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Immunization of C57BL/6 Mice with GRA2 Combined with MPL
Conferred Partial Immune Protection against Toxoplasma gondii
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ABSTRACT

Background: We have previously reported that immunization with GRA2 antigen of Toxoplasma gondii induces
protective immunity in CBA/J (H2k) and BALB/c mice (H2d). We aimed to examine whether immunization of a
distinct strain of rodent with recombinant dense granule antigens (GRA2) combined with monophosphorryl lipid A
(MPL) adjuvant elicits protective immune response against T. gondii. Methods: C57BL/6 (H2b haplotype) mice
were immunized with GRA2, formulated in MPL adjuvant. Results: Strong humoral response, predominantly of
IgG1 subclass and cellular response, IFN-y, was detected at three weeks post immunization. Mice immunized with
GRA2 had significantly (p < 0.01) fewer brain cysts than those in the adjuvant group, upon challenge infection.
Despite the production of a strong antibody response, IFN-y production and brain cyst reduction were not
significant when the immunized mice were infected four months after the immunization. Conclusions: We can
conclude that GRA2 immunization partially protects against T. gondii infection in C57BL/6 mice, though the
potency and longevity of this antigen as a standalone vaccine may vary in distinct genetic backgrounds. This
observation further emphasizes the utility of GRA2 for incorporation into a multi-antigenic vaccine against T.
gondii. DOI: 10.22034/ibj.22.1.22
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INTRODUCTION

oxoplasma gondii is an obligate intracellular
parasite capable of infecting humans, as well

as all warm-blooded animals. It is one of the
most common human parasites infected about one-
third of the world populations?. Toxoplasmosis is
usually benign in immunocompetent individuals;
however, primary infection during pregnancy may
cause permanent visual and neurological impairments,
neonatal malformation, or even death in congenitally-
infected newborns. Besides, reactivation of latent
infection in the majority of individuals with impaired
immune system including AIDS patients results in fatal
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toxoplasmic encephalitis, which necessitates urgent
chemotherapy™. Toxoplasmosis is also of considerable
economic importance due to the abortion in
livestock!?.

Infection with T. gondii induces a long-life protective
T helper 1 (Thl) immune response, which controls
acute infection represented by rapidly dividing
tachyzoites and results in encystment of quiescent
bradyzoites in tissues®. Immune protection is mainly
mediated by IFN-y produced by both CD4" and CD8"
T cells, as well as NK cells®®. In addition, CD8*
cytotoxic T lymphocytes play a major role in resistance
against the infection through cytolysis of infected
cells®>7. An effective vaccine capable of inducing a
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long-term Thl response should be able to protect
against toxoplasmosis, i.e. the active infection, and to
prevent health-threatening complications associated
with the infection.

Hundreds of studies were performed during the past
five decades to find an effective vaccine against T.
gondii. The methodologies applied have been
improving along with increasing understanding of the
host immune response, including the roles of innate
and adaptive immune responses in immune protection
and scientific innovations such as development of
novel adjuvants and DNA recombinant technology™®®
The most effective approach for vaccine development
has been the use of non-virulent mutated strains of the
parasite®. In fact, a live attenuated vaccine,
Toxovax® (Intervet Schering Plough, Boxmeer, The
Netherlands), is currently used in sheep to protect
against congenital toxoplasmosis, but such a vaccine is
not suitable for human use due to the potential risk of
reactivation of parasite to the pathogenic form! %,

Many studies have exploited vaccine potential of
different antigens of T. gondii including surface
antigens (SAG proteins), bradyzoites-specific antigens,
and antigens of the apical organelles, i.e. dense granule
antigens (GRA proteins), rho trles (ROP proteins), and
micronemes (MIC proteins)’®.. The GRA antigens are
secreted in  abundance and constitute  major
components of both the parasitophorous vacuole
surrounding tachyzoites and the cyst wall surrounding
the more slowly dividing bradyzoites™*!. Several
studies have investigated GRA antigens in vaccination
surveys and showed that they are capable of inducing
protective immune response against T. gondiil®***],
Previous studies have indicated that GRA2 is one of
the abundant dense granule antigens of T. gondii that
induces both humoral and cellular responses in humans
and can persist for several years™ 8. Immunization
with GRA2 mduced a protectlve immune response
against acute™?1  chronic®®!, and congenital®®
infections in mice or rats.

Apart from immunogenic antigen(s), successful
vaccination requires a proper adjuvant to enhance both
the magnitude and duration of the immune response.
Toll-like receptors (TLRs) are innate immune receptors
that sense pathogens or vaccines and strongly stimulate
the secretion of IL-12 (p70) from dendritic cells that in
turn induce Thl responses. In addition, some TLRs
(TLRs 3, 4, 7, and 9) can induce pro-inflammatory
cytokines such as IFN-y and TNF-a that are important
for protection against T. gondii®®?”. Monophosphoryl
lipid A (MPL), a ligand of TLR4, was the first and the
only TLR Ilgand approved as an adjuvant for human
vaccination!

We have preV|oust showed that immunization of
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CBA/J (H2k haplotype) and BALB/c mice (H2d
haplotype) with recombinant GRA2 induces a strong
Th1 immune response and protects against chronic and
acute Toxoplasma infection, respectively!®®®! A
vaccine must be able to induce a stable long-lasting
protective immunity in different genetic backgrounds.
Lu et al.® found that C57BL/6 mice are more
susceptible to toxoplasmosis than BALB/c and CBA/J
mice. In this study, we aimed to examine whether
immunization of a distinct strain of rodent (C57BL/6
mice, H2b haplotype) with GRA2 combined with MPL
adjuvant elicits protective immune response against T.
gondii, and if so, whether the elicited immune response
provides long-lasting and early stable protection after
the immunizations.

