
in vitro restimulation). In general, the levels of CD69+CD4+

cells were higher than those observed for CD69+CD8+ cells;
however, in BALB/c mice immunized with either ROP5 or
ROP18, the differences were less polarized and the CD4+/
CD8+ ratios were the lowest which may indicate a weak stim-
ulation of the cytotoxic immune mechanisms. The crucial pa-
rameter for inducing a robust cytotoxic T cell response, par-
ticularly significant for vaccines against intracellular patho-
gens, is the antigen delivery system. Subunit vaccines stimu-
late mostly the exogenous antigen presentation pathway
(MHC class II restricted) which may lead to a limited activa-
tion of CD8+ Tcells. Hence, a stronger activation of CD4+ and
CD8+ Tcells was reported upon the use of ROP5- (Chen et al.
2015) or ROP18-based (Yuan et al. 2011) DNA vaccines.

The natural T. gondii infection leads to the activation of B
cells and the subsequent production of specific antibodies
(Filisetti and Candolfi 2004). The efficient humoral response
is also required for the vaccine-induced resistance to virulent
tachyzoites, as the antibodies may act protectively by limiting
the infection of host cells by blocking their receptors (Sayles
et al. 2000). Our study demonstrated that subcutaneous immu-
nization with ROP5 or ROP18 proteins adjuvanted with poly
(I:C) triggered a significant antibody response, which was
more robust in C3H/HeOuJ than in BALB/c mice. Moreover,
in C3H/HeJ mice, the levels of ROP5- and ROP18-specific
antibodies were higher in the group of animals immunized
with the bivalent vaccine. Since different antigens often lead
to the preferential development of Th1 or Th2 responses
resulting in a distinctive production of, respectively, IgG2a
or IgG1 antibodies (Mosmann and Coffman 1989), we
analysed the ratios of IgG1/IgG2a in the sera of immunized
mice. We found that a mixed type (Th1/Th2) of immune re-
sponse was elicited with some predominance of the IgG1 an-
tibodies, which are specific for Th2 profile. These findings are
consistent with our previous observations (Dziadek et al.
2009, 2011, 2012) showing that BALB/c and C3H/HeOuJ
mice immunized with other recombinant rhoptry proteins
(ROP2, ROP4) developed a mixed type of the immune re-
sponse with a predominant IgG1 synthesis. Similar outcomes
were revealed by Qu et al. (2013a), who analysed the protec-
tion in mice immunized with recombinant ROP18 co-
administered with gingenoside Re as an adjuvant. However,
these observations are contrary to the results obtained by
Zheng et al. (2013), who immunized BALB/c mice with re-
combinant ROP5 and demonstrated a predominance of
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specific IgG2a antibodies, which is generally observed for
DNA vaccines (Yuan et al. 2011; Qu et al. 2013b; Chen
et al. 2015; Li et al. 2015) and occurs naturally duringT. gondii
infection (Denkers and Gazzinelli 1998).

The primary goal of vaccination is to provide an effective
protection against the pathogen. In the case of T. gondii, the
ideal vaccine construct should be aimed at preventing both the
acute and the chronic toxoplasmosis. Hence, in our study, we
performed a parallel challenge using two strains of different
T. gondii lineages, i.e. a highly virulent RH (type I) and low-
virulent cyst-formingDX (type II) strain. The studied vaccines
provided a partial protection against chronic infection, as es-
timated by enumeration of the brain cysts. The most effective
were the ROP18 vaccine in BALB/c mice and the ROP5+
ROP18 bivalent vaccine in C3H/HeOuJ mice. In the model of
acute infection, all three tested vaccines significantly in-
creased the time of survival after a lethal challenge, and note-
worthy, a part of the ROP18-immunized BALB/c mice were
even able to overcome the disease. We found no significant
synergistic effect after bivalent immunization with ROP5+
ROP18. The above findings support the previous observation
of Zheng et al. (2013) and Qu et al. (2013a), who also dem-
onstrated a prolonged mice survival after vaccination with,
respectively, recombinant ROP5 and ROP18 proteins. Fur-
thermore, few other studies on ROP5- or ROP18-based
DNA vaccines showed similar results (Yuan et al. 2011; Qu
et al. 2013b; Chen et al. 2015; Li et al. 2015).

In conclusion, our results demonstrated that immunization
with ROP5 and ROP18 proteins leads to the activation of both
humoral and cellular immune mechanisms, resulting in the
partial protection against highly virulent and cyst-forming
strains of T. gondii. Although the outcomes of the experiments
might not be fully satisfactory, these results provide additional
evidence that ROP5 and ROP18 proteins may be valuable
components of a multi-antigenic vaccine against T. gondii.
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