MATERIALS AND METHODS

Mice

Female C57BL/6, Swiss, and CBA/J mice, aged 6 to
8 weeks, were obtained from animal center of Pasteur
Institute of Iran (Tehran) and maintained under
conventional conditions, according to the institutional
policies. C57BL/6 mice were used in immunization
experiments, and CBA/J mice were used to maintain
cysts in their brain. Animal experiments including
handling, maintenance, and blood sample collection
were approved by Institutional Animal Care and
Research Advisory Committee of Pasteur Institute of
Iran.

Parasites

T. gondii tachyzoites of the virulent RH strain were
injected into the peritoneal cavity of Swiss mice. Three
days after injection, tachyzoites were harvested from
peritoneal fluid, washed with PBS and purified through
3.0-um filters. Cysts of Tehran strain, a type Il strain
originally isolated from a patient in Tehran, Iran®®%,
were maintained in CBA/J mice and used to
challenge C57BL/6 mice. CBA/J mice were infected
intraperitoneally (i.p.) with 100 Tehran cysts (in a
volume of 100 to 200 pl). After one month, their brains
were removed, homogenized and diluted with PBS.
The brain homogenate was injected i.p. into a new
group of CBA/J mice.

Preparation of toxoplasma lysate antigen (TLA)

RH tachyzoites were sonicated (1 min burst, 1 min
cooling, 150 W) in an ultrasonic disintegrator (MSE,
Leicester, United Kingdom), centrifuged at 2000 xg for
30 min, and the protein concentration of the soluble
TLA was determined by using the Bio-Rad DC protein
assay (Bio-Rad, Hercules, CA, USA). Aliquots of TLA
were then stored at -70 °C until use.
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Production of GRA2

Recombinant GRA2, amino acids 21 to 185, was
produced using the gene sequence of RH strain®®.
Briefly, recombinant Escherichia coli bacteria were
induced with 1 mM isopropyl-D-thiogalactopyranoside
(IPTG), centrifuged and resuspended in buffer A (10
mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI at pH
9.0, 0.1% Triton X-100, and proteases inhibitor
cocktail without EDTA [Roche, Mannheim,
Germany]).The mixture was sonicated at 4 °C and
centrifuged at 12,000 xg at 4 °C for 30 min. The
supernatant was recovered, incubated with Ni-
nitrilotriacetic acid resin (Qiagen, Courtaboeuf,
France) and transferred to an empty column. Following
sequential washes of the column with buffers B, C, and
D (buffers having the same composition as buffer A
but containing 20, 40, and 80 mM imidazole,
respectively), the recombinant proteins were eluted
with buffer E (buffer having the same composition as
buffer A but containing 400 mM imidazole). Purified
recombinant GRA2 protein was analyzed by SDS-
PAGE, dialyzed against PBS, and stored in aliquots at -
20 °C.

SDS-PAGE and immunoblotting

SDS-PAGE was performed on 13% polyacrylamide
gels®. Recombinant GRA2 or tachyzoites was/were
boiled in a loading buffer for five minutes, and a
portion, equivalent to 5 x 10° tachyzoites or 100 ng of
recombinant GRA2, was applied to each lane. The
proteins  were transferred onto nitrocellulose
membranes, saturated with 5% fat-free dried milk in
PBS for 1 h and probed with pooled sera of three mice
from each animal group diluted at 1:400. Bound
antibodies were detected using peroxidase-conjugated
rat anti-mouse lg-kappa light chain antibodies (BD
Pharmingen, San Diego, CA, USA). Signals were
detected using 3,3-diaminobenzidine tetrahydro-
chloride (DAB) tablets (Kem-En-Tec, Copenhagen,
Denmark).

Study design

Three groups of C57BL/6 mice, consisted of 20 or 21
mice per group, were included in the study for
evaluation of both short-term and long-term immune
protection conferred by GRA2 immunization. Mice
were injected subcutaneously three times in three-week
intervals (Fig. 1). The test group received MPL-
formulated GRA2. The control groups consisted of
mice receiving MPL or PBS. Three weeks and four
months after the last immunization, three mice from
each group were euthanized and used for evaluations of
the short- and long-term humoral and cellular immune
responses, respectively. At the same time, seven or
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eight mice per group were infected with tissue cysts,
and brain cysts were enumerated one month later.

Immunization of C57BL/6 mice

Female C57BL/6 mice, 6 to 8 weeks old, were
injected subcutaneously in their hind footpad three
times, at weeks 0, 3, and 6 with 20 pg of GRA2
formulated in Sigma adjuvant System (Sigma, St.
Louis, MO, USA) in a volume of 50 pl. Briefly, each
vial of adjuvant, containing 0.5 mg of both MPL
from Salmonella minnesota and synthetic trehalose
dicorynomycolate in 2% oil (squalene), Tween 80, and
water was reconstituted with 1 ml of GRA2-saline
solution (400 pg/ml) according to the manufacturer’s
instructions and administered to mice as 25 pg MPL
per dose®?. The blood samples from three mice in each
group were collected by retro-orbital puncture three
weeks and four months after the last immunization, and
sera were stored at -20 °C until use.

Enzyme linked immunosorbent assay (ELISA)

Maxisorp  multiwell plates (Nunc, Roskilde,
Denmark) were coated overnight at 4 °C with 10 pg/ml
of TLA in 50 mM carbonate buffer (pH 9.6). The
plates were washed with PBS containing 0.05% Tween
20 (PBS-T), and blocked with 200 pl blocking buffer
(PBS-T containing 1% BSA) at 37 °C for 1 h.
Subsequently, the plates were incubated with 100 pl of
sera, taken from immunized mice at three weeks or
four months post immunization, diluted at 1:100 in a
blocking buffer at 37 °C for 1 hour. The plates were
washed and incubated with 100 pl HRP-conjugated
rabbit anti-mouse 1gG, 1gG1, and IgG2a/c (1:10,000,
1:3,000, and 1:3,000, respectively; Zymed, South San
Francisco, CA, USA) at 37 °C for 1 h. Finally, the
enzymatic activity was revealed using tetramethylene
benzidine dihydrochloride (Kem-En-Tec, Copenhagen,
Denmark). After 12 min of incubation at room
temperature, the reaction was stopped by adding 100 pl
of 2 M H,SO,. The optical density (OD) value was
measured at 450 nm by an ELISA reader (BioTek
Instruments, Highland Park, VT, USA), with a
reference wavelength of 630 nm. All samples were run
in duplicates.

Cytokine assays

The spleens from three mice per group were removed
aseptically three weeks or four months after the last
immunization, and spleen cell suspensions were
prepared by squeezing the whole organs in Red Blood
Cell Lysing Buffer (Sigma, St. Louis, MO,
USA). Spleen cells were resuspended in DMEM
medium supplemented with 10% fetal calf serum. The
cells (3 x 10° cells/well) were seeded in triplicates in
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Fig. 1. Study design and testing endpoints in C57BL/6 mice. Three groups of mice were included in the study for evaluation of both
short-term (study 1) and long-term (study 2) immune protection conferred by GRA2 immunization.

flat-bottom 96-well microtiter plates and cultured with
TLA (15 pg/ml) and concavalin A (5 pg/ml; both from
Sigma, St. Louis, MO, USA), as positive controls or
medium alone (negative control) with 5% CO, at 37 °C
for 3 days. Cell-free supernatants were harvested for
IL-2 and IL-10 at 24 h and for IFN-y at 72 h®I,
Concentrations of the three cytokines in culture
supernatants were determined using ELISA Kits
(Mabtech, Stockholm, Sweden) as described by the
manufacturer. The lower limits of detection were 5, 15,
and 20 pg/ml for IFN-y, IL-2, and IL-10, respectively.
All assays were performed in duplicates, and the
results were expressed as means + SD for each group.

Challenge infection

C57BL/6 mice were infected i.p. with 20 brain cysts
of Tehran strain either three weeks or four months after
the last immunization. One month later, the mice were
sacrificed, and their brains were removed. Cysts were
obtained by homogenizing each brain in 2 ml PBS. The
mean number of cysts per brain was determined
microscopically by counting four samples (20 pul each)
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of each homogenate. The results were expressed as
mean + SD for each group.

Statistical analysis

The mean of each variable (total 1gG, 1gG1, IgG2alc,
IFN-y, IL-2, IL-10, and cyst numbers) was compared
between the different groups using one-way ANOVA,
followed by Tukey's HSD, as the post-hoc test. All
statistical analyses were performed using the SPSS
software version 18 (SPSS, Inc.). The SD represents
the mean value of individually evaluated mice. Two-
sided p values <0.05 were considered to indicate
statistical significance.

RESULTS

Immunization with GRA2 induces strong IgG
antibody response which lasts for four months

To determine whether the immunized mice
developed specific anti-T. gondii I1gG antibody
response, blood samples of three mice in each group
were obtained three weeks and four months after the
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last immunization, and the sera were tested using
immunoblotting and ELISA. On immunaoblots, pooled
sera, obtained from GRAZ2-immunized mice at short-
term and long-term immunization (data not shown),
reacted with both recombinant GRA2 and native
GRAZ2 present in tachyzoites. Recombinant GRA2 was
seen at about 35 kDa due to the presence of 44 extra
aminoacids, compared to native GRA2, including two
histidine tags”™ (Fig. 2). The smaller protein bands
observed in the blot are probably degradants of GRAZ2.
Sera from the adjuvant group or PBS-injected mice did
not recognize any specific protein band in tachyzoites
or GRA2-loaded lanes.

Immunization with GRA2 predominantly elicits the
production of long-lasting 1gGl and IgG2a/c
antibodies. In ELISA experiments, GRA2-immunized
mice exhibited strong IgG response at three weeks post
immunization, which declined a bit at four months post
immunization (Fig. 3A and 3B).

As reported previously, C57BL/6 mice with the Igh-
1b allele do not have the gene for 1gG2a, but rather the
IgG2c isotypel* !, However, many studies including
the present study, detected 1gG2a in C57BL/6 micel*™
1 This result is probably due to the cross-reaction of
IgG2a detecting antibodies with 1gG2c™. In our study,
we referred to these isotypes as 1gG2a/c.

The production of specific 1gG1 and 1gG2a/c
subclass antibodies were measured by ELISA at three
weeks and four months post immunization. C57BL/6
mice produced preferentially 1gG1l antibodies in
response to immunization with GRA2 at both time
points, although IgG2a/c antibodies were also
produced at substantial amount (IgG2a/c: 1gG1 = 0.4;
Fig. 3C and 3D). These results thus suggested that the
specific immune response induced in GRA2-
immunized mice is a mixed Th1/Th2 response.

Mice immunized with GRA2 produce IFN-y only at
three weeks post immunization

To further characterize the nature of the immune
response elicited by GRA2 immunization, spleens of
three mice in each group were removed three weeks
and four months post immunization, and spleen cell
preparations were stimulated with TLA. Cell culture
supernatants were harvested at 24 h for detection of IL-
2 and IL-10, and at 72 h for the measurement of IFN-y.
The results showed that at three weeks post
immunization the spleen cells of GRA2-immunized
mice produced IFN-y more than 11 times as high as
those produced by spleen cells of the MPL group (p <
0.05; Fig. 4A). In addition, spleen cells of GRA2-
immunized mice produced about three times more IL-2
and 2.5 times more IL-10, compared to the MPL
group; however, their productions were not significant
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(p = 0.1 for IL-2 and 0.12 for IL-10; Fig. 4B and 4C).
In contrast, no significant amounts of IFN-y, IL-2, and
IL-10 were produced by mice at long-term
immunization (data not shown).

Immunization with GRA2 decreases brain cyst
production only at three weeks post immunization

Three weeks after the immunization, seven or eight
mice were challenged with 20 freshly prepared brain
cysts of T. gondii. One month later, the animals were
euthanized, and the brain cyst burden was measured by
microscopy. The results showed that the mice
immunized with GRA2 decreased brain cysts
production by 37.1%, compared to the MPL group (p <
0.01; by 44% as compared to the PBS group; Fig. 5).
To evaluate the long-term protection, seven or eight
mice from each group were infected four months after
the last booster and before infectious challenge, and the
brain cysts were counted one month later. The results
showed that fewer brain cysts were developed in the
GRAZ2-immunized mice than either the PBS or the
MPL group, though the reduction was not significant
(p =0.32; Fig. 5).

DISCUSSION

In this study, we report that immunization with
GRA2 in combination with MPL induces strong
humoral and cellular immune responses of a
mixed Th1/Th2 type, and confers short-term protective

.
|

Marker
(kDa)

Fig. 2. Immunoblotting of GRA2-immunized mice. Immuno-
blot of RH tachyzoite antigens probed with pooled sera from
three mice injected with PBS (lane 1), injected with MPL (lane
2) or immunized with GRA2 + MPL (lane 3). Pooled sera from
three mice immunized with GRA2 + MPL was also used to
probe recombinant GRA2 (lane 4).
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Fig. 3. Determination of specific anti-T. gondii 1gG antibodies in the sera of immunized mice. Determination of specific total and
subclass anti-T. gondii 1gG antibodies in the sera of C56BL/6 mice immunized with GRA2 + MPL, injected with MPL or PBS at
short-term (A and C) or long-term (B and D) immunization. Results were expressed as the mean + SD.  p <0.01 and  p < 0.001,

compared to MPL group (ANOVA test).

immunity in C57BL/6 mice. Though a strong humoral
response was detectable at four months post
immunization, the cellular response and immune
protection diminished over time falled below the
significant level at four months post immunization.

The 1gG response in ELISA was not greatly
decreased at long-term evaluation. Similar OD values
of IgG antibodies observed at short- and long- term
immune evaluation suggest strong induction of B cells
and long-lasting production of IgG antibodies,
otherwise one should expect great decrease (as much as
30 times) of IgG1 and IgG2a titers at four months post
immunization regarding approximately three weeks
half-life of them.

We observed that IgG1l subclass antibodies were
produced more than 1gG2a/c antibodies, suggesting a
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mixed Th1/Th2 response as 1gG2a/c and IgGl are
markers of Thl and Th2 immune responses,
respectively®. Similarly, immunization of BALBI/c
with GRA2 in Freunds’ adjuvant induced more IgG1
than 1gG2a®4. However, the ratio of 1gG2a/lgG1 was
slightly higher in BALB/c mice immunized with
GRA2 adsorbed on Poly (DL-lactide-co-glycolide)
microspheresi®®]. In addition, we previously showed
that immunization of CBA/J (H2k haplotype) with
GRA2 combined with MPL resulted in a high ratio of
IgG2a/lgG1 antibodies®.. Discrepancy between these
results might be due to the different adjuvant/deliver
systems, as well as mice strain used in these studiest*.
To examine more precisely the immune response
elicited by immunization with GRA2, the levels of
IFN-y, IL-2, and IL-10 were measured in the spleen
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Fig. 4. Analysis of cytokine production in spleen cell culture of mice after restimulation with TLA. Spleen cells were recovered
from three mice per group. Cells (3 x 10°) were seeded per well and stimulated with TLA at the concentration of 15 pg/ml. Tthe levels
of IFN-y (A), IL-2 (B), and IL-10 (C) were measured in cell supernatants 24 h (IL-2 and IL-10) or 72 h (IFN-y) after restimulation.
Results were expressed as the mean + SD of duplicate wells. * indicates a difference with the MPL group (p < 0.05).

cell cultures at short- and long-term time points.
GRAZ2-immunized mice produced elevated levels of
IFN-y at short-term evaluation, indicating a Thl
response. This is intriguing because IFN-y is the main
mediator of protection against Toxoplasma infection.
Similarly, immunization of CBA/J mice with GRA2
induced high levels of IFN-y®!. The production of IL-
2 and IL-10 was hardly significant, though indicating a
trend toward antigen-specific increase. The production
of IL-10 is important in the regulation of host immune
response against T. gondii as it prevents fatal
inflammatory pathology induced by exacerbated IFN-y
production in C57BL/6 mice!**!. In contrast, we were
not able to detect any specific IFN-y, IL-2, and IL-10 at
long-term immune evaluation. This means that
immunization with GRA2 formulated in MPL was not
able to induce sufficient durable memory T cells to
secrete detectable amounts of the cytokines.

Consistent with the increased production of IFN-y,
GRA2  immunization decreased brain  cysts
development by 37.1%, compared to MPL group when
the challenge infection was performed three weeks
after the last immunization. We formerly reported that
immunization of CBA/J mice with GRA2 formulated
in MPL decreased the brain cysts production by
69.8%%*]. Moreover, in our previous study, we
demonstrated that GRA2 adsorbed on Poly (DL-
lactide-co-glycolide) microspheres induced strong
humoral and cellular response in BALB/c mice and
protected against acute infection®®!. The possible
explanations for the lower protective efficacy observed
in the present study could be the lower immune-
genicity of GRAZ2 in C57BL/6 mice, inherent
incapability of C57BL/6 mice to fully control the
infection®®“® and the difference in virulence of the T.
gondii strain®? used for the challenge infection.
In fact, the efficacy of different vaccination strategies

,46

28

using sub-unit vaccines for prevention of cyst
production varies greatly, and several studies have
achieved Erotective efficacies similar to the present
study®* 1 Bastos et al.’! selected two overlapping
short peptides of GRAZ2, based on their reactivity with
a monoclonal antibody against GRA2, fused them to
bovine serum albumin and evaluated their
immunogenicity and protective efficacy in C57BL/6
mice using the alum adjuvant. No reduction in brain
cysts production was observed when parasite burden

1200 = @3 Short term
3 Long term

1000 = l I

800= - l

GO =

400 =

Mean cysts count/mouse brain

200 =

L] L]
PBS MPL GRA2+MPL

Fig. 5. Short-term and long-term protective effects of
immunization with GRA2 combined with MPL in C57BL/6
mice. Mice immunized with GRA2 + MPL, MPL or PBS were
infected intraperitoneally three weeks or four months after the
last immunization with 20 Tehran cysts. Their brain cyst loads
were determined one month later and compared to those of
control groups. The results were expressed as the total number
of brain cysts + SD calculated from four counts of 20-pl samples
from the total brain homogenate. The graph represents that the
results obtained from one of the two experiments that provided
similar results. ** indicates a difference with the MPL group
(p <0.01).
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was measured by real-time PCR and by direct cyst
count using optical microscopy. However, combination
of the two peptides was reportedly able to increase the
survival rate of mice during acute infection. We used
the whole GRA2 sequence, without the signal
sequence, formulated in MPL for immunization of
C57BL/6 mice and showed significant protection
against brain cysts production. The different protection
against brain cyst production observed in our study and
those of Bastos et al., might be the use of whole GRA2
protein and/or potent Thl-directing MPL adjuvant in
our study.

In the current study, we decided to examine long-
term immune protection induced by GRA2 + MPL
since previous studies have reported the induction of
long-lasting immunity by GRA2 in humans®*” and
mice®. Vaccination of Swiss-Webster mice with
F3G3 antigen, which is composed of GRA2 (P28) and
a 58-kDa component™, in Freund's adjuvant conferred
long-term protection against lethal challenge with T.
gondii tachyzoites??. Furthermore, Prigione et al.*”!
investigated the role of GRA2 in the maintenance of
long-term T cell response against Toxoplasma, and
found that 6 out of 25 CD4" tachyzoite-specific T cell
clones proliferated to purified GRA2. MPL has also
been indicated to be capable of promoting durable
humoral and cellular immune response®**l. Despite
the immune protection observed at three weeks post
immunization, reduction in brain cysts was not
significant when the immunized mice were infected
four months after the immunization. Based on our
knowledge, long-term protective immunity depends on
the development of long-term memory T cells from
effector T cells, which is influenced by several factors
including antigen exposure, co-stimulation, and the
level of inflammation®®. The lack of long-term
immune protection in our study might be explained by
poor differentiation of effector T-cells to long-term
memory T-cells. Nevertheless, the lack of long-term
protection in the present study does not exclude the
possible capability of GRAZ2 in inducing long-lasting
immune response in other strains of mice or in humans,
as previously described’?. On the other hand, it
might be possible to prolong the immune protection
through applying different vaccination strategies,
different adjuvants, and novel vaccine delivery
systems®>*7,

MPL, a ligand of toll-like receptor 4, is known to
stimulate IFN-y and influence development of Thl
response, which is essential for protection against T.
gondii. However, a number of studies have shown that
MPL potentiates both Thl and Th2 response and
stimulates a mixed Th1/Th2 response®®*). The
presence of TLR4 ligands, such as glycosyl-
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phosphatidylinositols, and heat shock protein 70%2

propose a role for TLR4 in the induction of protective
immune response to T. gondii.

Several investigations have reported the efficacy of
various forms of GRA2 as native Protein[19’63],
recombinant protein®®?*!, DNA vaccine®™, and multi-
antigenic DNA vaccine® in eliciting protective
immunity against acute, chronic and congenital
Toxoplasma infection. Native purified GRA2 conferred
protection against both acute and congenital
toxoplasmosis'**#?>® Others showed that a GRA2-
SAGL chimeric protein® and multi-antigenic DNA
vaccines containing GRA2 epitopes’®®! prolonged the
survival of immunized mice; however, the relative
contribution of each antigenic portion in the protective
immunity was not investigated. Recently, Zhou et
al.” have demonstrated that DNA vaccine comprising
GRA2 is capable of increasing survival time of
immunized mice.

The fact that GRA2 is able to induce protective
immune response in both CBA/J and C57BL/6 mice is
encouraging since a vaccine antigen must be able to
provide protection in different genetic backgrounds.
The combination of GRA2 with other immunogenic
antigens of T. gondii such as SAG1 might be able to
induce a better protection against the infection®.
Although a desirable feature of a vaccine is required to
confer a long-lasting protective immunity, this
component of T. gondii antigens may provide useful
early protection. It might be possible to enhance the
efficacy by using improved adjuvant(s) and/or methods
of vaccine delivery that mimic the native infection.

ACKNOWLEDGEMENTS

We would like to acknowledge Dr. Hossein
Keshavarz (Medical Parasitology and Mycology
Department, School of Public Health, Tehran
University of Medical Science, Iran) for providing us
with the Tehran strain of T. gondii. This work was
partially supported by the research grant No. 93004137
from Iran National Science Foundation (INSF).

CONFLICT OF INTEREST. None declared.

REFERENCES

1. Kim K, Weiss LM. Toxoplasma gondii: The model
apicomplexan.  The international journal for
parasitology 2007; 34(3): 423-432.

2. Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma
gondii: from animals to humans. International journal
for parasitology 2000; 30(12-13): 1217-1258.

29



Immunization of C57BL/6 Mice with GRA2 Combined with MPL

Babaie et al.

10.

11.

12.

13.

14.

15.

16.

30

Gazzinelli RT, Hakim FT, Hieny S, Shearer GM, Sher
A. Synergistic role of CD4+ and CD8+ T lymphocytes
in IFN-gamma production and protective immunity
induced by an attenuated Toxoplasma gondii vaccine.
Journal of immunology 1991; 146(1): 286-292.
Gazzinelli R, Xu Y, Hieny S, Cheever A, Sher A.
Simultaneous depletion of CD4+ and CD8+ T
lymphocytes is required to reactivate chronic infection
with Toxoplasma gondii. Journal of immunology 1992;
149(1): 175-180.

Abou-Bacar A, Pfaff AW, Georges S, Letscher-Bru V,
Filisetti D, Villard O, Antoni E, Klein JP, Candolfi E.
Role of NK cells and gamma interferon in transplacental
passage of Toxoplasma gondii in a mouse model of
primary infection. Infection and immunity 2004;
72(3):1397- 1401.

Hwang S, Khan IA. CD8+ T cell immunity in an
encephalitis model of Toxoplasma gondii infection.
Seminars in immunopathology 2015; 37(3): 271-279.
Brown CR, McLeod R. Class | MHC genes and CD8+ T
cells determine cyst number in Toxoplasma gondii
infection. Journal of immunology 1990; 145(10): 3438-
3441.

Jongert E, Roberts CW, Gargano N, Forster-Waldl E,
Petersen E. Vaccines against Toxoplasma gondii:
challenges and opportunities. Memorias do instituto
oswaldo cruz 2009; 104(2): 252-266.

Henriquez FL, Woods S, Cong H, McLeod R, Roberts
CW. Immunogenetics of Toxoplasma gondii informs
vaccine design. Trends in parasitology 2010; 26(11):
550-555.

Innes EA, Bartley PM, Maley S, Katzer F, Buxton D.
Veterinary vaccines against Toxoplasma gondii.
Memorias do instituto oswaldo cruz 2009; 104(2): 246-
251.

Buxton D. Toxoplasmosis: the first commercial vaccine.
Parasitology today 1993; 9(9): 335-337.
Cesbron-Delauw MF. Dense-granule organelles of
Toxoplasma gondii: their role in the host-parasite
relationship. Parasitology today 1994; 10(8): 293-296.
Ajioka JW, Soldati D. Toxoplasma: molecular and
cellular biology. Norfolk: Horizon Scientific Press;
2007.

Sun XM, Zou J, A AE, Yan WC, Liu XY, Suo X, Wang
H, Chen QJ. DNA vaccination with a gene encoding
Toxoplasma gondii GRAG6 induces partial protection
against toxoplasmosis in BALB/c mice. Parasites and
vectors 2011; 4: 213.

Chen R, Lu SH, Tong QB, Lou D, Shi DY, Jia BB,
Huang GP, Wang JF. Protective effect of DNA-
mediated immunization with liposome-encapsulated
GRA4 against infection of Toxoplasma gondii. Journal
of Zhejiang university science b 2009; 10(7): 512-521.
Hiszczynska-Sawicka E, Oledzka G, Holec-Gasior L, Li
H, Xu JB, Sedcole R, Kur J, Bickerstaffe R, Stankiewicz
M. Evaluation of immune responses in sheep induced by
DNA immunization with genes encoding GRAL, GRA4,
GRA6 and GRAT7 antigens of Toxoplasma gondii.
Veterinary parasitology 2011; 177(3-4): 281-289.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Prigione I, Facchetti P, Lecordier L, Deslee D, Chiesa S,
Cesbron-Delauw MF, Pistoia V. T cell clones raised
from chronically infected healthy humans by stimulation
with Toxoplasma gondii excretory-secretory antigens
cross-react with live tachyzoites: characterization of the
fine antigenic specificity of the clones and implications
for vaccine development. Journal of immunology 2000;
164(7): 3741-3748.

Golkar M, Rafati S, Abdel-Latif MS, Brenier-Pinchart
MP, Fricker-Hidalgo H, Sima BK, Babaie J, Pelloux H,
Cesbron-Delauw MF, Mercier C. The dense granule
protein GRA2, a new marker for the serodiagnosis of
acute Toxoplasma infection: comparison of sera
collected in both France and Iran from pregnant women.
Diagnostic microbiology 2007; 58(4): 419-426.
Cesbron-Delauw MF, Lecordier L, Mercier C. Role of
secretory dense granule organelles in the pathogenesis
of toxoplasmosis. Current topics in microbiology and
immunology 1996; 219: 59-65.

Zhou H, Gu Q, Zhao Q, Zhang J, Cong H, Li Y, He S.
Toxoplasma gondii: expression and characterization of a
recombinant protein containing SAG1 and GRAZ2 in
Pichia pastoris. Parasitology research 2007; 100(4):
829-835.

Zhou H, Min J, Zhao Q, Gu Q, Cong H, Li Y, He S.
Protective immune response against Toxoplasma gondii
elicited by a recombinant DNA vaccine with a novel
genetic adjuvant. Vaccine 2012; 30(10): 1800-1806.
Brinkmann V, Remington JS, Sharma SD. Vaccination
of mice with the protective F3G3 antigen of Toxoplasma
gondii activates CD4+ but not CD8+ T cells and induces
Toxoplasma specific 1gG antibody. Molecular
immunology 1993; 30(4): 353-358.

Allahyari M, Mohabati R, Amiri S, Esmaeili Rastaghi
AR, Babaie J, Mahdavi M, Vatanara A, Golkar M.
Synergistic effect of rSAG1l and rGRA2 antigens
formulated in PLGA microspheres in eliciting immune
protection against Toxoplasama gondii. Experimental
parasitology 2016; 170: 236-246.

Ching XT, Fong MY, Lau YL. Evaluation of
immunoprotection conferred by the subunit vaccines of
GRA2 and GRA5 against acute Toxoplasmosis in
BALB/c mice. Frontiers in microbiology 2016; 7: 609.
Golkar M, Shokrgozar MA, Rafati S, Musset K, Assmar
M, Sadaie R, Cesbron-Delauw MF, Mercier C.
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(21): 4301-4311.

Zenner L, Foulet A, Caudrelier Y, Darcy F, Gosselin B,
Capron A, Cesbron-Delauw MF. Infection with
Toxoplasma gondii RH and Prugniaud strains in mice,
rats and nude rats: Kinetics of infection in blood and
tissues related to pathology in acute and chronic
infection. Pathology, research and practice 1999;
195(7): 475-485.

Higgins SC, Mills KH. TLR, NLR agonists, and other
immune modulators as infectious disease vaccine

Iran. Biomed. J. 22 (1): 22-32


https://www.ncbi.nlm.nih.gov/pubmed/?term=He%20S%5BAuthor%5D&cauthor=true&cauthor_uid=17058109

Babaie et al.

Immunization of C57BL/6 Mice with GRA2 Combined with MPL

28.

29.

30.

31.

32.

33.

34.

35.

36.

3.

38.

39.

40.

adjuvants. Current infectious disease reports 2010;
12(1): 4-12.

Baldridge JR, McGowan P, Evans JT, Cluff C,
Mossman S, Johnson D, Persing D. Taking a Toll on
human disease: Toll-like receptor 4 agonists as vaccine
adjuvants and monotherapeutic agents. Expert opinion
on biological therapy 2004; 4(7): 1129-1138.

Lu F, Huang S, Hu MS, Kasper LH. Experimental
ocular toxoplasmosis in genetically susceptible and
resistant mice. Infection and immunity 2005; 73(8):
5160-5165.

Zia-Ali N, Fazaeli A, Khoramizadeh M, Ajzenberg D,
Darde M, Keshavarz-Valian H. Isolation and molecular
characterization of Toxoplasma gondii strains from
different hosts in Iran. Parasitology research 2007;
101(1): 111-115.

Laemmli UK. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970;
227(5259): 680-685.

Ravindran R, Bhowmick S, Das A, Ali N. Comparison
of BCG, MPL and cationic liposome adjuvant systems
in leishmanial antigen vaccine formulations against
murine visceral leishmaniasis. BMC microbiology 2010;
10: 181.

Jouvin-Marche E, Morgado MG, Leguern C, Voegtle D,
Bonhomme F, Cazenave PA. The mouse Igh-la and
Igh-1b H chain constant regions are derived from two
distinct isotypic genes. Immunogenetics 1989; 29(2):
92-97.

Martin RM, Brady JL, Lew AM. The need for 1gG2c
specific antiserum when isotyping antibodies from
C57BL/6 and NOD mice. The journal of immunological
methods 1998; 212(2): 187-192.

Morgado MG, Cam P, Gris-Liebe C, Cazenave PA,
Jouvin-Marche E. Further evidence that BALB/c and
C57BL/6 gamma 2a genes originate from two distinct
isotypes. The EMBO journal 1989; 8(11): 3245-3251.
Geeraedts F, ter Veer W, Wilschut J, Huckriede A, de
Haan A. Effect of viral membrane fusion activity on
antibody induction by influenza HS5N1 whole
inactivated virus vaccine. Vaccine 2012; 30(45): 6501-
6507.

Hong HJ, Kim E, Jung MY, Kim S, Kim TS. AIMP1
deficiency enhances airway hyperreactivity in mice via
increased TH2 immune responses. Clinical immunology
2012; 143(3): 256-265.

Heer AK, Shamshiev A, Donda A, Uematsu S, Akira S,
Kopf M, Marsland BJ. TLR signaling fine-tunes anti-
influenza B cell responses without regulating effector T
cell responses. The journal of immunology 2007; 178(4):
2182-21891.

Huleatt JW, Jacobs AR, Tang J, Desai P, Kopp EB,
Huang Y, Song L, Nakaar V, Powell TJ. Vaccination
with recombinant fusion proteins incorporating Toll-like
receptor ligands induces rapid cellular and humoral
immunity. Vaccine 2007; 25(4): 763-775.

Morokata T, Ishikawa J, Ida K, Yamada T. C57BL/6
mice are more susceptible to antigen-induced pulmonary
eosinophilia than BALB/c mice, irrespective of systemic
T helper 1/T helper 2 responses. The journal of

Iran. Biomed. J. 22 (1): 22-32

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

immunology 1999; 98(3): 345-351.

Park HR, Jo SK, Yu DK, Jung U. Fractionated
irradiations lead to chronic allergic airway inflammation
through increasing the influx of macrophages.
Inflammation research 2013; 62(1): 27-36.

Vercammen M, Scorza T, Huygen K, De Braekeleer J,
Diet R, Jacobs D, Saman E, Verschueren H. DNA
vaccination with genes encoding Toxoplasma gondii
antigens GRA1, GRA7, and ROP2 induces partially
protective immunity against lethal challenge in mice.
Infection and immunity journal 2000; 68(1): 38-45.
Suzuki Y, Sher A, Yap G, Park D, Neyer LE, Liesenfeld
O, Fort M, Kang H, Gufwoli E. IL-10 is required for
prevention of necrosis in the small intestine and
mortality in both genetically resistant BALB/c and
susceptible C57BL/6 mice following peroral infection
with Toxoplasma gondii. Journal of immunology 2000;
164(10): 5375-5382.

Nickdel MB, Lyons RE, Roberts F, Brombacher F,
Hunter CA, Alexander J, Roberts CW. Intestinal
pathology during acute toxoplasmosis is IL-4 dependent
and unrelated to parasite burden. Parasite immunology
2004; 26(2): 75-82.

Suzuki Y, Joh K, Kwon OC, Yang Q, Conley FK,
Remington JS. MHC class | gene(s) in the D/L region
but not the TNF-alpha gene determines development of
toxoplasmic  encephalitis in  mice. Journal of
immunology 1994; 153(10): 4649-4654.

Brown CR, Hunter CA, Estes RG, Beckmann E, Forman
J, David C, Remington JS, McLeod R. Definitive
identification of a gene that confers resistance against
Toxoplasma cyst burden and encephalitis. Journal of
immunology 1995; 85(3): 419-428.

Huang X, Li J, Zhang G, Gong P, Yang J, Zhang X.
Toxoplasma gondii: protective immunity against
toxoplasmosis with recombinant actin depolymerizing
factor protein in BALB/c mice. Experimental
parasitology 2012; 130(3): 218-222.

Li J, Huang X, Zhang G, Gong P, Zhang X, Wu L.
Immune response and protective efficacy against
homologous challenge in BALB/c mice vaccinated with
DNA vaccine encoding Toxoplasma gondii actin
depolymerizing factor gene. Veterinary parasitology
2011; 179(1-3): 1-6.

Dziadek B, Gatkowska J, Brzostek A, Dziadek J, Dzitko
K, Dlugonska H. Toxoplasma gondii: the immunogenic
and protective efficacy of recombinant ROP2 and ROP4
rhoptry proteins in murine experimental toxoplasmosis.
Experimental parasitology 2009; 123(1): 81-89.

Bastos LM, Macedo AG Jr., Silva MV, Santiago FM,
Ramos EL, Santos FA, Pirovani CP, Goulart LR, Mineo
TW, Mineo JR. Toxoplasma gondii-derived synthetic
peptides containing b- and T-cell epitopes from GRA2
protein are able to enhance mice survival in a model of
experimental Toxoplasmosis. Frontiers in cellular and
infection microbiology 2016; 6: 59.

Mercier C, Lecordier L, Darcy F, Deslee D, Murray A,
Tourvieille B, Maes P, Capron A, Cesbron-Delauw MF.
Molecular characterization of a dense granule antigen
(Gra 2) associated with the network of the

31


https://www.ncbi.nlm.nih.gov/pubmed/?term=Persing%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15268679

Immunization of C57BL/6 Mice with GRA2 Combined with MPL

Babaie et al.

52.

53.

54.

55.

56.

57.

58.

59.

32

parasitophorous vacuole in Toxoplasma gondii.
Molecular and biochemical parasitology 1993; 58(1):
71-82.

Reed SG, Coler RN, Campos-Neto A. Development of a
leishmaniasis vaccine: the importance of MPL. Expert
review of vaccines 2003; 2(2): 239-252.

Coler RN, Skeiky YA, Bernards K, Greeson K, Carter
D, Cornellison CD, Modabber F, Campos-Neto A, Reed
SG. Immunization with a polyprotein vaccine consisting
of the T-Cell antigens thiol-specific antioxidant,
Leishmania major stress-inducible protein 1, and
Leishmania elongation initiation factor protects against
leishmaniasis. Infection and immunity 2002; 70(8):
4215-4225.

Cui W, Kaech SM. Generation of effector CD8+ T cells
and their conversion to memory T cells. Immunological
reviews 2010; 236: 151-166.

Zolnik BS, Gonzalez-Fernandez A, Sadrieh N,
Dobrovolskaia MA. Nanoparticles and the immune
system. Endocrinology 2010; 151(2): 458- 465.
Gurunathan S, Wu CY, Freidag BL, Seder RA. DNA
vaccines: a key for inducing long-term cellular
immunity. Current opinion in immunology 2000; 12(4):
442- 447,

Fachado A, Rodriguez A, Angel SO, Pinto DC, Vila I,
Acosta A, Amendoeira RR, Lannes-Vieira J. Protective
effect of a naked DNA vaccine cocktail against lethal
toxoplasmosis in mice. Vaccine 2003; 21(13-14): 1327-
1335.

De Becker G, Moulin V, Pajak B, Bruck C, Francotte M,
Thiriart C, Francotte M, Thiriart C, Urbain J, Moser M.
The adjuvant monophosphoryl lipid A increases the
function of antigen-presenting cells. International
immunology 2000; 12(6): 807-815.

Ismaili J, Rennesson J, Aksoy E, Vekemans J, Vincart
B, Amraoui Z, Van Laethem F, Goldman M, Dubois
PM. Monophosphoryl lipid A activates both human

60.

61.

62.

63.

64.

65.

dendritic cells and T cells. Journal of immunology 2002;
168(2): 926-932.

Debierre-Grockiego F, Campos MA, Azzouz N,
Schmidt J, Bieker U, Resende MG, Mansur DS,
Weingart R, Schmidt RR, Golenbock DT, Gazzinelli
RT, Schwarz RT. Activation of TLR2 and TLR4 by
glycosylphosphatidylinositols derived from Toxoplasma
gondii. The journal of immunology 2007; 179(2): 1129-
1137.

Makino M, Uemura N, Moroda M, Kikumura A, Piao
LX, Mohamed RM, Aosai F. Innate immunity in DNA
vaccine with Toxoplasma gondii-heat shock protein 70
gene that induces DC activation and Thl polarization.
Vaccine 2011; 29(10):1899-1905.

Kikumura A, Fang H, Mun HS, Uemura N, Makino M,
Sayama Y, Norose K, Aosai F. Protective immunity
against lethal anaphylactic reaction in Toxoplasma
gondii-infected mice by DNA vaccination with T.
gondii-derived heat shock protein 70 gene. Parasitology
international 2010; 59(2): 105-111.

Zenner L, Estaquier J, Darcy F, Maes P, Capron A,
Cesbron-Delauw MF. Protective immunity in the rat
model of congenital toxoplasmosis and the potential of
excreted-secreted antigens as vaccine components.
Parasite immunology 1999; 21(5): 261-272.

Xue M, He S, Cui Y, Yao Y, Wang H. Evaluation of the
immune response elicited by multi-antigenic DNA
vaccine expressing SAG1, ROP2 and GRAZ2 against
Toxoplasma gondii. Parasitology international 2008;
57(4): 424-429.

Cao A, Liu Y, Wang J, Li X, Wang S, Zhao Q, et al.
Toxoplasma gondii: Vaccination with a DNA vaccine
encoding T- and B-cell epitopes of SAG1l, GRAZ2,
GRA7 and ROP16 elicits protection against acute
toxoplasmosis in mice. Vaccine 2015; 33(48): 6757-
6762.

Iran. Biomed. J. 22 (1): 22-32



